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Executivesummary

Electric mobility technologiescould potentially contribute to the goals of the Swissenergy
policy, which include assuringa more sustainablesupply of energy. The goal of sustainability
implies a wide range of concerns, including protecting the climate, minimizing pollution,
protecting ecosystemsand human health, and assuring security of supply, affordability and
social acceptance.

The recent advancesn technologiesrelevantfor electric mobility and the inherent advantagesof
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 Swisselectricity system can maintain its
present low carbon content generation mix, with relative price stability and security from
interruption, then vehicleswith electrifieddrivetrainscan potentially make real contributionsto a
more sustainableSwisstransportation system.

A detailed, technologycentered system analysis is a prerequisite for understanding the
strengths and weaknessesof the options developed, evaluating trade-offs compared to both
conventionaland other advancedalternatives, and assessinghe potential contributions of the
technologyoptions to a more sustainablefuture.

The specific goals of the THELMAject ae defined as follows:

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

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

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

supply infrastructure and its evolution.

9 To account for the role of, and requirements on, the electgiid depending on the various
options for electric mobility. Furthermore, in applida cases, synergetic effectseato be
addressed.

To carry out case studies on a regional or local level assessing the environmental implications
of the expansion otlectric mobility and its integration with the energy supply system. In
particular, the performance of centralized vs. decentralized energy supply options should be
evaluated.

To assess aggregated environmental and economic vehicle technology attribbtes, t
enabling a cosbenefit 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
environmentd, economic and social criteria with stakeholder preference profiles.

The scope of the THELMA projeuatludes

1 Vehicle classesautomobiles of various classes.

91 Drivetrains and energy carrierlectric (battery and fuel cell) vehicles, fuel cell and rinéé
combustion engine (ICE) hybrids, piachybrids, and ICE vehicles using gasoline, diesel and
methane gas from fossil resources.

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

renewable, nuclear or fossil flee
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9 Time horizondetailed technology evolution until year 2030; outlook until year 2050.

9 Applications:Swissspecific case; environmental case studies on local level; impact pathways

approach and external cost analysis on technological and national l&eekycle, cost
benefit and sustainability assessment on technological and national levels.

1 Geographic boundaries for LCA and impact assessnisgyond Swiss national borders.

9 Evaluation criteria:environmental, economic and social (limited), securitysapply and
driver utility.

The overall approach of the THELMAprojectis based ona comprehensivecombinationof
interdisciplinary technology assessment,vehicle and powertrain simulation, traffic
simulation, power systemsanalysisand integration of results. Thisbeginswith characterization
of a wide range of drivetrains and energy carriers. The drivetrains (electrified and baseline
internal combustion engines) and energarriers (batteries and fuels) are combinedwith various
vehicle options(e.g. different vehicle classes,downweighting, etc.) to define a wide range of
vehicles@@ @A NIi dzI flesigh$).SSi¢ 27F

Life CycleAssessmen{LCA)is usedto provide a vector of averageburdensfor different energy
carriers and for vehicle materials or components. The LCAburdens for vehiclescomponentsor
materials are then combined with vehicle descriptionsto obtain burdens per vehicle kilometer
travelled

Local and/or regional scenariosare defined to study the impacts of electric mobility and
decentralized versus centralized energy supply. Both vehicle technology and scenario
descriptionsare then usedto find the distribution of chargingload 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 assumptionsfor future traffic
patterns, charging load patterns, and future generation and grid expansion. Power network
modeling shall include comparison of central versus customer controlled charging patterns
(includingbattery costs)and include analysisof vehicleto grid (V2G)network services.

The integration analysistask combinedcriteria indicators partially originating from other tasks to
characterizelocal and climaterelated emissions,resource burdens and social concerndVhere
possible,these indicators were monetized to obtain external costs that were added to direct
technology costs to obtain total costs. The various indicators were aggregated using
alternative stakeholderpreference profilesand multi-criteria decisionanalysis(MCDA)tools,
so that total cost and MCDA rankings for selected technologiesand for the overall national
mobility options could be compared.

The following conclusiorsan be drawn from the present study:

9 Electric mobility can strongly reduce consumption of nosnewable energy and GHG

emissions of future individual car mobility irswitzerland.The largest reductions result if
non-fossil energy resources are used for electricity and hydrogen production. Thus,
compared to the base year 2012 and based on the analyzed fleet scenarios for Swiss
passenger cars in 2050, the consumptiomofi-renewable energy could be reduced by 0%

65% and the total life cycle Greenhouse Gas (GHG) emissions are estimated to be reduced by
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25%65%, depending on the penetration rate of advanced powertrain vehicles and the
development of the energy system. %hiconclusion is essential since efficiency
improvements and climate protection are the core goals of the new Swiss energy policy.
Electric mobility is found to increase national electricity demanoy 12.1TWh and
27.5TWhper year for 90% fleet penetratioof BEVand FCEVespectively

Environmental external costs of individual technologies with high standards have limited
influence on their ranking but cumulative external costs are very substanti@urrent
external costs of the car fleet in Switzerlane am the range of about 0.¢ 1.9 billion EURO

per year; the broad range of this estimate is associated with large uncertainties of external
costs caused by greenhouse gases. The evaluated scenario without electric vehicles but
taking into account the advacements of fossil fuel vehicles leads to a reduction of the
annual external costs by about 25 % in year 2050; the corresponding reduction in a scenario
with 80 % penetration of electric vehicles is close to 50 %. It should be noted that external
costs ofaccidentsand noiseare not included in these estimates.

Future BEVs and FCEVs exhibit strongly improved performance over a range of criteria and
stakeholder profiles.The evaluations of fleet options by and large reflect the behavior of
technologies in ecordance with the shares of the various types of vehiflég estimated
indicators exhibit a clear tendency towards improving performance parameters with time.
This applies in particular to electric cars. Apart from the above mentioned reductions in
conaumption of nonrrenewable energy consumption and GHG emissions there are, for
example, remarkable cost reductions within the time horizon considered, with costs of
battery vehicles being reduced by a factor of two and fuel cell cars by a factor of thitee. Bu
also other indicators such as average mortality or ranges and charging times for Battery
Electric Vehicles (BEV) are expected to improve decisively. In the balancedritaria
perspective (i.e. with equal preference given to the high level critenid, the exceptionof
scenarios with Steam Methane Reforming (SMR), fleets with various shares of electric
vehicles rank at the same level as the hypothetical future fleet fully dominated by (much
improved) Internal Combustion Engine Vehicles (ICEV), éMstuding scenarios with SMR

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

Electric mobility faces challenges with regard to a number of factorhese include costs,
range and charging performancerfBEV, environmental performance for example with
regard to metal depletion, dependence of future availability of nearly caifibes electricity

for charging BEV and production of hydrogen, deployment of the necessary infrastructure
and last but not leas the continued trend towards remarkable improvements of
conventional technologies.

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

Recommendations for furthework include among othersimprovements with regard to data,
methods used, tool developments and substantial scope extensions.

A subset of the recommendations is listed here:

9 Collection and analysis @kimary industry data from manufacturers of batteries and fuel

cells, establishment dfife Cycle Inventory C) data for specific future battery technologies
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not considered in this work, such asalii or Lisulfur,andfor future fuel cells explicitlyaking
into account new materials and manufacturing technologies.

1 Extension of grid analysis to address a substantially higher penetration of BEV and PHEV with
time horizon of year 2050, i.e. beyond year 2030 as implemented in the present study.

1 Modeling d imports and exports as endogenous parameters withingberer systenmmodel.

1 Analysis of additional municipalitieaiming at identification of lowmpacting communities
to help to identify structural factors (like short commuting distancést are fawrable for
keeping the mobility demand at moderakevel

1 Consolidation othe improvementsof the traffic simulation mode MATSithat the THELMA
project brings to the software.This may involve applications of the simulation to similar
problems (i.e. invlving energy consumption calculation, use of electric vehicles, atonell
asdifferentiatingweekday and weednd scenarios.

1 Refinements of integration analysis for example by consequémihyementingthe analysis
for year2050rather than extrapolatig from 2030 results asd done in some tasksf this
project

1 Updates and extensions of technology assessment are necegsaticularly having in mind
that the reference year for current technologies as defined in the THELMA project is 2012.

1 Interdisciplinaryassessment of biofuels and their implementation in the fleet model is
considered to be a high priority.

1 Autonomous vehiclesre not addressed in this work. Given the potentially revolutionary
impact they could have on the future mobilithey need to be included and subjected to
detailed analysis.

9 Since ke infrastructure necessary for the expansion of electric mobiditgddressed to a
very limitedextent in this work, lhe development of the infrastructure and the associated
impacts oneconomy, environment, risks etc. as well as social acceptance issues should be
investigated in order to achieve a more realistic assessment of future mobility.

1 Work on nobility demand and associated social aspertsincluded to very a limited extent
andcall for much extended attention. This includes consideration of rebound effects.

1 The fleet analysis builds on rather arbitrary assumptions about future composition of the
future fleet. Furthermore, though electricity supply scenarios and energy supplnscha
constituted part of the analysis, no energgonomic model with mobilitas one of the end
use sectorss used in the present work. Such a model allows representation of the complex
and dynamic interplay of the mobility sector with the overall energstam and is able to
endogenously generate cesptimal solutions also under climate protection constraints.

1 The current analysis needs to be extended to cover the whole mobility sector, i.e. other
modes of passenger mobility such as motorcycles, busdsjasaand airplanes as well as
transport of goods.

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

/| SYGNBE F2NJ 9ySNH& wSaSFENOK o6{//9w0 Aa9FFAOAS)
http://www.sccer-mobility.ch/ to mutual benefit. Some of the developments mentioned above

are already pursued within this SCCER.

Finally, one of the achievements of the TMEBLProject is the fact that fivetudents defended
their Ph. D. hesis fully or partially based on their work within the THELMA Project.
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1. Projectcontent
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1.1. Project background

ProjectTHELMATecHnology-centeredElectric Mobility Assessment) was established to carry out an
integrated, technologyd I & SR addzReé 2F fA3IKG St SOGNRO OSKAOf ¢
tradeoffs and sustainability compared to other drivetrains and fuels.

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

and Mobility in ceoperation with swisselectricresearch and Swiss Petroleum AssadciafGerman:
Erd6tVereinigung) The ceoperation and ceordination with the Swis Competence Center for

9y SNHEe wSaSINDODK G9FFAOASY:G ¢SOKy2t23ASa |yR {e&a
scope and depth, particularly with regards to the overall integration of the assessment carried out in

the various Work Packages (WBSTHELMA.

¢CKS ¢19[a! O2ya2NIliAdzy oONAy3Ia G(G23aSHGKSNI I+ KAIKE& |
Federal Laboratory for Materials Testing and Research (EMPA) and the Paul Scherrer Institute (PSI).
The THELMA project was structured to build the strengths and experience of these research

groups.

1.2. The national and international context: strategies and
perspectives

Today, the transport sector is responsible for 27% of global total final energy consumption and nearly
25% of global C&missiongInternational Energy Agency, 2009, International Energy Agency,.2013)
Over 95% of transport energy is supplied by oil, amounting to over RPH® per year and
exceeding 60% of globahnual oil consumptiorfinternational Energy Agency, 2009, International
Energy Agency, 2013n the last 40 years, global transport energy use has steadily increased by 2
2.5% per yar, more than doubling between 1971 and 20@6ternational Energy Agency, 2009

the coming decades mobility demand is expected to continue to increase, leading to further
increases in fossil fuel consumption. For example, the IEA predicts that the pgaisehger car fleet,
which was 870 million strong in 2011, will increase to 1.7 billion cars by @@&8national Energy
Agercy, 2012)

This large demand for mobility and the related consumption of fossil fuels results in serious
environmental, economic and social burdens. Aside from their contribution to global warming,
emissions from the combustion of fossil fuels atsatain pollutants such as particulate matter,,SO

NQ, and CO which can cause serious health problems, especially in cities where pollutant
concentrations are highegTakeshita, 2011)Furthermore, such reliance on fossil fuels raises issues
of energy security for many countries that rely on imports to satisfy their fossil energy deifilaad.
geological distribution of oil and the political stability of producing regions make pricditstamd

"psl, Laboratory for Energy Systems Analysis (&tEfan.hirschberg@psi.ch
8psl, Laboratory for Energy Systems Analysis (LEA), Technology Assessmenta@erupchenler@psi.ch
°*psl, Laboratory for Energy Systemalgsis (LEA), Technology Assessment Giwign.cox@psi.ch



security of supply problematic. Declining production from present reserves and the uncertain costs of
discovering and recovering lower quality reserves only serve to further emphasize the risks of future
cost escalation and decreasing supply.

In addition to the primary concerns of fossil dependence and €@ssions, there are also a range of
additional problems associated with sustainability, including health concerns associated with
emissions (NQ CO, and particulates), noise, and social camer

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

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

and Japar(An et al., 2011)For example, the European Union has regulated the fleet average CO
emissions of new cars to 130CQ per kilometer by 2015, reducing to 8bCQ per kilometer by

2020. This fits into the European 2 y Q& f | NASNJ 32+t 2F NBRdzOAYy3d R2Y
to 20% below 1990 levels by 2020 and further to 80% below 1990 levels by (E0B@pean
Commission, 2014)In order to reach the 80% reduction by 2050 goal, the European Union is
planning to reduce transport section greenhouse gas emissions by 60% compared to 1990 levels by
2050(European Commission, 2011)

In 2011 the Swiss Federal Council and Parliamkmtided to move away from nuclear based
electricity production and restructure the energy system to meet ambitious sustainability ghiads.

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 acceptanceResulting from this decision, the Federal Council has developed the Energy
Strategy 2050, which is a lotgrm national energy policy based on fasests of energy supply and
RSYFTYR Fa ¢Sttt Fta OftAYIFI(GS 321 fa dzyRSNJ 6KNBS RATT
t S N& LIS O i ABddgrps, ROA)These three scenarios define three potential futures for the
Swiss energy system. The Business As Usual (BAU) scenario considers only energy policy instruments
that are currently in place and that energy demand and efficiency improvesneiit continue to

develop as they have in recent history. The Political Measures (POM) scenario considers the
implementation of all political measures currently being considered by the federal council and that
energy demand and efficiency improvementsl widntinue to develop as they have in recent history.

The New Energy Policy (NEP) scenario is the target scenario for the federal council and considers a
possible development until 2050 that includes a reduction of @@issions down to 1.5 t per
person.By 2050, the demand for personal and goods transport in Switzerland is expected to increase
by 2332% and 4&7% respectivelySwiss Federal Office for Spatial Develepin 2012, Prognos,

2012) Despite this large growth in transport demand, depending on scenario, final energy
consumption of transport in Switzerland is projected to reduce b¥%2% and C{Qemissions by 37:7

85.7% by 2050 compared to 20@®rognos, 2012)SeeFigurel.1 below.
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Figurel.1 Transport demand, final energy consumption and £&nission forecasts until 2050nder the three scenarios
defined in the Energy Perspectives 20B@isiness As Usual (BAU), Political Measures (POM), and The New Eneigy Pol
(NEP).

1.3. E-mobility as a potential solution

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

oil supply while improved internal combustion engine (ICE) technology may increase efficiency and
reduceemissions. However, these improvements will only provide a bridge or extend the transition

to real, longterm sustainability. The only real solution is a Hoasil, zero (net) carbon energy carrier

that can be produced and delivered, and then carried arsgéd 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 diferent alternatives have different present disadvantages. Electricity can be nearly
carbonfree, 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 ex@e®si ¥ N2 O MDD SWR & 2 dzND !
relatively hard to handle (transportation and dxoard 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 prduction may have environmental and social side effects. At present a combined

system of a drivetrainusingandn?2 8 a A-OENB R EBR Sy SNH& OF NNASNI Aa ad;
total cost per kilometer is too expensive.

Recent, continuing advances a range of relevant technologies and the inherent advantages of the
electric system in supplying and delivering energy combine to mean that electric mobility is among
the best options to meet the conflicting economic, environmental and social critesia f
sustainability. If future growth of the Swiss electricity system can maintain the low carbon content of
the generation mix, and the relative price stability and security from interruption, then lightweight
vehicles with electrified drivetrains can potally make real contributions to a more sustainable
Swiss transportation system. Advances in battery and supercapacitor technologies, hydrogen storage
(to a lesser degree), and better fuel cells and IC engines as prime movers make such potential
contributions ever more likely. Increased electrification offers advantages in power distribution and
management (e.g. braking regeneration, and more efficient operating of ICEs), and allows varying
3



degrees of hybridization to optimize combining the relative adagas of power generation and
storage.

E-mobility technologies also present a range of challenges and opportunities to the electric system.
Obviously electric and pldg hybrid vehicles must be charged, and the location and time of the
additional load affets 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 offeak hours, new capacity can be minimized. If vebiatan 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 andnd). Charging loads or V2G power supply may be either centrally
controlled or coordinated by price signals, including battifey related costs. All of these
O2yaARSNI GA2ya NBIjdzZANS Y2RSt Ay 3 Figked.2 heldwosBdws & & a i S)
the overlap between vehicle traffic density and the electric power transmission grid.

= Traffic Density

=== Transmission Grid - 380 kV
we Transmission Grid - 220 kV

Figurel.2 Swiss trafficdensity and electric transmission grid

In addition to technical advances related primarily tonBbility, there are also ongoing advances in
combustion engines, reducing loads and losses due to accessories, rolling resistance, aerodynamic
drag, and dowrsizing/downweighting that all contribute to lower vehicle energy use. Advances in
some technologies may provide a competitive advantage to one or several drivetraindéeter
batteries advance Electric Vehicles §EMore than hybrids, but be#lr power electronics advance

E\s and hybrids v. ICE drivetrains), while hgitighting is an advantage to all drivetrains. This means
advancing technologies creates a complex environment of competition areValation between
different drivetrains.



1.4. Sustainable mobility as a multi -criteria problem

The analysis of the transportation sector is a classic example of a large, complex problem suited to
multi-criteria analysis, including the effects of Life Cycle Assessment and environmental impact
assessment. The systdmas large investments in vehicles and infrastructure, large costs and impacts
and changes slowly due to long turnover times. The problem has many participants or stakeholders
(manufacturers, fuel suppliers, customers, safety and environmental regulatr3, 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 traadfs between a range of Paretuptimal 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 matier, purchase and lifetime costs, drivability or
performance, range, utility (passengers and payload), safety, etc. For this reason, it is important that
a technologycentric analysis characterizes a broad range of criteria so that individual customers,
stakeholders, or fleet analysts can all compare costs, total costdvarii-Criteria Decision Analysis
(MCDA rankings.

Cost and environmental burdens need to be considered from a life cycle perspective in order to avoid
leakages¢ i.e. burdens occurring dside the system under consideration. Thus, Life Cycle
Assessment(LCA and Life Cycle Costin.C¢ form a logical basis for taking into account
environmental and cost aspects within MCDA.

1.5. Project goals and scope

¢1 9] a! Qa LlzN1J2 & @mpeeheasivdl &ses¥meht Df the tradeoffs and sustainability
implications of the increased use of light electric vehicles, as compared to other drivetrains and fuels.
The goal was thus to compare a full range of vehicle technologies, based on thosa catesidered
important by major stakeholders. These measure both direct and indirect effects, i.e. not just
exhaust emissions and downwind health and environmental impacts, but also upstream fuel chain
effects. This technology based analysis was then ased basis for national level scenarios that
include electric grid related impacts. These national scenarios were supplemented by local
community case studies. Ultimately, the analytical results were integrated using both the total cost
approach and mulicriteria decision support to form a transparent and trustworthy basis for
evaluating suminability and inform decisiomakers and stakeholders.

The specific goals of the project were defined as follows:

1 To assess Ldxased environmental performance of eleic vehicle technologies (in particular,
batteries and fuel cells) in comparison with combustion options driven by fossil fuels or
hydrogen. Future technology advancements need to be considered along with the impacts of
energy supply infrastructure antsievolution.

9 To account for the role of, and requirements on, the electric grid depending on the various
options for electric mobility. Furthermore, in applicable cases, synergetic effects were to be
addressed.



9 To carry out case studies on a regionalamal level assessing the environmental implications of
the expansion of electric mobility and its integration with the energy supply system. In particular,
the performance of centralized vs. decentralized energy supply options should be evaluated.

1 To assesaggregated environmental and economic vehicle technology attributes, thus enabling a
costbenefit analysis of electric mobility options both on the technology level as well as for
alternative scenarios on the national level.

I To evaluate the relative suamhability of the options by combining their performance on
environmental, economic and social criteria with stakeholder preference profiles.

The scope of the THELMA project was defined as follows:

1 Vehicle classesautomobiles of various classes.

91 Drivetrains and energy carrierglectric (battery and fuel cell) vehicles, fuel cell a@é&hybrids,
plug-in hybrids, and ICE vehicles using gasoline, diesel and methane gas from fossil resources.

9 Electricity/energy supply: alternative electricity supplymixes, hydrogen production from
renewable, nuclear or fossil fuels.

9 Time horizondetailed technology evolution until year 2030; outlook until year 2050.

1 Applications: Swissspecific case; environmental case studies on local level; impact pathways
approad and external cost analysis on technological and national level; life cycle, cost benefit
and sustainability assessment on technological and national levels.

1 Geographic boundaries for LCA and impact assessniseyond Swiss national borders.

9 Evaluation citeria: environmenta] economic and social (limited), security of supply, driver
utility.

1.6. THELMAapproach

A detailed, technologgentered system analysis is a prerequisite for understanding the strengths and
weaknesses of the options developed, examinthgir costs and benefits compared to both
conventional and other advanced alternatives, and assessing their potential contributions to a more
sustainable future.

The overall approach employed by the THELMA project is to perform a detailed, comprehensive
combination of technology assessment, life cycle assessment, power systems analysis, and
integration of results. This begins with characterization of a wide range of drivetrains and energy
carriers. The drivetrains (electric and competing ICE) and energgreaibatteries and fuels) are to

be combined with other vehicle options (e.g. different vehicle classes, aoighting, etc.) to
RSTAYS | 6ARS NIlIy3IS 2F @GSKAOtS& ol Ga@ANIdzZ t F€S
vector of average lirdens 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 dy #te 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 carelused 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

6



patterns, charging load patterns, and future generation and grid expansion. Power network modeling
includes comparison of central versus customer controlled chapgttgrns (including battery costs)

and analysis of V2G grid services. The integration analysis task combines criteria indicators partially
originating from other tasks to characterize local and climate related emissions, resource burdens
and some socialancerns. Where possible, these indicators are monetized to obtain external costs
that are added to direct technology costs to obtain total costs.inlicators are aggregated using
selected stakeholder preference profiles and niatiteria decision anafjs tools, so that total cost

and MCDA rankings can be compared.

1.7. Project structure and framework

The following analytic tasks (called work packages) have been defined. These work packages are also
used throughout the rest of the proposal to organize the sections on related research, research
targets, research plans and specific timetables and mileston

WP1: Life Cycle Assessment (LEGA)CAbased environmental performance of vehicles and energy
supply chains (electricity and fuels). Focus to be on technologies and materials relateuotuliiy
vehicles, with competing vehicle technologies included 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.-(EMRA PSI

LEA).

WP2: Velicle simulation and powertrain assessment Technology characterization of future
drivetrains for Emobility designs, plus competing drivetrain technologies. Includes the direct analysis
of technology criteria, and supplying technology descriptions to W34 and WP5. (ETHAYV, 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 electric vehicles. Includes
analysis of vehiclo-grid storage or generation. (ETHESL).

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 technologs. Includes integration with the energy supply system, and in particular
analysis of centralized vs. decentralized energy supply systems.-BSIHETHXT).

WP5: Analysis integratiorg Integration of sustainability measures based on technolgggcific
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 udestakeholder preferences for sustainability
criteria to produce rankings of both individual vehicle and scenario alternatived. FR%I

WP6: Project management & coordinationManagement and cordination of the other five work
packages, including demination of final results (PEEA).

Figure 1.3 provides an overview of the structure and partners involved in THELMA as well as the
relationships among the various work packages.
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Figurel.3 THELMA framework diagram with work package tasks and partners.

Each work package addresses the following key issues and questions.
Work Package 1: Life Cycle Assessment (LCA)

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

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

St SOGNROAGE YAESE YR a2YS8S 2F (2RI &Q& ¥FdSfaovsz ¢
cases, original LCA of energy carriers (e.g. advanced chemistry batteries) and prime movesd (e.g. fu

cells) needs to be performed. Likewise, LCA for the set of alternate fuels for ICE drivetrains that
compete with electric mobility options needs to be completedr the LCA analysis of drivetrains and

vehicles, a key question is disaggregation of #muilts 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, lighitghting, etc.).

Work Package 2: Vehicle simtilen and powertrain assessment

The primary task of Work Package 2 includes the characterization and modeling of current and future
powertrain technologies. In particular conventional, hybrid electric (including -iplugybrids),
battery electric and fuelal vehicles are simulated for assorted driving cycles, representative of real
world driving conditions. These drivetrain models are combined to generate large sets of consistent
vehicle designs combining different drivetrains, vehicle classes and enanggr& Each vehicle
design is characterized by multiple criteria, including energy use, performance, and cost. In addition,
environmental indicators are calculated based on life cycle results of Work Package 1.



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 timedaly and location. This charging load is
combined with normal load patterns and system operation is simulated, including transmission
system constraints on generation dispatch, to obtain least operation of the power system.
Future scenarios of energy@ply and demand are modeled. A key question involves whether
charging is controlled or uncontrolled.

Different charging strategies may be compared, ranging from purely converiasea to including

load shifting incentives induced by tined-use tariffs. These charging strategies may also be
compared to
centralized control based on minimizing utility cost. Questions also include the provision of grid
ancillary services, where not only leaHifting is considered but also the use of vehicle to grid.

Work Package 4. Case studies

In this work package, electric mobility in the context of household consumption on the level of Swiss
municipalities is assessed. Energy supply and demand for important emdatgd activities are
modeled and strategies to effecély reduce environmental impacts are proposed. For this purpose,
the multi-agent transport simulation is enhanced and a predictive building stock energy demand
modelis developed and coupled with lifgycle assessment models to account for the environmienta
dimension. The prospective energy systems are optimized using ecological criteria. This task has the
main responsibility for constructing case study scenarios, including forecasts of future traffic
patterns. These traffic patterns are then combined inM/Backage 5 with customer charging rules

(in coordination with the WP3 on power system modeling). The integrated scenario modeling must
also combine results from Work Packages 1, 2 and 3 to produce scenario results. Scenario
formulation also includes redmiory and political boundary conditions for Swiss conditions.

Work Package 5: Analysis integration

The chief task of Work Package 5 is the aggregation of results from tasks 1 through 4. It also includes
estimation of additional criteria. These witiclude, for example, social indicators like energy carrier
risk, autonomy, cost sensitivity, etc. This task also includes monetization of external costs associated
with local & regional impacts (e.g. due to PM, Nhissions) and global effects (e.g. dweCQ
emissions), using appropriate models for transport, damages and valuation. Appropriate models for
distributed, tailpipe emissions are combined with more detailed models for emissions from
centralized power plant emissions. Externalized costs arecdad direct costs to find average total
vehicle costs per kilometer.

Multi-criteria indicators related to vehicle sustainability are combined with stakeholder preferences
based on generic stakeholder profiles. Indicator data will be normalized and caanlitte
stakeholder indicator weights using a Mttiiteria Decision Analysis (MCDA) algorithm for ranking of
discrete alternatives. MCDA ranking of national vehicle fleet and grid operation scenarios is also
performed. Total cost and MCDA ranks are coragar

Work Package 6: Project management & coordination

This work package has the task of coordinating efforts within all the other work packages, managing
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the overall THELMA project in a productive and effective manner, and disseminating the analytic and
scenario results to stakeholders and decisimakers concerned in the mobility area.

1.8. Project deliverables

Based on the abovstated project goals, the following key deliverables were generated:

9 Life Cycle Inventories and Life Cycle Impact Assessrasults for current and future electric
(battery and fuel cell) vehicles, fuel cell and internal combustion engine (ICE) hybrid# plug
hybrids, and ICE vehicles using gasoline, diesel, and methane gas from fossil resources.

1 A selfconsistent set of elgdfied and conventional vehicle designs, representative of Swiss and
International fleets; validated vehicle simulation results for key criteria such as cost, fuel use,
performance, utility; tradeoff assessment for vehicle technology from the preseri2@560.

1 Tools for the investigation d?lugin Hybrid Electric Vehicle®HEYimpacts on distribution and
transmission assets and their lifetime; method and tool to model and assess asset lifetime with
and without V2G operation schemes; methods controlli2gs\écheduling operations in order to
achieve network friendly vehicle operation.

1 Case studies for selected Swiss municipalities addressing mobility and energy supply scenarios
based on an integrated model of energy supply and demand, and transport siomutatdel;
identification of strategies to cogdfficiently reduce the overall environmental impact of mobility
and energy use of municipalities.

1 A set of sustainability indicators characterizing current and future mobility options for
Switzerland; assessmeof externalities associated with these options; MG&ed ranking of
mobility options on the technological and scenario levels with consideration of stakeholder
preferences

1.9. Report organization

Chapters Z; 6 summarize the approaches and results ofd/Backages 4 5, respectivelyChapter 7
contains the main conclusions and outlo@&ppendices A G provide complementary information

on inputs and models used as well as complete sets of technology and fleet performance indicators,
and MCDA results.
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Acronyms

BAU Business As Usual

EMPA Swiss Federal Laboratory for Materials Testing and Research
EMPALCAM EMPA Life Cycle Assessment and Modeling Unit

ETHZ Swiss Federal Institute of Technology in Zurich

ETHZASD ETHZ Chair of Ecological Syst&rasign

ETHAVT ETHZ Institute for Transport Planning and Systems

ETHA AV ETHZ Aerothermochemistry and Combustion Systems Laboratory
ETHASL ETHZ Power Systems Laboratory

ICE Internal Combustion Engine

LCA Life Cycle Assessment

LCC Life Cycle€Costing

MCDA Multi-criteria Decision Analysis

NEP New Energy Policy

PHEV Plugin Hybrid Electric Vehicle

POM Political Measures

PSI Paul Scherrer Institute

PSILEA PSI Laboratory for Energy Systems Analysis

V2G Vehicle to Grid

WP Work Package
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2.1. Introduction

Evaluation of the environmental performance of current and new passenger vehicle technologies is
one of the key aspects contributing to one of the overarching goals of tl&_ WA project, a more
comprehensive vehicle assessment addressing tate between environmental, economic and
social aspects.

Such an environmental evaluation must be based on Life Cycle Assessment (LCA), since not only the
environmental burdens due toperation of vehicles, but also due to their production and -@fdife

as well as those of the associated fuel chains need to be included in such assessments. For this
purpose, Work Package 1 (WP1) developed new Life Cycle Inventory (LCI) data for raryeauf

current and future passenger vehicle technologies (and the associated fuel chains), which were used
as a basis for the LCA.

2.2. Specific objectives

Developing new LCI data and quantifying the associated Life Cycle Impact Assessment (LCIA) results
for a broad range of current and future passenger cars in a modularquay for the individual
components of the vehicles was defined as specific objective of WP1. LCI data for fuel chains are
mainly based on previously established data and to a limitedret on external data sources. These

LCI data and LCIA results serve as inputs for other THELMA work packages, namely WP2 and WP5, in
which they can be used for evaluation of the environmental performance of cars using vehicle
simulation, as well as foruantification of environmental performance criteria in medtiteria
assessment of individual vehicles and potential future car fleets.

Another objective was the development of a udeendly tool allowing for comparative LCA of
vehicles with characteties (vehicle weight, propulsion system, fuel demand, etc.) defined by
stakeholders.

2.3. Scope

The scope of WP1 covers the complete set of getgrssenger vehicles, which are assumed to be
potentially relevant on the market between today and 2030. LCI @ataheir components and the
associated production and fuel chains are established and the associated LCIA results quantified.

pg), Laboratory for Energy Systems Analysis (LEA), Technology Assessmenh@tamp.bauer@psi.ch

' Current affiliation: 3SP consultingndrew.simons@3sp.ch

12 current affiliation: Quantistgich, andrea.delduce@quantisitl.com

13 Current affiliation INFRAShansjoerg.althaus@infras.ch

“a3SySNAOa Ay (GKS asSya$S GKFG GKS [/ L RFEGE R2 y2i NE
NELINBaSydGlrdA@S T2N) aSt SOGSR OSKaAdiSR GOHINET2 NIWBR T o SIONE
corresponding to these categories would foraexple be a Renault Twingo, a VW Golf, and a Lexus 600,
respectively.
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The vehicle set, which can be evaluated based on the developed LCI data can be categorized
according to vehicle size:

City car
Mediumssized car
Large car

Van

Small lorry
Bicycle

Scooter

=4 =4 =4 4 -4 4 4

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

9 Standard (as of today)
1 Lightweight aluminum
1 Lightweightfibre reinforced polymers

LCI data fordur different propulsion systems are available:

1 Internal combustion engine (ICE) with tailpipe emission data corresponding to EURO 3, 4, 5
and 6

1 Hybrid (ICE + battery)

9 Battery electric (BE)

1 Fuel Cell (FC + battery)

Bicycles can only be evaluated as hurpawered or electric; and scooters only as BE and ICE
vehicles.

The powertrain of hybrids, battery electric and fuel cell electric vehicles (BEVI°FE@tains
Fy2GKSN) 6FGGSNE GKEY GKS aya2NXYEfé tS8FR I OAR
GLIMELIA2Y oF GOSNRSAE KI 08 088y lylfalsRy

1 Nicketmetalhydride (NiMeH)
9 Lilon
ZEBRR(NaNiC})

A large set of fuels for vehicle operation is available:

i Fossil: gasoline, diesel, natural gas

T ad. A2¢FdzSt ay 0 A@Dbidehangl % gasofine)St = 9y p

1 Hydrogen (for FCEV): produced via steam methane reforming (SMR) of natural gas; coal
gasification; biomass gasification; electrolysis using the Swiss consumption mix, the Swiss
certified electricity mix, or the European mix; electrolysis using PV, wirdtphyuclear,
wood, natural gas C€ or geothermal power

®Sometimst 6 6 NEBBAL 1SR aC/ +4
1% Zeolite Battery Research Africa.
YI1rY al 2Y6AYSR /& 0f Sa
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9 Electricity (for BEV and pliig hybrids): Swiss consumption mix, Swiss certified power mix,
European consumption mix, hydro, PV, wind, wood, geothermal, natural gas, coal, and a
userspecified mi¥

The LCI data of the different components and some fuel production pathways are quantified for
three different time horizons (with some of them assumed to be identical for all three reference
years):

1 Present (2012)
9 abSI N FdzidzNBé¢ SHAHAD
 aCIl NJ Fdzi deNadBybndYo Hnon |y

The LCA tool developed in WP1 allows the user to individually specify a set of vehicles for a
comparative assessment of the environmental performance based on a variety of LCIA indicators.
The vehicles need to be specified in terms of the follgrgharacteristics/parameters:

Vehicle type and size

Type of materialization

Power train type

Emission class (for ICEV and hybrids)

Battery type

Temporal scenario

Fuel (energy source)

Masses of the glider and the drivetrain, of potential batteries and da#é
Fuel consumption for driving only and for auxiliaries
Total driving lifetime

Lifetimes of batteries and fuel cells

=A =4 =4 =4 -4 4 -4 -8 -4 -8 9

Certain unrealistic characteristics and parameter combinations are disabled, also depending on the
GSYLR2NIf aO0SylINAZY(OK22GISY ©2 P ¢dASOMERLINEY R G9! whcé A
GFIF N FdzildzZNB¢ FyR da9! whoé gAftft NBadAgZaG Ay F g1 NYA
vehicles, is only possible within certain ranges which are estimated to be realistic.

Basedon the characteristics and parameters provided by the user, the tool calculates LCIA results for
the following indicators and methods:

ReCiPe (H/A) micdind endpoint§Goedkoop et al., 2012)

Impact 2002+ midand endpointgJolliet et al., 2003)

IPCC 2007 global warming potential (GWP 20/100/5(®alpmon et al., 2007)
Ecdogical scarcity 200@-rischknecht et al., 2009)

Cumulative energy demand (with subcategorigsischier et a] 2010)

CML abiotic resource depletig@ers et al., 2002)

=A =4 =4 4 -4 4

The LCIA results as quantified in WP1 do not represent loegpeaific impats on human health
and ecosystems, which is in line with statethe-art LCA practice today, since damage factors in

'® The user can specify a certain electricity mix providing the preferred shares of available gevezation
technologies for all three time horizons.
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commonly used LCIA methods usually represent average European/global conditions. However,
besides these LCIA results, also the cumulagingironmental flows are calculated. These can be
used for further processing, e.g. estimation of smfecific impacts using the impagathway
approach as performed within WP5.

2.4. Methodology and data
2.4.1. Life Cycle Assessment (LCA)

Life Cycle Assessment is usasl the method to estimate the overall environmental burdens of
passenger vehicles including its production, operation andafdde as well as the associated fuel

chains. The LCA carried out in this WP1 is based on the methodology as standardizeitigatoord
ISO 14044.4044(1S0O, 20064, ISO, 2006Bhe four required steps of LCA are the following:

1. Goal andscope definition A detailed description of the goalsf the assessment, the
guestion(s) to be answered, the target audience, the system boundaries and the impact
assessment methods to be used needs to be established.

2. Data collection (Life Cycle Inventar{data collection will cover the complete life cyofe
the products in focus: production, use, and eoidife (disposal and/or recycling). Data in
[ /! FNE OflFraaAFASR SAGKSNI Fa& ALINRYIF NE R
RFEGFkol O13INRPdzyR RIGlFéd ¢KS fFGOGSNI I B So3ao
such as steel or chemicals and freight transport processes; whereas the foreground data
represent the systems/technologies in focus of the study, i.e. vehicles and their individual
components as well as fuel supply chains.

3. Life Cycle Impact Assessmen€(A) Cumulative life cycle inventory datd.e. LCA results
¢ are calculated based on the collected primary data and the background data.
Application of LCIA methods allows for a quantification of potential impacts on the
environment and on human health

4. Interpretation: The LCA results including the comparative evaluation with alternative
system will be described and interpreted.

24.1.1. Goal and scope

Primary goal of this WP1 is the establishment of a set of consistent LCI data allowing for an unbiased
comparatve evaluation of the environmental performance of a broad range of passenger vehicle
technologies, as described in chap&B. The associated LCA results arepaged to represent the
environmental burdens associated with travellingrhh with a certain vehicle technology, i.e. the
functional unit used in the comparison is 1 vehikfe (vkm or just km).

The LCA is carried out based on the attributional approaghrepresenting the current (or future,
respectively) economic system, as it is (or supposed to be in the future, respectively). Therefore, the
LCA results on their own are technology specific per vehicle kilometer. This is subject to a number of
limitations with regard to conclusions concerning the consequences of adaaje future market
penetration of innovative vehicle technologies such as BEV or FCEV in terms of environmental
burdens and potential impacts. Complete analysis would require taking daotmunt economic
feedbacks (also in other sectors than transport and mobility), market mechanisms, rebound effects
and application of consistent scenarios for future development of specific production chains and the
economic system.
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The system boundaried,e. the included processes and the division between foreground and
background system, is shownhigure2.1.

The target audience is diverse and includes both s$ifierand nonscientific stakeholders. Apart
from this report, the LCA results are communicated via tagginted tools and media, i.e. scientific
papers as well as reports and articles for the general public.

The impact assessment methods used aredistechapter2.3.

Background LCI data: electricity generation, production of basic materials (steel, aluminum,chemicals,...),
processing of materials, waste disposal, freight transport
Life Cycle Inventories for passenger vehicles
Fuel chains
(Well-to-tank)
- Petrol/ Diesel/ N. Gas | Associated infrastructure
- Biofuels ‘
- Hydrogen ‘ Vehicl
ehicle use ; ;
- ici Vehicle end-of-life
Electricity (Tank-to-wheel)
. - Reuse
Vehicle production - Fuel consumption L _
. - Recycling
- Batteries & e-motors - Fuel- and non-fuel related )
- Fuell cells P 4 emissions - Disposal
-ICE's
- Non-drivetrain
components
- Advanced materials

v

LCA results per vkm

Potential environmental and human health impacts

Figure2.1 System boundaries of the WP1 LCA; vkm = veHicte

2.4.1.2. Data collection

The new LCI data are largely established according to guidelines provided @$5Q006a, I1SO,
2006b) LCI data of the processes in the ecoinvent LCI datah&s? (ecoinvent, 2012)serve as
background LCI data and the associated quality guide{frgschknecht et al., 20085 a landmark.
Endof-life (EoL) treatment of the vehicle infrastructure, i.e. the glider and the powertrain (incl.
batteries and fuel cells), represents anception: instead of the cubff approach, a substitution
approach as described ifAlthaus and Gauch, 2010, Habermacher, 2044% chosen in order to
represent the abovaverage recyclingates in the automobile industry.

Data sources for the establishment of new LCI data are diverse: They include public databases such
as the TREMOVE modgeuster et al., 20079nd the EMEP/EEA Emissions Inventory €hadk

Y1 002NRAY3A (2 ¢KS NSONR DS WB!IAY NBVEYEE BOK/\aDlkasdssd] d
the weight of vehicles should be-tesed, recovered or recycled
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(Ntziachristos et al., 2009)sed for quantifying vehicle emission data and road infrastructure as
presented in detail ifSimons, 20163cientific literature and primary industry data from fuel cell and
battery research for the LCI data of vehicle infrastructure, with details provide(Ablyaus and
Gauch, 2010, Habermacher, 20%&) engines, electric motors and gliders; Bauer and Simons,
2010, Looser, 2011, Notter et al., 2010, Simons and Bauer, 2firlIizatteries;(Miotti et al., 2015,
Simons and Bauer, 2018 fuel cells; and byDel Duce et al., 2016pr further electric vehicle
components.

LCI data for hydrogen production chains have been established as part of this project and are
documented in(Simons and Bauer, 2011h)CI data for electricity supply chains representing current
technologies are based on LCI data from the ecoinvent database v2.(Rati et al., 2009) LCI

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

et al., 2009with European electricitynixes according to the projections of the NEEDS prgfesty
services, 208 CdzidzNB {gAr a4 St SOGUNROAGE YAES& | NB |jdzd y
economic modeling of the Swiss electricity sector for 2020 and 2035, respedRatyachandran

and Turton, 2012, Ramachandran and Turton, 20&a8ppting the electricity demand cases of the
latest Swiss Federal energy &gy (Prognos, 2012put providing least cost supply solutions for
alternative scenarios. LCI data from the ecoinvent database(e2dnvent, 2012are used for fossil

fuel supply chains.

2.4.1.3. Life Cycle Impact Assessment (LCIA)

Calculation of cumulative LCA results and quantification of LCIA results has been performed using the
LCA software SimaPro v7.3.3 with the implemented LCIA me{®RRis, 2013)These LCIA methods

used for estimation of potential impacts on human health, ecosystem quality and natural resources
are listedin chapter2.3. The indicators analyzed in more detail are discussed in ch@fe2 The

broad range of methods and environmental indicators allows for a comprehensive comparative
evaluation of individual technologies. Both midpoint and endpoint LCIA indicators are provided,
which guarantees transparency without aggregatiof different impact categories (midpoint level),

but alsopotentially less complex interpretation of LCIA results (endpoint level). The use of several
LCIA methods¢ ReCIPe, Impact 2002+, Ecological scargityreduces the likelihood of
misinterpretation based on specific features of one single method.

2.4.1.4. Interpretation

The LCAesults provided by this WP1 (see chapfeb) and other work packages (WP2 and WP5)

based on the LCI data established in WP1 allow for a comparative techsspagfic assessment of

the environmental burdens and potential impacts of the broad range of vehicle technologies for
different time frames as outlined inchaptér3® ¢ KSe& | f a2 KAIKI AAKRIEGKS A¢gS
the life cycle of vehicles, i.e. those processes in production, use, andfdifel, which generate the

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

level is limited, since interdependencies in the future development of economic and technological
sectors have not been taken into account.

¢CKS 1aa20AF0SR dzy OSNF WA yaNE S &4 (IS Y RA ARESE4 $AaNbatT
ways in whichvehicle technologies as well as fuel chains are expected to develop depend on many

uncertain factors. Whether individual passenger vehicles as we know them today will still be used in
highly developed countries in 2030 and beyond may be expected but tisgramted. The
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uncertainties in the LCIA indicators also vary: These are highest in aggregated endpoint indicators,
which include normalization and subjective weighting steps, followed byaggmnegated endpoint
indicators with substantial uncertainties the quantification of the potential impacts on human
health and ecosystem quality caused by different stressors. Less uncertain are in general midpoint
indicators; however, there are also large variations within these.

The LCIA results generated in WP4 @eneric in the sense that locati@pecific effects in the impact
assessment are not considered. This currently represents common practice in LCIA, since location
specific impact factors are hardly available. Locasipacific impact assessment is cadrieut in

WP5.

2.4.2. Life Cycle Inventory (LCI) data

Table2-1 to Table2-30 provide an overview of the complete foreground LCI data established and
used within WPL1. If not explicitly mentioned in the name of the datasets, they are assumed to be
valid for current, near future as well as fluture options, respectively. These datasets ased in

the LCA tool of WP1 and their cumulative LCI and LCIA results are combined based on the vehicle
specification provided by the user resulting in vehicle specific LCIA results per km driven (see chapter

2.5).

Exhaust emission data of vehicles during operation are split into species proportional to the fuel
demand (e.g. CQheavy metals, etc.) and those regulated by the EURO emission classes, which have
to be below certain limits and are therefore not directly proportional to fuel demand (e.g, NO
particulate matter, etc.). In addition, there are nexhaust emissions from road, break and tire wear

as well as fuel evaporation.

Table2-1 LCI datasets for production and maintenance of roads andtZelers.

Electric
Electric bicycle, Scooter,
Operation and bicycle,  electric Electric Scooter, ICE Scooter, electric Scooter,
Name of the Road maintenance, Bicycle Bicycle, glider drivetrain  bicycle, Scooter, ICE, drivetrain glider drivetrain  electric,
dataset provision road production maintenance production production maintenance maintenance production  production production maintenance
unit my my kg unit kg kg unit unit kg kg kg unit

Table2-2 LCI datasets for passenger vehicle infrastructure.

Passenger car, Passenger car, Passenger car, Passenger car, Passenger car,
Passenger  ICE drivetrain Passenger car, lightweight Al lightweight electric drivetrain electric (w/o
Name of the car, ICE, (1.4L 55kw) standard glider glider plastic glider  (100kW motor) battery),
dataset maintenance production production production production production maintenance
unit unit kg kg kg kg kg unit

Table2-3 LCI datasets for battery and fuel cell systems and fuel tanks.

Battery,
Name of the Battery, NaCl+Ni  Battery, NiMH, battery, PEM fuel Fuel tank, compressed Fuel tank, compressed
dataset Lithium-ion (ZEBRA) HEV, prismatic lead acid cell system hydrogen gas, 700bar natural gas
unit kg kg kg kg kg kg kg

Table2-4 LCI datasets for exhaust emissions of scooters.

Exhaust emission Exhaust emission Exhaust emission Exhaust emission Exhaust emission Exhaust emission Exhaust emission Exhaust emission
scooter, petrol, fuel scooter, petrol, fuel scooter, petrol, fuel scooter, petrol, scooter, E85, fuel scooter, E85, fuel scooter, E85, fuel scooter, E85, fuel
dependent part per dependent part per dependent part per fuel independent  dependent part per dependent part per dependent part per independent part
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, part per average kg fuel consumed, kg fuel consumed, kg fuel consumed, per average km,
dataset present (2012) near future (2020) far future (>2030)  km, Euro 3 present (2012) near future (2020) far future (>2030) Euro 3
unit kg kg kg km kg kg kg km
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Table2-5 LCI datasets for exhaust emissions of petrol cars.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

car, petrol, fuel car, petrol, fuel car, petrol, fuel Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,

dependent part per dependent part per dependent part per car, petrol, fuel car, petrol, fuel car, petrol, fuel car, petrol, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020)  far future (>2030) awverage km, Euro 3 awerage km, Euro 4 average km, Euro 5 awerage km, Euro 6
unit kg kg kg km km km km

Table2-6 LCI datasets for exhaust emissions of E85 cars.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

car, E85, fuel car, E85, fuel car, E85, fuel Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,
dependent part per dependent part per dependent part per car, E85, fuel car, E85, fuel car, E85, fuel car, E85, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020)  far future (>2030) awverage km, Euro 3 awerage km, Euro 4 average km, Euro 5 awerage km, Euro 6
unit kg kg kg km km km km

Table2-7 LCI datasets for exhaust emissionsdiésel cars.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

car, diesel, fuel car, diesel, fuel car, diesel, fuel Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,

dependent part per dependent part per dependent part per car, diesel, fuel car, diesel, fuel car, diesel, fuel car, diesel, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020)  far future (>2030) awverage km, Euro 3 awerage km, Euro 4 average km, Euro 5 average km, Euro 6
unit kg kg kg km km km km

Table2-8 LCI datasets for exhaust emissions of biodiesel cars.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

car, biodiesel, fuel  car, biodiesel, fuel  car, biodiesel, fuel ~Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,

dependent part per dependent part per dependent part per car, biodiesel, fuel  car, biodiesel, fuel  car, biodiesel, fuel  car, biodiesel, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020)  far future (>2030) average km, Euro 3 awverage km, Euro 4 average km, Euro 5 average km, Euro 6
unit kg kg kg km km km km

Table2-9 LCI datasets for exhaust emissions of natural gas cars.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

car, natural gas, fuel car, natural gas, fuel car, natural gas, fuel Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,

dependent part per  dependent part per  dependent part per  car, natural gas, fuel car, natural gas, fuel car, natural gas, fuel car, natural gas, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020) far future (>2030) average km, Euro 3 awverage km, Euro 4 average km, Euro 5 average km, Euro 6
unit kg kg kg km km km km

Table2-10 LCI datasets for exhaust emissions of biogas cars.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

car, biogas, fuel car, biogas, fuel car, biogas, fuel Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,

dependent part per dependent part per dependent part per car, biogas, fuel car, biogas, fuel car, biogas, fuel car, biogas, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020)  far future (>2030) awverage km, Euro 3 awverage km, Euro 4 average km, Euro 5 awerage km, Euro 6
unit kg kg kg km km km km

Table2-11LCl datasets for exhaust emissions of petrol vans.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

van, petrol, fuel van, petrol, fuel van, petrol, fuel Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,

dependent part per dependent part per dependent part per van, petrol, fuel van, petrol, fuel van, petrol, fuel van, petrol, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020)  far future (>2030) awverage km, Euro 3 awerage km, Euro 4 average km, Euro 5 average km, Euro 6
unit kg kg kg km km km km

Table2-12 LCI datasets for exhaust emissions of E85 vans.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

van, E85, fuel van, E85, fuel van, E85, fuel Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,
dependent part per dependent part per dependent part per van, E85, fuel van, E85, fuel van, E85, fuel van, E85, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020)  far future (>2030) average km, Euro 3 awverage km, Euro 4 average km, Euro 5 average km, Euro 6
unit kg kg kg km km km km
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Table2-13 LCI datasets for exhaust emissions of diesel vans.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

van, diesel, fuel van, diesel, fuel van, diesel, fuel Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,

dependent part per dependent part per dependent part per van, diesel, fuel van, diesel, fuel van, diesel, fuel van, diesel, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020)  far future (>2030) awverage km, Euro 3 awerage km, Euro 4 average km, Euro 5 awerage km, Euro 6
unit kg kg kg km km km km

Table2-14 LCI datasets for exhest emissions of biodiesel vans.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

van, biodiesel, fuel  van, biodiesel, fuel  van, biodiesel, fuel Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,

dependent part per dependent part per dependent part per van, biodiesel, fuel van, biodiesel, fuel van, biodiesel, fuel van, biodiesel, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020)  far future (>2030) awverage km, Euro 3 awerage km, Euro 4 average km, Euro 5 awerage km, Euro 6
unit kg kg kg km km km km

Table2-15LCI datasets for exhaust emissions of natural gas vans.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

van, natural gas, fuel van, natural gas, fuel van, natural gas, fuel Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,

dependent part per  dependent part per  dependent part per  van, natural gas, fuel van, natural gas, fuel van, natural gas, fuel van, natural gas, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020) far future (>2030) awverage km, Euro 3 awverage km, Euro 4 average km, Euro 5 average km, Euro 6
unit kg kg kg km km km km

Table2-16 LCI datasets for exhaust emissions of biogas vans.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

van, biogas, fuel van, biogas, fuel van, biogas, fuel Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,

dependent part per dependent part per dependent part per van, biogas, fuel van, biogas, fuel van, biogas, fuel van, biogas, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020)  far future (>2030) awverage km, Euro 3 awerage km, Euro 4 average km, Euro 5 average km, Euro 6
unit kg kg kg km km km km

Table2-17 LCI datasets for exhaust emissions of diesel heavy duty vehicles.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

HDV, diesel, fuel HDV, diesel, fuel HDV, diesel, fuel Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,

dependent part per dependent part per dependent part per HDV, diesel, fuel HDV, diesel, fuel HDV, diesel, fuel HDV, diesel, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020)  far future (>2030) average km, Euro 3 awverage km, Euro 4 average km, Euro 5 average km, Euro 6
unit kg kg kg km km km km

Table2-18 LCI datasets forxhaust emissions of biodiesel heavy duty vehicles.

Exhaust emissions, Exhaust emissions, Exhaust emissions,

HDV, biodiesel, fuel HDV, biodiesel, fuel HDV, biodiesel, fuel Exhaust emissions, Exhaust emissions, Exhaust emissions, Exhaust emissions,

dependent part per dependent part per dependent part per HDV, biodiesel, fuel HDV, biodiesel, fuel HDV, biodiesel, fuel HDV, biodiesel, fuel
Name of the kg fuel consumed, kg fuel consumed, kg fuel consumed, independent part per independent part per independent part per independent part per
dataset present (2012) near future (2020)  far future (>2030) awverage km, Euro 3 awerage km, Euro 4 average km, Euro 5 awerage km, Euro 6
unit kg kg kg km km km km

Table2-19 LCI datasets for noexhaust emissions.

Name of the Fuel evaporation emissions, Fuel evaporation emissions, Non-Exhaust emissions, tyre  Non-Exhaust emissions, break Non-Exhaust emissions, road
dataset petrol, per average km E85, per average km wear, per kg emitted wear, per kg emitted wear, per kg emitted
unit km km kg kg kg

Table2-20 LCI datasets for current power supply (1).

Electricity low wltage, Electricity low woltage,
Electricity low wltage, Electricity low wltage, awverage European Electricity low wltage, Swiss wind power Electricity low woltage,
Name of the Swiss consumption mix, Swiss certified electricity, consumption, at grid, user-defined mix, at grid, production, at grid, Swiss PV production, at
dataset at grid, present (2012) at grid, present (2012) present (2012) present (2012) present (2012) grid, present (2012)
unit kWh kwh kwh kwh kWh kWh
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Table2-21 LClI datasets for current power supply (l1).

Electricity low woltage, Electricity low wltage, Electricity low wltage, Electricity low wltage,
Electricity low wltage, = Swiss wood cogeneration, modern Swiss combined average European coal average Swiss nuclear
Name of the Swiss hydro production, allocation exergy, at grid, gas power production, at power production, at grid, power production, at grid,
dataset at grid, present (2012)  present (2012) grid, present (2012) present (2012) present (2012)
unit kWh kWh kWh kWh kwh

Table2-22 LCI datasets for near future power supply (I).

Electricity low woltage, Electricity low wltage,
Electricity low woltage, Electricity low woltage, average European Electricity low woltage, Swiss wind power Electricity low wltage,
Name of the Swiss consumption mix, Swiss certified electricity, consumption, at grid, near user-defined mix, at grid, production, at grid, near Swiss PV production, at
dataset at grid, near future (2020) at grid, near future (2020) future (2020) near future (2020) future (2020) grid, near future (2020)
unit kWh kWh kWh kWh kWh kWh

Table2-23LClI datasets for near future power supply (II).

Electricity low woltage, Electricity low woltage, Electricity low woltage, Electricity low wltage,
Electricity low woltage, Swiss wood cogeneration, modern Swiss combined average European coal awverage Swiss nuclear
Name of the Swiss hydro production, allocation exergy, at grid, gas power production, at power production, at grid, power production, at grid,
dataset at grid, near future (2020) near future (2020) grid, near future (2020)  near future (2020) near future (2020)
unit kWh kWh kWh kWh kWh

Table2-24 LCl datasets for far future power supply (1).

Electricity low woltage, Electricity low woltage,
Electricity low woltage, Electricity low woltage, average European Electricity low wltage, Swiss wind power Electricity low woltage,
Name of the Swiss consumption mix, Swiss certified electricity, consumption, at grid, far user-defined mix, at grid, production, at grid, far Swiss PV production, at
dataset at grid, far future (>2030) at grid, far future (>2030) future (>2030) far future (>2030) future (>2030) grid, far future (>2030)
unit kwWh kWh kWh kWh kWh kWh

Table2-25LClI datasets for far future power supply (l1).

Electricity low woltage, Electricity low woltage, Electricity low wltage, Electricity low woltage, Electricity low woltage,
Electricity low woltage, Swiss wood cogeneration, Swiss geothermal modern Swiss combined average European coal average Swiss nuclear
Name of the Swiss hydro production, allocation exergy, at grid, production, at grid, far gas power production, at power production, at grid, power production, at grid,
dataset at grid, far future (>2030) far future (>2030) future (>2030) grid, far future (>2030) far future (>2030) far future (>2030)
unit kWh kWh kWh kWh kWh kWh

Table2-26 LCI datasets for fossil fuels and biofuels.

petrol, low-sulphur, E85, low-sulphur, diesel, low- biodiesel, low- natural gas, from high biogas, from high pressure
Name of the at Swiss senice  at Swiss senice  sulphur, at Swiss sulphur, at Swiss pressure network (1-5 bar), network (1-5 bar), at Swiss
dataset station station senice station senice station at Swiss senice station senice station
unit kg kg kg kg kg kg

Table2-27 LCI datasets for hydrogen production, nearttre ().

H2 from hard coal H2 from biomass H2 from electrolysis H2 from electrolysis H2 from electrolysis
H2 from natural gas  gasification and gasification and (Swiss consumption (Swiss certified (European H2 from electrolysis
(SMR), 700 bar, at  reforming, 700 bar, at SMR, 700 bar, at mix), 700 bar, at electricity), 700 bar, consumption mix), (Swiss wind power),
Swiss senice Swiss senice Swiss senice Swiss senice at Swiss senice 700 bar, at Swiss 700 bar, at Swiss
Name of the station, near future station, near future station, near future station, near future station, near future senice station, near sendce station, near
dataset (2020) (2020) (2020) (2020) (2020) future (2020) future (2020)
unit kg kg kg kg kg kg kg

Table2-28 LCI datasets for hydrogen production, near future (I1).

H2 from electrolysis H2 from electrolysis H2 from electrolysis

H2 from electrolysis H2 from electrolysis H2 from electrolysis (modern Swiss (average European  (average Swiss
(Swiss PV (Swiss hydro (Swiss wood combined gas power coal power nuclear power
production), 700 bar, production), 700 bar, cogeneration), 700 production), 700 bar, production), 700 bar, production), 700 bar,
at Swiss senvice at Swiss senice bar, at Swiss senice at Swiss senice at Swiss senice at Swiss senice
Name of the station, near future  station, near future  station, near future  station, near future  station, near future  station, near future
dataset (2020) (2020) (2020) (2020) (2020) (2020)
unit kg kg kg kg kg kg
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Table2-29 LCI datasets for hydrogen production, far future ().

H2 from hard coal H2 from biomass H2 from electrolysis  H2 from electrolysis  H2 from electrolysis
H2 from natural gas  gasification and gasification and (Swiss consumption (Swiss certified (European H2 from electrolysis
(SMR), 700 bar, at  reforming, 700 bar, at SMR, 700 bar, at mix), 700 bar, at electricity), 700 bar, consumption mix),  (Swiss wind power),
Swiss senice Swiss senice Swiss senice Swiss senice at Swiss senice 700 bar, at Swiss 700 bar, at Swiss
Name of the station, far future station, far future station, far future station, far future station, far future senvce station, far senvice station, far
dataset (>2030) (>2030) (>2030) (>2030) (>2030) future (>2030) future (>2030)
unit kg kg kg kg kg kg kg

Table2-30LCI datasets for hydrogen production, far future ().

H2 from electrolysis  H2 from electrolysis H2 from electrolysis

H2 from electrolysis  H2 from electrolysis  (modern Swiss (average European  (average Swiss H2 from electrolysis  H2 from electrolysis
(Swiss PV (Swiss hydro combined gas power coal power nuclear power (Swiss geothermal (Swiss wood
production), 700 bar, production), 700 bar, production), 700 bar, production), 700 bar, production), 700 bar, power production), cogeneration), 700
at Swiss senice at Swiss senice at Swiss senice at Swiss senice at Swiss senice 700 bar, at Swiss bar, at Swiss senice

Name of the station, far future station, far future station, far future station, far future station, far future senvce station, far station, far future

dataset (>2030) (>2030) (>2030) (>2030) (>2030) future (>2030) (>2030)

unit kg kg kg kg kg kg kg

2.5. Results

2.5.1. LCA tool

Work package 1 does not only provide LCA results (see chapte), one of its outcomes is a user
friendly toolcl y SEOSt TFAf S -Ag/Ai SH¢IMticOEMwsRor crffigucatid &3 dhicific
vehicles according to parameters listed in chap®8. Based on these specifications, the tool
generates LCIA results, which can be used as environmental indicators for comparison of the

environmental performance.

The results show the origin of burderand potential impacts in the life cycle of vehicles, i.e. the
overall result is split into contributions from road, drivetrain, propulsion battery, fuel cell system, rest
of the vehicle (glider, engine), exhaust emissions -eximust emissions, and fuglipply.

The following graphs show the way the user is supposed to enter the vehicle specifi¢agare (

2.2) and the type of LCIA results which can be generated.vEhicle specification in these graphs is
not meant to be input to a consistent environmental comparison of technologies fulfilling a similar
purpose, but rather serves as illustrative example for the broad range of vehicles which can be
specified and L@ results which can be generated.

S ¢ nfobvbbiclRsLliiX@AGMEOIK EA FANBG O2f dzvYy O2yil Aya FTNB
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Figure2.2a | &ASyNd S
S S Rser{iithedmtfer ¢oludtnd) th@ us& Ban felect dimérfy thdzavailable options.
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y

Figure2.3 shows¢ as an example for the LCIA indicators which can be selected and displayed and as

illustration of the broad range of vehicles which can be evaluatemimulative Greenhouse Gas

(GHG) missions in terms of [kg Gé&y/km] with the split into contributions from different parts of

the vehicle and life cycle for the vehicles specifieBigure2.2.
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H Road Vehicle w/o drivetrain and propulsion battery
M Drive train (ICE, Electric, FC) w/o propulsion battery B Fuel cell system w/o battery

M Propulsion battery Fuel kg CO2 eq
M Exhaust emissions Non-exhaust emissons
0.0E+00 2.0E-01 4.0E-01 6.0E-01 8.0E-01

midsize ICE gasoline (present) | |
midsize ICE diesel hybrid (2020) [ |
midzize BEV (2020) |

midsize FCV (2030) | |

small ICE biogas (present) | |l |

large ICE gasoline hybrid (2030) [ |
van ICE natural gas (present) [ |
small lorry ICE (present) ||
small BEV (2020) _| |

scooter electric (2020) | |}
bicycle (present)

bicycle electric (2020) ||

Figure2.3 LCIA results for the vehicles specifiedRrigure2.2 showing cumulativeGHGemissionsaccording to IPCCOR7
GWP 100a per vehiclkm. This selection and comparison is not meant to be representative for a set of vehicles fulfilling
the same purpose.

The tool can generate life cycle results for a broad range of LCIA indicators and these can be
displayed in agider diagram for the usespecified set of vehicles as illustratedHigure2.4.
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—— midsize ICE gasoline (present)
——small ICE biogas {present) large ICE gasoline hybrid (2030)

small BEV (2020) ——scooter electric (2020)

Ecological Scarcity 2006 n.a. Total_ 600%-
CED n.a. Total, non-renewable 500%
Impact 2002+ v2.10 Endpoint - single 400%-——

score Total

Recipe H/A Endpoint - single score Total

Ecological Scarcity 2006 n.a. Deposited |
waste

Ecological Scarcity 2006 n.a. Natural |
resources

Ecological Scarcity 2006 n.a. Emission into
top soil

Ecological Scarcity 2006 n.a. Energy

. resources o
Ecological Scarcity 2006 n.a. Emission int;

ground water

Ecological Scarcity 2006 n.a.
surface water

——midsize ICE diesel hybrid (2020) =——midzize BEV (2020)

——hicycle (present)

IPCC 2007 n.a. GWP 100a

____‘Ecological Scarcity 2006 n.a. Emission into

—midsize FCV (2030)

van ICE natural gas (present) ~——small lorry ICE (present)

bicycle electric (2020)

_Recipe H/A Midpoint Ozone depletion

Recipe H/A Midpoint Terrestrial
acidification

Recipe H/A Midpoint Freshwater
eutrophication

Recipe H/A Midpoint Marine
eutrophication

Recipe H/A Midpoint Human toxicity

| Recipe H/A Midpoint Photochemical
oxidant formation

Recipe H/A Midpoint Particulate matter
formation

~CML v3 Midpoint Abiotic depletion
(elem., reserve base)
air reference vehicle
can be selected in
sheet

Emission into

Figure2.4 lllustration of acomparisonof a large range of environmental indicators for the set of vehickes specified in

Figure2.2. This selection and comparison is not meant to
purpose.

2.5.2. LCA results

be representative for a set of vehicles fulfilling the same

The following environmental indicatorsrea chosen for the detailed comparative environmental

evaluation of passenger vehicles in this chapter:

20073s indicator for potential negative impacts
aggregatingablorne emissions weighted with

p et al., 2012as indicator for potential negative
G &adzY S NJ &Y 2=

1 Cumulative GHG emissiof(solomon et al.,
of global climate change. It is quantified
their individual Global Warming Potentials (GWP).

9 Particulate matter formation(Goedkoop et al., 2012)s indicator for potential negative
impacts on human health. It accounts for primary and secondary particulates. Main
contributors are particle emissions as well as,N6Q and ammonia emissions. High
particulate matter concentrations are often interpreted as a result of high traffic volumes.

1 Photochemical oxidant formatiofGoedkoo
impacts on human health. This indicator corresponds to th®$of f S R
is mainly an effect of NMVOC and Ngnissions and often poses an environmental concern
in urban areas with a large number of vehicles used.

1 Terrestrial acidificatior{Goedkoop et al., 2012as indicator for potential negative impacts
on ecosystem qualitg an effect of S@ NQ and ammonia emissits.

9 Abiotic resource depletiofOers et al., 2002)as indicator for potential negative impacts on

the availability of mineral resources. It

aggregates the demand ofaimabhd mineral
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resources according to their currently estimated global reserves and rate-ataenulation,
relative to the reference substance antimony (Sb).

This selection of environmental indicators is supposed to represent the most refébantens ad
potential impacts generated by passenger vehicles on human health, ecosystem quality, availability
of resources, and climate change. The indicators were selected based on expert judgement of the
authors and are supposed to represent those potential dgesato human health and ecosystems,

for which passenger vehicles are known to substantially contribute due to pollutant emissions. These
are all indicators onthe sOF f f SR G YARLRAYG S@Sté¢ ljdz2 yiAFeAiy3
Providing these andavoiding endpoint as well as aggregated indicators including weighting of
different impact categories guarantees transparency and helps in avoiding oversimplification and
misinterpretation. This procedure is in line with ISO recommendat{t®®, 2006a, 1SO, 2006)

more complete set of indicators (including aggregated ones) will be shown without contribution
analysis, i.e. total indicator results likeRigure2.4.

25.2.1. Vehicle specification

Vehicle characteristics and parameters need to be specified in a consistent way for generating a
meaningful comparative evaluation for sebf vehicles providing the same (or, at least, similar)
functionality? If characteristics and parameters are selected in a biased way, the results of the
comparative evaluation of the environmental performance of the vehicles can be misleading and
must rot be used for decision suppadilthaus and Bauer, 2011)

Work package 1 does not employ sophisticated vehicle modeling which would generate vehicle
characteristics and parameters based on simulation tools (please see WP2 and WP5). Nevertheless,
useful LCAesults can be provided based on the characteristics of vehicles available on the Swiss
market today, as provided e.g. fYyCS, 2014)

Fuel consumption is the parameter with the most important impact on the LCA rdgliisaus and

Bauer, 2011)The evaluation can be based on constiopdata based on driving cycles, as provided

08 0GKS OFN YIydFHONIzRENE I I 20 Z2KSANBEE 26Ay 3 [/ !
represent operation of vehicles in daily practice. Fuel consumption of daily driving is in practice

higher than base on driving cycles like the NED@ith relative differences between ICEV, BEV and

FCEV. According Mock et al. (2013 G&GNBMNI R¢ FdzSt O2yadzyLliAzy 2F L/ ¢
on average 25% higher than official figures based on the NEDC. The discrepancy can even be much
higher for BEV, depending onpiography, ambient temperatures, and speddCS (2014)ises an

F@SNIF IS FIFOG2N 2F wmepad NI RéPSO2 SHAEWIVE XSy K&K So SINST €
data. Since FCEV are not included there, and FCEV are also not available on the market yet, there are
neither D5/ FAJdzZNBa F2NJ FdzSt O@FRIUN4INRTRPE2 NB NF SNILID INK
fuel consumption based on a sufficiently large sample of vehicles. Therefore, literaturé-edag,

PwSt S@Lyld Ay WhishSare ah grvi®nmarital congerns with relatively large contributions of
LI 3aSy3ISNJ OSKAOf SakKé
L Already comparing current and nefiture ICEV with BEV violates this condition to some extent, since
vehicle ranges and the time needed for fueling/chargngstantially differ.
“NEDCob $S¢ 9 dzNRBLISIY S5NAGAY3A [/ &0f $¢ 6 h YUsedswithimtheSEIZSNI 9 dzZNE L.
officially measuring fuel consumption of passenger vehiclHsese figures need to be provided by the car
manufacturers.
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2013, Hwang et al., 2013, Messagie et al., 2014, Miotti et al., 28E5used for estimating FCEV
hydrogen consumption in the following comparisons.

Further parameters which need to be specified for each vehicle are masses of glider, drivetrain, fuel
cell sysem, and propulsion battery as well as lifetimes of the vehicles as such and fuel cell system
and propulsion battery.

In general, LCA results shown in the following sections slightly differ from those published in papers
developed in parallel to this repo(Bauer et al., 2015, Miotti et al., 2015, Simons, 201&) data

used in all these publications are very similar; the main reason for differences in LCA results are
differing vehicle specifications in terms of vehicle weigh well as fuel and electricity consumption

for vehicle operation. These deviations show the dependency of LCA results of passenger vehicles on
vehicle specification and other assumptions. However, the overall conclusions drawn based on the
LCA resultsfall these publications are similar.

2.5.2.2. Base casemedium-OE UA A A ABOOOG®AAAO

¢CKS GAYS KFMBURFEE a¥8FNUOKS Y2ad FLILINBLINRFGS F2NJ
powertrain technologies. Currently, FCEV are commercially not widely availableharafore,
GOdZNNBY (¢ 6Tunmul0 ¢2dzZ R SEOf dzRS C/ 9+ FTNRY G(KS O
YdzOK KA IK-SNA d#2Bld e ¥d SRA DSKAOE Sa 6ax2 D2EF OfFaa
gasoline, diesel and natural gas, as gasoline and digbeids, as BEV and as FCEV (each with two
different sources of electricity for battery charging and of hydrogen, respectively) are chosen as
NEFSNBYyOS GSOKy2ft23ASa ¥ 2-iNhybridshate ndt imdludes, sidce théré S O
fuel consunption almost entirely depends on the driving pattern (i.e. whether the vehicles are used

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

fuel demand would be much more arbitrary than for the othemotrain technologiesTable2-31

shows the specifications of these vehicles dathle2-32the parameter setting.

Table2-31+ SKA Of § & LIS O A Biredtars,n@ay dzii dzbS KR ® dzY

Table2-32+ SKA Of § LimediunyrédSatdnear-Todzi dzNB ¢ @

near future "base case" Total vehicle mas§uel cell system masBattery mass Electricity Chemical fuel Total life time Life time Life time
(incl H2 tank) consumption driving consumption driving distance battery fuel cell
liquid: [I/100km]
[ka] [ka] [ka] [kWh/100km] gaseous: [kg/100km. [km] [km] [km]
ICE gasoline 1400 6 150'000 150000 150'000
ICE diesel 1450 5.3 150'000 150000 150'000
ICE natural gas 1450 4.4 150'000 150'000 150'000
Hybrid gasoline 1550 50 5 150'000 150000 150'000
Hybrid diesel 1600 50 4.4 150'000 150000 150'000
BEV Swiss mix 1550 200 19.1 150'000 150000 150'000
BEV European mix 1550 200 19.1 150'000 150000 150'000
FCV natural gas SMR 1565 190 25 1 150'000 150000 150'000
FCV electrolysis Swiss mix 1565 190 25 1 150'000 150'000 150'000
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All vehicles are assumed to be based on the same glider with a mass dtdl2@@rious components

are added, resulting in the total vehicle masses listedable2-32. Masses of the fuel cell system
(140kg) and the Kltank (50kg) are specified according Miotti et al. (2015) interpdating between

current and yeai2030 technology. The mass of the battery of the BEV is calculated with an energy
density of 0.114&Wh/kg according tdNotter et al. (2010and a range of 15km (based on the NEFZ
consumption of 12.4Wh/100km) with @ assumed charging cycle efficiency of 90% and a depth of
discharge of the battery of 90%. The estimatedcbinsumption of the FCEV is within the range of
values used ifHwang, 2013, Hwang et al., 2013, Messagie et al., 2014, Miotti et al.,. Z)é&8fricity
consumption of the BEV as well as gasoline consumption of the ICEV is quantified according to the
GHnNnHAN &0 D¢ Habdhahd Zath (Z01FFuel consmption of diesel, natural gas and hybrid
vehicles is estimated based MCS (2014Qsing consumption data of vehicle models similar to the
GD2fF +*LL wmédn ¢{L !/ ¢ 5{Dé 06 HINKOKas kel as rdlagve b 9 C/
differences between models availamath gasoline, diesel and natural gas engines.

Figure2.5 through Figure2.9 show LCIA results per km driven with the different vehicles.

W Road Vehicle w/o drivetrain and propulsion battery
m Drive train (ICE, Electric, FC) w/o propulsion battery = Fuel cell system w/o battery
Propulsion battery m Fuel
Exhaust emissions Non-exhaust emissons kg COZeq
0.0E+00 1.0E-01 2.0E-01 3.0E-01
| | i
ICE gasoline
ICE diesel

ICE natural gas
Hybrid gasoline
Hybrid diesel

BEV Swiss mix

BEV European mix
FCV natural gas SMR

FCV electrolysis Swiss mix

Figure2.5 Life-cycle GHG emissions per km caused by selectédsized y S NJ F dzll dzNB ¢  la¥ shexied B S NI S KA
Table2-31and Table2-32.

Among conventional cars the gasoline car shows the highest life cy@ee@lissions among the ICE
vehicles, followed by the diesel, gasoline and diesel hybrid and natural gas vehicles. The small battery
and the slightly more complex drivetrain of the hybrids does not cause substantial amounts of GHG
emissions and therefore, th lifecycle GHG emissions of these vehicles are reduced almost
proportionally to the fuel consumption compared to the conventional gasoline and diesel cars. About
40-50% of the GHG emissions of the ICE vehicles are due to other contributions thanadipgoe t

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

The GHG emissions of the BEV and FCEV largely depend on the fuel supply pathway; however, using
the Swiss electricity supply mix for either directly charging bla¢tery of the BEV or producing
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hydrogen for FCEV results in about 40% lower emissions for the BEV representing the cleanest
technology among this selection. Its overall emissions are about one third of those of the ICE gasoline
vehicle. The FCEV with mgden from steam methane reforming (SMR) of natural gas generates a
similar amount of GHG emissions like ICE vehicles.

M Road Vehicle w/o drivetrain and propulsion battery
m Drive train (ICE, Electric, FC) w/o propulsion battery ®Fuel cell system w/o battery
Propulsion battery H Fuel
Exhaust emissions Non-exhaust emissons
kg PM10 eq
0.0E+00 1.0E-04 2.0E-04 3.0E-04 4.0E-04
| | |
ICE gasoline
ICE diesel
ICE natural gas |
Hybrid gasoline I

Hybrid diesel Il :

BEV Swiss mix N |
BEV European mix ‘. |
FCV natural gas SMR ‘ I
FCV electrolysis Swiss mix ‘ I

Figure2.6 Life-cycle particulate matter formation per km caused by selecteddsized $ I NJ F dzii dzNB ¢ Llasa & Sy 3 SNJ
specified inTable2-31and Table2-32.

Direct exhaust emissions of ICE vehicles with EURO5 emission standard contribute remarkably small
amounts of particle and N@missions to the overall lifeycle PM formation. Even for didd€E cars,

these direct exhaust emissions contribute only about 10% to the total. Other parts of the life cycle
generate much higher primary and secondary particles: mainly road and vehicle glider production,
the fuel cell system and the fuel productiohains. Most of the PM formation is due to mining and
processing of metals, which are required for production of vehicles and their components, as well as
construction work in case of roads. Fuel cell production seems to generate substantial PM formation,
which is mostly due to use of platinum as catalyst. Overall, BEV and the natural gas ICEV cause the
lowest PM formation.

Also in case of photochemical oxidant formation, direct exhaust emissions of ICEV (maialydNO
NMVOC) contribute only to a small erteto the overall lifecycle emissions, about 20% at most in
case of the diesel car. Again, more substantial amounts of emissions are caused by roads, vehicle
production as well as fuel supply chains. BEV perform best for this indicator, followed by eCEV a
the natural gas ICEV.

Metal mining and processing is a key contributor to emissions causing terrestrial acidification (mainly
due to S@and NQ emissions), most evident for nickel, platinum and copper, which are used in the
hybrid NiMeH battery, theuel cell system, the electratgr and the electricity grid infrastructure.
Again, BEV show the lowest burdens, closely followed by the natural gas ICEV.
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The most substantial contributors to metal depletion ateaccording to the method used
constructionof vehicles and drivetrains, the fuel cell as well as the electricity grid. Overall, BEV cause
slightly less metal resource depletion than ICEV, FCEV slightly more.

M Road Vehicle w/ o drivetrain and propulsion battery
m Drive train (ICE, Electric, FC) w/o propulsion battery ™ Fuel cell system w/o battery
Propulsion battery M Fuel
 Exhaust emissions Non-exhaust emissons
kg NMVOC

0.0E+00 2.0E-04 4.0E-04 6.0E-04 8.0E-04

ICE gasoline
ICE diesel

ICE natural gas
Hybrid gasoline

Hybrid diesel

BEV European mix

FCV natural gas SMR

I

.
BEV Swiss mix | N |

5

L

L

FCV electrolysis Swiss mix

Figure 2.7 Life-cycle photochemical oxidat formation per km caused by selectechidsized y S+ NJ ¥ dzii dzNSB ¢ LJr

vehicles as specified imable2-31and Table2-32.

m Road Vehicle w/o drivetrain and propulsion battery
m Drive train (ICE, Electric, FC) w/o propulsion battery ™ Fuel cell system w/o battery
Propulsion battery H Fuel
m Exhaust emissions Non-exhaust emissons
kg 502 eq

0.0E+00 2.0E-04 40E-04 6.0e-04 8.0E-04 1.0E-03

ICE gasoline
ICE diesel

ICE natural gas

Hybrid gasoline

Hybrid diesel
BEV Swiss mix B
BEV European mix [ |

FCV natural gas SMR

FCV electrolysis Swiss mix

Figure 2.8 Life-cycle terrestrial acidification per km caused by selectetidsizea y S| NJ Fdzii dzZNB ¢ LasaaSy 3

specified inTable2-31 and Table2-32.
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M Road Vehicle w/o drivetrain and propulsion battery
® Drive train (ICE, Electric, FC) w/o propulsion battery ™ Fuel cell system w/o battery
Propulsion battery M Fuel
 Exhaust emissions Non-exhaust emissons
kg Sh eq
0.0E+00 5.0E-07 1.0E-06 1.5E-06 2.0E-06 2.5E-06
|

ICE gasaoline
ICE diesel

ICE natural gas
Hybrid gasoline
Hybrid diesel
BEV Swiss mix

BEV European mix

FCV natural gas SMR

FCV electrolysis Swiss mix

Figure2.9 Life-cycle abiotic resource depletion per km caused by selecteidsized y S| NJ F dzii dzNB ¢ lab 84Sy 3 SN
specified inTable2-31 and Table2-32.

Comparing the environmental performance of the set of nkdure mediumsized vehicles as
specified inTable2-31 and Table2-32 (with the ICE gasoline vehicle as the reference car with 100%
impact for each of the indicators) shows that BEV cause lesshsfichpacts than ICEV for the
majority of indicators Figure2.10). The natural gas ICEV performs better than gasoline and diesel
cars for almost all indicatoréiowever, environmental advantages seem to be less pronounced than
for BEV. The FCEV with the two most conventional hydrogen production pathways chosen for the
base case evaluation show an ambiguous performance with better results than the gasoline ICEV for
some indicators, but also with substantially worse results for other indicators.
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— = Hybrid gasoline

—— BEV European mix

Ecological Scarcity 2006 n.a. Emission into air
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Vs
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400%
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IPCC 2007 n.a. GWP 100a
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Recipe H/A Midpoint Photochemical oxidant
formation

Recipe H/A Midpoint Particulate matter
formation
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Ecological Scarcity 2006 n.a. Deposited waste

Ecological Scarcity 2006 n.a. Natural
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Impact 2002+ v2.10 Endpoint - single score
Total

Ecological Scarcity 2006 n.a. Total

Recipe H/A Endpoint - single score Total

- Recipe H/A Midpoint Human toxicity

| Recipe H/A Midpoint Natural land
transformation

Recipe H/A Midpoint Marine eutrophication

Recipe H/A Midpoint Freshwater

eutrophication
: . . reference vehicle can
Recipe H/A Midpoint Freshwater ecotoxicity

be selected in sheet

Recipe H/A Midpoint Terrestrial ecotoxicity "Results_total_only"

Figure2.10[  NBS &aSd 27F [/ ! NBadzZ Ga
Table 2-31 and Table 2-32.The ICE gasoline vehicle is chosen as the refezecar with 100% impact for each of the
indicators.

2.5.2.3. Medium-OEUAA " %wBHMO GIAGAY Ei PAAOD
Depending on the environmental indicator analyzed, the life cycle burdens and potential impacts of
BEV can substantially vary depémgl on the source of electricity used for charging the batteries.
Figure2.11 through Figure2.15 show the LCA results for medisinA T S R¥ dzi yABEI . 9 + X
with electricity from different power generation technologies and electricity mixes. Apart from the
power source, the BEV asdl identically specified with the same parameter settings as the BEV in
Table2-31and Table2-32.

Electricity used for charging the batteries of the BEV shows the highest impact on life cycle GHG
emissions per kmHigure2.11). Using coal pwer results in the highest emissions, almost as high as
those of the gasoline vehicle (séégure2.5). On the other end of the spectrum, using renewable
electricity a nuclear powerg both with very low C@intensity ¢ reduces the overall GHG emissions

by about 70% compared to the gasoline car. Using electricity from a natural gas combined cycle (CC)
plant for charging the BEV batteries reduces life cycle GHG emissionzared to the gasoline
GSKAOES o0& o2dzi nE:d |1 26SOSNE GKA& | RGIydl 3S
fossilfueled vehicles, including hybrids (deigure2.5).

The impact of the source of electricity for the BEV is much smaller for the other indicators. These are
mostly dominated by contributions from other parts of the life cycle than fuel supply, i.e.
production/construction and maintenance of vel@otomponents and other infrastructure such as
roads. In general, the overall picture is similar to GHG results: using electricity from renewables or
nuclear power generates lower burdens than using electricity from coal and gas power plants. Abiotic
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resource depletion represents an exception: metal demand (mainly silver, gold, and copper) for PV
modules results in by far the highest resource depletiéigire2.15).

W Road Vehicle w/o drivetrain and propulsion battery
m Drive train (ICE, Electric, FC) w/o propulsion battery m Fuel cell system w/o battery
Propulsion battery H Fuel
m Exhaust emissions Non-exhaust emissons kg COZ eq
0.0E+00 5.0E-02 1.0e-01 15E-01 2.0E-01 25E-01
| |
BEV, wind power |
BEV, PV [ |
BEV, hydro power |

BEV, natural gas CC

BEV, coal power (import)

BEV, Swiss mix [ ]
BEV, European mix ]
BEV, Swiss certified mix |
BEV, nuclear power |

Figure2.11 Life-cycle GHG emissions per km causedigsized Y S NJ Fdzii dzNB ¢ . 9+ o

W Road Vehicle w/o drivetrain and propulsion battery
M Drive train (ICE, Electric, FC) w/o propulsion battery mFuel cell system w/o battery
Propulsion battery HFuel
= Exhaust emissions Non-exhaust emissons
kg PM10 eq
0.0E+00 1.0E-04 2.0E-04 3.0E-04
| |
|
BEV, wind power B

BEV, PV

BEV, hydro power

BEV, natural gas CC

BEV, coal power (import)

BEV, Swiss mix

BEV, European mix

BEV, Swiss certified mix

BEV, nuclear power | N

Figure2.12 Life-cycle particulate matter formation per km caused bgidsized Yy S NJ F dzii dzZNB ¢ . 9+ &
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W Road Vehicle w/o drivetrain and propulsion battery
M Drive train (ICE, Electric, FC) w/o propulsion battery ™ Fuel cell system w/o battery

Propulsion battery H Fuel
= Exhaust emissions Non-exhaust emissons
kg NMVOC
0.0E+00 2.0E-04 4.0E-04 6.0E-04
BEV, wind power | . .
BEV, PV | H m
BEV, hydro power ‘ | |
BEV, natural gas CC ‘ B
BEV, coal power (import) ‘ B
BEV, Swiss mix ‘ | N |
BEV, European mix ‘ H N
BEV, Swiss certified mix ‘ | |
BEV, nuclear pawer ! | M |

Figure2.13 Life-cycle photochemical oxidant formation per km caused indsizea y S+ NJ F dzli dzNBé¢ . 9+ @

H Road Vehicle w/o drivetrain and propulsion battery
m Drive train (ICE, Electric, FC) w/o propulsion battery ® Fuel cell system w/o battery
Propulsion battery H Fuel
m Exhaust emissions Non-exhaust emissons
kg SO2 eq

0.0E+00 1.0E-04 2.0E-04 3.0E-04 40E-04 5.0E-04

BEV, wind power | ||
BEV, PV | I
BEV, hydro power ‘ [ |
BEV, natural gas CC ‘
BEV, coal power (import) ‘
BEV, Swiss mix ‘
BEV, European mix ‘
BEV, Swiss certified mix ‘ B
BEV, nuclear power ! ||

Figure2.14 Life-cycle terrestrial acidification per km caused byidsized y S NJ F dzii dzZNB ¢ . 9+
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M Road Vehicle w/o drivetrain and propulsion battery
m Drive train (ICE, Electric, FC) w/o propulsion battery ™ Fuel cell system w/o battery
Propulsion battery H Fuel
m Exhaust emissions Non-exhaust emissons
kg Sbh eq
0.0E+00 1.0E-06 2.0E-06 3.0E-06 4.0E-06

BEV, wind power

BEV, PV

BEV, hydro power

BEV, natural gas CC

BEV, coal power (import)
BEV, Swiss mix

BEV, European mix

BEV, Swiss certified mix

BEV, nuclear power

Figure2.15 Life-cycle abiotic resource depletion per km caused imjdsized y S NJ Fdzii dzNB ¢ . 9+

The evaluation based on the large set of LCIA indicatigure2.16) shows that using wind and
hydro power for charging generates in general tlosvest burdens. Hydro power is the main
contributor to the Swiss certified electricity mix, therefore these results are very similar. Electricity
from PV and nuclear causes comparatively higher burdens for some of the impact categories. For
most of them, oal power is the worst alternative. BEV using electricity from natural gas CC plants in
general cause higher life cycle burdens than those using the Swiss consumer electricity mix.

34



—— BEV, wind power —— BEV, PV —— BEV, hydro power
BEV, natural gas CC — — BEV, coal power (import) ——BEV, Swiss mix

= = BEV, European mix - BEV, Swiss certified mix ——BEV, nuclear power

IPCC 2007 n.a. GWP 100a
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ground water
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Ecological Scarcity 2006 n.a. Emission into
top soil
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Impact 2002+ v2.10 Endpoint - single score

Total Recipe H/A Midpoint Marine eutrophication

\
|
I
|

4

Recipe H/A Midpoint Freshwater

Ecological Scarcity 2006 n.a. Total eutrophication

reference vehicle can
be selected in sheet
"Results_total_only"

Recipe H/A Endpoint - single score Total Recipe H/A Midpoint Freshwater ecotoxicity
Recipe H/A Midpoint Terrestrial ecotoxicity

Figure2.16 Large set of CA results for the evaluation of BEV: MeditimA T S R OJf WA HaN&pgcBiédNTable2-31
and Table2-32, using different power sources for charging of batteries. The BEV using the Swiss consumption mix is used
as reference vehicle (=100% for each indicator).

2.5.2.4. Medium-OEUAA &#%EODOORA40EI PAAO 1 Apabwbh OT CAT DO
Depending on the environmental indicator analyzed, the life cycle burdens and potential impacts of

FCEV can substantially vary depending on the production pathway for hydrogen used in the FC.
Figure2.17 through Figure2.21 show the LCA results for mediwinA | S R-¥ dzfl yABKJ C/ 9+ 3 dz3

from differernt production technologies. Apart from hydrogen source, the FCEV are all identically
specified with the same parameter settings as the FCE¥hie2-31 and Table2-32.

As shown inFigure 2.5, the FCEV with H2 from natural gas steam metharfermeng (SMR)
generates life cycle GHG emissions almost as high as those of the gasoline vehicle. A few H
production pathways generate even higher GHG emissions, namely coal gasification as well as
electrolysis using the EU mix, natural gas or coal pofFggure2.17). On the other end of the
spectrum, using renewable electricity or nuclear powdioth with very low C@intensity ¢ reduces

the overall GHG emissiong Bbout 60% compared to the gasoline vehicle.

The impact of the hydrogen source for the FCEV is smaller for the other indicators. These are to a
larger extent dominated by contributions from other parts of the life cycle than fuel supply, i.e.
production/construction and maintenance of vehicle components and other infrastructure such as
roads. In general, the overall picture is similar to GHG results: using hydrogen generated using
renewables or nuclear power generates lower burdens than using coal anchhgts, both directly

and indirectly via electrolysis. Abiotic resource depletion represents an exception: metal demand
(mainly silver, gold, and copper) for PV modules results in by far the highest resource depletion
(Figure2.21).
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W Road Vehicle w/o drivetrain and propulsion battery
® Drive train (ICE, Electric, FC) w/o propulsion battery ® Fuel cell system w/o battery

Propulsion battery m Fuel coz
m Exhaust emissions Non-exhaust emissons ke eq
0.0E+00 2.0E-01 4.0E-01 6.0E-01 8.0E-01

FCV, H2 from natgas SMR | 1l
FCV, H2 from coal gasification || Il
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FCV, H2 from electrolysis, CH cert. mix || Il
FCV, H2 from electrolysis, EU mix | [ NN
FCV, H2 from electrolysis, wind power | Il
FCV, H2 from electrolysis, PV | Il

FCV, H2 from electrolysis, hydro power | Il

FCV, H2 from electrolysis, nat gas CC power | [l

FCV, H2 from electrolysis, coal power | Il

|

FCV, H2 from electrolysis, nuclear power | 1l

Figure2.17 Life-cycle GHG emissions per km causednigsized y S I NJ F dzii dzNJ5 ¢

M Road Vehicle w/o drivetrain and propulsion battery
M Drive train (ICE, Electric, FC) w/o propulsion battery mFuel cell system w/o battery
Propulsion battery H Fuel
® Exhaust emissions Non-exhaust emissons
kg PM10 eq
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FCV, H2 from electrolysis, PV

FCV, H2 from electrolysis, hydro power
FCV, H2 from electrolysis, nat gas CC power

FCV, H2 from electrolysis, coal power

FCV, H2 from electrolysis, nuclear power

C/l 9+

Figure2.18 Life-cycle particulate matter formation per km caused byidsized y S NJ ¥ dzii dzNB ¢

Cl9xo
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W Road Vehicle w/o drivetrain and propulsion battery
M Drive train (ICE, Electric, FC) w/o propulsion battery ™ Fuel cell system w/o battery
Propulsion battery H Fuel
m Exhaust emissions Non-exhaust emissons
kg NMVOC
0.0E+00 2.0E-04 4.0E-04 6.0E-04 8.0E-04 1.0E-03

FCV, H2 from nat gas SMR
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FCV, H2 from electrolysis, CH mix
FCV, H2 from electrolysis, CH cert. mix
FCV, H2 from electrolysis, EU mix
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FCV, H2 from electrolysis, PV

FCV, H2 from electrolysis, hydro power

FCV, H2 from electrolysis, nat gas CC power

FCV, H2 from electrolysis, coal power

FCV, H2 from electrolysis, nuclear power

Figure2.19 Life-cycle photochemical oxidant formation per km caused bnydsized y S NJ F dzii dzNB ¢ C/ 9+ d

m Road Vehicle w/o drivetrain and propulsion battery
m Drive train (ICE, Electric, FC) w/o propulsion battery M Fuel cell system w/o battery
Propulsion battery H Fuel
 Exhaust emissions Non-exhaust emissons
kg SO2 eq
0.0E+00 5.0E-04 1.0E-03 1.5E-03

FCV, H2 from nat gas SMR

FCV, H2 from coal gasification
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FCV, H2 from electrolysis, CH mix

FCV, H2 from electrolysis, CH cert. mix

FCV, H2 from electrolysis, EU mix

FCV, H2 from electrolysis, wind power

FCV, H2 from electrolysis, PV

FCV, H2 from electrolysis, hydro power
FCV, H2 from electrolysis, nat gas CC power

FCV, H2 from electrolysis, coal power

FCV, H2 from electrolysis, nuclear power

Figure2.20 Life-cycle terrestrial acidification per km caused byidsized y S NJ F dzi dzNB & C/ 9+ @
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M Road Vehicle wfo drivetrain and propulsion battery
® Drive train (ICE, Electric, FC) w/o propulsion battery ™ Fuel cell system w/o battery
Propulsion battery M Fuel
= Exhaust emissions Non-exhaust emissons
kg Sbeq
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Figure2.21 Life-cycle abiotic resource depletion per km caused tmdsized y S NJ Fdzii dz2NB & C/ 9+

———FCV, H2 from nat gas SMR ——FCV, H2 from coal gasification
——FCV, H2 from biomass gasification ——FCV, H2 from electrolysis, CH mix
= = FCV, H2 from electrolysis, CH cert. mix = = FCV, H2 from electrolysis, EU mix
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FCV, H2 from electrolysis, hydro power ——FCV, H2 from electrolysis, nat gas CC power
= = FCV, H2 from electrolysis, coal power = = FCV, H2 from electrolysis, nuclear power

IPCC 2007 n.a. GWP 100a

Ecological Scarcity 2006 n.a. Emission into air  500%-—— _Recipe H/A Midpoint Terrestrial acidification
Ecological Scarcity 2006 n.a. Emission into T\ Lo - Recipe H/A Midpoint Photochemical oxidant
surface water < 400%— formation
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!
- y // ‘
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Figure2.22 Large set of LCA results for the evaluation of FCEV: Mediumi S R  O4F N& das8pedfiedNarable
2-31and Table2-32, using different H sources for fuel cell operation. The FCEV using hydrogen from electrolysis with the
Swiss consumptin mix is used as reference vehicle (=100% for each indicator).

The evaluation based on the large set of LCIA indicatigure2.22) shows that using hydrogen
generated via electrolysis based on power inputs from fossil fuels generates by far the highest

38



impacts for a large number of indicators. Generating hydrogen via electrolysis with wind or hydro
power are the best options from thenvironmental perspective. Electricity from PV and nuclear used
for electrolysis causes comparatively higher burdens for some of the impact categories.

2.5.2.5, Medium-OEUAA AADDOO DA AADO8 OZFAO AEOOOOAG
Technological progress is supposed to reduce thérenmental footprint of passenger vehicles in

the future, especially for currently comparatively immature technologies like BEV and FCEV. Also
ICEV have shown a substantial reduction of environmental burdens in the past in Europe due to

reduction of fuel onsumption as well as reduction of tailpipe pollutant emissigh®th triggered by
tightened legislative regulations. This trend is expected to continue.

These potential improvements and the associated reduction in environmental burdens are evaluated
by@ YLI NAy3 [/ ! NBadzZ G§a F2N ySFENI YR FI N Fdzi dz2NB =
vehicles and the parameters for the quantification of results are showmalme2-33 and Table2-34.

Table2-33 Vehicle specification, Mediurd A T SR O Wi BzNB Y SF MR & FI NJ Fdzi dzNB ¢ @

Table2-34 Vehicle parameters, Mediurd A | SR OF NA HZNS Y SF MR a FI NJ Fdzi dzNB ¢ @

Total vehicle mas§uel cell system masBattery mass Electricity Chemical fuel Total life time Life time Life time
(incl H2 tank) consumption driving consumption driving distance battery fuel cell
liquid: [I/200km]

[ka] [ka] [ka] [kWh/100km] gaseous: [kg/100km [km] [km] [km]
ICE gasoline, 2020 1400 6 150'000 150000 150'000
ICE gasoline, >2030 1100 4.8 150000 150000 150'000
ICE diesel, 2020 1450 5.3 150'000 150000 150'000
ICE diesel, >2030 1150 4.2 150000 150000 150'000
ICE natural gas, 2020 1450 4.4 150000 150000 150'000
ICE natural gas, >2030 1150 35 150'000 150'000 150'000
BEV Swiss mix, 2020 1550 200 19.1 150'000 150000 150'000
BEV Swiss mix, >2030 1250 200 16.2 150'000 150000 150'000
FCV electrolysis Swiss mix, 2020 1565 190 20 1 150'000 150'000 150'000
FCV electrolysis Swiss mix, >2030 1195 125 20 0.66 150'000 150000 150'000

Reduction in vehicle mass is achieved by usingligight aluminum construction for the gliders in
2030. Also the weight dhe fuel cell system is assumed to be reduced using the average of the two
scenarios for 2030 according tdiotti et al. (2015) Battery mas of BEV is not assumed to be
reduced, since increasing battery performance, i.e. nsggific energy density, will be used to
increase the vehicle range. With an estimated energy density oMB@8g in year 2030, the BEV
specified for 2030 would haverange of about 37&m. All types of vehicles are expected to increase
in their efficiency, i.e. fuel consumption will be lower in 2030 than in 2020. Fuel and electricity
demand of ICEV and BEV is reduced according to the expert judgement of the autiecasetage
hydrogen demand in the two scenarios for 2030 accordingfitutti et al. (2015)is used for FCEV. ICE
vehicles will comply with EUROG6 emission standard in 2030. Results are shegur@2.23 through
Figure2.27.
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All vehicles except of the BEV show a reduction in life cycle GHG emissions between 2020 and 2030,
mostly due to the reduction in fuel demand. Changes in other parts of the life gyekhicle
(component) production and road are not substantial. The reason for the increase in overall GHG
emissions of the BEV is the increasing @@nsity of the Swiss electricity mix in 2030 due to
assumed hypothetical operation of natural gas CC power pfanthich cannot be compensated by
reduced electricity demand for battery charging.

W Road Vehicle w/o drivetrain and propulsion battery
m Drive train (ICE, Electric, FC) w/o propulsion battery m Fuel cell system w/o battery
Propulsion battery H Fuel
Exhaust emissions Non-exhaust emissons kg CO2 eq
0.0E+00 1.0E-01 2.0E-01 3.0E-01

ICE gasoline, 2020

ICE gasoline, >2030
ICE diesel, 2020

ICE diesel, >2030

ICE natural gas, 2020
ICE natural gas, >2030
BEV Swiss mix, 2020
BEV Swiss mix, >2030

FCV electrolysis Swiss mix, 2020

THITIHT

FCV electrolysis Swiss mix, >2030

Figure2.23 Life-cycle GHG emissions per km causedfbiyre midsizevehiclesas specified inTable2-33 Table 2-31and
Table2-34.

FCEV show in general the highest potential for reduction of environmental burdens due to both
increasing fuel efficiency (i.e. reduced hydrogen demand) and weight reduction of the fuel cell. Most
substantial reductions are achieved foarticulate matter formation. Changes for BEV are small and
ambiguous with the Swiss electricity mixes used for 2020 and 2030: while the life cycle burdens are
slightly reduced for particulate matter formation and photochemical oxidant formation, they are
increasing for GHG emissions, acidification and resource depletion due to changes in the electricity
mix as well as use of the aluminum based hgkight car body.

The higher the contributions of direct exhaust emissions as well as fuel chain relateshbutte

more substantial are the reductions in overall life cycle burdens for the different indicators due to
the reductions in fuel demand between 2020 and 2030. The difference between EURO5 and EURO6
emission standards in terms of impact on the oveligdicycle results is small, since the contributions

of exhaust emissions to overall life cycle results are in general minor.

% Natural @s power plants are only one of the possible technologies for generating the electricity currently provided by
nuclear power plants after potential nuclear phaset. Other options are renewables and/or electricity imports. These
scenarios are investigatexthd evaluated in WP5.
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M Road Vehicle wfo drivetrain and propulsion battery
M Drive train (ICE, Electric, FC) w/o propulsion battery ®Fuel cell system w/o battery

Propulsion battery M Fuel
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Figure2.24 Life-cycle particulate matter formation per km caused Hyture midsize vehiclesas specified inTable 2-33
Table2-31and Table2-34.

W Road Vehicle w/o drivetrain and propulsion battery
m Drive train (ICE, Electric, FC) w/o propulsion battery ® Fuel cell system w/o battery
Propulsion battery W Fuel
m Exhaust emissions Non-exhaust emissons
kg NMVOC

0.0E+00 2.0E-04 4 0E-04 6.0E-04 8.0E-04
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ICE gasoline, >2030
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ICE diesel, »2030

ICE natural gas, 2020

ICE natural gas, »2030

BEV Swiss mix, 2020

BEV Swiss mix, >2030

FCV electrolysis Swiss mix, 2020

FCV electrolysis Swiss mix, >2030

Figure 2.25 Life-cycle photochemicabxidant formation per km caused bjuture midsizevehiclesas specified inTable
2-33Table2-31 and Table2-34.
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H Road Vehicle w/o drivetrain and propulsion battery
m Drive train (ICE, Electric, FC) w/o propulsion battery ™ Fuel cell system w/o battery
Propulsion battery H Fuel
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kg SO2 eq

0.0E+00 2.0E-04 4.0E-04 6.0E-04 8.0E-04 1.0E-03
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ICE diesel, >2030

ICE natural gas, 2020
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Figure 2.26 Life-cycle terrestrial @idification per km caused bjuture midsizevehiclesas specified inTable 2-33 Table
2-31and Table2-34.

M Road Vehicle w/o drivetrain and propulsion battery
M Drive train (ICE, Electric, FC) w/o propulsion battery ® Fuel cell system w/o battery
Propulsion battery H Fuel
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ICE gasoline, 2020

ICE gasoline, >2030
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ICE diesel, >2030

ICE natural gas, 2020
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Figure2.27 Life-cycle abiotic resource depletion per km caused foyure midsizevehiclesas specified ifTable2-33 Table
2-31and Table2-34.

The fact that FCEV show the largest potential for reduction of environmental burdens is obvious in

the analysis of the large set of environmental indicatéiigre2.28). However, the general pictue

FCEV with hydrogen produced via electrolysis using the Swiss electricity mix will perform worse for a
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number of LCIA indicators than vehicles operatedhwassil fuelsg¢ will not change. The overall
performance of the BEV using the Swiss electricity mix for charging of batteries relative to the ICEV

will hardly change between 2020 and 2030.
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Recipe H/A Midpoint Terrestrial ecotoxicity

Recipe H/A Midpoint Human toxicity

Recipe H/A Midpoint Natural land
transformation

Recipe H/A Midpoint Marine eutrophication

Recipe H/A Midpoint Freshwater

eutrophication 7
reference vehicle can

be selected in sheet
"Results_total_only"

Figure2.28 Large set of ICA results for the evaluation ahidsizecars as specified iTable2-33 Table2-31and Table2-34.
The near future (2020) ICE gasoline vehicle is chosen as the reference car withih@@%i for each of the indicators.

2.6. Conclusions

Based on the LCA results of WP1, the following main conclusions concerning the environmental

performance of passenger vehicles can be drawn:

9 Battery electric vehicles (BEV) show a better environmental pedoce than fossil fuel

internal combustion engine vehicles (ICEV) for the majority of environmental indicators, as
NE OKF NBSR
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substantial benefits; up to minus 80%; can beobserved regarding reduction of potential

impacts on climate change, if electricity from renewables or nuclear power is used. At the

St SOUN

same time, life cycle GHG emissions are most sensitive concerning the type of electricity used
for charging. These obserwas hold true for the complete time frame of this evaluation, i.e.

from today up to 2030.

1 Fuel cell vehicles (FCEV) show a mixed environmental performance. As long as the hydrogen

T2N) OSKAOES 2LINI GAzy

using electricity from no#fiossil power plants, they offer advantages for some environmental

A& LINE R dzO GidRelectrblysiS R

2y

indicators. Concerning life cycle GHG emissions, substantial reduction of up to minus 60%
compared to the gasoline reference ICEV can be achiewed020. However, almost
independent of the hydrogen production pathway, the LCA results of FCEV are worse than
those of fossil fueled ICEV for some environmental indicators. Obviously, FCEV with hydrogen
from fossil sources will not provide an environmahnbenefit. Currently, FCEV are the most
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immature among the evaluated technologies and hardly commercially available. Therefore,
we expect that the potential for reduction of environmental burdens due to improved
technology performance is still high.

Among the ICEV evaluated, natural gas vehicles clearly generate the lowest life cycle
environmental burdens. Conventional natural gas vehicles even cause lower burdens than
gasoline and diesel hybrid vehicd&or most of the LCIA indicators.

Progress irvehicle technology development will in general result in reduced environmental
burdens, mostly due to increasing vehicle efficiency and reductions in fuel demand. Changes
in fuel supplyq e.g. electricity mixes with higher shares of fossil power generation
increasing market shares of unconventional fossil fuglsight (over)compensate these
environmental benefits and lead to higher life cycle burdens.

However, when interpreting these results, the following limitations of the work need to be kept in

mind;

1 The LCIA methods applied do not take into account the location of pollutant emissions, i.e.

2.7.

their potential impacts will be assumed to be independent of whether emitted in densely
populated areas like city centers or remote locations of e.g. mining ¢élnoees. Therefore,

the benefits of BEV and FCEV in mitigating air pollution in urban areas due to their non
existing tailpipe emissions might be underestimated. However, since the contributions of
direct tailpipe emissions of ICEV to overall life cyeteilts are in general minor, the provided
results will still be meaningful.

LCA results for 2030 and beyond are in general associated with high uncertainties, since a)
the future development of passenger vehicles cannot be accurately predicted; and b} a no
negligible fraction of LCI data used for LCA calculations supposed to represent 2030 and
beyond actually represent current (or past) technological status. In the context of LCA of
passenger vehicles, this limitation seems to be most important for L@l afafossil fuel
chains as well as metal mining and processing.

This LCA represents an attributional assessment on the level of single vehicle technologies. It
does not take into account consequential effects within the economic system and it also
does nottake into account economic and environmental feedback effects due to potential
large-scale introduction of innovative vehicle technologies such as BEV and FCEV.

Recommendations for future work

LCA related issues, which are associated with high uncedsjndr which could not be sufficiently
analyzed within WP1 (and only partially in the THELMA project as such) and deserve further attention
in the future, are the following:

1

Primary industry data from manufacturers of batteries and fuel cells would sutietgn
reduce uncertainties in these LCI data.

Establishment of LCI data for specific future battery technologies not considered in this work,
such as Eair or Lisulfur.

Establishment of LCI data for future fuel cells explicitly taking into account regeriais and
manufacturing methods technologies.

*In this case¢hybrid vehicles R2 $a y 2 (in Hylfidst dzRS LI dz3

44



1 Establishment of LCI data for unconventional and future fossil fuel production, such as oil
sands, shale oil and gas, and deep sea reservoirs, which are supposed to increase their
market shares in the future

1 Consideration of biofuels.

1 Consideration of systemic aspects in addition to the current technology centered perspective
and integration of economic interactions.

Acronyms

BE Battery Electric

BEV Battery Electric Vehicle

CcC Combined Cycle

E85 Mix of 85% bioethanol, 15% gasoline
EC European Commission

EoL Endof-life

FC Fuel Cell

FCEV (Sometimes FCV)
GHG

Fuel Cell Electric Vehicle
Greenhouse Gas

ICE Internal Combustion Engine

ICEV Internal Combustion Engine Vehicle
LCA Life Cycle Assessment

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment
NEDC New European Driving Cycle
NiMeH NicketMetal-Hydride

PM Particulate Matter

PV Photovoltaic

SMR Steam Methane Reforming

Swiss mix Swiss electricity supply mix (incl. electrigityports)
vkm Vehiclekilometer

WP Work Package

ZEBRA Zeolite Battery Research Africa
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3.1. Introduction

Ly G2RIFI2Q& LI &aaSy3aSNI OF NI Tt &®Bdubing®ybiRIareNskil @irlyf £ @  LINE
in the minority. Any assessment of the benefits of electrification will thus have to look into a possibly

quite distant future, when alternative propulsion systems presumably will have gained significant
market shares. Furthermore, contrary to a@mmtional powertrains, there are no dacto design

standards for electrified powertrains as of yet, especially when it comes to more complex
configurations such as hybrid electric architectures.

Yet assessing the benefits of electric mobility obvioustyuires information on the distanespecific

energy demand (in terms of unit energy per unit distance). Obviously that information cannot be
obtained empiricallyg at least not in the breadth required by THELMA, namely for every vehicle in

the fleet, fromy 2 6 dzy G At GKS &aidzReéQa GAYS K2NART 2y 2F wHnpr

¢ 1 9 aNoR Rackage 2NP2 addresses this issue through vehicle and powertrain simulation, as
detailed in the following sections.

3.2. Objectives

The main objectives of WP2 include the characterization of curemd future powertrain
technologies and the calculatioof energy consumption and other related indicators for different
vehicle classes and energy carriehs. particular conventional, hybrid electric (including plag
hybrids), battery electric and fuetell vehicles are simulated for assorted driving cycles,
representative of reaworld driving conditions. In addition, WP2 assessed vehicle costs and coupled
vehicle simulation results to life cycle analysis results from WP1 for the assessment of enwii@nme
indicators.

After configuring and assessing a large, representative design of current and future vehicles, the
technical tradeoffs of powertrain electrification are presented in an unbiased manner to allow
stakeholders to evaluate the merits of nesghicle propulsion technologies with respect to:

1 Energy use

Performance (acceleration, top speed)

Utility (range, size)

Cost (purchase, operating, total)

Environmental factors (all relevahife Cycle AssessmehidA indicators

=A =4 =4 =4

)27

ETH zuricherothermochemistry and Combustion Systems Laboragegrges@lav.mavt.ethz.ch

% Current affiliation: ETH Zurich, Architecture and Building Systeofis;@arch.ethz.ch

" Note that proper derivation of LCA indicators falls under the purview of WP1. WP2 provides vehicle
configuration and energy demand data, which ultimately translates into the production, operation and
decommissioning environmental im@ai ® ¢ KS NBadz G6a 2F 020K 2t Qa Oly K2g!
used inBauer, C., J. Hofer,-H.. Althaus, A. Del Duce and A. Simons (2015)
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Besides the direct analysis of the technology criteria, the technology descriptions also serve as inputs
to other work packages, in particul®/P3 and WP5.

The work package was split between ETUAX/ and PSIEA. ETHIZAV focused on combustion engine
vehicles, while PSIEA focused on battery electric and fuel cell vehicles. Battery and electric motor
models are selected and applied in close cooperation.

3.3. Scope

The mission of WP2 is to derive the technical configuration and energy demand data through
simuktion for every vehicle in the fleet, from now to 2050. As core methodological element,
THELMANP?2 therefore considers a vehicle as the combination of (1) a powertrain, providing the
necessary propulsion power and (2) a glider, which aggregates everythirthe powertrain. One
particular glider can thus be fitted with various powertrain systems and technologies to explore their
respective potential for electrification. For any given glider/powertrain combination, the energy
demand further depends on (3)perational boundary conditions, in particular the speed (or more
precisely the driving cycle) at which the system is operated, or the ambient temperature during the
journey.

In the following, the three building blocks, as illustratedrigure3.1 are discussed separately.

mass

in pUt aerodynamic properties
car-classes
rolling resistance

propulsion power

Power—traln Driving-Cycle

Degree Of Hybridization oz
ICE technology integr. time at v=0
Fuel * std. deviation

Configuration (Parallel, ...) duration

Battery-Type

Figure 3.1: THELMANP2 vehicle simulation framework.This considers vehicles as combination ¢i) a powertrain
providing the propulsion power and (2) the glider, as the sum of components that do not belong to the powertrain. The
operation of any given vehicle assembly is further defined by (3) the operational boundary conditions, before all the
driving cycle.

3.3.1. Vehicle design

3.3.1.1. Characterization of the glider

[221Ay3 (2 {6AGTSNIIYyRQa aiNBSGasz GKS 02y idSYLRNI
various sizes and shapesvhich is likely to still be the case 40 years from now. The vasedy large

that actually modeling each existing vehicle individually is out of the questi@ven though
SYSNHSGAO LRSSNINIAY VY2RSftfa adatft 2yfte NBaz2t oS
Therefore the fleet is broken down into a manageaismber of individual classes, presuming that
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class members are so similar to one another that their relevant indicators (those listed in se2jion
do not differ significantly.

The categorization chosen by THELWR?2 is that of car market segments as used byBhmpean

New Car Assessment ProgramifiiroNCAP¢ and often found in car magazines (MiMidsize

Compact, and so on). Indeed followikiyicho (2007)the industrial design process of a car always
GFrNBSGa | ALISOATAO YINJSGE asSavySyid o6AdSd YSYO6 SN
specification) The car market being as it is, the visual appearance of the product plays a very central

role. Therefore, very early in the concept phase, designers will consider the perceived directly
competing products. Consequently many pivotal design decisions iicydar the outer dimensions

and general aspect of a vehicle, are heavily influenced by already existing designs. It is therefore very
likely that individual vehicles marketed as members of a given market are optically not that
dissimilar. In fact, as mrS &G Of Fda A& 2FGSy aeyzyevyzdza 6A0K a
other customer expectations such as performance attributes (size, acceleration, etc.) are correlated.

Following that rationaleTable3-1 summarizes the derived vehicle class specification used in WP2.
The segments more or less correspond to the widely used EuroNCAP classes, but were actually
defined in accordance with the undging vehicle sales records. Note that the parameter values
between certain classes are quite similar. Also, some classes are more relevant than others with
respect to sales. Indeed, as visibldigure3.2, the mini tomidsizesegments amounted for roughly

2/3 of all passenger car sales in Switzerland in 2011.

Nevertheless, the definition of individual vehicle classes is somewhat fuzzy. On one hand, class
membershp may not always be that obvious, especially considering that designers may consciously
chose to break with déacto standards to differentiate their product. Furthermore, the above

NI GA2Y IS YySAGKSNI LINSOf dzZRSa (KS2BRMIAADYXSRA (g2 BRITUK
of the introduction of new classes. But as modeling thousands of individual vehicles is not an option,

the above approach, mimicking the actual industrial design process, is a good compromise.

Table3-1 Analyzed vehicle classes and important simulation parameters.

Glider mass | Powerto-mass| Frontal area | Aerodynamic

(kg) ratio (W/kg) (m? drag coeff. (g)
Mini 612 56 1.9 0.34
Small 762 59 2 0.31
Low-Midsize 944 66 2.1 0.31
Midsize 1091 76 2.2 0.31
Up-Midsize 1186 92 2.3 0.3
Luxury 1328 117 2.4 0.3
CompactMPV 1032 61 2.6 0.32
MPV 1266 65 2.8 0.34
CompactSUV 1085 70 2.6 0.33
SUV 1442 84 2.9 0.35
CompactSport 858 86 2.1 0.33
Sport 917 141 2 0.35
Transporter 1046 51 3.1 0.34
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Sales share by segment (CH 2011)

3% 79

Mini

Small

m Low-Midsize

W Midsize

MPV

HSUV

Other

Figure3.2 Passenger car sales in Switzerland by market segmestairce lHS Automotive (2013)

3.3.1.2. Characterization of the powertrain

The main objective of WP2 is obviously to investigate powertrain electrification. Note that this is
understood in the strictest sense of the word, referring to anghitecture whose propulsion effort is
sustained by meaningful amounts of electrical power. Beyond the obvious, pure battery electric
vehicle, the definition thus encompasses fgell electric systems and internal combustion engine
based hybrid electrisolutions. That leads to the following technical base options; for a deeper
technical discussion of the different powertrains and their operation, see section 3.3:

Conventional, internal combustion engine based powertrain (ICEV)

Hybrid electric powertraigHEV)

Externally chargeable hybrid electric powertr&jnrangeextender / plugin (PHEV)
Pure battery electric vehicle (BEV)

1 Fuelcell electric vehicle (FCEV)

=A =4 =4 =

Within each of those powertrain architectures there are further technology choices. For indtance

all solutions featuring an internal combustion engine (ICE) there are different fuels (and by extension
thermodynamic combustion processes) available. As a matter of principle there is no exclusive
relationship between ICE fuels and vehicle classeeéat this will become unlikely in a B0 year
future), thus ICE fuels are considered an additional exogenous variable to the powertrain
specification (where applicable).

Just as there are different implementations of ICE technology, so are thereediffetectric
machines, batteries and power electronics; compared to changing the combustion process in an ICE
these constitute however rather smaller interventions, and are therefore not resolved in WP2.

Thus far only the powertrain architecture was spiedf i.e. technology choices for individual
O2YLRYySyita FYyR GKSANI AyiSNOD2yySOGA2ya oSNB YIRS
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which ¢ as all of them are energy conversion, transmission or storage degidesermining their
nominal power outpuf throughput resp. energy storage capacity is understood.

The envelope of the prime mover, i.e. the primary device used to apply torque to the wheels (there

can be more than one) directly defines the drivability of a vehicle. Presuming that at highiesloci

GKS I SNPRe&YFIYAO RNIXY3I A& o6& FIFNJ GKS R VYiehtesyi RA &
to the prime mover poweb  via:

o 0t gf"f&fa (1)

Similarly, disregarding the influence of the tire rolling resistance or aerodynamic drag, the
acceleration timed from 1tto U is approximately given by (with being the total vehicle mass):

qJU )

qtu
As discussed in secti@3.1.1 the performance attributes of a car are related to its membership to a
specific class. Via the above equation the average/reprasiee acceleration timing within a given
Otlraa OFy 06S RANBOGfe GNIryatlFdiSR (2 G§KS GLINAYS Y
figures in the above equation points to a central traofé in vehicle design: increasirtige electric
Y I OK Apgwdrpatputd  also increases its weight; sustaining a certain acceleration target with
a larger electric machine is thus only possible with compromising batteryRmae3.3 illustrates
GKA&a Fta GKS o0ftdsS tAyS Ay (KS aRSaAdy &Ll O0Sesx alL
I ES&a o PaAy3 G2RF2Qa St SOGNRO O SenfigirédStie battéry 1 NB F
mass in future vehicle generations is presumed approximately constant in time, so that the
autonomy range may grow under the direct action of battery energy density improvements, vehicle
light-weighting, or other efficiency improveents.

80
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traction motor size [kw]
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e pcceleration: 155 — ee=costs: 2 x glider-cost  e==range: 100 km

Figure3.3 Configuration options for a mietlass battery electric powertrairin terms of the installed traction motorand
battery size (in kW nominal power output and in kWh effectively available xmaum energy capacity respectivelyJ.o
achieve the classlependent performance characteristics (in terms of acceleration and nominal range), certain minimum
motor (blue line) and battery sizes (green line) are required.
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However, since the component cheiaffects the total mass of a vehicle, it also influences the net
propulsion load and the average conversion efficiency (see section 3.3 for more details). Accounting
for these feedbacks, the three lines above are just the loci of vehicle configuratitimsdentical
performance with respect t@cceleration costs, or range. As the dependencies are roughly linear,
there is a clear tendency (see arrows) in which the performance indicators evolve. This is what
ultimately allows constraining the design spaodhe triangular area shown above.

For hybrid electric vehicles, the design process is more complex since the additional energy source
augments the dimensionality of the design space. Sgare3.4. TheDegreeof Hectrification (DOE)
measures the relative share of the batteglectric (i.e. norrangeextender) power to the total
traction power: a DOE of 0 corresponds to an essentially ICE vehicle, while a DOE of 1 would be a
pure-electric vehicle.

There is a minimm DOE (the blue line) below which the vehicle can no longer be operated under
city-driving conditions (ARTEMIS Urban cycle) without the ICE. This minimum degree of electrification

is given by the battery still providing enough electrical power and energnable the vehicle to

cover at least 100 km (to be consistent wiltigure 3.3) in a city cycle (ARTEMIS urban); lower
settings would cause the poweli NI Ay (G2 2LISNI S Ay AGaK@oNAR Y2RS¢
f2y3SNJ 68 GNHz & O2y aAiRSNSB RN hiybridowi a/ serduslg avérSzgdRk S NE
battery). Note that if the 11&m/h (kph) constraint is coupled with the acceleration congtitaof

Figure3.3. (i.e. the resulting range extender is supposed to accelerateledtrically) much higher

DOE values are required.

R —

e
~
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Degree Of Electrification [-]
o o
v [=)]

/

/

/
/

40 60 80 100 120 140 160 180

Installed traction power [kW]

= steady-state 110 kph == all-electric operation total costs limit ««ceve all-electric acceleration & 100 kph

Figure3.4 Configuration space of a range extended EV powertrain for a-claks car.

A vehicle design, as described3ii3.1is a static description of a propulsion system and its individual
energy conversion and storage devices. In the physical world, a driver is controlling the forward
velocity of the vehicle by instructing the aforementioned devices to apptertain torque to the
wheels. For doing so, the powertrain generally has to draw on itbaamd energy storage system
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(within THELMA that can be a fuel/hydrogen tank or a battery). In other words, energy is used to
adjust the forward velocity.

Next to drect dynamic simulation, THELMMP2 relies on a method known as backward facing
simulation, effectively inverting this causal relationship. As depictedrigyre3.5, it deduces the
energy demand that a vehicle must have had, knowing that it moved along previously known velocity
profile. The latter is a timeesolved record of its speed versus time profile, as illustrateHigure

3.6.

fuel consumption

torque (>0)
———

imposed speed
ﬁ R

speed kmh]
@
8

v,,,=17.637

N U U vehicle-dynamics

0 100 200 300 400 500 600 700 800 900

time [s] torque (<0)

brake-model

Figure3.5 Schematic illustration of the backward facing simulation technique, to compuwhicle energy demandbased
on a certain speed #jectory.
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Figure3.6 The Worldwide harmonized Light vehicles Test Procedy#/LTP)n terms of momentary velocity (blue) and
acceleration (red) over the roughly 30 minutes of the test procedure.
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3.3.1.3. The physics of longitudinal motion

The forward motion is opposed by various drag forces, namely aerodynamic drag and rolling
resistance, whose magnitude is determined both by certain technical attributes of the glider, the
tires and the current magnitude of ¢hforward velocity. Also any change in velocity is opposed by
inertia. Hence, for speed signaldo known a priori (backward facing simulation), it is possible to
calculate the necessary propulsion fof@e 0 at any timea:

. QU0

O Vo a4 t— 0o O VO 3)
Qo

where:

T ¢« Ada NBftlFiSR (2 GKS @SKAOf SQa G20t Yl aa
1 "O v isthe longitudinal aerodynamic force opposing forward motion when traveling at
1 "O 0 isthe total tire rolling resistance opposing forward motion when traveling at

3.3.1.4. Characterization of the vehicle usage

The total mechanical energy demand of a vehicle over a known drivingicyclis:

O 45 O 0o tLoQO (4)

Yet'O is not necessarily positive; indeed active braking, i.e. decelerating stronger than the natural
retardation induced by the various resistive and drag forces is only possible if the powertrain applies
a negative’'O . In conventional vehicles, this is achieved through friction brakes, dissipating the
returning, negative power. Electrified vehicles on the other hand can instead recuperate the
returning power by converting it back to electric power, and storirig a battery (or other electric
energy storage device). A more-depth analysis of this process, known as brake energy
recuperation, can be found in secti@y.1.1

For now it is important to note that in the above definition ©f ,; negative’O 0 0 t0 ©

reduce the total energy demari® ,; in fact, provided thab T 0 0 it is straight forward to

show that the inertial (differential) ten of 'O 0 does not contribute t0O ;. This is only
L2aadaArAofsS AF ff NBOdzZLISNY GSR yS3FGABS LIRHSN Oy ¢
technical impossibility. Nevertheless, if such an ideal powertrain could be built, érgyeemand

would solely be a matter of the average aerodynamic drag and rolling resistance forces (meaning
ultimately the average velocity); the acceleration intensity and frequency within would play no

role at all.

In any real powertrain there aresses, and some (or all) of the braking occurs using dissipative
braking systems, because certain higha@nking constraints require so (the battery could e.g. be fully
charged). Of course in the worst case of a vehicle incapable of brake energy reaup@@gVs), all
negative power is lost, so that the mechanical energy demand grows to:

O 4 O 0o tDOETO™O VO QOO y (5)
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where™O w is the Heaviside function, i.e. it is zerauf mandp if @ 1 Consequently, the end
energy demand of a vehicle depends certainly on the average valueéqfand the more its braking

is effectively dissipative (including losses in the recuperation path), the more the acceleration
behavior starts to [ay a role. Next to the vehicle itself, its energy demand is thus strongly dependent
on thel 0 itis evaluated against.

Now as explained abovs, 0 is the observed consequence of a driver applying a certain acceleration
or retardation request to theivehicle. If one were to record the 0 of all vehicles in a fleet as they

go about their day, by the very nature of individual mobility, there would be as mamyas there

are drivers. Analogously to the categorization of passenger car gliders ilornséc8.1.1 a
simplification is necessary. The solution is found in standardized driving cycles, which have been
developed primarily by governing agencies (or on their request) as a support framework for
emissions legislations.

In THELMA, th&Vorldwide harmonizedight vehicles Test Proceduf@/LTP), New European Driving

Cycle (NEDC) and ARTEMIS driving cycles are considered. The WLTP is used as the reference driving
cycle. It is based on statistical analysis of driving conditions from the EU, India, Japan, Korea,
Switzerland, and USA and is expected to replace the NEDC for emission certification in Europe. In
contrast to the NEDC, the WLTP and ARTEMIS are transient driving cycles which involve many
continuous changes of velocity representing a more realistic drividg G G SNY' = A dSd A {
NELINBASY(l-a2HMEBRF2RNERBBYH G(KIYy GKS b95/ 3 gKAOK A3
modern passenger vehicles in daily driving. Nevertheless, at the time of writing the NEDC is the
reference of emissions legislati@md therefore still relevant. The ARTEMIS driving cycle was shown

by independent studies to be very realistic of European traffic condi(Bassett et a).2010)

All three driving cycles are part of a testing procedure that makes an assumption on how much of a
GSKAOf SQa 2LISNIGA2y 200dzZNE 2y Y202NBl&az YI 22N
networks. As with the MATSIim simulation data fronP¥information is available on the actual split

factor between those roadlypes, energy demand figures for each are computed individually. Thus in
theend, THELMAt H OF 6 S32NAT S& (GKS GRNX DAY 8a)SEde Dadawpd vy
GNUZNRE @YRU2NBI 8¢ @

3.3.2. Drivetrain configuration and simulation

As indicated in sectiofd.3.1.2 THELMA WP2 considers a wide range of powertrain architecture

1 Conventional, purely internal combustion engine powered systems
9 Hybrid electric solutions (internal combustion engine powered):

o Mild/full hybrids

0 Plugin/range extending hybrids
9 Battery electric systems

Fuelcell electric system$able3-2 summarizes the drivetrain types considered in this study and the
corresponding abbreviation&igure3.7 illustrates the powertrain configuration and the possible
power flows between the main components for the different powertrains.
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Table3-2 Drivetrain types considered in this study.

Drivetrain technology Abbreviation

Internal combustion engine vehicle fueleq ICEY
by gasoline/diesel/compressed natural gi gasoline/diesel/cng

Hybrid electric vehicle fueled by HEV
gasoline/diesel/compressed natural gas | gasoline/diesel/cng
Batteryelectric vehicle BEV

Plugin hybrid electric vehicle fueled by |PHEY
gasoline/diesel/compressed natural gas | gasoline/diesel/cng

Fuel cell electric vehicle FCEV

Battery electric vehicle (BEV)
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Figure 3.7 Overview of drivetrain configurations analyzed and power flows between the main components.
Abbreviations: Electric motor (EM), electric generator (EG), fuel cell system (FCS), planetary gear set (PGS).

Computing the energy demand of a given vehiclessentially the same for all powertrain systems:
starting with the known power demand signal at the wheels, the power flows are traced back
through the powertrain up to the initial energy input at the plug or fuel station. All conversion and
storage proceses are modeled using the quaseady state models included in ADVISOR, an -open
source vehicle simulation softwaf@/ipke et al., 1999)

Hybrid electric vehicles constitute a special case, as the presence of two covalent (at least in the
short term) energy sources requires an active control strategy, deciding upon which source to use at
any given moment. For the largeeale simulation, heistics provided by ADVISOR were used in the
interest of reducing the computational load. Nevertheless, a limited -deatausing full dynamic
optimization was generated see sectior8.4.1.3for a more detailed discussion.
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3.3.2.1. Mass and cost assessment

The characterization outlined i8.3.1.1and 3.3.1.2is sufficient to statically describe the entire
system for LCA and later, dynamic simulation. With the size resp. nominal rating of all powertrain
componentstheir mass and cost can be individually estimafEable3-3 lists the assumed reference
values of the specific masses and costs for the power and energy storages{elfer et al., 2014)

It conssts of a fixed and variable part in order to realistically evaluate the component mass and cost
for different amounts of power and energy. Not yet fully developed technologies (such as batteries
and fuel cells) are expected to improve in energy and povesrsily and decrease in codue to
efficiency gains, experience effects, and increase of production voldre. sensitivity of the
resulting vehicle criteria to changes of important parameters such as battery energy density is
analyzed in detail.

Table3-3 Fixed and variable mass and cost of the main vehicle components.

Mass power devices Cost power devices

Unit 2012 | 2030 | 2050 |Unit 2012 | 2030 | 2050
Gasoline Engine | kg 60.0 54.0 500 |$ 1000.0 | 1300.0| 1500.0

kg/kw 0.7 0.5 0.4 |$/kwW 7.4 9.2 11.0
Diesel Engine kg 69.0 62.1 575 |$ 1150.0 | 1495.0| 1725.0

kg/kW 0.8 0.6 0.5 |$/kW 8.5 10.6 12.7
CNG Engine kg 63.0 56.7 525 |$ 1050.0 | 1365.0| 1575.0

kg/kw 0.7 0.5 0.4 |$/kW 7.8 9.7 11.6
Motor and kg 22.0 18.0 150 |$ 500.0 | 420.0 | 370.0
controller kg/kw 0.9 0.7 0.6 | $/kw 28.0 20.0 17.0
Lkon battery kg 8.0 6.6 50 |$ 1000.0 | 600.0 | 400.0
(power) kg/kw 1.0 0.8 0.5 |$/kwW 50.0 32.0 24.0
Fuel cell system | kg 40.0 34.0 300 |$ 10000.0| 6000.0| 1500.0

kg/kWw 1.1 0.7 0.5 |$/kW 400.0 | 90.0 40.0

Specific power Specific cost

(kW/kg @80kW)| 0.6 0.9 1.1 |($/kW @80kwW) | 525.0 | 165.0 | 58.8
ICEV
transmission kg 55.0 50.0 50.0 |$ 800.0 | 900.0 | 1000.0
and differential | kg/kW 0.6 0.5 0.5 |$/kwW 6.0 6.0 6.0
EV transmission | kg 35.0 30.0 300 |$ 500.0 | 400.0 | 300.0
and differential | kg/kwW 0.4 0.3 0.3 | $/kW 3.0 3.0 3.0

Mass energy devices Cost energy devices

Lilon battery kg 30.0 20.0 150 |$ 8000.0 | 2500.0| 1500.0
(energy) kg/kWh 8.3 4.2 2.7 | $/kWh 440.0 | 150.0 | 120.0

Specific energy Specific cost

(Wh/kg ($/kWh

@25kWh) 105.3 | 200.0 | 303.0 | @25kWh) 760.0 | 250.0 | 180.0
Hydrogen tank | kg 40.0 35.0 300 |$ 1500.0 | 1200.0| 1000.0

kg/kWh 0.3 0.3 0.3 | $/kWh 9.2 8.2 7.3
ICEV tank kg 10.0 10.0 100 |$ 300.0 | 300.0 | 300.0

kg/kWh 0.1 0.1 0.1 |$/kWh 0.6 0.6 0.6
CNG tank kg 25.0 20.0 200 | $ 800.0 | 700.0 | 600.0

kg/kWh 0.2 0.2 0.2 | $/kWh 5.0 4.5 4.0

3.3.3. Other scenario assumptions

Besides the development of components specific mass and cost explained in the previous section,
several other parameters influence the simulation of future vehicle indicat@kder mass,
aerodynamic drag, and tire rolling resistance are expected to betimmmusly reduced by
manufacturers in order to reduce vehicle energy use and to fulfill new emission standards. In the
baseline scenario, glider mass, aerodynamic drag, and tire rolling resistance are reduced by 0.5 % per
year, which equates to a total dection of ca. 17 % by 2050. This rate of reduction seems realistic
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considering historic developments for these parameters and projections used in other studies.
Similarly powertrain component efficiencies are assumed to increase over time to account for
technical progress.

Due to the high importance of range for purely battery powered electric vehicle performance and
cost, the BEV is modeled as a shage (SR) and lorrgnge (LR) vehicle. The assumed reference
BEV driving ranges which can be achiewedfspecific driving cycle are indicatedlmble3-4. These

values were used as the baseline scenario for BEV configuration. It is assumed that these driving
rangeswill be possible with the available battery technology at that point in time without excessive
battery weight and cost impacts. Obviously also longer ranges are possible, but at increased battery
cost, weight, and environmental impacts. For many applicetj such as urban and commuter travel,
commercial fleets or sharedmobility a short range vehicle may be sufficient.

Table3-4 Reference battery electric vehicle ranges.

2012 2030 2050
BEVSR 100km 150km 200km
BEVLR 200km 350km 500km

3.4. Results

The results chapter has been split into three sections: before any-tar@e simulation was possible,
certain detail aspects of vehicular dynamics and powertrain technology had to be explored; section
3.4.1covers the most important findings. SectiBmi.2then gives an werview over the fleewide
energy and costs assessment, and secB@n3provides a sensitivity analysis on those results.

3.4.1. Central aspects of vehicle dynamics an d powertrain technology
3.4.1.1. Active braking and brake energy recuperation

As displayed irFigure3.8, O 0 0 can become negative at any speed if the deceleration is
AdzZFFAOASYy(te aidNRy3Id Ly GKIFIGO OFAS GKS LI2GSNINI Ay
to activelybrake.Depending on the driving cycle 0 this can amount to large amounts of energy.

Figure3.9 compares the amount of returning, negative braking energy (integfrédhe power over

2yS RNAQGAYy3I O0eO0fSuv (G2 GKS LRAAGAGS al OOSEt SNI GA2y
this ratio drops, as a result of drivers ever more decelerating through coasting, i.e. using the
retarding effect of the natural drafprces over that of the braking system.
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Figure3.8 Magnitude of the propulsion force as a function of forward velocity and acceleration.
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Technically, conventional propulsion systemsncapable of invertig their effective direction-
realize negative traction through friction brakes; devices that dissipate the returning mechanical
power as heat. Electric machinery used in electrified architectures on the other hand can be put into
G3ASY SNI (2 N W@reSharical poivef intS &ldctricity. The latter can be stored back in the
battery for later usage;, a procedure known as brake energy recuperation, providing a much more
efficient energy usage compared to conventional systems.
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share of recuperable energy

rear wheel drive

Figure 3.9 Share of the recuperable energy (compared to the positive kinetic energy invesfed)3 different drive
configurationsand 16 driving patterns

Naturally there are losses all along the recuperation path, primarily dumechanical friction as well

as conversion losses within the electric machinery and the battery. Furthermore, most vehicles today
(and in the foreseeable future) do not feature all wheel drives. For stability reasons, the non

powered axle must still brakas well, so a share of up to 50% (or higher in the case of a rear wheel
drive) is lost to friction braking. For different vehicles, the recuperation potential depends primarily

on the weight (se&igure3.10).
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Figure 3.10 Recuperation potential as a function of vehicle mass at constant aerodynamic drag and rolling resistance

coefficient.
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3.4.1.2. Non-propulsive loads

In moden passenger cars, there is an array of active, i.e. power drawing components that do not or
only indirectly contribute to forward motion. This ranges from various electronic controllers to the

arO2 Yy RAGA 2 Y SN0 K33 8¢ AlyS NOVIH Eoh Simdrd éfficierDd thanMbadz

combustion based solutions as a matter of principle, pure electric systems turn out to be significantly

more sensitive to auxiliary loads.

The explanation is that in conventional systems, any auxiliary power (inclatiotyical power) is
ultimately supplied using mechanical energy from the prime mover, i.e. the internal combustion

engine. The additional constant mechanical load generally pushes the engine to more favorable load

points. In electrical systems though, xdliary power is provided directly by the electtbemical
energy provider, thereby increasing the outgoing electrical current. This has a negative impact on

overall energy consumption.

Furthermore, electrical systems lack the steady heat supply of a prieagine coolant loop for

heating the cabin, which can easily require several kilowatt of thermal power in wiitprne3.11is

a qualitative comparison of both cases (including an additional 4 kW heating load in cold weather for
the battery electric system). In the case of the EV, especially at low velocities, the constant auxiliary
load can cause the energy demand per kiloaneto explode. Note that the completely different
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Figure 3.11 Qualitative comparison of the influence of nepropulsive auxiliary loads on the distanespecific energy
demand of a battery electric (left) and conventional (right) vehicldote that the displayedquantities are the specific

energy demand per unit distance, not the overall efficiency.

3.4.1.3. Hybrid vehicle technology
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In propulsion systems technology, a hybrid powertrain is generally defined as one featuring at least

two independent sources of power. Any mber of configurations would be imaginable, but most
variants of practical relevance combine a Aawertible (typically chemical) energy converter with an

energy buffer device (invertible as a matter of principle).

In the context of THELMA, only two imgl& y i | G A 2 y &

2 ¥

KA &

NS
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hybrid electric powertrain, coupling an ICE with a battery and (2), very similarly but often forgotten,
fuel-cell based electric powertrains balancing their high voltage system with a battery or
supeicapacitor array. Just to point out that there are alternative examples of practical importance,



let be mentioned the so called Kinetic Energy Recuperation Systems (KERS), found in racing, that
usually rely on a flwheel assembly as a higlower, lowenergy buffer to provide a shorterm

electric torque boost to the wheels as well as the pneumhtidraulic storage systems found e.qg. in
construction machinery.

Compared to their noiybrid counterLJ: NJi a2 GKS&S Go0dzFFSNBRE KE&ONARRA
hybrid counterparts by decoupling the (chemical) energy conversion process from the energy
demand at the wheel. More precisely, the power output of the converter does no longer have to
exactly match the momentary propulsion and auxiliary power demanthe disequilibrium is
seamlessly balanced by the energy buffemwithin obvious physical constraints. It is therefore
possible to run the converter at an efficierayse more beneficial operation point, which may

extend to shutting it off completely duringarticularly unfavorable situations. For example, all

hybrids and many modern conventional vehicles shut down the ICE at vehiclessitand

The finite capacity of the energy buffer puts a limit to this flexibility though. The device responsible

for running the buffer resp. chemical energy converter taking these constraints into account is called
energy management system. Quite intuitively, the operation strategy implemented in this device is a

1S58 FIFOU2NI Ay RSUGSNNXYAYAY3 {the K@eotdFetRQriinimizingSter FA O ¢
O2y@SNISNNRa SySNHe& Ayidl 1S (K2dz3KX GKS NB&dzZ GAy3
linear problem solving techniques (the particular approach chosen in THELMA is dynamic
programming(Guzzela and Sciarretta, 2018gxt to hauristics implemented in ADVISOR)

Of course the presence of both aeshical energy converter and electric propulsion motors enables

G LIAdYE 2 NS BN WRISSNE O NAFyday aayoOS Ay (GKS NBt SO
device, it can be charged using grid electricity. This enables the hybrid to coven atisiances

essentially as a pure EV, yet cover larger distances by falling back on its chemical energy converter.

The allelectric autonomy range (AER) can be increased with the battery size, yet this also increases
production costs and weight thus practical implementations typically feature AERs of in between

30-50 kmc the optimum with respect to Cemissions depends on the electricity mix and-tijele
considerationgYazdanie et al., 2014t should be noted (although not accounted in THELMA), that

SPSyYy OKINBAY3I (KS 2 duaSywSENBEEe oONRLR Gl ye A2yFO NS I @y52 y2
oFrGGSNEQa 0OeOfS STFAOASYyOe 3ISySNIffe AyONBlFasSa ¢

Controlling a hybrid electric vehicle is a very challenging matter. The employed dynamic
programming approach gives a globally optimal solution, yet by the very nature of global
2LIAYATFGA2Y Y &dzOK Fy |f3I32NRAGKY OIfyEy 20y L& S SaY LSS
knowledge, which an actual car cannot have as it cannot predict the driver inputs reliably ahead of

time). Implementable strategies can thus at best be locally optimizing. A promising variant of such a
strategy is the so called adaptieguivalent consumption minimization strategy-ECMS)Guzzela

and Sciarretta, 2013Which comes close to the dynamic programming computed ideal. As illustrated

by Figure 3.12 though, disturbances such as a Rawerage initial state of charge can cause
excessively large resp. low fuel consumption, which converges towards the same average though

after many repetitims. Contrary to conventional vehicles that, when warmed up, reproducibly yield

GKS alyYS Fdz8t O02yadzvYLliaAzy 2y (KS al YS yRNALGGINARZ RO
note that modifying the driving cycle in between repetitions can be enouglause a disturbance.
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Figure3.12 Fuel consumption of an &ZCMS&ontrolled hybrid electric vehicle, repeating the same cycle 10 times in a,row
starting out at different battery state of charge (SOC) setting

3.4.1.4. On the scaling of powertrain components

In itself, a powertrain is an energy conversion device, converting some kind of storadleamh
energy supply into mechanical energy (motion). The key taftisvith any such automotive system

is that in additon to the payload, the powertrain must additionally provide the energy of moving
itself. The higher the payload, the more powerful the powertrain must be to achieve the same
performance targets, yet the weight of most powertrain component increases witvepgor energy
stored).

However, simultaneously, thermodynamic and electric prime movers generally exhibit a decline in
efficiency towards low loads (meaning low torque). If a vehicle is heavily loaded, this causes the
average conversion efficiency of tipgime mover to increase (see red linesHigure3.13), as the
load-points shift more and more to the palbad region (sed-igure3.14). However, the absolute
propulsion power demand also increases (see blue lirfégnre3.13). With most technologies, the
latter effect outweighs the absolute energy demand of the prime mover increases with increasing
vehicle mass; but sublinearly. As the payload is presumed camdtin THELMA, the weight
differences in between different prime movers of same output power is small and their efficiency
maps similar, the sensitivity to the chosen efficiency map is secondary (as long as it features a
reasonably slow decay towards losatis¢ which holds in rough approximation as showr{@uzzela

and Sciarretta, 2013)

On the other hand, if the prime mover is scaled up to higher nominal power ratings (lighter red lines
in Figure3.13), then the share of loviload points increases, rekimg in an altogether decreasing
average efficiency (while the average energy demand goes up). Simultaneously, the system weight
goes up, causing an altogether increased absolute mechanical energy demand. This effectis super
linear.
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Figure 3.14 Efficiency map of a 4uadrant electric machine, modeled using the Willans approadfote the steep
decrease of efficiency at very low loads in propulsive modead points stretch out in the map, defining the average
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3.4.15.

Optimal use of advanced technologies

Many technology options exist to improve vehicle fuel economy and to reduce environmental
impacts. Among these are engine efficiency improvements, hybridization, weight reduction, and
other options like reduction of aerodynamic drag, rolling resistance and drivetrain losses. All these
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technologies have different costs and influence energy use in different ways. An integrated
framework on how to best implement those technologies is missing. WitnenTTHELMA project
several studies have been carried to analyze the optimal implementation of those technologies
(Hofer et al., 2013, Hofer et al., 2012, Wilhelm et al., 2012)

Reducing vehicle weight and improving powertrain efficiency are two fundamentally different ways
of reducing fuel consumption and thergloperating cost and emissions. \ilhelm et al. (2012
YSGK2R2ft 238 41 & RS difdm2coifbRatian f tHése RneasduieS for2dlfferent
marginal technology cost functions describing lightweighting and powertrain efficiency
improvement, minimizing vehicle lifetime costs. Analytic solutions for the optimal degree of
implementation were givenThe study clearly showed the tradéf between investments in
lightweighting versus powertrain efficiency technology.

Battery electric vehicles constitute a dramatic improvement in vehicle energy efficiency relative to
conventional ICEVs, due to the higfiiciency of the electric powertrain. However, their relatively
high cost and low range remain the greatest challenges in commercialization. Reducing the energy
consumption of electric vehicles allows one to increase range and/or to reduce costs. The mai
possibility for reducing energy consumption is by vehicle lightweighting with advanceesttagigth

and lowweight materials such as higitrength steel, aluminum, or carbon fiber composites. The
optimal tradeoff between reduced driveline costs duestnaller and cheaper drivetrain components

and the higher costs of producing a lighter vehicle has been investigatéafer et al. (2012)

In Hofer et al. (2014}he effect of weight reduction using advanced lightweight materials on the
mass, energy use, and cost of conventional and battery electric passenger vehicles was compared.
The results show a strong secondary weight and cost saving potential for the BEV due to the high
mass and cost of the battery, but a higher sensitivity of vehirlergy consumption to mass
reduction for the ICEV due to the relatively low powertrain efficiency and lack of regeneration
capability.Generally, lightweighting has a high potential to lower vehicle costs, however, the results
are very sensitive to paraners affecting lifetime fuel costs for conventional and battery costs for
electric vehicles. Based on current technology cost estimates it is shown that the optimal amount of
primary mass reduction minimizing total costs is similar for conventional amadrielerehicles and
ranges from 22% to 39%, depending on vehicle range and overall use pa&eras.example of this
analysigrigure3.15 shows the breakdown of cuent ICEV and BEV total costs as a function of glider
weight reduction for 150,000 km lifetime driving distance and a BEV range of 150 km. Black points
indicate the optimal amounts of weight reduction. The difference between the optimal solutions
minimizingmanufacturing versus total costs is higher for the ICEV than the BEV due to the relatively
low energy consumption andw share of electricity to total costs for the BEV
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Figure3.15 Breakdown of ICEV and BEV total costs as a function of glider weight redudBlaick points indicate minimal
purchase and total costs.

3.4.2. Indicator results

In this chapter the analysis results of vehicle mass, energy use, and manufacturing cashpaged

F2NJ GF NRA2dza RNR BS( NI fthedi IS A PRy Df PAaSal &2 BS 6 & (
timely evolution according to the THELNWP?2 technology scenario. For the sake of claraggults

are shown only for three vehicle segmentstlire following sectionthe full dataset can be found in

Appendix A: Selected vehicle indicators by powertrain, class, and year

3.4.2.1. 20127000A0A T £ OEA AO00Od

Figure3.16 shows the breakdown of vehicle mass, energy use, and cost by drivetrain for a mini,
midsize, andSport Utility Vehicle UY car in 2012. Equivalently (in terms of sdaelated
performance indicatorg; see section 3.1) combining a given glider (of a certain market segment)
with an alternative (i.a. electrified) powertrain generally results in a higher total vehicle mass, as
compared to the reference ICEV solution.sTiBiprimarily due to:

1 in HEVs and PHEVSs, the motor/generator and the battery,
1 in BEVS, the battery,
1 in FCEVs, the fuel cell, hydrogen storage, as well as the battery.

Since the same range and performance requirements must be achieved, moving to mgrkense

of higher glider mass prompts an increase of the component cost and waigparticular regarding

the battery and fuel cell. The effect of a change of class on vehicle weight is most significant for the
BEV, FCEV, and PHEV, particularly at Hagtirie range. The breakdown by mass reveals a high
sensitivity of BEV and PHEV mass to electric range due to the relatively low energy density of current
batteries.
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As shown inFigure3.16, the direct vehicle energy use significantly varies by class and drivetrain.
Relative to the gasoline ICEV, energy use is reduced by approximately:

10-15 % with the diesel ICEV

20-25 % with he gasoline HEV

40 % with the FCEV

45 % with the gasoline PHEV (depending on the electric range and as such the electric driving
fraction)

1 upto 6570 % with the BEV (strongly depending on climate conditions).

= =4 =4 =4

The absolute change of energy use relateétchange of class decreases with powertrain efficiency,

i.e. it is highest for the gasoline ICEV and lowest for the BEV. The manufacturing costs of all electric
vehicles are today significantly above their ICEV counterparts due to the additional cost of th
battery, fuel cell, and electric motor. BEV manufacturing cost is very sensitive to the electric range.
Due to the high cost of the fuel cell and battery the effect of a change of class on manufacturing cost
is most significant for the FCEV, BEV, and/PHE

3.4.2.2. Scenario to 2050

Figure3.17 shows the breakdown of vehicle mass, energy use, and cost by drivetrain for a midsize car
in three manufacturing years (2012, 2030, P)&ccording to the scenario assumptions described in
sections 3.4 and 3.5. As shown on top, the mass of all vehicles is expected to decrease over time due
to a lighter glider which induces additional mass reductions of the powertrain and energy storage.
Also the increasing power and energy density of the fuel cell and battery lead to overall vehicle mass
reductions. The increase of battery energy density also leads to a lower sensitivity of BEV mass to
variations of range. Energy use reduces for all draies over time as vehicle mass and other
resistance parameters decrease and powertrain efficiency improves. The reductions are strongest for
the ICEV and HEV. Today the manufacturing costs for the BEV, FCEV, and PHEV are still much higher
than for the ICK and HEV, but this is expected to strongly decrease in the future due to reductions in
battery and fuel cell costs. The sensitivity of BEV and PHEV manufacturing costs to range is lower in
the future as the specific mass and cost of batteries decreases.
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Figure3.16 Breakdown of vehicle mass, energy use, and manufacturing cost by drivetrain for a mini, midsize, and SUV in

2012.
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Figure3.17 Breakdown of vehicle mass, energy use, and manufacturing cost by drivetrain for a midsize car from 2012 to
2050.

3.4.3. Sensitivity analysis

The scenario analysis results presented in the last section involve many highly uncertain assumptions
about future develpments. Sensitivity analysis helps in understanding which way changes of input
parameters influence the results and in assessing the range of possible outcomes. In this section the
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sensitivities of BEV criteria as a function of range are investigatediditicm, the most important
parameters affecting conventional and electric vehicle total costs are analyzed.

3.4.3.1. Influence of range on battery electric vehicle characteristics

Due to the comparably low energy density of current battery technologies, yaghactric vehicle

mass and cost are highly sensitive to rarfjgure3.18 shows on the left the required energy storage
capacity of amidsizeBEV as a function of range for different battery specific energies, where 100
Wh/kg corresponds to the current status oftamotive Liion batteries. The higher values represent
possible future developments using advanced battery chemistries. Interestingly, for current battery
specific energy the relation between BEV storage capacity and range is nonlinear due to the feedback
of increasing mass on energy use and the additional energy capacity required to achieve a certain
range. Note that this effect is much smaller for fuel cell vehicles due to the relatively high specific
energy of the hydrogen storag€igure3.18 shows on the right the corresponding relation of BEV
mass vs. range. It is obvious that above ranges of 500 km, the vehicle becomes extremely heavy.
Future advances in batterpscific energy may allow higher ranges.
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Figure 3.18 Required storage capacity and vehicle mass omalsize BEV as a function of rangfr different battery

specific energies.

Figure3.19 shows the effect of a variation of BEV range on manufacturing cost for different battery
specific energies and costs. The results show that manufacturing costs are highly depentent on
range and specific cost of the battery. Even though the relation is most sensitive to battery specific
cost, there is also an influence of battery specific energy which determines the required energy
storage capacity for a certain range.
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Figure3.19 Manufacturing cost of anidsizeBEV as a function of range for different battery energy densities and specific
costs.

3.4.3.2. Sensitivity of total costs

Figure3.20 shows the sensitivity of total costs relative to changes of vehicle range, specific cost of
the energy storage, charging or fueling cost, specific mass of the energy storage, and speaific cos
the powertrain. It is always expressed as the change of total cost per percent parameter change
relative to the reference total cost. Comparing the sensitivity to these parameter changes for each
powertrain separately, it can be seen that BEV totatde most sensitive to range and the specific
cost of the battery, and that the sensitivity to specific battery and energy costs reaches equal levels
by 2050. Among the analyzed parameters, ICEV total cost is clearly most sensitive to fuel price and
FCEMotal cost in 2012 to specific powertrain cost (mainly the fuel cell). Over time the sensitivity of
FCEV total cost to specific powertrain cost decreases and to hydrogen cost increases, reaching
approximately equal sensitivity by 2050. Comparing the siftgito parameter changes among the
different powertrains, it is obvious that the BEV is most sensitive to range, the ICEV least sensitive to
range and most sensitive to energy costs, the BEV and FCEV are approximately equally sensitive to
energy costs, r@d the FCEV is most sensitive to powertrain costs.

Parameters BEV ICEV FCEV
Range [N 0> 2012 (W 2012
Specific cost ES |

Energy cost |

Specific mass ES |
Specific cost PT
Range 2030 2030 2030
Specific cost ES

Energy cost
Specific mass ES
Specific cost PT
Range 2050

Specific cost ES | |
Energy cost |

Specific mass ES

Specific cost PT ) ) ‘ ‘ L S
00 01 02 03 04 05 00 oI 02 03 04 05 00 01 02 03 04 05

Sensitivity of total cost (%) per % parameter change

BT | EEn  EEy

B |
-

2050 = 2050
—

Figure3.20 Snsitivity of total cost to changes of important parameters by powertrain and year.
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3.5. Discussion

Obviously, the time horizon of 40 years of tieehnology scenario incurs its fair share of uncertainty.
Now, as section8.4.3.1and 3.4.3.2clearly revealed, the technology and economy of batteries are
paramount to the commercial success of electric mobility. Reliably predicting how such a still
comparatively immature technology will fare over such a long time framifisutk ¢ at least there is

a large range with regards to costs and performance among those published studies that tried to do
so.

Historically, most other core automotive components and aspects such as aerodynamics and tire
rolling resistance exhibitedather steady improvement curves. Furthermore, again referring to
3.4.3.1 any improvement in the specific energy density reduces the energy demand increastig effe
of high autonomy ranges (through the battery mass), the impact may not be as severe as that which
could ensue from changing customer expectations. Hence the primary concern may not be so much
on the technology development itself, but rather with the eimg customer expectations.

Indeed a central assumption of the WP2 methodology is that of stable vehicle classes and time
invariant attributes (at least with respect to performance). This allows sizing powertrain components

such that the final vehicle as¢ed f @ | OKAS@Sa GKS | GSNIF IS LISNF 2NN Y
segment. Breakhrough innovation, resource scarcity or perhaps changes in the social significance of

the car as a transportation mode are just a few examples of what could lead to mardally

altered customer expectations, perhaps even a complete redefinition of the market segmentation

itself ¢ with far reaching consequences for the validity of the results at hand.

3.6. Conclusions

In general, ICEVs have an edge both in terms of costspanfdwrmance over all considered

alternative technologies, as long as energy and all the involved sustainability implications do not play

the core role.

Now concerning the performance, i.e. the acceleration and top speed, in particular, section 3.1
declared those attributes as exogenous variables to the WP2 methodology. They are thus not
FaaSdaSR RANBOGf &z odzi NI GKS Niveh Markets&Rentd e fact FS K A C
that it was possible to apply all powertrain options to all vehicle classes without sacrificing the
corresponding class performance targets indicates that fleieie electrification is indeed technically

feasible, even withZ Rl @ Qa G SOKy2f23&8d 902y 2YAOlIfte GKFG
SaLSOALTf BYRES aSRANBHENI SEKAOAG dzZld G2 GsA0OS GKS
ICEV variant in the model year 2012.

Whether or not FCEVs and BEVs with relaxedydgsarameters could compete in the market place

Ad 0Seé2yR (GKS a02L)S 2F 2tuwd | SG Al KIFa -SSRy aKz2
segments is oveproportionally lower (due to the lower glider weightsee3.4.3.). It is therefore

likely that, contrary to the usual dynamics of automotive technology markets, full electrification (via

FCEV or BEV solutions) may diffuse in through loge segments; while the heavier, expensive

variants may still rely on ICE technology (which includes HEVS).

With regards to environmental factors, the reader is referred to WP1, as the results presented herein

do not account for the energy chains behite manufacturing, operation and decommissioning of a

particular vehicle. Nevertheless, sectiohg.2and 3.4.3clearly revealed that concerning costs, ICEV
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are by far the most effective solution, as long as energy prices are relatively low. Electric mobility
thus directly compromises performance and comfort with energygasa

Similar findings apply to the autonomy range. Interestingly FCEVs and BEVs offer mutually exclusive
benefits here: boosting the range of an FCEV is rather cheap, as is increasing the power of a BEV;
doing the opposite may be exorbitantly expensive bath cases though. A future, electrified
AYRAGARIZ £ Y20AfAGEe aeaddn fyfr® HKWANIRS LAINKILIZFNE Y
ICEV is today, and instead feature a wide variety of powertrains, tailored to cover a very specific
driving situaton. This could have deep repercussions to the way cars are operated and sold.

3.7. Recommendations for further work

A very challenging but worthwhile endeavor is pushing the same analysis from individual mobility to
road-freight transportation. Indeed the denma for freight transportation (in terms of ton kilometers

per year) increased by 50% over the last 30 yéBmdesamt fur Statistik, 2012 oth the operation
patterns and machinery are more complex, due to the commercial and the much more energy
intensive naure of heavyduty transportation.

Acronyms

A-ECMS Adaptive Equivalent Consumption Minimization Strategy
AER All-Electric Autonomy Range

BEV Battery Electric Vehicle

DOE Degreeof Electrification

EG Electric Generator

EM ElectricMotor

ETHZ Swiss Federal Institutaf Technologyn Zurich
ETHAAV ETHZ Aerothermochemistand Combustion Systems Laboratory
EuroNCAP European New Car Assessment Programme

FCEV Fuel Cell Electric Vehicle

FCHEV Fuel Cell Hybrid Electric Vehicle

FCS Fuel Celsystem

HEV Hybrid Electric Vehicle

ICE Internal Combustion Engine

ICEV Internal Combustion Engine

KERS Kinetic Energy Recuperation Systems

LCA Life Cycle Assessment

NEDC New European Driving Cycle

PGS Planetary Gear Set

PHEV Plugln Hybrid Electric Vehicle

PSI Paul Scherrer Institute

PSILEA PSI Laboratorfor Energy Systems Analysis

Suv Sport Utility Vehicle

WLTP Worldwide harmonized Light vehicles Test Procedure
WP Work Package
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4.1. Introduction

Work Package 3 addresses the effects of electric mobility on the power system. In particular it aims
at evaluating the influence of higher penetration rates of electric vehicles on transmission and
distribution grids as well as on the generation portfo{lBonzalez Vaya, 2019n doing so, WP3
studies whether electric mobility will increase congestion in the grid, eventually leading to a need for
investments on the transmission and/or on the disttilon level. Moreover, WP3 deploys different
Electric VehicleR\j charging concepts in order to assess if intelligent control strategies can be used
to minimize possible adverse effects on transmission and distribution grids, as well as on the
generation portfolio. Complementary research targets questions concerning the aging of
GNI yavyraairzy YR RA&AGNAOdziAZY FaaSdiazr GKS | 3IAy:
provide ancillary services with electric vehiclégyure4.1 depicts a schematic of the models and
tools used in WP3. In the following, it serves as basis for outlining the research work of WP3.

MATSIim data .
Fl flex d d . .
Fleet scenarios / Fleet model t il e Tamerrtsism Pot. ancillary services
FIE EETRI RN Crid data (optimal power acEileellie)

flow model) Generator dispatch

Supply&demand . E’
i Charge e
External inputs profi\gs _8 —/ et el HfT;;Iﬁe
Internal inputs/results - "8
Bafttery | =
Outputs model Distribution :
_— (power flow Asset loading
Tools Efgtt:rerg model) Voltage profiles

Figure4.1 Overview of the Simulation Model used in WP8epicting external inputs from other Work Packages (grey),
internal inputs / results (green), outputs (blue) and tools used (orange).

Crucial input for Work Package 3 are thsulks from the traffic simulation in conjunction with the

fleet scenarios and EV consumption models. The inputs and the fleet model are described in Section
4.4. Tagyether with the demand and the grid data, as well as the supply and demand scenarios they
form the basis for the transmission simulation tool / the optimal power flow model (SedtknThe

main internal outputs of the latter model are the transformer loading and the charging profiles,
which are used to assess the transformer lifetime using a dedicated model (Sé@josimilar to

0KS FaasSaayvySyid 2F (GKS GNIyaF2N¥SN tAFSGAYST (KS
battery lifetime relying on the battery model detailed in Sectii. Major results of WP3 are an
assessment of the potential for providing ancillary services with EVs (Sédiid) the asset loading

(see Sectior.5.7.3 on the transmission and distribution level, as well as the generation dispatch
(see Sectiod.5.7.2 and the voltage profiles in the distribution grid (see Seclid). Based on these
outputs Sectiont.5.7.1analyses the future need for transmission investments.

28 Current affiliation: EWZ, thilo.krause@ewz.ch
# Current affiliation: EKZnarina.gonzalezvaya@ekz.ch
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4.2. Specific objectives

In short, the objective of WP3 is to account for the role of and requirements on the electric grid
depending on the various options for electric mobility. This includes an analysis of the impacts on the
electric system dispatch, the tramgssion and distribution constraints and the costs due to the
presence of new charging loads from electric vehicles. A key question involves customer decisions on
when to charge their vehicles. These charging strategies will also be compared with asshtraliz
control based on minimizing utility cost.

4.3. Scope

The model as well as the research work in WP3 is confined to the Swiss power system. The
transmission model was built on data provided by the Swiss transmission system operator
(swissgrid). Although, thpower systems of the neighboring countries are not represented in detail,
the effects of electricity imports / exports are considered. For the distribution model exemplary data
from BKW Energie has been deployed. Although the analysis targets mainly ri@nitzehe
developed tools are generic, and thus, can be ported to analyze other countries or systems. The
authors would like to thank Swissgrid AG and BKW Energie AG for the provision of data and the
friendly collaboration.

4.4. Fleet model

This module describes the charging behavior, and therefore the electricity demand, of the EV fleet
under different charging scenarios.

4.4.1. Inputs
The main inputs to this model from other WPs are described in the following.

44.1.1. Individual driving patterns from tra  nsport simulation Multi -Agent Transport
Simulation Model (MATSim) (WP4)
The transportation simulation determines, for each of the modeled vehicles, the arrival and
departure times of each trip, the parking location (geographic coordinates), the type wftyact
performed at the parking location (e.g. home or work), and the total distance traveled during each
trip. The timing of the trips is given in terms of continuous values, and is transformed into discrete
(hourly) time steps for the power system simuiats. It is assumed that an EV can potentially charge
if it is parked for the complete duration of a discrete time step. MATSIm sometimes generates trips
with very short distances. All trips with distances below 100 m were omitted. This particular MATSIim
simulation comprises 10% of the population. Therefore the vehicle parameters are scaled with the
factor 10 so that each vehicle represents 10 vehicles in practice.

4.41.2. EV penetration and fleet composition scenarios (WP5)

The fleet scenarios defined in WP5 eéehine which fraction of the overall fleet is expected to be
electrified by a given time horizon. Moreover, they define for specific agents of the transportation
simulation MATSIm (seé.4.1.]) the vehicle class, the vehicle model year and the battery size. In
total, three different penetration scenarios are considered, each assuming a 30%, 60% or 90%
absolute electrification of the fleet by 2050. Hewer, the horizon considered in the simulation is the
year 2035, and therefore the penetration at this time horizon is lower.
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4.4.1.3. EV energy consumption models (WP2)

Based on the driven distances from the transport simulation MATSIim 4ské.]), the energy
consumption needs to be determined. For this purpose, the following inputs are used:

1 The fractions of the total driving distance, as given by MATS®medch trip, that are
performed on one of the following driving cycle types: urban, suburban or highway.

1 The energy needed for propulsion per distance driven for a specific vehicle class, model year,
battery size and driving cycle type (urban, highwayal).

1 The energy needed for auxiliaries per time driven for a specific vehicle class, model year,
battery size and season (summer, winter, intermediate season).

4.4.2. Geographic mapping

Based on the geographic coordinates of the parking locations reported AySiin (sed.4.1.]), a
mapping to particular network nodes is performed, to determine where the charging load of a
vehicle or group of vehicles oasun the grid.

At the transmission system level, first the subset of network nodes that are potential load nodes is
RSGSNX¥AYSRI olFlaSR 2y {46Aaa3aNARQa RIFIdilF® {SO2YyRZ

At the distribution system level, firsbut of the geographic locations from MATSim, covering the
whole of Switzerland, the subset of locations pertaining to the region where the distribution network
is located is determined. Second, the vehicles parking in this subset of locations are napped
closest network node.

4.4.3. Charging scenarios

Here we define the different charging scenarios considered in the simulations. We distinguish
between uncontrolled, i.e. inflexible, charging and controlled, i.e. flexible, chaf@ogzalez Vaya

and Andersson, 2012, Gonzélez Vaya et al., 2012, Gonzalez Vaya and AnderssonVigiih5)
flexible charging, a further distinction can be made between indirectly controlled charging and
directly controlled charging.

4.4.3.1. Uncontrolled charging

In this scenario, it is assumed that vehicles start charging at the noofiagding rate, assumed to be
3.5kW, as soon as they are parked, and until their batteries are full or until they depart for the next
trip. Therefore charging is inflexible and charge profiles can be directly determined out of driving
patterns, as well ashysical characteristics such as the battery size and the nominal charging rate.

4.4.3.2. Indirectly controlled charging

Here we assume that a timef-use (TOU) tariff is used to incentivize EV drivers to defer their
charging to lowload hours. We assume a twaart tariff, with the higher tariff from 6:00 to 22:00, as

it is currently the case, e.g. in Zurich (ewz). In this case the EVs try to postpone charging as much as
possible to the lowariff period, and charge during the higériff period only when urgently reded.

For a multipart tariff, the response of an EV to this tariff can be determined based on its cost
minimization problem:
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The objective functior(l) represents the costs of charging based on the given TOU t®&ff %t

time stepo and the chosen charging powsi of vehicle at time stepo, with time step duration

30. Equation(2) describes the evolution of the energy conte@ of the battery, based on the
energy at the previous time step, the charging powér, the charging efficiency* and the energy
consumption during driving" z é?(’f@nstraintsﬁ) and (4) set bounds on the power and energy of
the EV. If a vehicle is connected at a given time step, fh%ﬁYi'sEequal to the nominal charging
rate, otherwise it is zero. Note that therefore (@) only either0* or'O* 0244 be positive. The
boundsO* Z ¥ 2 Y hfe given by the minimum/maximum staté-charge settings of the battery
and the battery capacity. Finall{f) ensures that enough energy is purchased throughout the time
horizon, i.e. the energy content at the beginning and at the end of the day is identical. Otherwise,
due to cost minimization, the battery would tend to be depleted, i.e. chargingldvbe shifted to a

time period beyond the optimization horizon, since the corresponding costs are not taken into
account in the cost function.

To determine the overall demand at a network nodet a given time, the charging powers of all
vehicles connected to that node are aggregated

Bo 0 1o (6)
whereo p when vehicla) is connected to nodé at time stepo, andé T otherwise.
4.4.3.3. Directly controlled charging

In this case it is assumed that acalled aggregator can directly control EV charging. The aggregator
ySSRa | NBLNBaSyidliAzy 2F GKS FtSSiQa RSYlFYyRI |
Optimal PowerFlow (OPF) problem, described later in Sectidh Since this demand is flexible, i.e.,

not fixed, it is not sufficient to forecast a demand pmfibut a model that represents the set of

feasible demand profiles is needed. For this purpose, the fleet can be modeled as a virtual
battery(Gonzélez Vaya et al.,, 20I5) g A 0K | aSdG 2F O2yaidN}Ayda 2y i
and on the energy state of the virtual battery. To derile parameters of the aggregated virtual

battery, a bottomup approach is adopted, based on the driving patterns and characteristics of
individual EVs.

Starting at the individual EV level, it is possible to define upper and lower possible trajedﬁr% L

and 0" Z ¢ 3t the energy in the battery of vehicleat time stepo. The upper value of the energy

content is calculated assuming that charging starts as soon as the vehicle parks. For this purpose, we

assume that the battery reaches theghest allowed statef-charge (SOC) at some point in time. The

lower values are calculated assuming charging is deferred as much as possible, given that the vehicle
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should depart with enough energy in the battery for the forthcoming trip. The lower vaues
calculated with foresight, e.g. when there are two consecutive trips with only a short parking break
between them, this is considered when computing the required charging during the parking break
preceding the two trips. Moreover, since we assume ttie battery reaches the maximum SOC
charge at some point, the SOC cannot drop more than the normalized cumulative energy
consumption over the day from this reference, unless the vehaigrid (V2G) mode, i.e. discharging

to the grid, is used. We assumnibat the SOC stays between 20% and 80% to reduce battery
degradation.

Figure4.2 shows how the upper and lower trajectories are determined for a particular vehicle. It can
be seen that the upper SOC trajectory is equal to the maximum SOC value (0.8) most of the time,
except after the trips, when it starts increasing immediately at tha@ximum predefined charging

rate. The vehicle considered Kigure4.2 does not use the full battery capacity for its daily trips,
therefore the mininum SOC it will reach without V2G is much higher than the actual minimum SOC
of 0.2. Finally, the lower SOC trajectory for the V2G case is equal to 0.2 most of the time, and
increases before the trips to make sure there is enough energy before departigdowhr energy

trajectory corresponding to the V2G case is denoted it ¢ 2 8> * " P

S ‘upper SOC C : S
0.8 - : ; - - : . ;
‘ ‘ , , ‘ vy - /Sy
: ‘ : ‘lower SOC without V2G ‘ i 4 ‘ :
‘ : ; : : : ‘ cons. 1 : . .
cons. 2
5 a°
3 : :
= =
[p] o <
lower SOC with V2G .- _x"‘l
0.2 - : : : : : R A 4
ol L | | L I j

| |
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
hours

Figure4.2 Example of the upper and lower SOC trajectory computation for an individual vehicle.

Similarly, the uppeand lower power values of a vehicle at a given time sTéﬁ Y o* 2 ¢ &h be
computed The upper value is equivalent to the upper bound defined.t3.20* z d2lgx Y g

lower value of the charging power when the vehicle is connected is either zero or whatever is
necessary to fulfill the trip energy requirements (inflexible charging). This inflexible charging can be
derived by comparing the upper and lower energy bounds at subsequent time ste‘p‘é’:zlf“ K

o 2t s implies that some charging is required at time stej/hen the vehicle is disconnected,

both the lower and upper power bounds are equal to zero. In the V2G mode, the lower trajectory

corresponds to the negative available charging capadity: t 22 * H22 Y 'df to zero in the case

of inflexible &arging requirements.
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Based on these descriptions at the individual vehicle level, an aggregated model of a virtual battery
at each network node can be derived. The following equations describe the aggregated virtual
battery model:

o O 0! ' 30 O TP NYIIRSEER 4 @)
o' IYAG B YRR o )
oZYMO O XYM R o ©)
o d It (10)

The energy content of the virtual battef§ at a particular nodé stands for the aggregation of the
energy contents of all EVs plugged in at that node at a given time step. The dynamics of this variable
are defined by Eq(7). They are determined by the aggregated charging power at a given time step

0' , the aggregated charging efficieney , and by the positive/negative energy contributions of

arriving/departing vehicles) = YN R Stle powerand energy of the virtual battery should be
within certain bounds as defined by E3). and (9), respectively, and the energy level should be the
same at the beginning and endo of the time horizon(10)

The aggregated parameter® Z!®NEBRSH ZYAY 243 aNb Bl 2YAYZ QAN fy 1 50
determined out of the individual EV parameters:

o Yl E 5 'Or+zr<h6r<zvi\yzd¢u80 -OthE!z'lZ(')!tél-HDé'J 11)
6! SYIE 6 GiZKh@!KZYA )/Zc')iHBt’) GiZf zézéliérHDé') (12)
'O' T NNJ 6 6 6 .O+ZK;n:6<ﬁ 5 5 6 -O_+Zf 26 (13

Eqgs(11) and(12) state that the power and energy bounds of the individual vehicles contritautke
aggregated bounds of a particular node when these vehicles are connected to that node during that
time step, i.e. the variable denoting their connection staisigqual to onep p. The departure

and arrival energy is estimated using thepep energy bound at the time of departure or arrival,
respectively(13). The charging efficiency is set 46 @0 ¢for all vehicles, and thereforéhe
aggregated charging efficieney is also equal to this value.

444, Outputs

Figure4.3 gives and overview of key characteristics that shape the charging profiles: the number of
connected vehicles, arrivals, as well as departures over time.
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Figure4.3 Number of connected vehicles (left)ravals (middle) and departures (right) for different penetration levels.

44.4.1. Uncontrolled charging

Figure4.4 shows the charging profiles under uncontrolled chargingeyTére related to the patterns

of arrivals, sed~igure4.3. For that case charging takes place when vehicles arrive at work in the
morning, and at home or other lodans later during the day, especially in the evening, when most
vehicles are connected, séegure4.3. It can be seen that the winter load is slightly higher tham th
summer load, because of the increased consumption of auxiliaries due to heating demand.
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Figure4.4 Charging profiles for uncontrolled charging, for different EV penetrations and seasons.
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4.4.4.2. Indirectly contro lled charging

Figure4.5 shows the charging profiles as a response to the TOU tariff. Since the low tariff starts at
22:00, demand increases at this time, and vehicles continue charging until their batteries are full or
until the high tariff period starts, at 6:00. Note that trdpproach induces a significantly higher peak
demand as uncontrolled charging, since the EV load loses diversity, i.e. it is concentrated during the
times of low prices.
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Figure4.5 Charging profiles for inlectly controlled charging (TOUjor different EV penetrations and seasons.

4.4.43. Directly controlled charging

In this case there are no predefined charging profiles, but the set of feasible charging profiles is given
by equations (7)-(10). The upper and lower bounds on enerd® = "HJF = %*&nd power

@' =Y E X Yha¥e shown inFigure4.6. It can be seen that these bounds are closely related to the
number of vehicles connected over time, deigure4.3. The actual charging profiles depend on the

aeais8yQa RSYFIYR IyR adzlli & aoOSylINrRz2azXz airAyoS GKS

Some examples will be shown4rs.7.2
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Figure4.6 Energy (left) and power (right) bounds for directly controlled chargirigr different penetrations.

4.5. Transmission system (Task 2 and 4)
4.5.1. Inputs
45.1.1. Supply and demand scenarios (WP5)

Within WP5, PSI has defined three supply scenarios (Base,rMotear, RESrenewable energies),
combined with three demand scenarios (NEfew energy policy, POMpolitical measures BAU-
business as usual), see WP5 for more detilisschberg et al., 2012, Ramachandran and oryrt
2012) Under the policy measures defined in the NEP scenario demand declines almost immediately,
and becomes significantly lower by 2050 than today. The measures currently under consideration in
Switzerland as part of the Energy Strategy 2050 wyidldl demand in 2050 around the current level
(POM scenario). Without these measurd®A{ scenario), demand would continue to increase.
Regarding supply scenarios, the Base supply scenario is thedssasupply scenario, whereas Nuc
assumes no nuclegphase out i.e. investments in new nuclear power plants are allowed. The
renewable energy sources (RE8&¢nario has a stronger focua cenewable energy source®n the
supply side, the total installed capacity and costs for different generation techneloggewell as
typical profiles of the production of these types of generation technologies in different seasons are
provided. The generation technologies considered are the following:

Gas: Base / CHP / Flexible

Nuclear

Hydro: Storage / Pumped / Run of theer

1 Renewables: Geothermal / Solar / Wind / Waste / Other

= =4 =4

On the demand side, typical daily demand profiles for the different seasons are defined. This is also
the case for exports/imports from/to Germany, Italy, Austria and France.
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45.1.2. Network model

The Suss transmission system operator, Swissgrid, has provided a model of the transmission
network, including topology as well as line and transformer parameters. The tyrnelanned
network extensiongSwiss Federal Office of Energy, @00ave been added to the present model,
seeFigure4.7. For new lines, the values assumed for the line capacity and the line reactance are
based m the estimated length of the line and typical line parameters. The plafSviiss Federal
Office of Energy, 2009pnly consider the time horizon up to 2015, whereas the simulation
corresponds to the year 2035.

Ausbauvorhaben bis 2015:

Legende:

Leitung mit 380kY in Betrieb
Leitung mit 220kV in Betrieb
. Leitung mit 220kV in Betrieb, 380kV isoliert
o Schaltanlage
oo Schaltanlage mit Transformatoren
==== geplante Ausbauvorhaben (Neubau, Umbau,
Einschlaufung, Betriebsspannung) /
®  geplante Schaltanlage ‘/\"\E /
oo geplante Transformierung ~ "

Figure 4.7 Current high voltage network and planned extensions up to 2(8&urce: Swiss Federal Office of Energy
(2009)

The network model comprises 278ds (of which 37 are tie lines), 20 transformers, and 199 nodes.
From those nodes, 37 are in the neighboring countries, and 88 are considered load nodes, i.e. they
feed an underlying medium voltage network. The loading limits of the lines are definecediffe
depending on the time of the yeatypically a value is given for the winter (highest), fall/spring
(intermediate), and summer (lowest).

45.1.3. Integration of different power sources and demand into the model

To be able to integrate the inputs from WP%airthe grid simulation, a prprocessing is required. An
important aspect is the geographic mapping of the different technologies. For larger power plants,
such as hydro, gas, and nuclear power plants, as well as waste incinerators, the (potential)
geografmic position is determined and they are assigned to the corresponding network node. The list
of hydro power plants in Switzerland is published by $ivéss Federal Office for Energy (202\8pst

of the hydro power plants reported iBwissFederal Office for Energy (2018gre considered. The
potential future locations for gas power plants and the location of waste incinerators were provided
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gasCHP(Combined Heat and Powers directly subtracted from total demand. A more detailed
approach is used to map the solar power generation to the network nodes (see below).

Some of the technologies needed additional modeling assumptions as descrithedfotlowing:

a)

b)

d)

f)

Solar: The aggregated Swiggle photovoltaic production profile defined in the scenarios is
assigned to individual network nodes with weights proportional to the building area of the
closest municipality (Gemeinde) multiplied by the yearlgbgl radiation of the closest
weather station(Theodoulou, 2013)The underlying assumption is that the presence of
photovoltaic panels is related to the available rooftop area, and their actugput is related

to the radiation. The building area of each municigalitvhich is published by th8wiss
Federal Statistical Office (2007$ used as a proxy for the rooftop area. Only the subset of
network nodes that are considered load nodes is taken into @t the assignment. The
photovoltaic (PV) generation technology is included in the model with zero marginal costs
and is considered curtailable.

Storage and pumped hydro: A constraint is set in the optimization so that the total daily
production of eah of these two technologies is equal to the amount defined in the
scenarios, i.e. the production of this technologies is not only pawleut also energy
constrained. The costs assigned to storage and pumped hydro in the dispatch model are not
the actual poduction costs, but an estimation of their opportunity costs. It is assumed that
power plants with a lower energy/power ratio (peaking plants) bid higher prices, and
therefore they are dispatched fewer hours. Since storage and pumped hydro plants fill the
gap between base gas power plants and peak gas power plants, it is assumed they bid costs
in-between those values. The bid prices are scaled linearly with the historical energy/power
ratio for each individual plant, as given by the statist{i8sviss Federal Off for Energy,
2013)

Run of the river hydro: The total amount of energy from this technology is also set equal to
the amount defined in the scenarios. The individual maximum power for a given season is set
so that the total power of this type of planis equal to the power profile given by the supply
scenarios. Individual power values for each plant are scaled according to the amount of
energy that the plant produces for a given season, as given by the staf{Swvicss Federal
Office for Energy, 2013pnce run of the river plants can store small amounts of water, they
are allowed to increase/decrease their production by 20% throughout the day. The total
amount of energy produced per day corresponds to that defined in the scenarios.

Waste: The individuahaximum power for a given season is set so that the total power of
this type of plants is equal to the power profile from the supply scenarios. The power of each
power plant is scaled according to its {&nissions, provided by the PSI.

Baseload plants (rulear, waste and gas base plants): A constraint is set so that the power of
nuclear, waste and gas base plants is constant throughout the day.

Exports and imports: A constraint is set that specifies the amount of power flowing through a
border with one otthe neighboring countries according to the supply and demand scenarios:
An inequality constraint states that imports/exports can be as high as the value given in the
supply and demand scenarios, but not higher. To make sure that the result is as close as
possible to the PSI scenario results, imports and exports are assigned a negative cost in the
cost function. Therefore there is an incentive to import and export as much as possible

86



within the bounds defined by the scenarios, i.e. there is a soft constoarthe amount of
imports and exports. We did not introduce this as a hard constraint because it led to
infeasibilities (asset overloads) in some cases.

g) EV load: Part of the load defined in the demand scenarios corresponds to an estimate of the
EV chargig load. Since the EV load is modeled in detail in the THELMA project, the scenario
specific charging demand is subtracted from the total demand given in the scenarios. The EV
demand is then modeled explicitly as explained .3

45.2. Optimal power flow problem formulation

To analyze the impact of the charging demand on the network and the electricity supply, an Optimal
Power Flow (OPF) is performé@onzalez Vaya and Andersson, 2012, Gonzalez Vay4 et al., 2011)
Within this framework, the optimal, i.e. welfare maximizing, dispatch of supply and demand is
decided, taking into account load, generator and network constraints. Thereby the power generated
by each generatob® and the power consumed by each loaH and by the EV aggregatian , at a

given time step is established, as well as the resulting power flows on lines and transformers. Since
some of the constraints that need to be considered introduce a linkéen different time steps, we
perform a multiperiod OPF, comprising a full day with hourly time steps. The OPF performed here is
a DGOPF, which is a common simplified form of the OPF, where some approximations are adopted
for the physical power flow e@itions, e.g. losses are neglected. The resulting mathematical problem
is a linear programming problem:

oL ET 6% ¥ (14)
ol o 00 1o 15
GRZYAND  gDEYFE g g (16)
0 oD ol Ol ZYHES & 17

In this OPF the costs of generation are minimized, given the marginal costs (or opportunity costs for
storage and pumped hydro) of each genera€® (14). Constraint(15) establishes the balance of

demand and supply in the system afib) enforces the genetor output limits. The loading limits of

network assets are enforced §%7), using a formulation based on power transfer distribution factors

‘O . The reference load, i.e. the load without EV charging, is considered inflexible. This means that
olaa 'y SE23Sy2dza AyLdzi (2 (KS$' ithN® exodenods intteS 9 +
cases of uncontrolled charging and indirectly cotiéd charging, as explained4m.3 When directly
O2yGNRffSR OKINBAY3I Aa 02y DA BRE MmBaRendrdy sae® OSSG Qa C
become optimization variables and E{8-(10) are included as constraints in the OPF problem.

In addition to the standard DOPF Eqq14)-(17)= | Y R { K S(7)-%.0),SvBdn Q@promidied ®
some additional constraints were added to the power output of some power plant types, to
incorporate the restrictions described 45.1.3
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45.3. Defining individual charging set -points

In the case of directly controlled charging, the result of the OPF only gives a set of aggregated
charging profiles)! = Y,'rot individual profiles. Therefore a second step is needed to distribute the
aggregated profile into individual profiles. This is done by assessing the charging urgency of each
vehicle at each time step and charging the velsiahich need charging more urgently first. The
urgency depends on the time left until departure in conjunction with the time needed to charge to

the required SOC, as well as the SOC in conjunction with the current SOC. The SOC is set to reach the
maximum \alue at some point.

4.5.4. Ancillary services

When an aggregator directly controls charging, there is the possibility to use the flexibility of EV
charging to provide ancillary services, such as frequency regulation, for the transmission system
operator (TSO)ere we specifically analyze the provision of secondary frequency c@@Goizalez

Vaya and Andersson, 2013b, Gonzéalez Vaya and Andersson, 2013a, Marmolejo, 2011, Avramiotis,
2012) also called automatic generation control (AGC) or load frequency control (LFC). In this case,
the entities providing this service offer a given capacity to the TSO, andSemakes, in retime,

up and down regulation requests in proportion to this capacity. Currently, the participants in this
market need to provide a symmetric amount of up/down regulation for the period of one week. For

a generator, providing up/down regation means increasing/decreasing the power output. For the
aggregator, providing up/down regulation means decreasing/increasing charging. Additionally, up
regulation can be provided by discharging the batteries. There is a distinction between twoitases:
V2G, where discharging can take place, and ii) unidirectional charging, where charging can only be
modulated or interrupted, but no discharging can take place.

Although using V2G allows offering higher capacities for regulation, it could come abshefc
additional battery cycling and therefore degradation of this expensive asset. Note that the V2G mode
is not considered in the optimal dispatch described in Subsectibr2, whereas it is potentially
attractive to use it for the purpose of offering ancillary services. The reason is that ancillary services
have a capacity remuneration, i.e. a remuneration for being available as a reservéjtiorath an
energy remuneration, i.e. a remuneration for the energy actually delivered upon request. In the OPF,
the only benefit from using V2G is price arbitrage, which usually does not compensate for the
additional degradation cosi¥ristoffersen etl., 2011, Gonzalez Vaya et al., 2011)

4505. Assessing the regulation capacity potential

Additional constraints need to be added to the OPF to assess if the fleet can offer a given regulation
capacity. The total load of the fleet should follow a profilgegi by the sum of the daghead
charging schedule, as computed in the OPF, and stochastic requests for a given amount of up or
down regulation from the TSO. To model the fact that the aggregator needs to reserve a given power
and energy flexibility, whicHepend on the offered regulation capacily , to be able to respond to

these random requests, additional equations are added to the previously introducedBtgsef7)-

(10). For this purpose, we distinguish between the V2G case and the unidirectional case.

Unidirectional:

58 o' ZYHE&R o (18)
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The set of equationgl8)-(25) describes the fact that the energy and power of the aggregation of EVs
should stay within feasible bounds when perturbed from their reference valieand0' due to
the regulationrequests] in p.u, given it has offered a capacily to the TSO.

First, we describe the constraints with unidirectional charging. ConstfaB)t ensures that the
aggregator can provide regulation down with the full contracted regulation capacity addition to
the total scheduled charging power across all noBe®' . Similarly, it should be able to reduce the
total scheduled chargg power by the full contracted regulation power without violating its power
lower bound(19). Since this lower bound is nawegative (no V2G), this raas that the scheduled
charging power cannot be lower than the contracted regulation up capacity.

Concerning the energy trajectory, it should stay within the energy bounds, coping with the- worst
case possible cumulative energy deviations (across the soshadue to providing regulation down
power (20) and regulation up powe(21). The worst case up and down deviatiohsE 1B |

andi AZB respectivelyare derived empirically from regulation signal time series.

The equations with V2@2)-(25) are similar to those without V2@8)-(21). The main differences

are, a) the values for the power and energy lower bourds® ¥ * Yand® = Y2 ¥ by thB use of the
discharging efficiency i22)-(25) and c) the introduction of a shift the energy reference, 30,

which is a decision variable. This shift represents a deviation from the reference assumption where
vehicles are considered to reach the maximum SOC at some point in time. To provide more
regulation capacity it might howevéxe beneficial to operate around a lower SOC.

89



4.5.6. Computing individual responses

With the setup described above it is possible to verify if an EV fleet can potentially provide a certain
amount of regulation. As a second step, we compute how the regulationestg are broken down
into individual charginget points

To provide regulation, the aggregator has to respond to a signal from the TSO which has a typical
time resolution in the range of several seconds. In an ideal setup with unlimited communication an
computational capabilities, the aggregator would be able to obtain vehicle statuses, calculate new
set pointsfor each vehicle and send thoset pointsto the individual vehicles in real time. However,

in practice this type of approach would probablyope impractical due to delays in communication

and data processing.

For this reason we propose a decentralized approach in which decisions to change the cbeirging
point are made by the individual vehicles. This approach has the following characteristics

1 The aggregator broadcasts a signal to the vehicles which is recalculated with each new value
of the AGC signal.

9 Vehicles respond to this signal according to their capabilities.

The aggregator can measure the aggregated response.

1 The vehicles send inforrtian to the aggregator on a longer time scale, in the range of
several minutes.

=

The broadcasted signal contains a probability with which vehicles should increase charging, decrease
charging or discharge by a predefined power. This probability is calclgtéte aggregator based

on its knowledge on the number of vehicles available to perform each of the actions. When an EV
receives the signal, it verifies whether it is capable of responding without violating its constraints. If
this is the case, the EV mmds to the signal only if the result of a Bernoulli trial, with probability of
success equal to the broadcasted probability, is positive. The EV maintains the new chetrginigt

until the next scheduled information update takes place. The only irition that an EV needs to
exchange with the aggregator is its capability to increase/decrease charging or discharge by the
predefined amount of power for the time period extending to the next scheduled information
update. Although a decrease in chargingl aischarging are equivalent in terms of their contribution

to up regulation, discharging has a negative impact on battery lifetime since it increases cycling.
Therefore we distinguish between these actions and prioritize charging reduction over battery
discharge whenever this is possible.

Although with this type of scheme it is not possible to perfectly follow the regulation signal, the
response is still accurate enough.

45.7. Results
45.7.1. Requirements for network expansion

From the OPF, it is possible to assess if the available network infrastructure is sufficient to cover the
needs of generators and consumers. If the OPF problem is infeasible, and becomes feasible when
line/transformer constraints are relaxed, then additarninvestments in the network are required.

The OPF tool is however not an investment planning tool, and cannot be used to estimate the
optimal investment in infrastructure. In all simulated scenarios a feasible solution was found,
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implying that the introdiction of EVs should in principle not pose a problem for the transmission
network. Note however that no security constraints were considered in the OPF.

4.5.7.2. Dispatch profiles

In total, 324+36 OPF simulations were performed (4 seasons x 3 supply scenaridsmaril
scenarios x 3 EV penetrations x 3 charging scenarios, plus the reference cases without EV 4x3x3x1x1).
Therefore we can only show detailed results for a reduced number of the simulations performed.

First, we compare the results of different supplesarios.Figure4.8, Figure4.9 and Figure4.10

show the supply and demand mix for the POM demand scenario, directly controllednthairgd

90% EV penetration on a typical winter day. It can be seen that in the Base supply scenario an
important part of the baseload is provided by gas, whereas this role is played by nuclear power in the
Nuc supply scenario. In the Res supply scenaviriaty of renewables, predominantly solar, replace

gas and nuclear power. Also, the ratio of exports vs. imports is much lower in this scenario. It can be
seen that in all cases, with directly controlled charging, most of the EV load is shifted to lihe nig
hours, when demand is lower.
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Figure 4.8 Supply (left) and demand (right) mix for the scenario P@ase/directly controlled charging/90% EV
penetration/winter.
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Figure 4.9 Supply (left) and demand (right) mix for the scenario P@és/directly controlled charging/90% EV
penetration/winter.
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Figure 4.10 Supply (left) and demand (right) mixXor the scenario POM\uc/directly controlled charging/90% EV
penetration/winter.

Second, we analyze the seasonal effects, comparing a typical winter day with a typical summer day
for the POMBase scenario, directly controlled charging and 90% EV permetrateFigure4.8 and
Figure4.11. It can be seen that solar productiorhigiher than in the winter, as well as exports.
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Figure 4.11 Supply (left) and demand (right) mix for the scenario P@a4se/directly controlled charging/90% EV

penetration/summer.

Third we analyze the effect of the different charging scenarios, comparing the results of directly
controlled charging, uncontrolled charging and indirectly controlled charging, for the-B&3k!
scenario, 90% EV penetration on a winter day, Biggire4.8, Figure4.12 and Figure4.13. The total
amount of energy provided by each type of source does not change, only the timing of hydro
production. This is related to the fact that the amount of energy provided by hydro has a fixed value,
and to the assumption that import and export patterns are exogenous. If imports/exports were
modeled exogenously, we could expect a small change in the composition of supply.
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Figure 4.12 Supply (left) and demand (right) mix for the scenario P@ase/uncontrolled charging/90% EV
penetration/winter.
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Figure 4.13 Supply (left) and demand (right) mix for the scenario P@4se/indirectly controlled charging/90% EV

penetration/winter.

Next, we explore the sensitivity of the results to the demand scenarios. Previous results were shown

for the POM demand scenari&igure4.14 and Figure4.15 show the results for thadBAUand NEP
demand scenarios, respectively, on a winder day, for 9%pé&netration and directly controlled

charging. Due to the higher demand in tBAUscenario compared to the POM scenario, production
from peak gas power plants and more imports are needed. In the NEP scenario, where demand is

lower than in the POM scenatithe output of base gas power plants is reduced.
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Figure 4.14 Supply (left) and demand (right) mix for the scenariBAUBase/directly controlled charging/90% EV
penetration/winter.
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Figure 4.15 Supply (left) and demand(right) mix for the scenario NEBase/directly controlled charging/90% EV
penetration/winter.

Further, the impact of the different EV penetrations is analyzedigure4.16 and Figure4.17, for

the POMBase scenario and directly controlled charging. The impact of EV penetration has an
insignificant impact on results, since EV demand only represents a minor fraction of derhand. T
reduced EV demand leads to a lower share of gas base plants in the supply mix.
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Figure 4.16 Supply (left) and demand (right) mix for the scenario P@a4se/directly controlled charging/60% EV
penetration/winter.
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Figure 4.17 Supply (left) and demand (right) mix for the scenario P@ase/directly controlled charging/30% EV
penetration/winter.

We also compare the results of the 4 penetration case with the different EV cases to establish

the marginal technologies that covére EV demand. In the Base supply scenarios these are primarily
gas baseload or peak plants, and partly solar and waste. In the RES supply scenarios the marginal
technologies are waste and solar. In the Nuc supply scenarios the marginal technologies are
primarily, nuclear and gas baseload, and partly waste and solar. An increase in solar generation in the
mix compared to the né&cV case means that more of the solar production potential can be used, i.e.
less solar power needs to be curtailed compared todhse without EVs. In some cases the presence

of EV charging leads to more curtailment of solar power, typically in the uncontrolled or indirectly
controlled charging scenarios. This can be due to internal congestions created by the exogenous EV
demand.

4.5.7.3. Asset loading

The increase in average asset (lines and transformers) loading is minor, around 0.01% additional
loading, for all of the EV penetration scenarios, compared to the no EV penetration case.

45.7.4. Ancillary service potential

For the controlled chargingcenario we establish the available potential to provide secondary
frequency control, by increasing the provided capacity in 10 MW increment steps until the problem
becomes infeasible. Since this potential depends primarily on the charging flexibilitpoaiod the
demand and supply scenarios, we perform this analysis for the-Bédé scenario only. Results are
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reported in Table4-1 and Table 4-2, with and without using V2G, respectively. Given that the
currently required capacity for secondary frequency control is MPQ, it can be seen that a
substantial portion of this serviaeould potentially be provided by EV fleets, especially if V2G is used.
The reported capacities correspond to approximately Kd per vehicle with V2G and k8/
without V2G, i.e. around 10% of the nominal power of the EV.

In some of the scenarios, whe2® is available, the potential is slightly higher in the summer, where
EV demand is lower because of the lower consumption of auxiliaries. This can be interpreted as
demand being more flexible in the summer. Without V2G we find the opposite, the potésntial
sometimes higher in the winter. This is because without V2G, total charging needs to be at least as
high as the offered capacity at all times. In this case it can be more beneficial to have a higher total
demand, as it is the case in the winter.

Although V2G allows for a higher potential, it could lead to higher battery degradation costs, further
analyzed in sectiof.7.3

Table4-1: Potential to provide secondary frequency control using V2G.

EV penetration scenario Winter Summer
30% 190 MW 200 MW
60% 260 MW 260 MW
90% 280 MW 290 MW

Table4-2: Potentialto provide secondary frequency control without using V2G.

EV penetration scenario Winter Summer
30% 140 MW 140 MW
60% 190 MW 190 MW
90% 200 MW 190 MW

4.6. Distribution system (Task 1)

4.6.1. Inputs/ system description

BKW provided a model of its k& distribution network embedded in the power flow software
Neplan. Also load measurements at the feeders for the year 2013 were provided, as well as the peak
power at individual nodes. The feedkavel profiles were scaled down to the downstream nodes
ac@ NRAYy3 G2 GKS y2RSaQ LISI] LR26SNWP ¢2 RSGSNXAYS
the 2013 profiles were scaled according to the load evolution of the given demand scenario (NEP,
POM,BAU. Moreover, the total PV production of the distribution network considered was obtained
from the total PV production in Switzerland, by considering the irradiance and area values of the
municipalities covered by the distribution network in relation to $keovalues for the totality of
municipalities. The total PV production of the distribution network was distributed to the individual
nodes in proportion to their load. The charging load results computed in the transmission system
simulations described in 8&on 4.5 were mapped down to the distribution network. Then, the
vehicle load was added to the projected future load, and power flow simulaticer® \wun with
Neplan.
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A schematic representation of the grid can be seehigure4.2. The network comprises 1487 nodes,
3632 lines and 29 transforme (from 16kV to 50 or 132 kV).

Figure418{ OKS Yl GA O NBLINBaSyidlGAaz2y 2F .Y2Q0a wmclzx ySise2z2N]

46.2. Results

Since the distribution grid simulations are computationally expensive, we focused on the controlled
chargng scenari¢Gonzalez Vaya et al., 2012nd only simulated the other charging scenarios for a
subset of the demand/supply scenarios (PBlke/POMNuUc/BAUReS).

Figure4.19 shows the number of vehicles parked in the simulated distribution network and in the
whole country. It can be seen that patterns are similar. However, for the distribution network there
is a more pronounced peak in the morning than at national level.

Figure4.20 shows the aggregated rétload profiles of the distribution system nodes for the POM
Base demand/supply scenario combined with the 90% EV scenario, for a winter and summer day. The
PV production within the network is also depicted. Note that the structure of the demand without EV

is different to the national demand, which is shown in secob.7.2 Since the directly controlled
charging is optimized taking into account the supply/demanaratteristics of the whole country, it

does not necessarily lead to optimal outcomes at the distribution level. As can be deiguiied.20,

the total load is sometnes higher with directly controlled charging than with uncontrolled charging.
CKAd A& 0S0OFdzaS 2R Aa GaeyOKNRYAT SRE GKNRdAzAK (
increased during some hours, compared to uncontrolled charging, whieHaied to the random
process of EV arrivals. With indirectly controlled charging, the synchronization effect becomes more
pronounced, leading to increased peaks. With directly controlled charging this effect could be
mitigated by introducing additional ya&rs of control (hierarchical control) which would also address
issues at the distribution level. However, this problem would persist with indirectly controlled
charging. Therefore TOU tariffs would not be suitable at high EV penetrations

¥ Netload: the PV production has been subtracted from the actual load.
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Figure4.19 Number of connected vehicles in Switzerland (left) and in the simulated distribution area (right).
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Figure 4.20 Net load profiles for the POMBase/ 90% E\Vscenariq for different charging types on a winter (left) and
summer (right)day. The load profiles are the net load profiles, i.e. they already incorporate the PV production as
negative load.

FromTable4-3 and Table4-4, displaying the increase in line and transformer loading, it can be seen
that the impact ofEV charging on infrastructure is minor, on averdggure4.21 and Figure4.22

show the loading of individual lines and transformers, respectively, on a winter day for theBasvi
scenario, with no EVs and with directly controlled charging. It can be seen that, with respect to the
no EV case, loading increases especially at nigtg.impact on some lines is minor, whereas others
are more affected. This is related to the spatial distribution of charging vehlelgsre4.23 and
Figure4.24 show the loading of lines and transformers, respectively, on a winter day for thee POM
base scenario with uncontrolled charging and indirectly controlled charging. Wdhectly
controlled charging loading peaks occur at night, whereas with directly controlled charging the
loading increase is more evenly distributd@ble4-5 showsin which scenarios overloads occur. In all
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cases only a single line is concerned and it occurs in the winter, when demand is highest. Note that
the indirect control and direct control charging scenarios were only run for a subset of
supply/demand scenarg) so results are not completely comparable: Although more cases with
violations are listed for direct control, this is just because this charging approach was thoroughly
analyzed. Howeveilable4-5 already indicates that indirect control (TOU tariff) is the approach that
can potentially lead to more problems, since it presented overloads for all instances simulated at the
60% and 90% EV penetration scenarios in winféris can be explained by the high EV load
simultaneity during lowariff hours. It is also interesting to note that at some scenarios overload
occurs with the 60% EV penetration scenario but not with the 90% EV penetration scenario (e.g.
POMBase and dect control). This shows that overload with direct control is a matter of how the EV
load is shaped because of the general countigle supply/demand characteristics, and that it could
also be shaped in a way that does not cause problems at the distnibig@|. Table4-4 also gives an
insight on why overloading occurs more often with controlled charging. It can be seen that although
the mean increase in loading isagtically the same in all scenarios (since an almost identical amount
of energy is charged in each of them for a given day), the standard deviation is higher for directly
controlled charging and even more for indirectly controlled charging, indicatiegsasmooth load
profile (more peaks).

Table4-3 Increase in loading due to EV charging (directly controlled charging scenario).

Penetration scenario
30% 60% 90%
Lines (mean/s.d.) 0.4%/1.2% 0.6%/1.7% 0.6%/1.7%
Transformers (mean/s.d. 1.1%/2.2% 1.6% /3.3% 1.7%/ 3.4%

Table4-4 Increase in loading due to EV charging (P®slse/POMNuc/BAUResS).

Penetration scenario
30% 60% 90%

No Direct | Indirect No Direct | Indirect No Direct | Indirect
control | control | control | control | control | control | control | control | control

Lines| 0.4%/ | 04%/| 0.4%/ | 0.6%/| 0.6%/| 0.6%/ | 0.6%/| 0.6%/ | 0.6%/
(mean/s.d.)| 0.9% 1.2% 1.3% 1.2% 1.7% 1.8% 1.2% 1.7% 1.8%

Transformers| 1.2%/ | 1.1%/| 1.1%/ | 1.7%/ | 1.6%/| 1.6%/ | 1.8%/ | 1.7%/| 1.7%/
(mean/s.d.)| 1.5% 2.2% 2.4% 2.1% 3.3% 3.7% 2.2% 3.4% 3.8%
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Table 4-5 Line overloads due to EV chargingincontrolled charging and indirectly controlled charging were only
simulated for the demanesupply combinations POMBase/POMNuc/BAURes.

EV Charging Demand| Supply | Overloaded| m to be
Season . . . d :
penetration scenario scenario| scenario lines replaced

winter 60 direct control NEP Base 1 322
winter 60 direct control NEP Res 1 322
winter 60 direct control POM Base 1 322
winter 60 direct control POM Res 1 322
winter 60 direct control BAU Base 1 322
winter 60 direct control BAU Nuc 1 322
winter 60 direct control BAU Res 1 729
winter 90 direct control NEP Base 1 322
winter 90 direct control NEP Res 1 322
winter 90 direct control POM Nuc 1 729
winter 90 direct control POM Res 1 729
winter 90 direct control BAU Base 1 322
winter 90 direct control BAU Nuc 1 322
winter 90 direct control BAU Res 1 729
winter 60 no control BAU Res 1 322
winter 90 no control BAU Res 1 322
winter 60 indirect control| POM Base 1 322
winter 60 indirect control| POM Nuc 1 322
winter 60 indirect control| BAU Res 1 729
winter 90 indirect control| POM Base 1 729
winter 90 indirect control| POM Nuc 1 729
winter 90 indirect control| BAU Res 1 729
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Figure4.21 Line loading without EVs (left) and in the 90% penetration scenario (right), for the PBagde scenario with
controlled charging on a winter day.
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Figure 4.22 Transformer loading without EVs (left) and irhé 90% penetration scenario (right), for the POBhse
scenario with controlled charging on a winter day.
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Figure 4.23 Line loading with uncontrolled charging (left) and with indirectly controlled charging (right) in the 90%
penetration scenario, for the POMBase scenario on a winter day.
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Figure4.24 Transformer loading vth uncontrolled charging (left) and with indirectly controlled charging (right) in the
90% penetration scenario, for the POase scenario on a winter day.

In none of the cases amnder voltagewas identified, i.e. a drop by more of 5% from the nominal
voltage. Therefore voltage problems do not seem to be a major conbdéte that the results shown
here are for a particular network, results could be different for other distribution networks that are
currently closer to their limits. The network simulate@s not heavily utilized, so it could easily host
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a large number of EVs without major concerns. However, local congestions can occur at areas with
higher EV density.

4.7. Battery model (Task 3 and 5)
4.7.1. Inputs

The SOC profiles for each vehicle are derived frognridnsmission system simulation, sé&.3and
4.5.6 Out of these andsome battery parameters introduced in the next subsection, battery
degradation can be computed.

4.7.2. Battery degradation model

To assess battery degradation we use the model proposémliliner, 2010) based on crack
propagation (Karagiannopoulos, 2012)Battery damage is typically represented by a single
parameter, denoted) in the following, running from 0O, for a new battery, to 1, when no capacity is
left. The end of life of a battery is usually defined as tineetwhen the capacity of the battery is
reduced to 80% of its original capadity T®&).

The factors defined imable4-6 are computed according to the model proposedMiiiner (2010)to
take into account battery degradation.

Table4-6: Input parameters for battery degradation model

The normalized deviation of the state of charge The effective number of

The average SO from its mean over a cycle period throughput cycles

Y I'(le) E|

“B Y0 8

+

Y6852 ¢ -B Yo "Yi 8?3 6 -B .

The additional ageing incurred in a cyele is given by the equation

. Ro2 yioa o0& Ot §20 %% isvyw yroa’"°d
3 0 ®—7:@  ° p 0 Q T h (29
Where0 920 SE)3 2 Qndi i S Yark battery parameters)Y and"Y ! %fe the battery and nominal
temperatures in Kelvin andP® Shd ot AMhé duration of the cycle and the battery shelf life. Since the
battery temperature is not known, we make the simplifying assumption that it is equal to the
nominal temperature”Y "Y' 9&nd therefore do not to consider the temperaturelated
degradation. The equation above simplifies to:

5 & - - . a20 | @3
§ RSO (‘JOéOfSa 8

s 098 A 7T M@ p 0 8 27)

It can be seen that high and low average SOC are penalized, as well as large deviations of the SOC

o0& ot §
from the average SOC. We define ageing acceleration as the ratio betweesand 18 ——; which

would be the degradation due purely to the passing of time, without using the battery, at 0.5 average
SOC.
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4.7.3.

As explained i®.5.3 when no reserves are provided by the fleet, it is assumed that the maximum
SOC, 0.8 in our simulations, is reached at some point. To be able to provide reserves, the aggregator
will schedule a lower average SOC, d€&5 Moreover, to respond to the frequency regulation
requests (AGC signal) by the TSO, the SOC dispatched in real time will deviate from the scheduled
SOC, sed.5.6 These different average SOCs for the fleet are showRidgare 4.25. The SOC
deviations to respond téthe AGC signal were computed for 7 samples of daily AGC signals. It can be
seen that deviations from the scheduled profile are minimal for these samples

Results
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Figure4.25 Average SOC across the fleet.

Table 4-7 shows the ageing acceleration for the different cases. The total amount of provided
reserves corresponds to the values reportedlable4-1 for each of the cases. It can be seen that
actually providing reserves leads to lower battery degradation. This is because the average SOC will
be closer to 0.5, whereas without providing reses, the SOC is kept as high as possible by
assumption. We set this reference because a high SOC is more convenient for users: They have a
lower risk of having a battery without enough energy when spontaneously deciding to drive. If
battery degradation wex the major priority, then the battery degradation could be reduced by a
different charging policy optimization. The effect of degradation when responding to AGC, compared
with the ageing with the reference SOC scheduled when planning reserves, is Ilet aideast for

the 7 samples analyzed. It is possible that for some days with more extreme AGC requests the impact
is larger, but in general it does not seem to be a problem.

Table4-7 Ageing acceleration v and without AGC provision

EV penetrgtlon Winter Summer
scenario
as high as| planning | responding| as high as| planning | responding
possible reserves to AGC possible reserves to AGC
30% 2.2 1.6 1.6 2.1 15 15
60% 2.2 1.6 1.6 2.1 1.6 1.6
90% 2.2 1.7 1.7 2.2 1.6 1.6
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4.8. Transformer model (Task 3)
4.8.1. Inputs

The main inputs to this model are the loading profiles of the transformers modeled in the
transmission system model (220 kV/380 kV transformers) and the distribution system model (16
kV/132 kV and 16 kV/50 kV transformers), described in sectidand4.6, respectively.

Moreover, the seasodependent ambient temperature also needs to be taken into account. For the
transmission network, the average seasonal temperatures of the weather station situated closest to

GKS GNIYaTF2NYSNI 6SNBE O2YLJzi SR® C2 NJ océtediiBerR A & i NA& 6
was chosen as a reference for the temperatufigure4.26 shows the summer temperature profiles.
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Figure4.26 Summer ambient temperature profiles for transformers at different locations.

4.8.2. Transformer d egradation model

The transformer degradation modéKonzak, 2011 based on IEEE and IEC standérdgitute of
Electrical and Electronics Engineers, 2012, International Electrotechnical Commission,F2G05)
the hot-spot temperature of the transformer needs to be computed. Then, the degradation is
computed based on this temperature.

The hotspot temperature is computed given the loading of the transformer, the ambient
temperature and a set of transformer parameteFor this purpose the equations in Appendix C of

the IEC standardInternational Electrotechnical Commission, 3DQvere used. Typical power
transformer parameters for the ONAN cooling class were selected from Table EBterimational
Electrotechnical Commission (2086) ¢ KA & A& GKS GeLAOKfE O22fAy3a Of |
sake of simplicity, the same parameters were used for the transmission system transformers, in spite

of the fact that theircooling class is unknown.

Once the hotspot temperature is determined, the transformer loss of life is computed with the
followingequations from thdnstitute of Electrical and Electronics Engineers (2012)

The ageing acceleration facté® 'is obtained from the hespot temperature—L at time o with the
exponential relation
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The loss of life for a representative day is computed as:
B O
000 = A (29
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4.8.3. Results
4.8.3.1. Transmission grid

The transformers analyzed in this case are the transformers between the two voltage levels of the
transmission system, i.e. 2X¥ and 38kV. We do nbhave information on the transformers to
f26SN) g2t (1 3S tSoStad ¢KS Y2RSt SELXIFAYSR Ay (K.
to an ageing acceleration factor of 1 at nominal loading, occurs at 20°C ambient temperature. Since
temperatures m Switzerland are lower on average in most locations, even in the summeFipae

4.26), we obtain average acceleration factors much lower than 1. Note the expiaheelationship
between ageing and temperature @). For the transmission system the ageing was found to be in

all cases lower than 0.05. Therefore the thermal insulation ageing does not seem to be a relevant
factor in the replacement of the transformers, and comparisons between the no EV and EV
penetration cases to assess potential additional costs due to earlier transformer replacement are
thus irrelevant.

4.8.3.2. Distribution grid

Here the 16 kV/132 kV and 16 kV/50 kV transformers were analyzed. Due to low temperatures and
low loading (sed-igure4.22), the ageing acceleration factors are even lower than in the transmission
grid simulations, and therefore the comparison between no EV and EV scenarios is not meaningful.

4.9. Resoration (Task 6)

Restoration is the process of -sstablishing a stable electric system after a blackout. Although
different restoration strategies exist, in general terms, the following steps are gone through: first the
blackstartcapable generator(s)erenergize the transmission system, or parts of it operated as
islands, then loads and other generators are connected, and finally synchronization takes place.

It can be noted that the restoration process typically starts in the transmission system,sti@ank
generators with specific characteristics to be able to conduct this task. Since vehicles are located at
the distribution network, their contribution to the restoration process cannot be comparable with
that of traditional generators. However, EVs daglp mitigate a phenomenon that occurs during
restoration, specifically when loads are reconnected, and that presents a challenge for this process:
Coldload pickup (CLPUZXigkiri, 2013) CLPU refers to the phenomenon whereby the load, when
reconnected akr an interruption, can be significantly different in size and character than before the
interruption: Residential load is typically higher after reconnection, whereas industrial load is
typically lower(Agneholm and Daalder, 2000jhe load increase can be partially explained by the
loss in load diversity. For example, thermostatically controlled loads could all batadtiafter the
interruption if they have moved outside their temperature deadband during that period.

Similarly to what has been explained in the context of ancillary services5id in the load
reconnection phase of restoration the EV charging/discharging could be controlled in order to follow
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a given profile. This profile would be given by the difference between the normal load and the post
blackout load, thereby compensating the CLPU effect.

Further, there exist new approaches that propose a restoration process at the level of microgrids
(Moreira et al., 2007)

Definition of microgridfrom U.S. Department of Enerd@ffice of Electrity Delivery and Energ
Reliability, 2011)

A microgrid is a group of interconnected loads and distributed energy resources within ¢
defined electrical boundaries that acts as a single controllable entity with respect to the g
microgrid can ennect and disconnect from the grid to enable it to operate in both-gddnected or
islandmode.

Within the microgrid restoration process, EVs could play an importan{Galeveia et al., 2013)
However, specific voltage and frequency regulationtsty@ées, coordinating the flexible resources of
the microgrid need to be defined. EVs could be an important player in maintaining the frequency at
acceptable levels with an active power/frequency droop controller, i.e. the EVs would adapt their
charging oreven discharging in accordance to the measured frequency. This droop control is active
during the normal operation of the microgrid, and is modified in the restoration phase, so that the
reference power consumption of the droop is zero. Thereby EVs caicedte frequency deviations

and the need to use of other storage devices during restoration. The implementation of this method
was out of the scope of THELMA, but we refeGiouveia et al. (2013pr detailed simulation and
experimental results.

4.10. Conclusions

The results reported 0iVP4suggest that, under the conditions assumed in the demand, supply and
EV penetration scenarios, EVs could be integrated into power systems without any major fianpact
the electricity supply side, as well as the transmission and distribution networks. EV demand would
represent a small share of total demand and does therefore not affect the supply mix significantly
nor does it have a major impact on the power flowstla transmission system level. Distribution
networks have different characteristics (e.g. rural vs. urban networks) and loading situations.
Moreover, the penetration of EVs could be higher in specific areas than in others. Therefore, for
distribution networks, the impact assessment should be done on a case by case basis. Moreover, EV
charging is a very flexible load that can be shaped to reduce the costs of generation, to avoid
congestions and even to provide network ancillary services. EVs could for lexaopgribute
significantly to the provision of frequency regulation. EVs could also potentially play a role in system
restoration after a blackout.

4.11. Recommendations for Future Work

First, it would be interesting to integrate the needs of the distributimgtwork in the controlled
charging approach. This could be done by introducing additional control loops within a hierarchical
control framework.

Second, it would be interesting to model imports and exports as endogenous parameters within the
model, e.g. p assuming electricity prices for the neighboring countries.
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Finally, it would be interesting to develop a more detailed battery degradation model. Within the
project it was only possible to use a model available in the literature.

Acronyms

AGC AutomaticGeneration Control
BAU Business As Usual

CHP Combined Heat and Power

EV Electric Vehicle

LFC Load Frequency Control
MATSIm Multi-Agent Transport Simulation Model
NEP New Energy Policy

OPF Optimal Power Flow

POM Political Measures

PSI PaulScherrer Institute

PV Photovoltaic

RES Renewable Energy Sources
SOC State of Charge

TOU time-of-use

TSO Transmission System Operator
V2G Vehicle to Grid

WP Work Package
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5.1. Introduction

Work Package 4 examines mobility on several sc#lesxamines mobility and how it relates to
household consumption, and performs two small scale community staskes. Furthermoret uses
the Multi-Agent Transport Simulation Model (MATSitn)simulate current and future individual
mobility.

9y SNHe Aa I 1Se& FILOG2NI F2NJ SO2y2YAO0 FyR az20ASdal
energy systems on fossir on other nonarenewable energy sources causes a range of adverse
environmental impacts. The built environment with its associated heating and cooling loads, as well
as the mobility sector are major energy consumers. In Switzerland, about 80% of thegh®atiems

are based on fossil fuels and 96% of the mobility energy demand is covered by oil products or natural
gas(Swiss Federal Office for Energy, 20I)erefore, assessing and understanding environmental
footprints of housing and mobility is essential to identify strategies for a sustainable development of
urban settlements and for the abatement of negative energhated effects. This analysis should
preferably be done on a household level as many decisions, e.g. about the choice of private vehicles
or heating systems, are taken on this level.

Furthermore, household consumption, apart from governmental consumption, is the main driver of
worldwide ecommy. Consequently, approximately 72% of greenhouse gas (GHG) emissions are
directly or indirectly related to household demailidertwich and G.P.Peters, 200®ut then, from

an urban planning and policy makingipt of view, the householdbased analysis has to be extended

to a district or municipality perspective. It is at these levels that many important decisions are made,
concerning, e.g. regulations for building design, the construction of district heatimgpries, or the
financial support for electric vehicles or for private refurbishment initiatives. As a consequence, there
is a need for regionalized bottomp models which aggregate household focused analyses in order to
reach an effective level of politicdecision making.

Many existing regional environmental studies, such as analigsesingon countries and whole
SO2y2YASaz GeLAOLftfte R2 y20 0 dzbdhdviorPréviolskredelS @I  dzi
which attempt to analyze and evaluate tlgvironmental impacts of anthropogenic systems and
especially of household consumption are primarily based on ioptput-analyses(Hertwich and
G.P.Peters, 2009, Hertwich, 2011, Tukker et al., 2006, Jungbluth et al., E&h) though these
approaches allow for a comprehensive environmental evaluation of consumption of national average
citizens and for the identification of the environmentally most relevant consionpareas, they are
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% ETH Zzurichnstitute for Transport Planning and Transport Systerizsj@ivt.baug.ethz.ch
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not able to capture the variation ibehavior of different households within a region or a
municipality.

A suitable method for environmental analyses is life cycle assessment (LCA), because this
methodology is able to assess resourcesuand emissions along the supply chain which is attached

to each household purchase. A holistic view in terms of a life cycle based approach is a substantial
prerequisite in order to perform comprehensive environmental assessments and to derive design
opportunities for more sustainable urban energy systems. Building on the concepts of LCA, life cycle
optimization is a powerful tool which can assist in revealing the theoretically best way for the
improvement of a specific urban energy system. In contrastaditional comparative LCA, life cycle
optimization offers the advantage of not only comparing different alternatives but to find
environmentally optimal solutions, e.g. in the context of scenarios of future energy supply.

Work Package 4 (WPd3es tranportation data generated by the Multhgent Transport Simulation
Model (MATSIim) to perform small scale community case studies. The LCA of mobility patterns on the
household level is enhanced with analyses of housing. This leads to a holistic picturersé div
household consumption patterns. The LCA model is capable of not only assessing the current
situation but also future changes in mobility supply (such as the introduction of electric vehicles), by
incorporating behavioral modeling into MATSim. Multipgvances in this field have been achieved.

A fleet choice model for households has been implemented in MATSim for all of Switzerland. This
model predicts the number of cars in a household, the type of these cars and the usage of the cars
measured in vehle miles travelled per year. All predictions are based not only on socioeconomic
household characteristics but also on fuel price. This makes the model a useful tool in forecasting the
prospective fleet composition. Another lostgrm investment decision miel for homeowners was
established. Using a multiple discratentinuous choice approach, it predicts household reductions

in the transportation, housing, or other sectors when overall energy consumption is constrained. The
output data of this extended MASIim is processed by the LCA model and used for prospective
optimization of consumption supply under regional constraints. MATSim runs were also performed in
collaboration with WP 3, based on test data containing patterns on energy consumption for each
eledric vehicle and each trip, as well as detailed information on parking location, parking times and
activity types (e.g. work, home, education, etc.). At a later stage of the project, the scuyie4dfas

been widened to include the forecast of future matyilpatterns and travel demand in Switzerland

for 2030 using MATSim. Following the same scheme as for the régP4fthese forecasts are used

in WP4for environmental assessment of future mobility in regional case studies, and in WP 3 and WP
5 to estimae the geographical and temporal distribution of additional loads on the electric grid due
to Electric VehicleR\ penetration into the Swiss fleet. For this purpose, a new MATSIim population
of agents was created, based on the latest forecasts by the Jweideral Statistics Office, in
particular the medium scenario for 2030 of 8.7 million inhabitants. Population distribution on the
municipal level is based on predictions made by the Federal Office for Spatial Development.
Population data is enhanced wittf F 2 NXY' I G A2y 2y RNAOGSNDNRAE f AO0SyasSa
influence car choice and transportation spending. Transport infrastructure in 2030 is also
implemented into MATSIm based on national and cantonal projects to which the relevant
administrationhas committed. Future population, car ownership, individual mobility spending and
transport infrastructure are then used in MATSIm to generate future Swiss mobility demands and
patterns.
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5.2. Objectives

WP4was subdivided in three tasks reflecting three sfieabjectives. Task 1 had the objective to
integrate energy supply and demand into an energy system model for Swiss municipalities. The
primary focus was the environmental assessment and optimization of future energy systems, with a
focus on electric mobty.

To expand the muHlagent based transport model MATSIim, representing travelers as agents, by a
financial householdudget allocation model to better simulate individual mobility demand for
various activities and the associated energy requirementdréorsportation was the main objective

of Task 2.

With task 3, work package 4 includes also the development of a 2030 Switzerland scenario for the
agentbased micresimulation MATSim and dedicated policy runs specified within the capabilities of
MATSIm byhe PSI.

The objectives of task 1 can be further subdivided in 3ahjbctives which are: (i) the assessment of
individual mobility as well as the evaluation of its impacts on the environmental footprints of
households on a regional as well as locafkele and (ii) its relevance in the broader context of
household consumption. In order to achieve these objectives, current household consumption
patterns were analyzed by two modules being both based on LCA methodology. Besides the
environmental assessmewf mobility behavior, a predictive building stock model was developed to
evaluate the environmental footprint of individual housing. As a further goal of WP4, (iii) the
application of optimization tools shall reveal environmentally optimized scenariositiare energy
systems of Swiss municipalities. Building upon the assessment of current housing energy demand, a
LCA based optimization approach was elaborated in order to minimize building related
environmental impacts by optimizing the energy supply tlglo alternative technologies and
refurbishment measures.

To achieve the objectives of task 1, it was necessary to create a model framework that would
accurately reflect patterns in the interdependency of household expenditure categories to be able to
make predictions how price and expenditure (or income) changes influence the total household
budget. That was done in task 2. Therefore, the main objective of task 2 was to create a model able
to predict the share and amount of household expenditure on transpod communication of a

given household, based on its geographical and secimomic characteristics as well as on the
expenses of other categories. Such a model could be applied for example to assumed changes in
prices or expenditures in certain housdticcategories and a prediction for the expenditures on
transport or communication could be derived from that, which is assumed to affect overall travel
demand. A hypothetical example of such a mechanism could be, that an increase in alcohol and
tobacco prees (e.g. through taxes) would increase the expenditure of said category and negatively
influence the transportation category (e.g. through an income effect that would leave less money in
the budget for transportation), which would depress travel demanige Simulation MATSIm was
used as a platform in which the model was implemented. It was therefore necessary to further
develop MATSIim which translates in two additional-sbiectives. The first regards the assignment

of car types to the agents in MATSim.hAusehold structure had to be created, since cars are
generally shared between household members. The second was to create interfaces in order to be
able passing the MATSIim output to the power system model developed by the Power Systems
Laboratoryof ETHZETHASL) within WP3.
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Task 3 dealt with the forecast of future mobility patterns and travel demand in Switzerland for 2030.
The main objective here was to be able to perform the same kind of analyses as for the scenario
representing the present situath (2005 later updated to 2010). This implied the creation of a
population of agents for MATSim, which represented the Swiss population in 2030 and the extension
of the road network to reproduce foreseeable 2030 conditions.

An important aim of WP4 is aode linking of the developed models and real world conditions.
Therefore, all of the developed models and tools were applied to case studies. Working with primary
data within these case studies not only allowed for the consideration of local restrictiotis a
supported thus the development of more realistic models, but it allowed also for the evaluation and
validation of submodules such as the housing energy demand model.

The results of all subtasks contribute finally to the overall goal which is the dewefdpof a
decisionsupport framework and analysis tool for enengtated decisiormaking and policy
measures on a regional level.

5.3. Scope

The scope of the research was different for the different tasks. In particular, the extensions of
MATSIm and the modelattached to it had a larger scope than the LCA based models, which rather
focused on specific case studies. In a way, the scenarios for task 1 where cut out from the Swiss
scenario.

5.3.1. Task 1

Even though mobility, housing and nutrition are almost equafiportant consumption areas with

regard to their environmental impact§lungbluth et al., 2011, Jungbluth et al., 2Q1Bg focus of

this work package lies only on the housing and mobility sector. To calculate and assess all emissions
and resource uses along the supply, use and disposal chains of a product or a service related to
housing and mobility, the methodology of life cycle assesgmeas applied.

Temporal Scope

The temporal scope was generally the year 2010 except for future mobility scenarios which were
based on predictions made for the year 2030. The temporal resolution of the applied models was on
an hourly basis. This impliedalilexibility to aggregate data over any discretionary time frame.

Casestudies

Within the scope of this work package, two Swiss municipalities served as case studies for the
application and the evaluation of the developed models.

1. Wattwil (SG)

Thismid-sized municipality is situated in the eastern midlands of Switzerland in the cantoh of S
Gallen. Wattwil has around0B0 inhabitants livig in 3238 households and 832 buildings. This
case study substantially contributed to the development of theusing energy demand model.
Furthermore, the optimization extension of the LCA model was also elaborated considering the local
constraints of this municipality. The application of the LCA based optimization approach required
however the following assumpmns: the population of the municipality was presumed not to grow
(as projected for this municipality), the building park would remain constant (since there were no
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new building areas planned) and the demand for-papita living space would remain constag
well.

2. Zermnez (GR)

Zernez is a small municipality located in the Swiss Alps. Analogously to the case study of Wattwil, the
household consumption comprising housing and mobility was environmentally evaluated. Moreover,
a survey was conducted in the muipiality in order to gather data on fuel oil consumption, used
amount of wood chips and logs as well as on district heating and electricity defWéagher et al.,

2015) Furthermore, the municipality supported the establishment of a database containing also
detailed information on installed heating systems and different building characteristics. This unique
set of data for each household and each building facilitated addpth evaluation of the applied
housing energy demand model. Moreover, future mobility scenarios which were developed within
THELMAproject were applied to the municipality of Zernez.

5.3.2. Task 2 and task 3
Temporal scope

The household expenditure model was estimated for the year 2010. For Task 3 the temporal scope is
extended to 2030.

Territorial scope

All the models implemented and the simulation MATSim, cover the whole of Switzerland.

54. Data

LCA stuies in general and our LCA model in particular rely on life cycle inventories. They exist for a
multitude of consumption related activities and they include upstream processes and waste
treatment. Ecoinvent, a welenownedlife cycle inventory databasendludes in its version 2.2 for
instance 50 datasets for the generation of heat and 40 datasets for different meapsvate
transportation (ecoinvent, 2012) These numbers will further increase in the future and also cover
activities from other areas of consumption, which will allow detailed assessment of household
consumption.

As a prerequisite to perform a life cycle assessment of individual mobility hauging, the
corresponding demands had to be estimated. Space heating, hot water production and electricity
were assessed using simplified energy balances and budgiecjfic data as well as climate
databases. Climatic data was generated with Meteonorarsion 7 (Meteotest, 2012) Hourly
outdoor temperature as well as direct horizontal and diffuse horizontal radiation were used as inputs
for the calculation ofspace heat demand in buildings. All residential buildings situated within the
borders of the spatial selection were considered for housing demand modeling. The data describing
the buildings was extracted from the Federal Register of Buildings and Dwe&HRBD)YSwiss
Federal Statistical Office, 28). The FRBD contains-tgp-date data of all buildings and dwellings in
Switzerland. The data we used were geographic references (i.e., longitude and latitude, altitude
above sea level), building characteristics (i.e., year of construction, numbeorgfss number of
apartments, energy source used for space heating and hot water supply), and characteristics of the
0dzAft RAy3aQa LI NIYSyda oAdSodx (2 (-specificFdata gdeNded: NS | =
from FRBD was then supplemented and bomad with statistical data from Wallbaum et §£010)
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Mobility demands of households were deduced from the results of MATSIim. The aggregation on
household level was achieved by the assignment of MAB8&nts to household members based on
information from the Swiss National Ceng@sviss Federal Statistical Office, 2000)

For the housebld expenditure model, the data used in the analysis is data gathered by the Swiss
FederalOffice of Staistics (FSPon a yearly basis between the late 90s and 2010. Every year around

3000 representative households were interviewed and surveyed in a nbarydaurvey about all

their income sources and expenditures. The households had to fill out a very detailed diary about all
incomes and expenses for all its members during one month. The main income categories are:

Income from employed labor
Income from s#-employed labor
Income from renting

Income from wealth

Income from social benefits
Other transfer income

o gk whNE

The main expense categories are:

Food and noralcoholic beverages
Alcohol and tobacco

Clothes and shoes

Housing and energy

Furniture and generdiousehold expenses
Healthcare

Transportation

Communication

Entertainment and Culture

Education

Hotels

Other goods and services

Insurance (including social insurance programs)
Donations

Taxes and fees

© o N Ok wDdRE
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On the most detailed level, the data used is divided iotal of about 500 income and expenditure
categories. This level of detail is clearly too high for our purposes, and the main scope of the model
lies in the above shown main categories and its interdependencies. However, where we assumed a
possible impacof a certain subcategory, its separate influence was tested (e.g. in the case of the
expenditure in restaurants as a subcategory of food and beverages as a possible effect on
transportation). Apart from the income and expenditure part, the data has al&d of information

on socieeconomic characteristics, especially on household composition and profession. However,
geographical information is very limited due to data protection laws, which limits the reach of the
model substantially, as geographicaionmation is of special importance in a transportation focused
model. Note also that a key assumption for the estimation of the model is that a) the behavioral
mechanisms underlying household expenditure patterns kept stable over time and will also in the
future and therefore the data can be treated as a single dataset; and b) the period is long enough to
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have variability in the data and therefore the dataset is suitable to detect how patterns were
modified by households according to given exogenous clangde dataset is made of a
representative sample of Swiss households.

The MATSIm population is based on the workMiller and Axhausen, 2013Jwo major dataset
and a classification of municipalities were used for generating the synthetic population:

1 Register survey: This dataset describes the full population of Switzerland at a certain day of
2010. It contains the spatial location at the hectare level in aolditto basic socio
demographics available from the civil registry.

1 Microcensus 2010: The latest version of the survey on mobility behavior in Switzerland which
includes, among others, extended sodemographics as well as information on mobility
behavior(activities and detailed trips).

1 Municipality classification: Official classification (22 types) of Swiss municipalities according
to commuter movement, occupation, housing conditions, wealth, tourism, population, and
role in the Central Place Theory (ttieory which tries to explain the spatial distribution of a
system of cities, derived from the pioneer work of Christaller, 1933). A coarser version of this
classification with nine levels is used.

For the road network, a detailed transport network of 20donditions is the standard for MATSIim
(Balmer et al., 2010)This was updated through a list of extension projects for which the federal and
cantonal governments have firmly committed themselvéSwiss Federal Office for Spatial
Development, 201QXhis infomation is publicly available.

For the public transport supply, the National Transport Model, which includes the expected schedule
for 2030, was usefSwiss Federal Office for Spatial Development, 2010)

The qualitative estimation of future traV patterns is based on analyses made on current and past
travel patterns. This has been done looking at Swiss travel diariesysuftom 1994 t@®2010 (ARE,
1995, 2001, 2007, 2012).

5.5. Methodology

5.5.1. Modeling individual travel demand

For travel demand modeling, the activibased multiagent transport simulation MATSim was used

in this project. The basic idea of MATSim is that travel demand can be predicted by simulating daily
life of persons and particularly the spatiotemporal occage of outof-home activities(Balmer et

al., 2006) The agents represent the actual individuals traveling or carrying out activities in a specific
region. At the start of the simulation, each agent is located at his home. S/He has a list of activities to
perform (a plan); for example, s/he has to go torlyahen shopping and finally to a leisure activity
before coming back home. All these plans correspond to the initial transportation demand, which, in
the case of Switzerland, has been created based on the Swiss Micro¢8msss Federal Statistical
Office and Swiss Federal Off for Spatial Development, 2012)uring a simulation run, in which a

day is repeatedly simulated, each agent tries to optimize its plan, through a trial and error process. At
each iteration, it is possible for example to change route, nseaintransportation (car, public
transportation, walk and bike), activity scheduling and location of leisure and shopping activities. This
is done through a score, which is assigned to each executed plan according to the utility provided to
the agent. The agent wilty to keep the plans with the better scores and discard the worse during
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the process. It should be noted that transportation duration takes into account interactions with

other agents, which can lead to a high density of traffic and even traffic jam&.a8el times can

diverge even substantially from freéef 2 6 G NI} @St GAYS&ad ¢KS 06SKIGA2N
GKS aAyYdzZ FGA2y +Fa || O02yaSljdzsSyoO0S 2F AYyRAGARdIzZ £ |
framework and the optimization process tife MATSim toolkit can be found {Balmer and Rieser,

2009) A schematic representation of the process is displayédguares. 1.

nikial simulation scorin feldred
demand 9 demand
replanning |<

Figureb.1 Coevolutionary simulation process of MATSIim

The iterative process described, will come to a point where agents are not able anymore to increase
their score by changing their plans. This point, callelhxed demandn the MATSIm context,
corresponds to user equilibrium. The demand obtained is completely disaggregated, that is, at
individual level. This can be used in this form or aggregated in any form is needed as it was the case
in the work presented in this papeMore information on the development of the MATSIim model

with a Swiss specific scenario for 2030 may be found in Appendix B.

5.5.2. Multiple discrete -continuous extreme value decision model

The methodology used for the household expenditure model was a MDCEV, a MDisplete
Continuous Extreme Value Decision Model. This methodology is part of the family of utility
maximizing decision models. That means that we assume the households to define their share of
expenditure for each category as a rational decision that mipds their utility. The MDCEV
framework assumes parameters which define the utility of each category based on whether the
category was chosen by the household (Discrete) and on the amount of money spent on it
(Continuous) and estimates the parameters gsthe data available. The parameters show which
sociceconomic or other characteristic has an influence on the probability and amount spent on each
category. Assuming shares of other categories as an explanatory variable for a given category allows
estimaitng the interdependency and dynamics of the categories.

5.5.3. LCAmodel for the assessment of individual household consumption

Large parts of the chaptefs5.3.1, 5.5.3.2and5.5.3.3were published aSaner et al. (2013paner et
al. (2014) andFroemelt and Hellweg (2016)

5.5.3.1. Modeling the housing energy demand

As a prerequisite for the assessment of environmental impacts from housing, estimates of the energy
demand for space heating, hot water production and electrical appliances are neededhigor t
reason, a housing energy demand model based on simplified energy balances was set up according
to SIA 380/1(Swiss Society of Engineers and Architects, 20latic data, statistical census and
dwelling register data are the foundations of this model.

We calculated the heating energy deman@,) for each building based on its hourly heat flux

balance. Thus, to determin®,, we subtracted thermal gains from the losses. As thermal gains, we
122



counted solar gainsQs) via windows and internal gains because of occupa@g) é&nd electricity

use Q). Thermal losses were losses due to thermal transmission through the building envelope
(Qr) and losses due to ventilatiolQ(). This approach is in accordance with the Swiss standard SIA
380/1 (Swiss Society of Engineers and Architects, 2fifilthermal energy calculations in buildings
published by the Swiss Society of Engineers and Architects (SIA) @amaukafed in equation (1).

Qh = gd (QTt +Q/,t) - hg (Qs,t + Pt +0s ,t) (1)

t:tbegin

Herein,t denotes the hourfueqin and teng are the boundaries for the analyzed period, afglis the
degree of utilization for heat gains, which depends on the thermal storage capacity of the building
mass. The heat transf coefficients (Walues) for the determination of the transmission loss8s) (

were taken from(Wallbaum et al., 2010Wwho reported these coefficients for four different building
components (roof, wall, floor, and windows) and distinguished theiralues according to year of
condruction of the building and year of renovation of the specific building component. The areas of
the four components were calculated from the area of the building surface. The Federal Register of
Buildings and Dwellings (FRBD) does not contain informatidhe shape of the buildings. Hence, by
means of a correction factor and a-ealled building envelope factoiDettli et al., 2007) each
building was simply modeled as a cube with a square base and an assumed share of window area of
18% (Jagnow et al., 2002)Calculations for ventilation losse®\ draw on hourly differences
between outdoor and ambient ron temperature as well as on standard values for hourly air
exchange flows. While computations for solar gal@g (ere based on climatic data, glass properties
and took shading of nearby buildings into account, the modeling of internal gains due to acgupa
(Qp) and electricity useg) relied on specific values provided by SIA 380/1 stan{fawdss Society

of Engineers and Architects, 2001)

Apart from heating and electricity demand, we also calculated the energy demand for the supply of
hot water Qu) for each household. Hereby again, we relied on standard vdbwiss Society of
Engineers and Architects, 2001)

Although FRBD is rather comprehensive, some data such as the renovation year of specifig buildi
parts, roof inclination, or specific heat supply technology was not available. We therefore assumed
that the unknown parameters were stochastic. For instance, the FRBD holds information on the
energy source used for space heating and hot water prodaoctibdistinguishes between oil, coal,
natural gas, electricity, wood, heat pump, solar collectors, and heat from a district network. Yet,
wood, for instance, can be further differentiated into heat from logs, chips or pellet incinerating
systems. Theref@, we used statistical data and applied stochastic modeling to determine the
detailed heating supply technology. Then, in preparation for the life cycle assessment, we linked the
space heating and hot water demands per apartment with the respective gctiviecoinvent 2.2
(ecoinvent, 2012jepresenting a specific heating system technology.

The extensive dataset of final energy consumption available ircise study of Zernez enabled a

detailed evaluation of this housing energy demand mdiéagner et al., 2015for a buildingwise

comparison of model results and empirical database, the space heating demands of 133 buildings in

Zernez were computed. In order to account for uncertain parameters, Latin Hypercube sampling was

applied and for each building, the resultd 1000 simulation runs were averaged. But also the

collected data on final energy consumption had to be processed for the comparison. Several
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assumptions (e.g. on energy contents, conversion efficiencies, domestic hot water needs, and
electricity demandor lighting/appliances) had to be made in order to convert the collected empirical

data into annual net space heating demand per building. These assumptions were chosen in a
manner to cover the uncertainty of these net space heating demands derived fientdllected

empirical data. This resulted in a range for each building spanning from a minimumcwahieh

represents an underestimatiogi 2 | Y|l EAYdzy @+ fd2S 6KAOK Aa fA]Ste
heating demand.

The buildings considered fohe evaluation comprised only residential buildings and among them,
only buildings with reliable and unambiguous data entries.

5.5.3.2. Modeling the land-based mobility demand

Mobility demand for lanebased traffic modes was evaluated based on results of MATSitheAt
moment no weekend or intraweek model for Switzerland is implemented in MATSim. Therefore, we
approximated yearly mobility patterns with 365 workdays. As the average travel distance for
weekends equals the average travel distance for workdays this gugumis justifiable (Swiss
Federal Statistical Office and Swiss Federal Office for Spatial Development, @4 2utput data

from a MATSim simulation contains the details of selected plans together with detailed output of the
traffic simulation for each agent. These platates when agents left a specific location, for how long
and how far they drove and what mode of transport they used. Hence, we calculated the mobility
demand (in terms of traveled kilometers) of each agent and each mode of transport and aggregated
the traffic demand on household level by assigning MAT&jants to household members. This
assignment was based on characteristics of the agents and characteristics of households and
household members, both derived from the Swiss National Ce{®uiss Federal Statistical Office,
2000) For the life cycle assessmeattivities from ecoinvent 2.@ecoinvent, 2012)vere allocated to

the chosen transportation modes by means of stochastic modeling. The fleet compaosiion
obtained by implementing the MDCEYV decision model of t4Sk@yi et al., 2012)

Household data from the Swiss National Census 2800ss Federal Statistical Office, 208&ubject

to data protection and thus its geographic reference does not exactly coincide with the geographic
reference of lildings in the FRBD. Therefore, each household was assigned to the nearest building
and within the building to an appropriate apartment, that is, an apartment with enough rooms to
hold all members of the household. If an apartment was already occupieghbther household

then our model looked for another available apartment to avoid double occupancy. After this step,
we knew for each household the housing and Hoaded mobility demand. These demands were
then fed into a life cycle assessment model whighapable of applying all common life cycle impact
assessment methods provided by ecoinvéatoinvent, 2012)e.g., ReCiP@oedkoop et al., 2012)
midpoint indicators) in order to determine environmental impacts.

5.5.3.3. Optimization extension

The model for the life cycle assessment of individual household consumption was extended by
optimization methods aiming at minimizing environmental impacts from housing. Therefore, the
extended model should find optimal refurbishment strategies and optireakrgy supply
technologies for residential buildings. As a case study, the municipality of Wattwil was chosen. The
application to a real case enabled the consideration of realistic local restrictions such as capacity
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limits and resourcesupply constraintsas well as sitspecific factors such as the possibility to join a
district heating network, to exploit groundwater heat pumps or to install solar panels or collectors.

In order to quantify potential savings in environmental impacts by refurbishment tand a
reduction of heating demand, four building renovation measures (floor, roof, wall, and window
refurbishments) were included in the model assuming that all refurbishments would meet best
available standards. The possible space heat and hot waterystgghnologies were oil, gas, and
wood heaters (chips, logs, pellets), heat pumps (brigger, airwater), district heat (wood chips),

and polymer electrolyte membrane (PEM) fuel cell systemsg@eration of heat and electricity
fueled by gas). Hot wat could additionally be partly supplied by solar collector panels. Electricity
demand could be supplied by electricity from local photovoltaic (PV) panels (eBanounted on

roof tops, Proton ExchangéMembrane (PEM fuel cells or electricity from the Swiss grid. For
electricity from PV, it was assumed that 50% of the rooftops in the case study municipality could be
equipped with panels and that PV panels could only occupy the residual roof area after subtracting
the area of the solar collectors from the total roof area. PEM fuel cells could only be run with natural
gas or purified biogas and thus only in buildings with a connection to the gas network. Ground source
heat pump systems were only allowed for buildingaatitd in designated areas.

Furthermore, the year was divided into twelve time steps, i.e. months, to be able to account for
temporal constraints (e.g. unusable surplus heat from solar collector systems in summer).

Environmental impacts were assessed forotwnidpoint categories from the ReCiPe Method
(Goedkoop et al., 2012yith particular relevance for energy supply systems: climate changé@kg

eq) and particulate matter formation (KM10eq). While climee change is currently the
environmental dimension receiving the highest political attention and an indicator of the fossil fuel
intensity of products, we chose particulate matter formation as a second indicator as we expected
trade-offs with climate chang, especially in the context of using wood energy.

In order to minimize several life cycle impact categories at once in a-ojéctive optimization, we
applied the fuzzy linear programming extension of the general mbhased LCA developed ban et

al. (2008) According to this approach, the optimization problem is converted to the maximization of
the degree of satisfaction that can be obtained for all objectives simultaneously.

5.5.3.4. Application to casestudies

To illustrate the aplication of the household consumption LCA, we carried out case studies for two
Swiss municipalities, Zernez and Wattwil. In both cases, the environmental impacts of housing
demand and mobility behavior of the individual households in the respective malitgi were
assessed. A detailed empirical dataset on final energy consumption at household level allowed for an
in-depth evaluation of the housing energy demand model in the case of Zernez. In Wattwil, the
households were further analyzed. According teithenvironmental footprints the households of

Wattwil were categorized in four groups. Cluster analysis for each group of households then allowed
F2NJ FdzNIKSNJ RIFGE NERdAzOGAZ2Y SAGK2dzi f2aiy3a Ay
environmental footpy 1 a ® 2 S dzZaSR KASNI NOKAOFf Of dzad SNAy 3
criterion (Backhaus et al., 2006)\s parameters for the cluster analysis, we used aside from life cycle
impact results different household characteristics such assbbald size, income, age of household
members, and highest education.
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Furthermore, Wattwil was also selected as a case study for the LCA based optimization approach to
optimize refurbishment of buildings and energy supply under environmental criteriap ¢fieelocal
restrictions.

Future mobility scenarios which were developed within different work packages of the THELMA
project were applied to the municipality of Zernez. The investigated future mobility behavior of
K2dzaSK2f Ra 02 NNFB a Lddysdeharid véhichiwéSelaldoratedaivwittinktagks3. For this
scenario, an adapted synthetic population for 2030 and an updated road network was considered.
The underlying fleet composition was again derived by means of the MDCEV decision model
developed in lhe scope of this work package. However, in the framework of these future mobility
scenarios, the resulting base fleet was combined and supplemented by the fleet scenarios provided
by WP 3. The fleet scenarios of WP 3 comprise &,383%6 and a 90%penetraion level scenario of
battery electric vehicles (BEV) by 2050. For the establishment of these scenarios, Mgéismn

were identified which are likely to purchase a specific-Bfp¥ at a certain point in time. Therefore,

by assigning MATStagents to haisehold members, it was possible to identify the households which
will replace their conventional cars by one or more battery electric vehicles. It has to be noted that,
owing to the focus on the year 2030 instead of 2050, lower penetration levels appthdacase

study in Zernez. Furthermore, the indicated BEV penetration levels are valid for the whole of
Switzerland and might be substantially different for the municipality under investigakitore
information on the development of the Matsim 2030 modedy be found in Appendix B.

For the purchase of a BEV by a MAT&gant, eight different electric vehicle classes (luxuarigsize

upper midsize mini, small, sport, SUV and vans), two battery sizes (short and regular range) as well
as three electric veble model years (2012, 2020 and 2030) were distinguished within the fleet
scenarios of WP 3. The combination of these 48 differentigdé with the results of the life cycle
assessment of vehicles in WP 1 allowed for a detailed analysis of the envirahmensequences of

the future introduction of individual electric mobility.

5.6. Results

Although the LCA analysis was defined as task 1, as previously mentioned, the results shown here
follow a rather different order. The logic is that the household modad, the MATSim scenarios and
output, were indeed inputs for the LCA analysis and therefore are presented first hereafter. The
further developments of MATSIm to include 2030 scenarios as well as the application of future
mobility scenarios to a case studynee as last.

5.6.1. Household expenditure models

The results of this research using Decision Modeling Methodology are parameters that show the
AYyFtdzSyO0S 2F SELXFyYyLF{i2NE O NRIofSa GKFG (St ¢
category. In the @ntext of this research project, different model configurations were tested and two
main models were estimated: a) A general model that predicts the share of the 15 main categories
(and the transportation category as one of them) and estimates parametgrshé influence on
these categories and b) a specific model that predicts the share otatelgories within the
transportation and communication category, such as public transportation, private transport,
telecommunication, internet, etc., and estimatés parameters that define its utility.

The results of the models however show that the shares of expenditure of all the categories seem to
date almost independent of the observed household characteristics and of the expenditures of other
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categories. Séar, with the tested methodology no significant patterns or correlations could be found
that would explain and predict the share of any of the categories, including transportation. Neither
sociceconomic nor the limited available geographical variables eaplain the households
expenditure shares sufficiently. The reasons could be that the shares are influenced by other
variables that are not in the dataset, that we have not yet found the proper model specification or
that the amount a household spends ancategory are not subject to rational decision making but
more individualistic and irrational. The later would mean the approach of trying to predict travel
demand based on the amount of money spent on transportation would prove very difficult.

5.6.2. Travel demand

Travel demand was modeled at both Swiss national level and at local level for two selected
municipalities (Wattwil and Zernez). The MATSim simulation and its extensions for electric vehicle
modeling were used to model energy demand by the various 2ypk vehicles, which included
modeling of electricity demand. The output of the simulations was used both for couidey

electric grid and supply analysis (WP3 and WP5) and for life cycle assessment in the mentioned local
scenarios, where the environmeadtfootprint of households was assessed. Scenarios for 2005, 2010
and 2030 were simulated. The 2005 scenario was the original basis scenario, while the 2010 scenario
is an update which has been created in parallel with the setup of the 2030 scenario.

Sincethe scenario for 2010 did not previously exist, it was necessary to gather newer data and use a
rather standard MATSim scenario creation process. The process is of scarce relevance in the context
of this project and therefore, is not documented here. Gensely, the creation of a scenario for 2030
implies several challenges and the whole process, with the several results obtained along it. This is
documented in a separate paragraph at the end of this chapter.

5.6.2.1. MATSimextensions

MATSIim was further developed meet the needs of the case studies and to be able to make certain
predictions of the energy consuming infrastructure and the traffic demand for future scenarios. The
cost structure of electric vehicles (high purchasef/investment costs, low energy/mincists)
substantially different than that of internal combustion vehicles needs extensions in MATSim that
reflect the consumerbehavior regarding car choice and investment decisions. Another part of
MATSIm that was further developed was parking, whidtrusial for the loading patterns of electric
vehicles.

5.6.2.2. Fleet choice model

To assign car types to the agents in MATSIim according to the household expenditure model
described above, a household structure had to be created, since cars are generally shareenbet
household members. The households have certain characteristics, such as number of persons, ages,
children, income, that determine fleet choice. The census (fatdss Federal Statistical Office, 2000)

is the basis for all agents in MATSim. Characteristics needed for the car choice model that were not
induded in the census, such as income and number of cars, were extrapolated from the Microcensus
(Swiss Federal Statistical Office and Swiss Federal Office for Spatial DevelopmentAR6t &
sub-model based on the Microcensus calculated the annual VMT (Vehicle Miles aavedr
household. The fleet choice model then made a forecast for every household how many vehicles this
household owns what car types the vehicles are and how nkdoynetersper years are travelled

with each car.
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5.6.2.3. Parking model

At the time the THELMA gject started, the parking model in MATSim was too simplistic. There was
no constraint on the parking supply side, so that any number of cars could be parked everywhere.
Furthermore there was no notion of parking price in the model. And also walking cistaa/from

the parking were not modelled, so that the agents directly drove to the destination location and
parked there. These shortcomings had several implications: As the parking supply did not have any
limitations, agents could drive to a shop, evérini reality there would be a shortage of parking,
which could potentially trigger further changes behavior such as change of travel mode.
Furthermore tradeoffs, e.g. between walking distance and price were not possible at that time. In
the meantime gparking model was developed for MATSim, which incorporates all these features, so
that agents encountering a supply shortage in parking can react to it. Especially for EVs the module
also allows to specify, if an EV needs charging that case the agenwill only make a tradeff
between parking where a charging plug is available.

5.6.2.4. Energy consumption and charging of electric vehicles

As part of another project (related to electric vehicles) calTEMIfNaraich et al., 2014 several
additions to MATSIm have been made. This includes the implementation of energy consumption and
charging of EVs and PHEVs with interfaces to a power systems simulation tool and several interfaces
for exchanging the MATSim output withe ETHZRSL Furthermore MATSIim runs were performed

with test data and forwarded t&ETHA’SLcontaining pattern on energy consumption of electric
vehicles for each trip. In the dataset also detailed information of parking location, parking times and
activity type (e.g work, home, education, etc.) for each agent were contained. Furthermore,
simulation data for the municipalities of Wattwil and Zernez were filtered out from a MATSIim run.
This contained detailed data both on the daily plan of agents living in the séleotamunities and

their travel both inside and outside the municipalities.

5.6.3. LCAmodel for the assessment of individual household consumption

Large parts of the findings presented in this chapter were publishegbhasr et al. (203), Saner et
al. (14) andFroemelt and Hellweg (2016)

The buildingwise comparison carried out in the case study of Zernez is depictegjume5.2a. The

modeRa ppz O2YyFARSYOS AyiSNBFrta 20SNIFLI gAGK GKS
buildings. Yet, this figure shows clearly that simulated heating demands largely deviate from
database entries for some individual buildings. A detailed analysis esl/d#t these deviations can

0S5 SELXIFAYSR o6& G(KS GINARFIOoAtAGE Ay 200dzZd yiaQ
occasionally occupied holiday flats, and problems of representativeness in the underlying statistical
databases.

NeverthelessFigure5.2b demonstrates that on an aggregated level, cumulative and total heating
demand are well reflected by our energy demand model. The cumulativees of the annual

heating demand shall visualize a building stock perspective. The red kiguie5.2b illustrates the

cumulated average model results, whileKk S 6t dzS f AySa RAaLX & GKS RIFGl
plotted closely and more or less parallel to the database curves pointing to a good model
performance at a building stock scale.
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As a conclusion, the applied model is not able to simulateesimgildings always accurately, but it is
FofS (2 NBLINRRIZOS G(KS 20SNIftf OKIFINIOGSNRAGAOA
on different levels of aggregation.
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Figure5.2 (a) Buildingwise comparison of the 95% confidence intervals of the annual space heating demand estimated
by the housing energy demand model with the empirical database range; (b) Cumulative annual heating demand of
buildings sorted by ascending heatingethand acordingto the mean of the empirical database rang&he cumulative
curve of the model was built by accumulating the simulated heating demands corresponding to the sorted buildings. [SD
= Standard deviation; Database (min) = minimum of empirical database rafbggabase (max) = maximum of empirical
database range]

Figure5.3 shows the median life cycle greenhouse gas (GHG) emissions in metric tons for housing
and landbasedmobility consumption for the two case study municipalities, Zernez and Wattwil.
Although all common life cycle impact assessment methods could be applied by our model, we chose
to present the results only in G@quivalent emissions assessed accordingh® ReCiPe method
(Goedkoop et al., 201ZReCiPe midpoint impact category: climate change).fdvead by applying

0KS Y NXza | | (Kraskal dndValls, 19653)Eati there was no significant difference between

the different samples calculated with Monte Carlo simulation. Thus, the results of the median sample
are representative and suitable for further discussidine blue bars ifFigure5.3 represent GHG
emissions induced by commuting, shopping, and leisure purposes by different means-batati

traffic modes and the use of their infrastructure. GHG emaissinduced by space heating, hot water,
electricity consumption and building infrastructure are depicted in yellow. The resulting GHG
emissions are normalized by the number of people living in the household and ranked from the
lowest to the highest emittes.

The median value for life cycle GHG emissions over all households in Wattwil was calculated as
3.12t CQ-eq and in Zernez as 3.8€Q-eq per person per year. Hence, 50% of households in the
respective municipality emit less and the other 50% emirenihan these values. The mean values
amount to 4.3 CQ-eq and 4.4Q CQ-eq per person and year for Wattwil and Zernez respectively.
These values are comparable to the Swiss average for housing andads@d mobility consumption

in 2005, but slighthbelow (4.76 CQ-eq per person(Jungbluth et al., 201P) The lower avege
values in the two case studies are mainly due to the large share of buildings heated by wood or,
especially in Zernez, directly by the l@arbon Swiss electricity mix. The findings suggest that GHGs
are not emitted equally, and that a small sharehouseholds in both cases is responsible for a large
amount of GHG. This is supported by the cumulative relative impact results also presehtgdrin

5.3.
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Figure5.3 Life cycle greenhouse gas emissions of individual households in Zernez (a) and Wattwil (b) in the year 2010
induced by housing and mobilityThe impact results per household have been normalized by thepective number of
household members and ranked from smallest to largest value.

It is shown that in Wattwil 20% of the households and in Zernez approximately 25% of the
households with the largest impacts are responsible for about 50% of GHGs stemminigofising

and mobility. The mean values for housing amount to 2.88-eq in Wattwil and 2.22 CQ-eq per
person and year in Zernez. For mobility purposes, an average household member enit€®-84

in Wattwil and 2.18 CQ-eq per year in ZernezAlthough, housing impacts are more equally
distributed among households than mobility impacts, these two consumption areas are apparently
equally important in terms of climate change.

In the case of Wattwil, a detailed analysis of the impacts was condut¢teel spatial distribution of
impacts inFigure5.4 (environmental impacts within one raster cell of 100 x h@@ere averaged for

the reason of data privacy protectip shows that for some areas in the municipality we find
differences between the impacts of housing and lrased mobility. One of these areas is marked

by a light blue circle. The finding suggests that these households live either in poorly insulated
buildings or use fossil fuels for space heating. However, they generate a smaller demand of
motorized individual transportation than other households. This might be explained by the fact that
we find these households located in the old town near the traiticta The inverted phenomenon is
marked by a pink circle, where households are located which have high mobility impacts, but low
impacts from housing. These two examples support findings of other authors who state that
environmental impacts of householdsrea often subject to tradeoffs between the different
consumption categoriesirod and De Haan, 2009, Girod and De Haan, 2010)

For subsequent cluster analyses (CA), groups of households were derived by investigating the impact
result distribution. Group A consists of households that are beldWCQ-eq per capita and year,
households that emit less than the median value (i.e", Bércentile or 20% of cumulative emissions)
were assigned to group B, households that contribute between 20% and 50% belong to group C, and
households that contribe more than 50% to the cumulative impact result (i.e., th& pércentile)
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were attributed to group D. By applying cluster analyses, we were able to reduce several hundred
AYRAGARIZ f K2dzaSK2f R& (2 obn ulldobtte@Santpredeifeddn 3 N2 dzLJd
Table5-1. The first group (A) of clusters represents 9.5% of all households in Wattwil. Cluster Al
consists of small households of elderly peoate clusters A2 and A3 are formed by families with
children. The apartment area per person is rather small (average for group Anfsp&F person) and

the buildings are rather old, however, the apartments are heated by low GHG emitting heating
systems. rhpacts from mobility are very low because of low demand for motorized private
transportation and only moderate demand for public and aontorized private transportation. The
group not only comprises households of elderly people, who tend to have lowemm#snof
mobility, but also clusters of young families. This finding suggests that these households have either
short or no commuting distances (e.g., farmers).

Averaged life cycle GHG emissions
per hectare and person:

[J below 1t CO, eq.

[J up to 50t percentile
[ 50t to 80t percentile
M 80" to 100" percentile

Housing consumption Mobility consumption

Figure 5.4 Rasterized maps of Wattwil showingveraged life cycle GHG emissions per hectare graduated into four
classes(map data: FSO GEOSTAT/swisstofglue and pink circles indicate areas where housing and mobility impacts
are significantly different. Green circle indicate areas where housimgl mobility impacts are both on a similar level.

Households in group B either perform very well in housing (B1, B3) or mobility (B2, B4). The rather
moderate emissions from housing stem from a higher share of wood and natural gas fueled (14% and
36%, repectively) heating systems and the small living area per person. Matlisirs have
moderate demand for motorized private transportation or high demand for public transportation.
Group C consists of three clusters (C1, C2, and C4) with GHG emissionateidrby housing
operation and one cluster (C3) with high impacts from mobility. The emissions of one category are
often two to three times higher than the emissions of the other. Group D is formed by households
that consume large amounts of fossil fuet feeating (share of oil heating approximately 66%) and
transportation purposes. This group is responsible for 50% of the cumulative GHG emissions induced
by households in the case study municipality, meaning that if their impacts could be halved, the
cumuhbtive impacts of Wattwil would be reduced by 25%. The emissions from housing are high,
because the households of group D use large apartment areas (on averagfep@? person) and

heat with fossil fuels.
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Table5-1 Clusters & similar households and the most relevamiousehold characteristicSsGHG emissions per capita and
year induced by housing operation and ladzhsed mobility, as well as the distance to city center. All values are
presented as average Wes of cluster.

no. of max. age of  min. age of hf:)us‘ing mobility impacts apartment no. of distance to
cluster the oldest  the youngest operation impacts  (t CO,-eq per area .
persons per ; . apartments city center
name M—— person in the personinthe (t CO,-eq per person and (m? per per building (km)
household household person and year) year) person)
Al 15 70 66 0.4 0.2 82 3 1.13
A2 4.6 46 10 0.2 0.5 23 3 1.36
A3 35 38 14 0.5 0.2 36 8 1.39
B1 1.6 55 51 0.5 1.3 78 3 1.25
B2 3.3 40 14 13 0.7 34 7 1.33
B3 4.6 45 10 0.7 1.2 24 6 1.37
B4 2.0 67 57 1.7 0.4 46 9 1.06
Cl 2.0 56 46 3.0 1.1 60 8 1.06
c2 1.4 73 71 3.5 0.7 75 8 111
C3 35 46 19 1.2 3.0 34 7 1.31
c4 1.3 40 38 3.1 1.1 91 7 1.12
D1 1.2 62 61 5.6 3.2 111 9 1.17
D2 3.1 49 24 2.6 6.4 50 9 1.20
D3 1.3 34 31 6.2 8.1 100 7 1.07

Furthermore, the LCA model was extended by an optimization module whose objective function aims
at minimizing C@emissions and particulate matter formation at the same time by finding optimal
refurbishment strategies and energy suppéehnologies for buildingdrigure5.5 shows the results

of the application of this optimization model to Wattwil in two maps. The left map shows the impact
results for the reference case, whereas the right map shows the results of the-objdttive
optimization. In both cases, the highesHG emissions are in the center of the municipality due to
the higher population density and bigger buildings. Additionally, in the reference system, the heating
systems of the buildings in the city center rely mainly on fossil fuels, whereas buildings in t
outskirts of the municipality are mainly heated with wood. In the optimal case, GHG emissions are
distributed more equally than in the reference case. GHG emissions abdve@2q per hectare

are rare. Locally increased GHG emissions can be explanadwitch of the energy supply system
from a purely wood based system with low GHG emissions to another system (e.g. heat pumps) in
order to achieve a better tradeff between GHG and particulate matter emissions.

In the optimal case, GHG emissions wr@uced by more than 75% compartmthe reference case,

from 11824 to B64t CQ-eq. Also, particulate matter emissions are reduced by more than 50% from
10.7 to 5.12 PM10Geq. This means that due to the refurbishment of buildings and due to the
changingstructure in energy supply, the impacts from both impact categories decrease. The multi
objective optimization applied here searches for the best consensus between the two objectives and
therefore leads to a fundamentally different portfolio of hydronineegy supply systems in the
municipality than in the reference case.

The distribution of energy supply systems is depicte#igure5.5 (bottom) for the reference case

(left) and the optimal case (right). In the reference situation, the most common supply systems in the
city center are oil boilers and gas furnaces, thereb§6iltlof light fuel oiland 418Nm’ of gas are

used per year. In the outskirts, wood incineration is predominaningif wood chips and 383m?

wood logs). Only in some cases the most frequent systems are direct electric boilers and heat pumps.
The totalelectricity use for housing purposes is 4@®@/h per year. Solar collector panel installations,
delivering auxiliary heat for hot water generation, are very rare in the municipality. In the optimal
case, however, solar collectors are installed to theefillpossible extent. The distribution of the
space heat supply systems is rather homogeneous and heat pump systemswatareor airwater)
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as well as wood chips are preferred. Heat pumps are predominant in the areas where drilling
boreholes for heat exwanger tubes is allowed. Wood chips incineration systems are predomimant
the other areas. In total, 462m° of wood chips and only 418° of wood logs are used. The total
electricity demand for housing purposes almost quadruples due to the installafidreat pump
systems and amounts to 16@Wh per year (50% electricity from PV and 50% from the grid delivered
from outside the municipality). In addition to this drastic shift of heat supply technologies from a
fossil fuel dominated portfolio to a portfid consisting of mainly heat pumps and wood chips
incineration systems, roofs, windows and walls would need to be refurbished in more than 65% of

7
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for windows and only 5% for floors).

Figure5.5 Results for the energy supply of buildings in the municipality of Wattwil for the reference case (left) and the
multi-objective optimal case (right), aggregated per hectafieop: annual life cycle GHG emissions. Bottom: distribution

of hydronic energy spply systems. Each pixel depicts the most frequent system per hectare. (In the gray shaded areas
only airsourced heat pumps are allowed, borehole heat exchangers are prohibited due to groundwater protection).

The full potential of the environmental impageductions will hardly be achieved in reality,
particularly in the short term, e.g. because of financial constraints and social acceptance, which were
not taken into account in this study.
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