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Abstract

Integrating a range of complementary energy madddecoming an increasingly common method for
informing low carbon energy pathways at both nati@nd global levels. Multi-modelling approachesilieate
improved understanding of the detaitedhnology pathway®quired to meet decarbonisation targets; however,
to-date there has been limited attention orpihiecy roadmapsndenabling measurethat might achieve these
decarbonisation targets. This paper addressegahidy developing a multi-model approach usingrargy
systemsptimisationmodel, a sectoraimulationmodel together with scrutiny of individual poliayeasureso
explore decarbonisatiarf the private car sector in the Irish transpostsgn commensurate with an 80%
reduction in national carbon emissions by 2050. fEselts comprise a cost optimal technology pathfeay
private cars in a future energy system constralnyed maximum level of carbon emissions, a poli@dmap
identifying annual changes in energy efficiencyawable energy and electrification, and a suitenatbling
measures including changes to vehicle registratinna biofuel obligation on suppliers and a safteneasure
to increase the share of electric vehicles in libetf The level of confidence in the different direbmeasures
to achieve the policy goals is compared and distliss

1. Introduction
The recent focus on long-term global greenhousegassion (GHG) mitigation has led to the produtid a
wide array of energy and emission specific modétk warying levels of sectoral and geographic focds the
one hand, optimisation models are beneficial irideining atechnology pathwaydept at depicting what
technological changes are needed in an energymsyaitbject to a constraint, usually GHG emissiotlitspagh
with little or no indication of the required policgeasures, e.g., the European Commission’s ‘Erieog@map
to 2050’ [1] and the International Energy AgencflEA) ‘Energy Technology Perspectives’ (ETP) [2h @e
other hand, simulation models can effectively datae apolicy roadmapwhich describe the policy steps and
interim targets for emissions mitigation, althougit necessarily with a focus on optimising arourgidain
scenario, e.g., the IEA’s World Energy Outlook (WHRG) and the Irish ‘National Renewable Energy Acti
Plan’ (NREAP) [4]. Finally, analysis of these pglimadmaps can subsequently identify hrevabling
measuregan achieve particular emission mitigation targeéta national or sectoral level through ex-anté an
ex-post analysis of policies, e.g., regulationg@thon car manufacturers, eco-labelling of appéanetc. [5].
This paper brings together these three aspectsaherent consistent iterative framework and exqddhe
interactions, the development from one to anothdrraghlights the need for more analysis on the
effectiveness, certainty, and timing of specificasgres.

! Corresponding author
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The European Union (EU) face challenges in meatmgssions reduction targets in the short term (@02 and
establishing realistic targets in the longer tefmong 2030 to 2050). The European Commission’s repor

moving to a competitive low carbon economy in 2@8€dicts that transport will be the most difficcétrbon

dioxide (CQ) emitting sector to decarbonise in the long-teamy is the only sector foreseen to have an increase
in emissions in the medium-term [6]. Efficiency meees and biofuel blending are seen as means dingee
short-term targets (although the latter is limibgdblend walls in internal combustion engines (ICBEpwever,

the primary challenge of decarbonising transpes in shifting away from petroleum based liquidgud@here

is a clear and urgent need for useful methodsfez®@fely plan and inform the implementation of ipyl

measures to go beyond European short term targétaddress this challenging long-term decarbowoisaif

the transport sector.

It has become common practice to address this feequanning through the integration of energy med€his
integration provides results of greater value bylatting the weaknesses in one model with the gtinsrof
another. This multi-model approach has been adaptdcapplied to a number of model types using waryi
degrees of integration. In its lightest form, twodsls are run independent of each other with theltsof each
compared until a convergence is reached givingtwaystronger result set through a low level of elod
structuring and a more versatile procedure thanlaihtegrated model, yet is more susceptiblertors arising
due to potential inconsistencies between both miygels. In the heaviest form, a complete integratibtwo or
more models is carried out, requiring both modelséa built within the same mathematical format, batting
the inconsistencies between modelling techniquetsingreasing complexity and processing power. An
intermediate form creates a scaled-down representat the structure of one model in another thioug
integrating a reduced level of detail between mogets.

A very common method of this intermediate modeggnation has been between computable general
equilibrium (CGE) models and energy supply modelg,, the macroeconomic model (MACRO) with a
detailed energy supply model (MESSAGE) [7], and@Ednodel (GEM-E3) with an energy optimisation
model (TIMES) [8]. Integration of sectoral specifibdels have also been evident, e.g., a powermgstgodel
(PLEXOS) linked with an energy systems model (TIMES, and a three-way integration of MESSAGE,
TIMES, and a unit commitment optimisation tool (REMCEM-B) to analyse the potential of concentrated
solar power in Brazil [10]. A broader, long-termadysis of the EU2030 goals was carried out witinglar
analysis for Serbia combining the generic optiniigaprogram (GenOpt) and the simulation model
(EnergyPLAN) [11].

There have been very few studies dealing withnkegration of transport focused models and broadergy
systems models while within the few reviewed, ththars’ found no representation of the individualigies
necessary to achieve the policy roadmaps identiked example, a MARKAL model of household and isitiy
transport activities was integrated with a CGE nhaahel outlined the potential carbon mitigation unad{yoto
target, yet gave no indication of the specific nueas required [12]. A South Africa based study-fiofted five
models to create long-term projections of the fparnissector which consisted of developing and higkh CGE
model, a vehicle parc model, a time-budget mod&kight demand model, and a fuel demand modell&Vhi
this study considers the G@itigation from policy roadmaps (such as shiftfrgm private to public transport),
it fails to consider the individual policies meassivhich may enable this shift [13].

The method of model integration presents a congipeovement from individual modelling detail andués,
yet there is still a disconnect between modellind policy analysis as described in this literanendgew above,
especially in the area of transport, which is ré@hle given the sizeable task of decarbonisingsprart
necessary to adhere to a low carbon future. Tipspaims to bridge this gap in energy modellingtigh (i)
employing a soft-linking methodology between a teast optimisation model of the Irish energy sys{érish
TIMES (The Irish Integrated MARKAL-EFOM System) [J4ind a sectoral simulation model of the private
transport sector in Ireland (the CarSTOCK mode])[aRd (ii) through using ex-post and ex-ante asialjo
determine the specific enabling policy measuredin@pation models are capable of exploring the iogtlons
of different levels of emissions reduction ambitfonenergy system evolution and can outline péént
technology pathways; simulation models can show pasticular policies and interim targets can delize
particular energy system and hence point to pabegimaps; finally, ex-post and ex-ante analysisitizie
analysis of enabling policy measures. The integnatif these modelling and analytical approachesalifor a
comprehensive description of how to decarbonisartiqular sector, in this case the private caraaatthe
Irish energy system. The reason Ireland is chosencase study is twofold: first, it has tfeMghest transport
emissions per capita of all EU member states (iMdéeland was 2.43 tCfzapita whereas EU average was
1.62 tCQ/capita) highlighting the onerous task of decarbatibn [16]; second, it has been a case-study for



107  multi-modelling approach in the past, integratingh TIMES with the power sector [9] and the tramrsgation
108 sector [17].

109

110 This paper explores an ambitious long term scermg®d on the European Commission’s recommendgd CO
111  greenhouse gas emissions reduction by 2050 of 8284%¢-relative to 1990 [18]. This is in keeping wikie

112  Irish national policy position on climate changeiethdeclares a long-term vision guided“ay aggregate

113  reduction in carbon dioxide (GPof at least 80% (compared to 1990 levels) by 28&0ss the electricity

114  generation, built environment and transport sectofg19]. A constraint of 80% Cg£emissions reduction by
115 2050 relative to 1990 is entered into Irish TIMESich determines the least-cost solution in alt@ecof the
116  economy (agriculture, residential, commercial, stdyrand transport). This analysis forms the bfasiscenario
117  and policy development in the CarSTOCK model, whircturn is used to analyse the type and timing of
118  specific policy measures that can help achieve-tengy decarbonisation. The efficacy of enablingqol

119 measures requires individual scrutiny that depemda multitude of factors which are discussed is $study —
120 who is targeted by the measures, what type ofunstnt is employed, what is the timeline of thesasnees,
121  and what level of change will be required. The paperganised as follows, section 2 describesitbdelling
122  and analytical methodology, section 3 presentsdhelts, and section 4 concludes.

123 2. Methods

124  This section first describes and defines technofmfhiways, policy roadmaps and enabling measurdgn
125  describes the three technical tools employed, nathellrish TIMES energy systems optimisation mottes
126  CarSTOCK simulation model and ex-post analysisabip measures; lastly, it describes the multi-mode
127  approach that integrates these three tools together

128 2.1. From Technology Pathways to Policy Roadmap&t@bling Measures — A Multi-
129 Model Approach

130 Technology pathwaysan be broadly defined as the timing, quantity emahbination of technologies required
131 to achieve a certain policy target (e.g. an 80%ic&dn in energy system emissions) by a given esidtfge.g.
132  2050), e.g., the European Commission’s Energy Raadim 2030 [1], and the IEA’'s ETP [2]. They are

133 typically expressed in terms of energy, emissiang, rates of technology diffusion over time (e.gddwatt
134  hours, tons of Cg) % share technologies). Technology pathways auéntly generated in optimisation
135 models that select technologies such that the astem cost is minimized. In this way, individgactors
136 (e.g. transport, residential, industry) are optadisiccording to overall system needs, e.g. whaissoptimal
137  for the transport sector by itself might be diffetréor what is cost optimal for the transport seets considered
138  within the entire energy system. Model generatetirtelogy pathways will normally need refinement by
139  modellers in order to ensure realism for sectasliits.

140 Least cost technology pathways purport to modehtheket dynamics whereby new technologies with the
141  greatest cost advantage are optimally diffused tirrex. However, in reality, many factors associatth

142  technology diffusion (e.g. information costs, demismaking inertia, inconvenience costs) are negaately
143  included in the price of the technology. Therefpodicy intervention (e.g. favourable tax incentiyean be
144  required to align the characteristics of low carbeshnologies with market signals such that théfysk at the
145 necessary rate to achieve the policy target. Whideels that generate technology pathways can bedefo
146  more accurately model technology diffusion (e.gotigh a market share algorithm), models that gémera
147  technology pathways are usually not designed oipped to model direct policy intervention.

148  Policy roadmapan be broadly defined as a combination of pdiogls, such as interim and final %

149  penetration targets, and the strategies for aahietviese goals, such as increased energy efficiemrgased
150 renewable energy, fuel switching, etc e.g., the’BAEO [3], and Ireland’s NREAP [4]. Within a multodel
151  approach, simulation models with their greater terapand technical resolution can i) test the fafisi of
152  technology pathways generated in optimization m&adeid ii) simulate the policy roadmaps that aligin
153 these technology pathways. To prepare a policymagdbased on a technology pathway, each newlysaiffu
154  technology from the technology pathway must be emachand considered in light of what policy will be
155  expected to facilitate or accelerate its diffusiona simulation model a single scenario can bé&des to

156  simulate the progressive penetration of a partidelehnology. The resulting policy roadmap couleréiore
157  outline a feasible combination of energy efficien@newable energy, and fuel switching - expregséerms
158  of interim targets at key intervals - that achievinal overall target.

159 For certain technologies, an associated policymaguwill be an almost one to one matching of polary
160 technology; however, some technologies cannotyehsidiffused by one or two policies and for such
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technologies, a suite of policy measures will lipuneed - policy mixes, especially of different pylitypes, are
usually more successful than single policies [EQ}. technology diffusion, there is evidence that filrmative
phase for new technologies which are more similaxisting technologies (i.e. more substitutabie) ehich
result in an almost identical energy service amtsh; by contrast, the formative phase for nevatetogies
that are less directly equivalent to existing teatbgies (i.e. less substitutable) are longer [BHsed on these
previous findings, it can predicted that of thegaf new technologies in the technology pathwagspolicy
roadmaps analysis, the technologies with less atprice to incumbent technologies will require lamysd
more diverse policy mixes and the technologies gitrater equivalence to incumbents will requiregeand
less diverse policies mixes.

To determine whatnabling measuresight help diffuse the array of technologies ot in the technology
pathways and policy roadmaps, ex-post and ex-aralysis of policy measures is used. Ex-post analysi
previous and similar measures can provide impoitenghts from the success rate of previous pdidinergy
policies rarely achieve their expected targets ethdr overachieving or underachieving. This cafobenany
reasons, including insufficient incentive. Ex-aat&lysis of the policies or combinations of pokcidely to
succeed are crucial for decarbonisation stratdgies successful. The iterative process used wtoals from
technology pathways, to policy roadmaps, to enghiieasures is shown in Figure 1. Technology Pathway
Irish TIMES Optimisation Model

Technology Pathways have been established in #teuging the Irish TIMES energy systems model [The
Irish TIMES model is a partial equilibrium optimtsan model of the Irish energy sector, initiallyvédoped to
build a range of medium and long term scenariosgtavide insights to the technology requirementseihergy
system decarbonisation. The model was built unddMES framework, a technical economic model getwgra
for local, national and multi-regional energy syssewhich operates with the objective function tocmmase the
total surplus and provide a technology-rich leasttdinear optimisation basis for the estimatioroérgy
dynamics over a long-term, multi-period time horiZ@2]. The model simultaneously solves for thestemst
solution subject to emission constraints, resopatentials, technology costs, technology activitg aapability
to meet individual energy service demands acréseators (see Equation 1). The model minimises#dte
present value (NPV) through the selection of tetdies with resulting energy consumption and,CO
emissions output.

NbPer

NPV = Z

t=1

NbYrsPerPer

(1 + &)t x Annual Cost(r,t) * Z 1+ 5)1—al @

a=1

Where:

¢ — Discount Rate

NbPer — Number of periods over the horizon
NbYrsPerPer — Number of years per period
Annual Cost — Sum of all costs

r — Set of regions in the area of study

t — Time period

The Irish TIMES model was built by applying localisdata and assumptions to the Pan European TIMES
(PET) model, a model of 36 regions of Europe (EU2&land, Norway, Switzerland, and six Balkan coies)
[23]. The model represents the potential long-temmlution of the Irish energy system through a oeknof
processes which transform, transport, distribute@mvert energy from its supply sector to its powe
generation and demand sectors. Energy demandsieee 8y a macroeconomic scenario covering theopei
2050, which is based on the Economic and Sociaé&teh Institute (ESRI) Harmonised Econometric Refea
for Modelling Economic Systems model (HERMES) af #tonomy which is used for medium-term
forecasting and scenario analysis of the Irish engnunderpinning the 2013 edition of the ESRI's Med
Term Review [24].

The private transport sector in Irish TIMES is érivby exogenous projections of passenger kilombetassd on
gross national product (GNP) per capita and thebaurof cars per household coupled with income ieitiss
of demand determined by the HERMES model. The moaebses from a set of technology and economic
attributes that vary over time within the modehteet this demand at least cost while constraineanby
overarching long-term reduction in GOMarket share of new vehicles is exogenouslyuated using a
discrete choice model which accounts for tangiblts of vehicles in competition with each othecghsas
capital costs, fuel cost, and operation and maartea costs, as well as intangible costs, suchnae ranxiety,



216  and model availability (see Table 1). Further digsicm of the underlying assumptions, correspondiatp, and
217  sources of TIMES and of the discrete choice mods} be found in the ‘Data in Brief’ supplement tésth

218  paper.
219
220 21.1. Policy Roadmaps- CarSTOCK Simulation M odel

221  Irish based policy roadmaps have been establish#etipast by the CarSTOCK model [25]. The CarSTOCK
222  model is a sectoral simulation model of the pritaa@sport fleet in Ireland that projects the etiolu of the

223  private car stock, energy use and related @@issions from 2013 to 2050 based off the ASIFhodblogy

224  developed in [26] which can be summarised by Equali In brief, total private transport related GO

225 calculated as a sum of the product of vehicle @gt{(#A), private car stock (S), energy intensity, @nd

226  emission factors (F) for fuel type (f) and vintggg

Transport Related CO, = Z Afpm * Srom * lrpm * Fy )

fom

227 A stock profile is built based off a database aaliirom the vehicle registration unit in Irelanetailing the
228  evolution of the car fleet between 2000 and 20%3agliregated by fuel type and vintage of the vehidiais
229 database was used to create a survival profiledoh private car fuel type of varying engine s{&S) using
230 Equation 3.

(StockES — StockES,)
StockES

Survival RateES = Average ( ) * (1 + Survival Ratefs, (3)

231 Mileage and specific energy consumption of thednistfleet, also disaggregated by engine band, wbtained
232  from the Irish national car test results, a compylsvehicle inspection in Ireland which recordsadilating to
233  the road worthiness of all private cars on a bitehibasis for cars under ten years old, and annbeifond
234  this.

235 The model uses a combination of income and fuslielies of demand based off [27] to calculatettital

236 level of sales, stock and vehicle kilometres in¢bantry per annum. Projections of these variabies

237  calculated using exogenous inputs of income froenctimputer general equilibrium (CGE) model HERMES,
238  before with TIMES.

239 The CarSTOCK model allows for a more detailed etiotuof the private car fleet relative to the résditom
240 the Irish TIMES model. This proves more effectit@aesenting an insight to the policies and indinald

241  measures which allow for the reduction of £issions amongst private cars and subsequestigses the
242  feasibility of the results from Irish TIMES. Foramxple, Irish TIMES only considers one technologyfpel
243  type, e.g., petrol vehicle or diesel vehicle, wi@ila'STOCK has the functionality to disaggregateddyicle
244  type, i.e., small (engine size less than 1300ceiom (between 1301cc and 1900cc) and large (graate
245  1900cc). The purpose of this split is to improvéehegeneity through disseminating driving pattentse
246  accurately as owners of small vehicles have beewhrio drive less per year than those owning lavgéicles
247  [28]. Heterogeneity is accounted for using a masketre algorithm, in the same way as describeakeinrish
248  TIMES model. A more detailed analysis of this, gavith additional details of the structure and edity of
249  this model can be found in the ‘Data in Brief’ sigment.

250 2.1.2. Enabling Measures- Ex-post and Ex-ante analysis of Policy M easures

251  Policy measures, with a specific focus on enerfjgieficy improvement and fuel switching for privaars,

252  were used for scenario development within the C&GK model. These measures were chosen to simulate a
253  corresponding level of decarbonisation againstszlioze, which assumes no policy incentive to switch

254  alternative fuelled vehicles from the base yearanas, against the low carbon results from the IFIBIES

255  model. Three measures in particular were focused ipaiming to achieve the low carbon resultsais dut

256 by TIMES; efficiency improvements of ICEs, incredd®ofuel blending, and measures to promote the

257  penetration of alternative fuel vehicles.

258  The former two of these policy measures have preuedessful in both Ireland and across Europedp#st
259 decade as the target of the measures has beerdtswapliers rather than the consumers — toward faetures
260 for regulations relating to efficiency improvemerdaad toward fuel suppliers for regulations relgtia biofuel
261 blending - allowing for a somewhat easier impleragah. However, the potential of these measuredvban
262 identified to be considerably more limited thanttbBalternative fuel vehicle penetration, yet thgpact of
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measures encouraging the sale of these vehicsethbjsct to a much larger degree of uncertaintyp&st-and
ex-ante analysis of these policy measures is usddvtelop scenarios capable of achieving the poiagmap
laid out by the CarSTOCK model, which assesse$ethsibility of achieving a low carbon transporttteology
pathway as identified by Irish TIMES.

2.1.3. Multi-Model Approach
The soft-linking methodology employed in this stugn be described as a light form of integrationugh
model coherence, which is graphically represemdelgure 1 above and complemented by Table 2 befow.
long-term CQ emission reduction is first entered as a usertcainsin the Irish TIMES optimisation model
which in turn generates a technology pathway fehesector of the Irish energy system. The technolog
pathway from the private car sector is extractegharticular the effects of energy efficiency impements in
the private car fleet combined with fuel switchimghich are used in generating policy roadmapsén th
CarSTOCK simulation model with the aim of informitige specific policy measures necessary to meet the
technology requirements laid out by Irish TIMES. éxrante and ex-post approach, described in se2tihris
employed to determine the individual policy measurecessary to contribute towards a long-term ladvan
scenario.

2.2. Scenario Development
The scenario development of this paper is initidliyen by a low carbon scenario generated by FISHES,
providing a cost optimal technology pathway for tfesport sector in contributing toward a low cartiuture
(Section 2.6.1). Scenarios are subsequently getkvéthin the CarSTOCK model, identifying the pglic
roadmaps required to achieve the technology pattavdyut by TIMES, and finally ex-post and ex-ante
analysis of measures is carried out to show hoansble measures to achieve this policy roadmapidsec
2.6.2-2.6.4)

2.21. Low Carbon Scenario
An assessment report released from the Inter-Gowental Panel on Climate Change (IPCC) defined &0
“the most important anthropogenic greenhouse gatsi’' tive atmospheric concentration of £0 2005
significantly exceeding the natural levels rangingr the last 650,000 years [29]. Concerns aboutGH
emissions interfering with the international clim#ias resulted in the Copenhagen Accord which lestied a
political consensus on limiting mean global tempaeincrease to 2°C which must be met through a
substantial reduction in GHG emissions. The IPC8e&sment Report shows that to meet this target it i
required for global GHG emissions to be reducedtdgast 50% by 2050 relative to 1990 levels [3be EU
has determined that in meeting this target, inéalsted countries should contribute more than therage
international requirement and have advised betwa@eB0% to 95% reduction by 2050 relative to 1990s T
paper focuses on policy evaluation of the privedaegport sector using a scenario dealing with aatah in
CGO, emissions of 80% by 2050 relative to 1990.

2.2.2.  Improved Efficiency

The most noteworthy policy attempt to steer consurheice of private cars towards more efficientigkds
was from a change in the basis of taxation on mabicles in 2008, which was previously based ludéf $ize of
a vehicle’s engine and has been changed to comddpdevel of emissions from a vehicle (in g&kmn) which
resulted in a significant migration in the private fleet to more efficient vehicles [5]. This mylimeasure
acted as a supplement to the formal adoption of g&formance standard regulations as decreed bjatémn
EC 443/2009 of the European parliament which séasgeet for specific emissions of 95ggkin to be in effect
by 2021 [31]. A significant reduction in new casttemissions was experienced across the 28 EU mestaltes
in the years following the adoption of these tasdsee Figure 2) [32].

Energy efficiency improvement policy measures ampléemented in CarSTOCK through national targetses?
car emissions, with the magnitude of these tardgased off the Irish TIMES model. An upper bounglaced
on this energy efficiency improvement based ofémbination of results from a review of potentiahicte
improvements [33] and an International Energy Agestady which analyses the max potential improveriren
fuel economy in private cars [34]. The maximumaéfincy improvements of petrol, diesel, and hybetiicles
by 2050 relative to 2008 was subsequently chosbe #h%, 47%, and 52% respectively.

2.2.3. Biofuel Blending
There has been an increase in the level of biorethend bio-diesel blending with petrol and digedfreland
respectively since the introduction of the Biof@dligation Scheme (BOS), which obliges supplierdaave at
least 8.695% of motor fuels placed on the markenfa renewable source as of tieof January 2017 [35].
This statutory instrument serves as a respondetbinding 10% renewable energy in transport (RE&iQet
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introduced by the Renewable Energy Directive (REI®)009, and to date has proved effective at irsinggthe
level of blending in transport in recent years [36]

Biofuels are effective at contributing towards gherm targets, although the relatively lower eyeitgnsity of
bio-ethanol and bio-diesel with respect to theirgdeum based counterparts renders achieving ttf&- RErget
solely through the use of biofuel blending to bepdifficult?. The yellow band in Figure 3 represents the range
of possibilities of the RES-T target if it was te met solely through biofuel blending, the loweniti

representing a case whereby the target was to bthmegh bio-diesel alone (which has a calorifidue of 33
Megajoules per litre (MJ/Itr) compared to 36 MJftir diesel), the upper limit through bio-ethankree (which
has a calorific value of 21 MJ/Itr compared to 32/k for gasoline), and the centre through a caowation [37].

The level of blending of biofuel with petrol ancedel is limited for conventional ICEs to 5% and @égording
to European fuel standards EN 228:2004 and EN 599:2espectively, although allowances have beeremad
for both to reach a figure as high as 10% at bothtenal and regional level, in accordance with Fael
Quality Directive, for use in conventional ICEsppided sufficient information is made availablethe
consumer regarding the fuel blend [38]. This studgs a linear extrapolation of historic bio-ethaamad bio-
diesel blending with growth capped at the limitposed by these European fuel standards in the prima
scenario, and a limit placed on the use of biosfwél10% in the secondary scenario, with the gesehblue
bands in Figure 3 representing the potential afidiileg using bio-diesel and bio-ethanol respectively

The use of Hydrotreated Vegetable Oil (HVO) (alsterred to as ‘Renewable Diesel’) has the potenfial
overcoming the limitations imposed by the Europfeesh standards outlined above. HVO is a diesel thdisel
traditionally produced from vegetable oils, buteetty derived more commonly from waste and residtie
fractions coming from food, fish and slaughterhoinskistries, which are hydrogenated and used in an
isomerization process to produce a fuel which agimady substitute diesel [39]. The requiremenhgpfirogen
in the hydrogenation process limits the economid4\O production, therefore this study follows @&sario
development based on a range of HVO blending tatdstermine its potential long-term decarbonisatio
effect.

2.24. Alternative Vehicle Penetration
The effect of incentivising battery electric velel(BEV) and plug in hybrid electric vehicles (PHEV
purchasing through policy measures are considerabie cumbersome to enable when compared aga@st th
effects from bio-fuel blending and efficiency impement mandates, as the latter two can be enfanmcdide
supply side of the chain while the former relieegoon consumer behaviour. Despite this, a multtof
countries have invested in a myriad of incentigssichemes with the hope of shifting consumer trartsp
preference towards electrification. Norway curngttnefits from the highest electric vehicle madtedre in
the world (23% in 2015) [40]. There are a rangeanftributing factors to this market share — Norwayigh
GDP per capita, membership on the Electric Vehibiésmtive board, and strong incentives in thenfiawf
registration tax reduction, e.g., Value Added T9AT) exemption, waivers on road tolls and ferriasd
access to bus lanes [40]. It is onerous to decheexact contribution any one incentive has ortiehif
consumer preference towards BEVs, and so this papgrconsiders the cumulative effect.

Figure 4 summarises the historic policy measurdstwihave been introduced to encourage BEV purchasin
Ireland. The county of Cork took additional measurepromote BEV purchasing beyond those alreaftyext
at a national level which saw a relative increassales compared against all other county perfocmadespite
the cumulative incentives on offer, Ireland isl stdt on track to meet its current 2020 target@50 BEVs
(see Figure 4). This study uses the market shafdgw described in the supplementary material hasea
range of policy roadmaps and later identifies piiaéoontributing policy measures.

3. Results

The results of the approach outlined above is ptesn three distinct sectionbechnology Pathwaysthe
initial results from the' IMES optimisation model, detailing the optimalt@ology mix within the transport
sector in contributing toward a 80% reduction in,@dnissions by 2050 relative to 19%hlicy Roadmaps
the results from the CarSTOCK model, detailinggpecific policy packages necessary to contributeitd

2 The RES-T target is an energy based target, mganii®% blend of bio-fuels with fossil fuels wibbe
enough to achieve 10% RES-T due to the lower dalaralue of biofuels relative to petrol and diesel
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achieving the technology mix outlined by the TIME®8del, and finallfEnabling Measures detailing the
individual measures capable of contributing towtee policy packages outlined by the CarSTOCK model.

3.1. Technology Pathways

In the business as usual scenario, the transpridrssees a ‘dieselisation’ of the private cartfl@éich follows
the trend experienced in recent years due to therltevel of cost of taxation associated with thkatively
lower emissions when compared against petrol [3hvAlevel of liquid petroleum gas fuelled vehicla®
employed to meet the marginal passenger kilomeesand remaining generated by the model whicheatre n
already met by conventional ICE technologies.

With the 80% CQ@emissions reduction imposed on the energy systearprivate transport sector is determined
as a relatively cheap means of decarbonising theggrsystem, as the TIMES model calculates a sotiasta

97% reduction of C@emissions in contributing towards the full enesggtem decarbonisation. The technology
pathway created by TIMES under this scenario caimgtis calculated in two forms; energy efficiency
improvement and penetration of alternative fuelletlicles. The fuel economy of petrol and dieset @a2040

is reduced to 16% and 18% of their 2015 valuese@spely. Regarding fuel switching, the privatetsport

sector is initially fossil fuel dominated, with gun hybrids becoming cost competitive from 2028vards,
achieving a near-full market penetration by 2045ytsich point BEVs begin to emerge in the markdte T
combined effort of these two effects reduce privaterelated C@emission from 5,940 ktC{n 2015 to 170
ktCO, in 2050 (see Figure 5).

3.2. Policy Roadmaps

The technology pathways developed in the Irish TBWRodel are used to generate a range of policymapd
in the CarSTOCK model, capable of satisfying theedevel of decarbonisation according to the tetdgyo
investments laid out by the TIMES G®0 scenario.

The efficiency standards described by the techiyofeghway above are aimed to be met through a amatibn
of technology efficiency improvements in convensiblCEs (energy efficiency) and an increase indioefuel
blending (carbon efficiency). The former is intreéd in the model via a year-on-year fuel economy
improvement in keeping with the resultant techngletjiciency in TIMES. The latter is representeddttering
the fuel composition time series input to signifyiacrease in bio-diesel and bio-ethanol, descrtiyeBigure 3.
The combined effect of the efficiency improvemeststribute towards a decarbonisation reductionllefre
4.5% by 2050 relative to 2015 — the improvemergffitiency is roughly offset by the long-term expest
growth in vehicle demand. The 2020 RES-T target@sancredibly onerous to be met through bio-fuel
blending alone from the varying energy densityus types. In 2015, the gasoline to diesel rabodtat 1:2.2,
yet the relatively lower energy density of bio-atbbrelative to bio-diesel suggests that the rate@fuel
blending will need to increase at a much faster irathe short term to represent 10% of transpuetgy by
2020. Based off the current trajectory, Ireland ndt meet its RES-T target.

The vehicle stock rates for each technology arghtyureplicated through altering preference ratethe
market share algorithm, presenting four uniquegyalbadmaps. Capital costs, operation and maintenaosts,
and fuel costs are held constant for all vehicpesy while the intangible costs are varied foratigve fuelled
vehicles presenting 4 unique scenarios for theqaepf this study: (i) ‘No Preference Change’ whbee
intangible costs are held constant for all techgias, (ii) ‘Gradual Preference Change’ where intlalegcosts
for BEVs and PHEVs decrease at a rate of 1% peauran(iii) ‘Rapid Preference Change’ where this rate
increases to 2%, and (iv) ‘Aggressive Preferencangl’ where this rate increases to 3%. The regustinck
penetration is presented in Figure 6 below.

Both the ‘No Preference Change’ and ‘Gradual Pesfee Change’ scenarios fail to present a significan
penetration of PHEVs or BEVS, although preferergs donatural shift towards diesel based vehicle
technologies over petrol based forms allowing fseeond option of decarbonisataion to be analysduki

form of increased HVO blending with diesel fuelbkend of 20% HVO in 2050 has little effect (16.6%
reduction, due to the blending limits of bio-fuglitig reached prior to this). A more extreme 100%H¥end

by 2050 has a resultant 92% reduction, achievalieta the aforementioned diesel preference shiftebsed
PHEV and BEV penetration contribute towards 17%65%8d 90% C@reduction in in the Gradual, Rapid, and
Aggressive Preference Change scenarios respec(sadyrigure 7). BEVs become notably cost competiti
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the latter two scenarios which proves essentiabirtributing towards a low-carbon policy roadrhap
Combining the 'Aggressive Preference Change’ s¢endth a 100% blend of HVO provides a total maximu
decarbonisation of 95% by 2050.

3.3. Enabling Measures
Individual policy measures can be described as fiottsible’ measures, requiring an energy trasiton the
supply side where little or no societal changetuired as consumers see no difference — as catgewith
mandates on vehicle manufactures and fuel suppliend ‘visible’ measures requiring a large sotietange
to prove effective — such as incentivising electgbicle purchasing.

Efficiency standards (invisible measures) can bethreugh an international assignment of S@ecific
standards, as with the 95 g&kin mandate, of 80gC4Zkm in 2040 and 75gCgkm in 2050. Ireland does not
manufacture any cars and is entirely dependeninpoiits, therefore effective implementation of afficeency
improvements vis-a-vis technology alterations isassary to be mandated at a European level, alth@ug
change in the annual motor taxation reflecting éhiaternational targets may contribute on a natiteve!.

Domestic policies can be effectively implementeitteey have in the past, in the form of biofuehiliag
targets (invisible measures). The BoS can be isect&urther to 10.13% (currently 8.695%) while gigyin
accordance with the European fuel standards, agguimé same ratio between gasoline and diesel 2814
The blending of HVO with diesel is not constrainsdany technical limitations and can be increased
indefinitely, but is subject to the economics adghuction providing a suitable policy measure to aid
decarbonisation efforts if the preference shiftacde PHEVS or BEVs is insufficient.

Policy measures can be introduced to incentivieesttie of PHEVs and BEVs, although the effect tsaso
direct or certain as that of technical efficienmprovements or blending obligations (visible measurThese
measures include, but are not limited to: (i) austihn or derogation of vehicle registration taxlaalue added
tax, (ii) a reduction of annual parking costs) (improved charging infrastructure, and (iv) furtheduction of
capital costs via government grant schemes. Mamgltiese measures has a much lower level of cordae
relative to aforementioned visible measures disisbove, due to the reliance on societal tramsiticher
than energy transition on the supply side.

Policy measures may be targeted to consumers (PHiE\BEV purchasing incentives), the suppliers (agh
the BoS), and a mixture of suppliers and consuif@@arsannual registration tax). The effect on tla@sportation
system of the latter two is much more certain tienformer — it is difficult to determine the exacntribution
toward consumer preference that these incentivesdwave.

4. Conclusion

The soft-linking methodology employed in this stgdgs beyond the traditional multi-model approagh b
combining the foresight and comprehension of thegnsystem found in a least-cost optimisation rhadté

the detailed technological representation foungéttoral simulation model with ex-post and ex-artalysis

of individual policy measures to enable long-teow4carbon solutions for the sector in questionessence,
the paper develops and aligns technology pathwaygdiicy roadmaps to enabling policy measures. An
optimisation model is capable of determining thastecost technology pathway to be taken for a given
constraint, however it is ill-equipped for infornginvhich policy measures might facilitate this Iaiegm vision,
while the technical detail underpinning a simulatimodel allows for policy roadmap generation. Tpéper
focused on the private car sector and identifiedage of policy measures capable of meeting thient@ogy
pathway created by the Irish TIMES model with tle@STOCK simulation model under an 80% reduction of
CGO, imposed on the entire energy system.

Table summarises the list of outputs from eadfatien of this method.

% For the purpose of this paper, only the emissiekaed to the transport sector are considereagénrdance
with the UNFCCC reporting standards. £€nissions generated due to the additional el@gtgeneration are
calculated within the power sector in TIMES, soydulil-pipe emissions are considered, and is taled
gCOy)/km for BEVs.
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4.1. Policy Recommendations

In the short-term, and based on the current digasdline share, mandatory bio-fuel blending obiyest
imposed on suppliers can be increased to 10.13%lfvidkeeping in accordance with the current tpellity
standards laid out by the European CommissiondérRiED) to stabilise national private car emissiouisto
2025. This blend would have to be further increaset3.21% to meet current 10% of renewable engrgy
transport target for 2020, which exceeds the gindslfor conventional ICE diesel and gasoline béend

In the medium-term, imposing European-wide techgwlepecific improvement targets on car manufactures
trending towards 80gCgkm in 2040 and 75gCgkm in 2050 stabilises C{&missions in private cars out to
2050, and is sufficient to provide a 4.5% reductigr?050, relative to 2015, when combined with the
aforementioned blending mandates.

In the long-term, an array of incentives can beoificed to promote the use of pure electric vehiated plug
in hybrids, although the effectiveness of thesesugss are subject to a high degree of uncertdimtje event
of a rapid preference shift towards BEVs and PHE/2% reduction in intangible costs per annumygliea
consequent 70% penetration of these technologidis fig'ther into 70% PHEV, 30% BEV) by 2050. In an
aggressive preference shift (3% reduction in infalegcosts per annum), this penetration rate ise@®ed to
95% (21% PHEV, 79% BEV). This level of vehicle datédication satisfies the technology pathways pregdb
by Irish TIMES, and therefore stands as the costmb solution, although due to the level of unaartty
surrounding preference shift, the introduction &®iblending with diesel fuel is proposed as a sdaonlong-
term solution to decarbonisation. Consumer choaelieen switching steadily towards diesel fuelledape
cars in recent years [15], and HVO stands as devimkeans of producing a carbon-neutral diesel gulest
allowing for an effective ‘plan B’ in a low-prefaree shift towards electrification.

The short-to-medium term targets outlined haveghdii degree of certainty regarding effectivenesstapost
analysis of similar measures have shown relatigabcessful deployment to date) relative to the eng
electrification measures. A partial explanation rbaythat in the former, a small number of poli@es focused
on relatively few actors (the suppliers) whereathanlatter many different policies and policy tgee focused
on many different actors (the consumers) — thiseigs discussed in more general terms below. Asdditional
policy measure, the blending of HYOs may be tayétevard the suppliers, although the early nattitaie
fuel type requires further research into costind gasibility.

4.2. Importance of Approach in this Paper

Studies on the dynamics of technology adoptaiore lmade a distinction between substitution and siiffiu —
the former referring to where new technology simglglaces existing technology, and the latter tere/mew
technology creates new markets and where the egittthnology continues to exist, albeit with auest!
niche share [41]. Ex-post analysis of policiesiioairage new technologies have shown that poheiese the
new technology is a ready substitute for the incemthave higher deployment rates than policies evties
new technology has a greater degree of differentettie incumbent (e.g. the energy service provioked
conventional cars is different in important wayshithe energy service of electric cars which gaesesway to
explaining the latter’s limited deployment to-daf€he greater the difference between the energycseof the
new and existing technologies, the greater thertaiogy about the new technology’s rate of deplogmélew
technologies with greater differences, and thuatgrauncertainty, are likely to need more polidgation.

This paper has shown that policy analysis with &tien models and ex-post analyses of similar pediere
useful ways in beginning to lift the uncertaintyoabnew technology diffusion. While there is sl
uncertainty surrounding the direct effect one poticeasure may have on new technology market stiege,
methodology presents the potential effect of a grafupolicy packages, providing an interface capabl
disaggregating these packages with further reseateltonsumer behaviour. The method has outlireed h
technology pathways, optimised to least cost, @odmplemented with simulation models of policylgsia
that align with the least cost approaches butghatide additional understanding on the uncertaimigddition
to ways to mitigate that uncertainty. Some techgiel® will require many policies to support theiffasion and
some technologies will require few policies. Thiequality between technology and policy has impitice for
modelling, since for technology optimization modealsch as the Irish TIMES energy system modelim th
study, all technologies are equal when consideagt@ption, whereas in reality a suite of policiey/rba
required for this adoption of one technology coraplato another; simulation models, such as CarSTQEK,
capable of modelling such packages of policy messurthermore, as energy systems models show more
radically different energy decarbonisation scersfi®@. technologies that are less substitutablévatents),
there is a greater need for multi-modelling andgychnalysis approach for all energy sectors.
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4.3. Future Work and Research

This work has focused on the private car transgegtor in Ireland. Modelling capacity already exist is
being developed to extend the work to other se¢tgs non-private car transport sector; residesdator,
commercial sector). In addition, this work couldueertaken for more ambitious scenarios of overall
mitigation potential than the 80% reduction exptbire this paper since the recently ratified Pamge®ment is
leading to questions being asked about the valafign 80% reduction being in line with a “well bel 2
degrees”. Further research could involve deepeti@gnalysis with insights for modelling from lisgdure on
ex-post analysis of different policy types [42] a&hd literature on different policy mixes ( [43%4]) and how
they align with the transition pathways developgdhe optimization models. A subsequent soft-lietveen
an energy systems model and a dedicated powemnsystedel would provide useful insights into theseffof
electrification of the transport sector would havethe power systems, and would also aid in geingratore
accurate C@emissions. There is also a certain need for fursearch into modelling methods capable of
accurately capturing consumer behaviour in thesprart sector, to aid associating the changes ikehahares
of vehicles following the introduction of purchagimcentives in a modelling framework.
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“ Article 21 of the RED allows for double weightingsunted towards biofuels produced from wastejues,
non-food cellulosic material, and ligno-cellulosmaterial [45]. This figure only considers the waighvalue.
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Tables

Table 1: Discrete Choice Model assumptions usethloculate market share constraints in Irish TIMES

2015 2050
Technology
cc MC EC i cc MC EC i
Petrol Car €28,316 €5,598 1.26 ¢/ltr - €28,316 €5,598 1.66 c/ltr -
Diesel Car €28316  €5,598 1.19 c/ltr - €28316  €5,598 1.57 c/ltr -
BEV €21,490°  €5,5505 0.13¢/kWh  €29,241 | €10,041°  €5,5505 0.13¢c/kWh  €3,843
PHEV €31,450°  €5,455 0.81 c/Itr €10,542 | €14,695  €5,455 1.05 c/ltr -

" Price includés government grant of €5,000 tow&ul® Electric Vehicle purchasing
Price includes government grant of €2,500 tow&idg in Hybrid Electric Vehicle purchasing

Table 2: Multi-Model Approach

M odel Approach Output
Irish TIMES Optimisation Technology Pathway
CarSTOCK Simulation Policy Roadmap
- Ex-post & ex-ante analysig Enabling Policies

Table 3: Flow of Technology Pathways to Enablingastees

Technology Pathway ,

Policy Roadmap

Enabling Measures

Reduced Fuel
Intensive Use

Efficiency
Improvements

CO, Regulation + Car
Tax

Increased
Biofuels Use

Renewable
Transport Targets

Biofuel Obligation
Scheme

I e e e e

Increased EVs
Penetration

Electrification of
Transport

Incentives to Shift
Preference




Highlights

* We create an integrated energy technology & pditglysis of Ireland’s LDV sector
* A multi-model approach is combined with an ex-parsdl ex-ante analysis of policies
» Results identify technology pathways, policy roagmand specific policy measures
» Efficiency measures and biofuel blending alone texan 18% decarbonisation
» Electric vehicles or drop-in biofuels are needadds% decarbonisation by 2050



