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Agenda s, €) E4tech  [HRR

HEIDELBERG

Introduction, background and objectives of the meeting [09:00]
Overview of the developed methodology [ifeu, 09:30]

Overall LCA results [Ricardo, 11:00]
Results and comparisons for lower medium cars
Results for other vehicle types

Coffee, 10:45

Lunch, 12:30
Results for energy chains [ifeu / E4tech, 13:30]:

Electricity chains [ifeu]
Liquid and gaseous fuel chains [E4tech]
Overall LCA sensitivities [Ricardo, 15:00]

Other assumptions and general Q&A [Ricardo, 16:15]

Coffee, 15:00

Initial conclusions & recommendations and wrap-up [Ricardo, 17:00]
Close, 17:30
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Introduction, background and objectives of the meeting [09:00]

Why are we interested? Combination of changes in the regulatory

environment, as well as the uptake of new fuels and powertrains

Historical; CO, Biofuels Increase in XEV Future
Regulations deployed; RED Deployment Developments

Passenger Car: -10%-0 -100%

ILLUSTRATIVE
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: Inventories,
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o

Tailpipe ICE (+10% ICE
counted as bio)
zero for bio _—
component Tailpipe Only
for GHG
inventories

m Vehicle Use
¥ Vehicle Use (CO2 Regs)

Source: Ricardo Vehicle LCA analysis (2020) for average EU lower-medium passenger car: Assumes lifetime 225,000 km, real-world fuel consumption. GHG from fuel/electricity consumption is based
on the average fuel/grid electricity factor over the life of the vehicle (Baseline scenario); Calculated 147 kgCO2e/kWh battery in 2020, 85.5 kgCO2e/kWh in 2030. Includes EoL recycling credits.
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Introduction, background and objectives of the meeting [09:00]

The overall project aim was to develop and apply LCA methodology | |IHR
across arange of road vehicle types, powertrains and energy chains

Start: June ‘18 Current progress ’ End: Feb ‘20
Task 1 Literature Task 2 Task 4 Task 5 General
review and data Methodological Application of conclusions and

collection Development the LCA reporting

* Desk review * Methodological « Framework design  + Analysis of outputs

- Data collection scoping _ « Application of and develépment

* Main methodological methodologies of Condug!ons

development

« Spatial considerations * Mod_el QA/QC ) Prepa;ratiogn of
. Tempora| b ReV|eW I‘eSU|'[S repor S =
considerations * Presentation to

stakeholdeérs

Task 3 Stakeholder consultation

« Targeted interviews and data gap-filling; Delphi survey on the methodology; Data validation
» Meetings and workshops: (1) Methodology (25/02/19), (2) Draft findings and conclusions -
* Peer review *

The majority of work is now completed, with the methodology (developed in
consultation with experts) implemented and draft results being assessed:

Workshop 2 (16/01/20): Presentation and discussion of draft findings

Draft report (pending): Summary of the project work including refined and finalised
methodology, summary and discussion of the results from application, etc.
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Introduction, background and objectives of the meeting [09:00]

How are LCA studies used by the automotive industry and others?
Studies are formulated based on a complex range of criteria, data... RICARDO

Overview key LCA considerations

1
" : : °
Study Subject & Functional Unit E.g. spec_lflc vehicle, or generic example~
total impacts, or impact per vkm or tkm?

System Boundary

(QS 1,»_—,_; It is also good to note
Fuel Production what has been excluded

Assessment of environmental from the anaIyS|S

Boun d ary impactof producing the energy

vector(s) from primary energy
source to distribution

(Academic /
Policy /
EPD)

v
o —— ;
Inputs, % e 5
Assumption S Vehicle Production Use End-of-Life
& UG A mpactof poducing the - elbipe O flem ering impaciaf -end o fe" scenaro,
vehicle from raw materials to - Impact from m'aiptenance including re-using components,
complete product and servicing recycling materials and landfill
Environmental Impact
Input Data Key Assumptions LCI Datasets P
Factors
Primary vs. Lifetime Mileage [km]
Secondary Low Carbon Fuel use and Ecolnvent Global Warming Potential
4 Electricity GHG intensity (GWP) [tCO2e],
O [kgCO,e/kWh] (also many Cumulative Energy
/ ‘ Battery embedded GHG factor choices within Demand (CED),
e [kgCO,e/kWh or kg CO,e/kg] these...) Human Toxicity, etc.
2020 — 2030 — 2050
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Introduction, background and objectives of the meeting [09:00]

The vehicle LCA study will consider environmental impacts over the
whole life of the vehicle

Vehicle Life Cycle

-to- is - I
Well to-Wheel (WTW) Analysis ° “M . Studv Boundarv:
Life Cycle Assessment of the fuel or I . I.l~ UL 2D 2l
electricity used to power the vehicle I (ﬁ" ]zl.(..f Analysis of the whole vehicle life
| o lifecycle including embedded
Vehicle cycle “Embedded” I Fuel & Electricity emissions from vehicle production,
emissi.ons re'sult. from from vehicle | Production . maintena_tnce a_n(_j_servicing, and end-
production; fluid, filter and component I of-life activities, and WTW
replacement during life; and end-of- | ~ Assessment of (WTT) . (WTT+TTW) emissions from
life activities. A “cradle-to-gate” LCA environmental impact of proQucmg production and use of the fuel /
study may only consider vehicle or I the energy Vector(st) from Em]rcnary energy in operating the vehicle, and
. l energy source to point o . ) .
component production g distribution (e.g. refuelling station) non-fuel emissions
I l
I
| B SE N
. . | . .
Vehicle Production | Use/Operation End-of-Life
Assessment of ‘Cradle-to-Gate’ . | - Environmental impact of driving Adds assessment of environmental
environmental impact of producing | : L (TTW emissions) impact of “end of life” scenario (i.e. -
the vehicle including extract of raw | “*"#s=2=s to-Grave). Can include: re-using or
materials, processing, component - Impact from maintenance and re-purposing components,
manufacture, logistics, vehicle servicin recycling materials, energy
assembly and painting g recovery, and disposal to landfill

Transport Infrastructure Not Included in this study’s scope
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Introduction, background and objectives of the meeting [09:00]

It isn’t all about Greenhouse Gases — other impacts and factors also

influence the overall comparisons of impacts...for example: RICARDO
Primary Energy Air Quality Pollutants
TR T L How much / what N - Emissions impacts
types of source? I vary by:
‘ : i — Powertrain
* What is the most T _
efficient use of = Ll — Lifecycle stage
renewables? .’ — Location
-~ BEV = 1x « Can influence
~ FCEV =~3x e == conclusions

— eFuel =~bx

Resources

 Availability of key
L| Co N|
Lithium Cobalt Nickel

materials for
batteries, motors

Other Impacts
* Ozone Depletion

* lonizing Radiation
A * Human- and
Eco-Toxicity

* Etc.

250,000

- Biomass supply for

iiﬁﬁii I ‘ ‘ bioenergy and
S other uses

+ Water consumption

Material Required [tonne:

0
2015 2020 2025 2030 2035 2040 2045 2050
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Introduction, background and objectives of the meeting [09:00]

What kind of LCA are we considering? Itis important to realise that
LCA is carried out for different purposes — affecting methods/data

* Intended audience: wider academic and research
community

Academic * Primary interest: the creation of knowledge
* Results may be published in technical journals
- Subject may be real or hypothetical/generic

* Intended audience is policy makers and academics

* Purpose is to aid understanding of potential
implications for policy development

+ Impact of product/service within wider social system
- Subject may be real or hypothetical/generic

* Intended audience is customers and general public

_ - Purpose is the quantification of impacts of
=alAlgelalnnl=glzl8  manufacturer’s specific products

Reporting - Certified to conform to LCA standards, e.g. ISO, PEF

* Results usually in Environmental Product Declarations
(EPDs) or Corporate Responsibility Reports

ED11344 Ricardo Energy & Environment in Confidence 16 January 2020 © Ricardo-AEA Ltd 9



Introduction, background and objectives of the meeting [09:00]

We have identified over 300 relevant documents which were
screened during the literature review process

Interest by Topic Area

Passenger Car
347 Small Truck / Van

Literature Review Dashboard

are LCA studies Other Vehicle Type

datasets

H
. . (8]
papers & reports identified o Rigid Truck W There are many
'q_) Articulated Truck W more LCA studies
S Bus 1N on passenger cars
228 84 : S Coach than trucks and
Have very detailed > i buses
0

50 100 150 200 250 300 350

Conventional ICE

Geography C > HEV
S o
- S O PHEV
= 0
5 € BEV
3 f'_; FCEV BEV vs. conventional ICE
Q- Other is a popular LCA topic
0 20 40 60 80 100 120
Gasoline
Rest of World — 46 papers Diesel
Biofuel
Natural Gas
i >1 hical reai Bio-Methane
Some papers considered >1 geographical region = Electricity
S Hydrogen
LL Other Fuel ;
Fuel if Other Only a fe\év stIL:JduTs ha\clie
. . . RFNBO assessed ‘eFuels’ an
The LCA literature database is non-exhaustive and Carbon Recycling Fuel It T il fuel
does not contain a complete list of all automotive LCA Alternative Fossil Fuel alternative 1ossil fuels

studies

o
N
o

40 60 80 100 120
Number of Publications
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Introduction, background and objectives of the meeting [09:00]

The collected literature covers all vehicle life cycle stages and [ = <
relevant impacts, with a focus on more recent publications

Literature Review Dashboard

Number of studies by publication year Interest by Life Cycle Impacts

80

Literature searches
prioritised more recent 75

GHG / GWP
60

publications

Air Quality

50
40 43 g
. =
24 22 Costs
o I

Before 2010 2011 2012 2013 2014 2015 2016 2017 2018 Unknown

2010 o Energy
Publication Year

Interest by Life Cycle Stage Toxicity

140

120 Land Use Change
100

80

60 Water consumption

2 .

20 - Resource depletion
0 R

Vehicle / Fuel Vehicle Use Maintenance End-of-Life Infrastructure other
Component Production (TTW) & Servicing 0 50 100150200250
Production (WTT) Number of Publications
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Introduction, background and objectives of the meeting [09:00]

The project is covering a range of vehicle types, powertrains and [ = <
energy carriers, and utilising a modular approach to define

/characterise generic vehicles and to estimate changes 2020-2050

Articulated

‘ Urban bus ‘ Coach
lorry

Body type: ‘ Passenger car ‘ Rigid lorry ‘

Gasoline ICEV
Diesel ICEV
CNG ICEV
LPG ICEV
LNG ICEV
Gasoline HEV
Diesel HEV
Gasoline PHEV/REEV
Diesel PHEV/REEV
BEV

FCEV

FC-REEV

Diesel HEV-ERS
BEV-ERS

Note: * Based on EU registrations-weighted averages for: Lower Medium = defined as segment C vehicles (e.g. VW Golf) and medium
SUVs (e.g. Nissan Qashqi); Large SUV = Large SUVs / Crossovers (e.g. BMW X5, Land Rover Range Rover, Volkswagen Touareg,
Volvo XC90, etc.).

ED11344 Ricardo Energy & Environment in Confidence 16 January 2020 © Ricardo-AEA Ltd
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Introduction, background and objectives of the meeting [09:00]
This study’s broad scope has rarely been attempted before — we R
need to streamline our approach RICARDO

Scope of our study vis-a-vis reference studies Level of coverage and detail

—e—Our Study =-#=-THELMA —# -JECWTW —4— GREET Options for LCA coverage, detail

With so many degrees
of freedom, we need

Temporal variation No. vehicle types

(-2050)
to manage both
complexity
No./detail on No. powertrain and coverage
electricity chains types
No./detail on fuely’ = Vehicle
chains Prod./Use/EoL

Future
This Work

Project

Source:  Xxx

ED11344 Ricardo Energy & Environment in Confidence 16 January 2020 © Ricardo-AEA Ltd
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Introduction, background and objectives of the meeting [09:00]

The developed methodology was applied to generate results and
conclusions for the project, and recommendations for future work

General conclusions
and reporting

Output Results
Outputs

_ Application of the
|$ Key interfaces 9 9 LCA methodology
» Vehicle «
Indirect interfaces Specification,
/llinks Production, ..
Fuel Use and EoL Electricity

Chains — Chains
t—l 1 __g

Generic LCA dataset, incl. temporal dvelopment of materials provision, etc.

- - - -

Underlying background LCI / materials data base(s) (ecoinvent, GREET, etc.)

Source:  Xxx

ED11344 Ricardo Energy & Environment in Confidence 16 January 2020
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Introduction, background and objectives of the meeting [09:00]

Considerations for the meeting presentations |R

The study has provided a huge set of output data: we can only provide some examples
/ highlights in today’s meeting

More information will be in the final report, but even this will only sample the full data

We will provide an overview of some key findings, subject to a number of caveats:

Results from LCA provide useful indications subject to definition of boundary conditions,
data and process uncertainties, and pursued finality:

Many variables, uncertainties in key datasets
Alternative choices on scope, boundaries, other methodological aspects
All results presented should be viewed as indicative due to uncertainty

Data gaps / uncertainties vary by area: results in some areas or subsets are more robust
than others — further future work needed in key areas

Methodological choices, particularly for fuel chains, significantly impact results compared
to existing LCA analyses

The modelling calculation development is finalised; whilst results are in draft,
subsequent revisions are unlikely to change them significantly

Study outputs do NOT represent updated methodologies nor new default values
intended for regulation

ED11344 Ricardo Energy & Environment in Confidence 16 January 2020 © Ricardo-AEA Ltd



Agenda s, €) E4tech  [HRR

HEIDELBERG

Introduction, background and objectives of the meeting [09:00]
Overview of the developed methodology [ifeu, 09:30]

Overall LCA results [Ricardo, 11:00]
Results and comparisons for lower medium cars
Results for other vehicle types

Results for energy chains [ifeu / E4tech, 13:30]:
Electricity chains [ifeu]
Liquid and gaseous fuel chains [E4tech]

Overall LCA sensitivities [Ricardo, 15:00]
Other assumptions and general Q&A [Ricardo, 16:15]

Initial conclusions & recommendations and wrap-up [Ricardo, 17:00]
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Determining the environmental impacts of conventional and alternatively fuelled
vehicles through Life Cycle Assessment

Overview of the methodological choices

Albert Borchette Center, Brussels, Belgium — 16 January 2020
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Key criteria for methodological choices

o Compliance with goal and scope

e Practical feasibility for application

e Relevance of overall impact

e Appropriateness for the object of investigation

o Suitability for spatial and temporal differentiation

e Transparency

Methodology aims for high consistency over all stages

® 18 Hinrich Helms ® 16.01.2020



Methodology development

Choices are based on ...

Number of Papers and Reports in
Literature Database

© Edtech

Extensive literature review
Initial methodological proposal

Two rounds of stakeholder
Delphi survey

Stakeholder workshop in
Brussels on February 25th,
2019

Finalisation of methodological
proposals in an Interim report

All choices are supported by a
majority of stakeholders

® 19
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High level methodological considerations

Goal and Scope

Functional unit and system boundaries

LCA approach and multi functionality

End-of-Life approach for vehicles

Impact categories

Specific considerations for different lifecycle stages
- Vehicle specification and production

- Fuel chains and electricity generation

20

Hinrich Helms
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Goal of this study

The aim of this study is

o to develop and apply a life-cycle assessment (LCA) methodology to explore
different environmental impacts across a range of road vehicle types, powertrains
and energy chains

® to enhance the Commission's understanding of such impacts and methodologies
and

® to assess the further development for the mid- to long-term time frame (2020 to
2050).

The intended audience is foremost the European Commission and
associated policymakers, but the results of the study will also be of
interest to other stakeholders

e 21 Hinrich Helms ® 16.01.2020



Scope of this study — Vehicle product systems

50 vehicle/power train combinations have been analysed:

Convential ICE

HEV

PHEV

BEV

FCEV

OtherPowertrain Technology Architecture

Other (details)

0 20 40 60 80 100

Number of Publications

Typical Single-
Deck, 24 t GVW

120 i

Number of Publications

e 22
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Scope of this study — Geographical / Temporal

Geographical Scope is EU28 (electricity splits for all EU countries)

Temporal scope today (2020) as well as 2030, 2040 and 2050:
Changes in vehicle energy demand which are mainly due to an increased efficiency
Changes in the European electricity mixes (reflecting decarbonisation)

Changes in the fossil and renewable fuel supply
(new fuels or new fuel production processes)

Changes in vehicle manufacturing (different materialisation of the vehicles, different
vehicle weight, improved production processes and higher recycling rates)

Changes in the impacts from material production or recycling due to improved
processes and decarbonisation of the used energy

23 Hinrich Helms 16.01.2020



Functional unit

The functional unit is defined by vehicle size/utility

Technical compari of vehicle/powertrain variants which are
similar irf(size and utility

— defined by the vehicle type, size class (e.g. GVW) and potentially
segment (for passenger cars)

Same average/typical use characteristics of different vehicle types
and segments are considered for all powertrain options

— In practice these may be affected by factors such as driving range,
maximum speed and cost situation (including subsidies)

— Lack of broad evidence for new powertrain concepts (esp. heavy
duty vehicles) and for early adopters

— Focus on technical potential, but acknowledgement in qualitative
discussion

— Variations of use characteristics as part of sensitivity analysis

24 Hinrich Helms
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Functional unit

Most common functional units on vehicle level

vehicle life Conversion with life-time mileage
vehicle kilometre

: Conversion with utility factor
Passenger/tonne kilometre

Results today are presented as v-km (passenger) and t-km (goods)

For transparency reasons, interim results are also stated per:
MJ of final energy for liquid and gaseous fuels
kWh,, of electricity (including grid and transmission losses)
Vehicle delivered to the end-user for vehicle production
kWhj, for batteries within a vehicle
kg of material

25 Hinrich Helms 16.01.2020



e
System boundaries

Whole life cycle of the vehicles themselves, from manufacturing over

Well-to-Wheel (WTW) Analysis - .
I nfra St ru Ct u re fo r Life Cycle Asses(sment)of the );uel or -] .5 “ML M
electricity used to power the vehicle «il‘ ]K"(: . Analysis of the whole vehicle life
. T - lifecycle will include embedded
. . Vehicle cycle “Embedded” Fuel & Electricity emissions from vehicle production,
o ve h |C|e p rOd u Ct 10 n’ emissions result from from vehicle . Production # maintenance and servicing, and end-
production; fluid, filter and component of-life activities, and WTW
replacement during life; and end-of- ~ Assessmentof (WTT) . (WTT+TTW) emissions from
. . life activities. A “cradle-to-gate” LCA : ‘:L‘Z";”;‘;?Sﬁég&iﬂgﬂgrgr‘ijrl:gnryg production and use of the fuel /
[ C h a rgl n g/FEfU e I I I n g e . energy source to point of . iy II;gﬁi::r”;%ﬁzzi\éizlde' and

component production distribution (e.g. refuelling station)

e and roads |

eXCIUded. | Vehice Prodction

¢ Assessmentof ‘Cradle-to-Gate’
| 2| environmental impact of producing

F u e I/E I ect ri cit -1 the vehicle including extract of raw | =%t
y | materials, processing, compgnent * Impact from maintenance and ) -

] manufacture, logistics, vehicle senvicing recycling materials, energy :

assembly and painting recovery, and disposal to landfill :l

included

End-of-Life

¢ Adds assessment of environmental

| impactof “end of life” scenario (i.e. - | :
to-Grave). Can include: re-using or |
re-purposing components, :

Use/Operation

+ Environmental impact of driving
(TTW emissions)

® 26 Hinrich Helms ® 16.01.2020



General LCA Approach

Following ILCD Handbook:

Situation A used for a micro-level Situation B supporting a decision on a

decision support macro-level

— Structural changes are not likely to — Major and large-scale changes of the
occur production system

— Attributional model with current
supply-chain recommended

Model as situation A and then take a closer look at parts of the
lifecycle identified as being affected by large-scale changes, e.g.
— Additional electricity demand from EVs considered

— Higher process efficiencies through economies of scale

— Decarbonisation of materials

— Consequential LCA and counterfactual scenarios for secondary feedstocks

27 Hinrich Helms 16.01.2020



Multi functionality

Generally following the three step hierarchy defined by the ISO
standard:

e Subdivision of the product system into mono-functional single operation unit
processes

e System expansion to include the function of the co-product or substitution (credit
for the supplied co-product)

o Allocation according to preferably physical or other parameters of the co-products

Multi-functional processes most relevant for the electricity and fuel
chains and application will be described in more detail later

® 28 Hinrich Helms ® 16.01.2020



End-of-life methodology for vehicles

A hybrid approach was used in order to acc( PEF formula adds accounting

situations in respect to recycled content an(  forimpacts /benefits of
(energy) recovery

kg CO, per kg material

PEF formula adds material
‘guality’ factors to account for
differences in input material
quality and output recycled

material ,
29 rinrich Helms 16.01.2020

7 . |
| Primary . Scrappage Waste Credit |
|  material . \ —is treatment byproducts :
I 8 —

I 2020 . Recyhng Credit |

I ; . primary |

- rate Recylin

| e e D material |

: Credit for difference 2035 :

| B R e e
Ty ; Recycled :
material , content I
2005 l '
I |
l- |

PEF formula adds allocation of
Ye: benefits between recycler and
supplier of recycled materials




End-of-life methodology for vehicles

For the majority of materials with even balance between use recycled
content and recycling rate this approach converges with a cut-off approach
This suits the policymaker’s viewpoint, since environmental burdens are
mostly accounted for when they actually occur

For materials where the recycling rate (current or projected future rate)
significantly exceeds the content of secondary material this approach
converges with an avoided burden approach

This does justice to materials for which the automotive sector is a net
recycling contributor

Consistent with the circular footprint formula proposed in the
battery PEFCR (Product Environmental Footprint Category
Rules)

30 Hinrich Helms 16.01.2020



Environmental impact categories

Current LCA literature mostly uses midpoint categories and has a clear

focus on climate change

Project demands a broad scope of impacts...

GHG/ GWP

Air Quality _
Costs -
energy |
Toxicity -
Land Use Change -

Water consumption -

Resource depletion -

50 100 150 200
Number of Publications

o

250

® 31
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Environmental impact categories

Use of commonly established midpoint indicators to (a) reduce
uncertainty and (b) increase compatibility with policy making

All categories from the PEF guide have been considered:

e For some categories diverging LCIA approaches were chosen because the
PEF categories employed a mixture of mid- and endpoint methods

e This concerns acidification, eutrophication and particulate matter, where
more established midpoint categories have been used instead

Additionally, some aggregated inventory results are given
— Main greenhouse gases (e.g. CO,, CH,, N,O)
— Main air pollutants (e.g. NO,, PM,,)
— Energy demand

® 32
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Environmental impact categories

Impact category
Climate change

Energy consumption

Acidification

Eutrophication
Photochemical ozone formation

Ozone depletion
lonising radiation
Particulate matter

Human toxicity, cancer and non-
cancer

Ecotoxicity, freshwater

Resource depletion - minerals
and metals

Resource depletion — fossil
energy carriers

Land use
Water scarcity

Abbr.
GWP

CED

AcidP
EutroP

POCP

ODP
IRP
PMF

HTP
ETP_FA

ARD_MM

ARD_FE

LandU
WaterS

Indicator and unit
Greenhouse gas emissions GWP100 in CO, eq

Cumulative energy demand in MJ
(fossil, nuclear and renewable)

Acidification potential in SO, eq
Eutrophication potential in PO,* eq

Photochemical Ozone Creation Potential POCP in
NMVOC eq

ODP inR11 eq
lonising radiation potentials in U235 eq
Particulate matter formation in PM2.5 eq

Comparative Toxic Unit for Human Health in CTUh
Comparative Toxic Unit for ecosystems in CTUe

ADP ultimate reserves in Sb eq

ADP fossil in MJ

Land occupation in m* *a

Scarcity-adjusted water use in m®

33
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Specific considerations for
different life-cycle stages



Specific considerations for vehicles

General approach to vehicle specification:

Definition of EU average mass and material composition for baseline ICE
representative vehicle body types normalised to current market averages

Baseline performance assumptions for conventional powertrain types based on
current models

Variations for different powertrain types based on defined sizing /composition of
key components

Use of scaling factors to define sizing of key components for alternative
powertrains

35
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Specific considerations for vehicles

Modular approach used to define /characterise generic vehicles

| 1cev | icev | Hev | HEV | PHEV | BEV | BEV | FCEV|

Component Liquid | Gaseous
Glider

Trailer system
Engine
Transmission
Exhaust system
Aftertreatment

Fuel tank

Gaseous fuel storage

Motor

Battery (traction)

On-board charger

Power electronics (2)

XEV Transmission

Pantograph for dynamic charging system

Fuel cell system

H2 storage

Note: (1) Only if dual/bi-fuel; (2) Includes: Inverter, Boost converter, Power control unit, Wiring harness, Regenerative braking system, HVAC heat-pump

® 36 Hinrich Helms ® 16.01.2020



Specific considerations for vehicles

General approach to vehicle production

Background: Use of generic database ecoinvent for material production
with additional estimate of future changes in material production impacts
(decarbonisation as global average, some regional production assumptions)

Foreground: Differentiated material compositions, material losses, process
energy and auxiliary materials for generic vehicles in a modular way

— Accounting for future changes in material composition of vehicles (e.g.
light-weighting) and energy density or different cell chemistry of batteries

— Electricity splits for vehicle assembly based on EU production and import

— Electricity split for cell manufacturing regionalised and projected
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Specific considerations for vehicles

Derivation of operational behaviour:

Development of real-world profiles for EU average use and estimation of energy
consumption by road type based on speed-energy consumption curves

Simple dynamic adjustments based on change in vehicle mass (e.g. varying battery
mass or vehicle loads)

Tailpipe emissions of CO,, SO, based directly on carbon and sulphur content

Other emissions (including non-tailpipe) based on existing inventory methods
(mainly COPERT) for Euro 6d / VI standards

Age-dependent activity (annual km) profile based on the most recent evidence and
modelling, calibrated to total lifetime activity/years
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Specific considerations for fuel chains

Intermediate functional unit defined as 1 MJ of final fuel

Other elements included in the scope of LCA for fuels are:
Impacts from capital goods were included in all fuel chains

Processing input energy (e.g. grid electricity, natural gas, biomass, heat) required
for processing fossil or biogenic feedstocks into transport fuels

In the specific case of fossil fuels on-site venting/flaring was included

Counterfactual scenarios were used to evaluate the impact of diverting secondary
feedstocks into fuel production

Direct and indirect land-use change emission and Soil Organic Carbon emissions
were accounted for in the primary biogenic fuel chains

Crude refining was modelled by ifeu using allocation, other co-products in fuel
chains are addressed via substitution
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Specific considerations for fuel chains

Schematic representation of overall Life Cycle Analysis (LCA)
process implemented for fuel chains

—_———,—,————— e —— —

i System Boundaries (Scope and Goal)

|
|
|
I |
I |
i Inputs !
: 1 1 1 1 1 1 :
I |
| |
| |
| d Storage & i
A=) Extraction |==| Processing |w=p- 7 g |
W ransport | |
: 1 1 1 | |
| |
| |
| 1 l 1 |
| |
: [ Outputs ] |
: | | :
R o ("Main Fuel |- = 1 MJ of final fuel
W
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Use of the ifeu Umberto model for
electricity generation

Intermediate functional unit defined as 1 MJ (or 1
kWh) electricity delivered to the grid

Includes basic raw material upstream processes
and power plant types

Allows for a flexible approach to different
electricity splits and scenarios

The combination of all the individual parameters e
leads to 3,250 single data sets f

Post processing includes transmission &
distribution losses
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Specific considerations for electricity generation

System boundary includes capital goods for infrastructure and
plants, waste disposal and distribution losses

Input: fossil & mineral resources, water, land

_______ . © @

Capital goods:
infrastructure and plants

Upstream Conversion:

]

r 1
]
I
1
1
I
1
1
1
I
]
1
]
I
1
o H
chains: fuels power plants :
1
I
1
1
]
I
1
1
I
1
1
1
I
1

system boundary

-

Waste
disposal

Output: air & waterborne emissions
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Overview of the developed methodology [ifeu, 09:30]

Summary of methodological choices

Issue Approach used in LCA study

Goal

Product
system(s)

Functional unit
and reference
flows

System
boundaries

LCA
approaches

End-of-life
modelling  for
vehicles

Impact
categories

LCI
background
data

Enhance the European Commission's understanding of impacts of transport
vehicles on a quantitative basis.

Six different types of road vehicles (light and heavy duty) with twelve different
powertrain options have been analysed (in total 50 combinations). Furthermore
different fuel and electricity chains potentially applicable to the analysed vehicles
have been included in the analysis.

Technical comparisons of vehicles similar in size and utility, which are defined by
the vehicle type, size class (e.g. GVW) and potentially segment (for passenger
cars). Vehicle kilometre is the key reference flow for total results, additional units
are possible and used for intermediate results.

Whole life cycle of the vehicles themselves, from manufacturing and fuel/
electricity production to the use phase (including maintenance) and the end-of-life.
Additionally capital goods for energy production (electricity and fuels) are included.

Overall a consistent attributional approach, considering certain consequential
element where appropriate.

Hybrid approach in accordance with PEFCR for batteries combining aspects of
cut-off and avoided burden approach.

Impact assessment based on commonly established midpoint indicators covering
greenhouse gas emissions, acidification, eutrophication, summer smog, ozone
depletion, human toxicity, eco-toxicity, resource consumption, land use, and
freshwater consumption.

For the background system ecoinvent has been largely used as a transparent and
established data base. Furthermore assumptions on decarbonisation of materials
production have been made.
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Results and comparisons for lower medium cars

Introduction to Overall Results: |R
Achievements, strengths and general findings

A harmonised/consistent comparison of the environmental performance of a sample of
vehicles has been developed for all stages of the vehicle life-cycle:

Good comparability of overall results
Novel methodological development in key areas — particularly to account for future
changes in impacts key materials and energy chains, and vehicle mileage

A key benefit of this study was to concretely try certain methodological approaches and
see whether this worked/could be applied in practice and how these impact the results

Accordance with the general principles of ISO and also other important guidelines
(PEF, ILCD) were mostly established

Stakeholder consultation / engagement predominantly favoured the chosen approaches
and on many issues there was almost a consensus on the methodological choice

Results for a broad scope of products and environmental impacts have been derived on
a largely comparable and robust basis
Proves the general feasibility of the developed concept and approach

Provides a robust evidence base to help dispel common myths, highlights areas of
greater variation / uncertainty, indicates potential environmental hotspots
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Results and comparisons for lower medium cars

Introduction to Overall Results: |R
Uncertainties, caveats/limitations and data gaps

LCA is inherently imprecise/uncertain. The broad scope of the study has also led to
trade-offs with level of detail and accuracy in certain areas

Results are for generic vehicle types, which provide a good basis for further policy
decisions and can be assumed to be valid for a representative sample of such vehicles
Validity for specific single vehicle models is naturally limited
Comparisons with more novel fuels/blends needs improved data/methodologies
Considerably less data/literature is available for certain vehicle types (mainly lorries and
buses) and powertrains/fuels (especially e-fuels and alternative fossil fuels)
This may lead to higher uncertainties for these vehicles/energy types
Broad scope of considered environmental impacts likely leads to differences in data
robustness between these impacts due to data uncertainties and asymmetries
Care should be taken in result interpretation, especially for less common/established
impacts (and especially for more novel fuel types)
Some methodological areas subject to greater debate and could be further investigated:

the extent and application of consequential modelling, end-of-life-modelling as well
as the relevance of charging/refuelling infrastructure
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Results and comparisons for lower medium cars

Introduction to Overall Results: [ = 4
Overall assessment of the application and results

Again: results of LCA inherently have uncertainties, so view the presented results using this lens
Overall, results are based on a robust analysis, with key sensitivities appropriately explored

Results for certain fuel chains are more uncertain/require further consideration/qualification, due to
e.g. methodological differences to previous WTW analyses, poor/gaps in data for new processes,
counterfactual choices/assumptions, etc

Vehicle Q @ A range of sensitivities included to explore
Specification impacts on key inputs to understand uncertainty

Vehicle / Battery Q g Underlying materials / production datasets well
Manufacturing characterised; key sensitivities implemented
Electricity Q @ Strong data and methodologies/application; the
Chains main uncertainty is future electricity mix

Fuel g @ g e Some methodological areas need further
Chains consideration, data is poor for new processes

Key sensitivities implemented; other sensitivities
could be explored in the future (e.g. on climate)

@ EoL processes well defined; uncertainty on

future battery recycling and second life impacts

Vehicle / Battery
End-of-Life

Vehicle Q
Operation
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Results and comparisons for lower medium cars

Introduction to modelled scenarios |R

Modelling datasets used**

Transport by vehicle type:

Baseline scenario e % improvement in real-world MJ/km 2020-2050 by vehicle/powertrain type

including all currently

SEEEINEN planned/ e 9% share urban / non-urban driving by vehicle type
implemented EU and (average across timeseries)
national policies Electricity for EU28, individual countries:
_ _ e Electricity generation mix 2020-2050
Scenario consistent _ o _
with the EU e Generation efficiency by generation type, 2020-2050
contribution to e Transmission & distribution losses
TECHL1.5 BRI, 0 P‘?”S_ e Imports/exports
Agreement objective
of keeping global Fuels:
temperature increase e 9% substitution rate of conventional fossil fuels with biofuel/low carbon
to a max. of 1.5 °C fuels from 2020-2050, by fuel type
Electricity generation mix for EU28 (ElecGenMix, Baseline Sc) 100% 100% m Flec [Index 2020]
100% Others RES Baseline
0% et 80% 80% Elec [Index 2020]
e ' « / i ) 5 TECHL5
60% e 29 60% 60% 2 Petrol Substitution
2 50% s Gas+CCS S -‘% Baseline
40% o e 3 40% 40% _ === Petrol Substitution
30% ' c e
o xoi 0= S TECH1.5
10% L homaserees 20% 20% Diesel Substitution
e 2020 2030 2040 2050 ncoarees 0, 0, Base”ne
" coal 0% 0% = = = Dijesel Substitution
2020 2030 2040 2050 TECH1.5
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Results and comparisons for lower medium cars

General GWP results for Lower Medium Cars — impact by period [ = <
Lower Medium Car — Baseline Scenario, TECH1.5 (2050 only) @
GWP [gCO,e/vkm] GWP impacts significantly decrease with
O S0 100 0 200 =0 S0 alectrification level and over time
I ——— 768
By G e — In 2020, impacts of PHEV ~ BEV for
I 023 EU28 average
el o
O — TECH1.5 scenario << Baseline by 2050
I 176
SR 0 . Impacts of NG vehicles lower vs
vev.e ™ 2% petrol/_dlesel than previous analysis: due
I — - to particularly low WTT factors
D (see later slides on fuel chains)
| . .
PHEV-G 18 Long-term GWP benefits of FCEV rival
e T those of BEVs in TECH1.5 scenario
PHEV-D (based on higher share of H2 from
ey T 132 SMR+CCS and decarbonised electricity)
—
. Ew Additional information: 225,000km, 15 year lifetime.
FCEV —— 2020 BEV battery 58 kwh, 300km range, with av. lifetime
EU28 fuel/electricity mix (age-dependant mileage
w2020 2030 2050 2050 (TECH.15) weighted). No battery replacement needed for XEVs.
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Results and comparisons for lower medium cars

General GWP results for Lower Medium Cars — impact by stage

RICARDO

Lower Medium Car — Baseline Scenario B 5)
GWP [gCO,e/vkm] ¢ Manufacturing impacts reduce over time
P00 50 100 0200 20 S0 oy all powertrains: despite shifts in

2020 | 268 material mix (due to weight reduction)
2050 ' ) 217

2020 . AN— 223 ¢ XEVs: Impacts of both manufacturing and

G

D

, 2828 := 170 — operation energy substantially lower in
% 5050 — future periods due to elec decarbonisation
Q 2020 VHE — 176 — Despite increases in range/battery size
O 2050 [ . 143 —
, 2020 . B — Improvements I_ess S|gn|f|c_ant for

2050 I . 165 FCEVs in baseline scenario

2020 T e e

D
[

2050 Despite higher recycling rates, EoL credits

(] 142

PHEV PHEV HEV- HEV- ICEV- ICEV- ICEV- ICEV-

o 2020 N N 138 are lower in future periods as recovered
" 2050 I . 77 materials displace lower impact virgin
2020 N Nl 132 i

o materials
' 2050 'l W 75
> 2020 - I | 132
m 2050 I | 46 » : : _—
> 5020 e | 174 Additional information: 225,000km, 15 year lifetime.
) 2050 — | 105 2020 BEV battery 58 kWh, 300km range, with av. lifetime
= EU28 fuel/electricity mix (age-dependant mileage

®m Production ® WTT mTTW mMaintenance ® End-of-Life Total We|ghted) NoO battery rep|acement needed for XEVSs.
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Results and comparisons for lower medium cars

General GWP results for Lower Medium Cars — impact by fuel blend, |R
scenario RICARDO

Lower Medium Car — Fuel Blend / Electricity Mix tﬁ
GWP [gCO,e/vkm] Default = fossil fuel comparator
0 200 400
I G5O Relative impacts of different powertrain
N types are highly influenced by fuel and
BaseBlend 268 electricity chain / choice assumptions
g T The very best fuel chains rival the best for
M electric vehicles in terms of GWP, BUT
Best ;34 Not necessarily in other impact areas
I 467 Depends in some cases on the
Y OrS ! e — application of substitution or
Doray — 132 counterfactual methodology (for
i secondary feedstocks)
I 132 . . .. ]
BaseBlend = Biofuel chains may have limited biomass
- — supply potential
@ TLSBlend g Key materials for batteries and motors
— 7/ are also limited in resource/supply
Best -
I 331 Additional information: 225,000km, 15 year lifetime.
Worst - 2020 BEV battery 58 kWh, 300km range, with av. lifetime
EU28 fuel/electricity mix (age-dependant mileage
= 2020 2030 = 2050 m 2050 (TECH.15) weighted). No battery replacement needed for xEVs.
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Results and comparisons for lower medium cars

Relative impacts for Lower Medium Cars for air quality pollutant

emissions (CO, NH3, NMVOC, NOx, PM10, PM2.5, SOx)

Lower Medium Car — Baseline Scenario, 2020
Road transport is still responsible for
almost 30% of European NOx emissions

NOXx contributes to AcidP, EutroP,
POCP and PMF mid-point impacts

Electrified, electric and CNG vehicles
generally all reduce lifecycle emissions of
all the major AQ pollutants

Benefits increase in future periods

EEA (2020), transport contribution to air main pollutants in Europe

100% MNon-transport sectors

I Intermational aviation
B Domestic aviation
. International shipping
80% B Domestic shipping
B Railways
B Road transport, non-
i exhaust
80% Road transport,
- exhaust
40%
— Road
0% =— - R Transport,
— ——— /
0% Non-
CcOo NM- NOx PM10 PM2.5 SOx Exhaust
VOC

Source:

ED11344

Ricardo Energy & Environment in Confidence

o)

2020

Reference powertrain
===-|CEV-G [2020]

—0— |CEV-D 150% co Lower Medium Car
ICEV-LPG 125%
—3—ICEV-CNG SOx H00% < NH3
HEV-G 3 -
—0— HEV-D
PM2.5 NMVOC
—e—|CEV-D 150% Lower Medium Car
PHEV-G 125%
—3— PHEV-D SOx 100% o~Q NH3
_o75% Sso
BEV
—6— FCEV
PM2.5 NMVOC

AcidP = Acidifying Potential, EutroP = Eutrophication Potential, POCP = Photochemical Ozone Creation Potential, PMF = Particulate Matter Formation
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Results and comparisons for lower medium cars

Relative impacts for Lower Medium Cars for the most significant [ = <
mid-points for transport by powertrain

Lower Medium Car — Baseline Scenario Reference powertrain ﬁ
Impacts are indexed to ICE-Gasoline == =-ICEV-G [2020] GWP 2020
2020 reference powertrain performance *':E’(S 160% rower Medum cat

Impacts for ICEV-D are significantly —%—PHEV-G ~WaterS CED
higher for both POCP and PMF BEV
(NOx contributes to secondary PM) —é—FCEV
Hotspots for XEVs in ARD_MM mainly due ARD_MM POCP
to electronics and copper in batteries
(not Cobalt / Lithium = v.small masses)
HTP PMF
Hotspots for xEVs in HTP mostly due to  ___. cev.6 120201 2050
copper from the battery anode current —e—ICEV-G Leoo VP Lower Medium Car
collector HEV-G T20%
L : —3—PHEV-G WaterS CED
Copper in wiring and motor contribute By
to a much smaller extent (<20%) o FCEV
WaterS impacts increase for FCEV 2020- 5OCP

2050 due to higher share of H2 production
by electrolysis in later periods
HTP PMF

Source: GWP = Global Warming Potential, CED = Cumulative Energy Demand, POCP = Photochemical Ozone Creation Potential,
PMF = Particulate Matter Formation, HTP = Human Toxicity Potential, ARD_MM = Abiotic Resource Depletion, minerals and metals, WaterS = Water Scarcity
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Results and comparisons for lower medium cars

Relative impacts for Lower Medium Cars for the less significant mid-

points by powertrain

Lower Medium Car — Baseline Scenario
Other impact mid-points appear variable;
only some are significant for transport:

Impacts for ICEV-D are significantly
higher for both AcidP and EutroP (NOx
also contributes to both mid-points)

Note: Presented vs 100% fossil
comparator, and not blend
(unusual —ve LandU results otherwise)

Higher relative ODP mainly from biomass
/coal generation, but ODP impacts are not
significant overall for road transport

Higher relative freshwater ETP due mainly

to battery materials: copper in the anode,
nickel sulphate cathode precursor, and
electronics in the battery periphery

Higher relative LandU impacts from
electricity: biomass >> wind > solar

Source:
ARD_FE = Abiotic Resource Depletion, fossil energy, LandU = Land Use
Ricardo Energy & Environment in Confidence

ED11344

Reference powertrain ﬁ
=-==-|CEV-G [2020
[2020] GWP 2020
—o— |CEV-G 250% Lower Medium Car
HEV-G 200%
——PHEV-G LandU 150% AcidP
BEV
—6—FCEV
ARD_FE EutroP
ETP_FA ODP
-==-|CEV-G [2020
12020] GWP 2050
—o—|CEV-G 200% Lower Medium Car
HEV-G 150% _
—%—PHEV-G LandU g AcidP
BEV
—6—FCEV
ARD_FE EutroP

ETP_FA ODP

GWP = Global Warming Potenital, AcidP = Acidifying Potential, EutroP = Eutrophication Potential, ODP = Ozone Depletion Potential, ETP_FA = Freshwater Aquatic Eco-Toxicity Potential,
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Results and comparisons for lower medium cars
9 Breakdown impact by powertrain and stage [ = <
— Cumulative Energy Demand, CED

Lower Medium Car — Baseline Scenario ﬁ
CED [MJ/vkm] CED significantly reduced/improved for
-0.5 0.5 1.5 2.5 35 4.5

more efficient powertrain types:

> 2020 I 3.3 I40
UL_JJ O L oso - = 133 Results for 2030 are closer to 2050 values
T o 2020 NN 2.6 33 Results for most xEVs similar for 2020,
2 200 - = i27 but diverge in later period
58 2020 — - I35 ut diverge In later periods
== 2050 ] — - 0' 35 FCEYV significantly worse than BEV,
B2 Sos0 - — 126 PHEV after 2020
>, 2020 I 25 31 50% more than BEV by 2030
T 2050 I 2.0 I 26
s 200 . 50 g27 almost double BEV by 2050
i 2050 I 1.7 23 Due to net of fuel chain and relative
2020 I 1.9 27 - L
W ¢ vehicle efficienc
= ' 2050 B 12 118 y
o o 2020 I 1.8 H26
= ' 2050 B 13 B9
> 2020 ] 1.7 l28
m 2050 B os 115
> 5020 — ' Additional information: 225,000km, 15 year lifetime.
= = 132 2020 BEV battery 58 kWh, 300km range, with av. lifetime
Q2050 I 2.4 130 y ) ge, :

EU28 fuel/electricity mix (age-dependant mileage
® Production ®WTT mTTW ®Maintenance ® End-of-Life Total We|ghted) No battery rep|acement needed for XEVSs.
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Results and comparisons for lower medium cars
Breakdown impact by powertrain and stage [ = 4
— Particulate Matter Formation, PMF

Lower Medium Car — Baseline Scenario ﬁ
PMF [gPM2.5eq/vkm] Direct PM2.5 similar for all powertrains
04 02 00 02 04 06 08 10 L2 14 (high shares brake, tyre and road-wear)

L|>'“D 2020 I 0/l o.68 o o
O~ 2050 | oml 0.59 Significant contribution of NOXx to
> o 2020 BN osTE 094 secondary PMF for diesel
O 2050 ] oS 0.85 : .
2o 2020 - oml 0.63 Higher impacts from HEV-D are based on
O%Y 2050 ] ol 0.57 COPERT real-world emissions factors
2 200 B o032 Lowest lifecycle impacts in 2020 from
OO 2050 I 00 0.31 . .
S 2020 — oml 057 ICEV-CNG, similar to XEVs in 2050
WO 5050 B oml 048 . . .
. 2020 e —— For electricity, conventional fossil
wo oo generation types have the highest impacts
=~ 2020 : : :
=9 Lo Higher impacts due to the manufacturing
o .
> 5000 of batteries for XEVs
WA
= ' 2050

E 2020

m 2050

7 2020

Q 2050

® Production ® WTT e TTW = Maintenance m End-of-Life Total
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Results and comparisons for lower medium cars
Breakdown impact by powertrain and stage [ = 4
— Photochemical Ozone Creation Potential, POCP

Lower Medium Car — Baseline Scenario ﬁ
POCP [gNMVOCeq/vkm] Similarly to PMF, significant contribution
0 0 0 of NOx to POCP for diesel
> 2020 : :
WO s Higher impacts from HEV-D are based on
S 2020 COPERT real-world emissions factors
w A
= 20 Impacts for LPG and CNG vehicles similar
> o 2020 . .
3% 2050 or higher than gasoline, but lower than
> 2020 diesel
O 5 2050 . . .
3 o 2020 B o022 For eIec;tnuty, conventional _fossn |
T 2050 B ™ 020 generation types have the highest impacts
> 2020 .10 : : :
WO 5050 B mosammmm 1os ©  Higher impacts due to the manufacturing
D 2020 BN 017 of batteries for XEVs
T ' 2050 Il 0.12
= 2020
WA
= ' 2050
E 2020
m 2050
7 2020
L 2050

® Production ® WTT e TTW = Maintenance m End-of-Life Total
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Results and comparisons for lower medium cars
Breakdown impact by powertrain and stage [ = 4
— Human Toxicity Potential, HTP

Lower Medium Car — Baseline Scenario ﬁ
HTP [10°° CTUh/vkm] Majority of impacts are due to materials
10000 100 200 500 400 500 ysed in vehicle and battery manufacturing
> 2020 B o4 B 208
3° 2050 — | DY Mostly due to copper from the battery
3 2020 O 19.4 anode current collector
i ;828 =I17.4218 Copper in wiring and motor
O] . . .
3% 2050 TR contribute to a much smaller extent
>0 2020 I 213 (<20%)
OO 2050 B ‘01 243 .
5 2020 BTl 25 5 Impacts are relatively low on an absolute
T 2050 I 229 scale
> 2020 -0 0.9
T 2050 IS 175
@ 2020 I . 27.0
T ' 2050 I | 196
Do 2020 - 05 4
a 2050 0 185
> 2020 I 30.6
o 2050 I 18.3
> 2020 I b 239
£ 2050 I 173

® Production ® WTT e TTW = Maintenance m End-of-Life Total

ED11344
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Results and comparisons for lower medium cars
Breakdown impact by powertrain and stage [ = 4
— Abiotic Depletion Potential, minerals and metals, ADP_MM

Lower Medium Car — Baseline Scenario ﬁ
ARD_MM [10° gSb eq/vkm] Impacts predominantly due to
1005 0005 10 15 20 25 80 85 manufacturing and EoL stages due to

3o §8§8 4 82 . materials
) I :
> 2020 I 1.0 Impacts from production phase
‘;,) , 2828 i 82 1 predominantly due to steel for the glider,
35 2050 — 01 electronics and copper in batteries
ol —— . ey ; Positive impacts (rather than credits) in
) ) | : .
S 2020 T 1 o EoL stage due to impacts of aluminium
2 © 2050 Y 2.1 recycling (it is unclear why this should be)
> 2020 I 2.0
wa
T 2050 - ob 2.2
0 2020 | = - -
=9 Lo — - 22 Electricity: Relatively very high for solar
D_ . . - -
2, 2020 T I generation - much higher than other
£ 2050 ] 2.4 generation types. Also much higher for

> 2020 127 wind, nuclear vs other generation

@ 2050 I 24

> 2020 I 2.1

@ 2050 I 1 2.3

® Production ® WTT e TTW = Maintenance m End-of-Life Total
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Results and comparisons for lower medium cars

Breakdown impact by powertrain and stage [ = 4
— Water Scarcity, WaterS

Lower Medium Car — Baseline Scenario ﬁ
WaterS [m3/vkm] Impact predominantly from energy
-0.20 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 oroduction (WTT) stage
LI>'J(D 2020 | 1.1 1 1.13 o _
O ~ 2050 i 0.9 0.91 Electricity: Highest for coal and solar
> 2020 i 0.8 | 0.87 generation types — similar magnitude
2 2050 l — | 0.67 (other generation types lower)
>0 2020 [ 1.1 | 1.15
O - 2050 i 1.0 | 1.04 H2: higher share of electrolysis in 2050
LI>'J © 2020 H0.1 0.14
OO 2050 B02! 020 Water consumption counter-intuitively
>, 2020 0 0.8 10.84 lower for many biofuel chains
T 2050 1 0.6 0.68 —— .
>. 2020 I 0.6 | 0.67 Timeseries of impacts tgagﬁﬁ(;h;ér)\ for EU28 (WTT_Total,
wo 40.0 Coal
T 2050 | 0.5 | 0.54 = = = Coal+CCS
S 35.0 = Biomass
L_:__J (_? 2020 I 09 | 098 -_—— 2iomass+CCS
o 2050 [ 0.6 | 0.62 300 —a—oi
> il il+
@ o 2020 | 0.9 | 0.94 _ 250 oo
o I 2050 I 0.6 ‘ 0.65 %20.0 +eyes Gas+CCS
> 2020 [] 1.0 | 1.04 ® 150 e e
m 2050 | 0.5 | 0.50 00 L —— ;  —se—Wind on-shore
. == \Wind off-share
= 2020 H 0.4 | 0.52 ‘o -——:—'\.—.—. S0
8 2050 [ | 1.0 101 | gnnnigecooleoo TPIIYT YPPYTP » 4 Others RES
0.0 . ridAverage
®m Production ®WTT = TTW m Maintenance ®m End-of-Life Total 2020 2030 2040 2050 2060 2070, :’e::wab':m
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Results for other vehicle types

Overall results for Rigid Lorries: GWP and timeseries [ = <
RICARDO

=

GWP [gCO,e/tkm] ¢ Similar trends seen as for passenger cars,

Rigid Lorry — Baseline Scenario

P00 50 100 150 200 250 300 980 490 avien accounting for lost load capacity, but

=5 2020 I S 57 BEV vs FCEV difference is larger vs cars
O 2050 Dy 242
<o 2020 I T 3ol o WTT for gas low vs some WTW analyses;
L . .
05 2050 R P -LNGD highest due to methane slip
3@ 2020 I g 071 assumptions (despite higher efficiency)
OF 2050 e 195 :
L0 2020 ., ¢ Maintenance: Battery replacement
UQJ% 2050 B el 217 required for PHEV, BEV for 2020 (only)
3 2020 . I s34 e Higher savings for XEV in urban use
Ij:J 2050 |. _ 233 Lifetime Activity by powertrain type for Rigid Lorry 12t GVW Box
2, 2020 D 345 , 1400 15 o 12625%885?2'93020’ Lo [ 0%
= 2050 | B E % 1,200 L1 ) 006 L1371 1609
> 2020 ' W 249 g 1,000 95% it o 500
@ 2050 [0 68 g o | o
> 2020 | I 318 o [ ow
? 2050 o I 160 poo - 20%
5 = 2020 | B 208 : L 0%
T 5050 | | 110 e i PSP 3
| | | NC PSP & &
® Production ® WTT m TTW m Maintenance ® End-of-Life  Total Yo v

Source: ICEV-LNGD = dual-fuel/HPDI LNG-Diesel powertrain
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Results for other vehicle types

Overall results for Rigid Lorries: Operation on different cycle basis
have significant impacts on the overall results

Rigid Lorry — Baseline Scenario
GHG Emissions [gCO.,e/vkm] Default

-100 100 300 500 700 900 1100
CEVD | + ~550,000 km lifetime (EU Av.)
- NSSE 100%
TR 1po% - Battery cell manuf. current

S ICEV-LNGD  |[ee NSO 2% - Electricity EU av. lifetime
3 HEV-D | 167 IS o2 - Av. EU ‘Real-world’ MJ/km
sEV (STl ss% * EoL: Recycling credits, low
2"d life battery share
c Alternative
o 3 $ ICEV-LNGD  |E1is G 101%
S Z .
§ 2% evo e ISR s ) Do Delvery Gycle
= — road share and energy
BEV  |EE 260 ' 47% consumption
_ ICEV-D B 183 ST 9% 0) Regional Delivery Cycle
S 2 ICEV-LNGD &7 e 1 — road share and energy
2 > i
©3  HEvD  [FENZ00N IS 107 consumption
Q - - - -
= BEV |3 384 (@ 5% » EU vehicle statistics have higher
m Production WTT shares of regional and motorway
=TTW = Maintenance km versus VECTO cycles
® End-of-Life %Total vs Default ICEV-D

Source: Ricardo analysis (January, 2020); Draft results of EC Vehicle LCA project
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Results for other vehicle types

Overall results for Rigid Lorries: Other impacts

Rigid Lorry — Baseline Scenario

2020 life-cycle impacts for XEVs (especi-

ally BEV) are higher than conventional

diesel and gas powertrain vehicles across

a range of categories (mainly those
associated with non-tailpipe emissions)

Similarly as for cars, higher impacts for
ARD MM and HTP for XEVs are due to
vehicle (battery) materials mainly

Battery replacement is required for 2020
BEV and PHEV powertrain vehicles, but

not in future periods

Higher impacts for XEVs for WaterS is
mainly due to electricity (coal in 2020,
solar/nuclear in 2050)

Impacts for XEVs reduce vs other non-

electric/electrified powertrains after 2020

o=
===-|CEV-D [2020
(2020) GWP y 2020
—e— |CEV-LNGD 200% Rigid Lorry 12t GVW
Box
HEV-D 150%
36— PHEV-D WaterS | CED
BEV -
—o—FCEV
ARD_MM POCP
HTR PMF
===-|CEV-D [2020
12020 GWP . 2050
—o—|CEV-LNGD 150% Rigid Lorry 12t GVW
B
HEV-D OX
—3¢— PHEV-D WaterS lECf/glsss CED
BEV
—6—FCEV
ARD_MM POCP

HTP PMF

Source: LNGD = LNG HPDI engine, using ~5% diesel (estimated at only 3% energy efficiency penalty vs conventional diesel)
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Results for other vehicle types

Overall results for Artic Lorries: GWP and timeseries R
RICARDO

Artic Lorry — Baseline Scenario a—w
GWP [gCO,e/tkm] ¢ Similar trends seen as for passenger cars,

2o 025 50 7e 100 ds 180 A 20 ayan accounting for lost load capacity

>, 2020 ' I 184 o _
O~ 2050 B I 18 o Significant benefits of -ERS vs non-ERS
ZQ 2020 Il — 147 powertrains (lower battery size/mass vs BEV)
O3 2050 I 82 _
3 Q2020 W 149 o WTT for gas << previous WTW analyses,
62 2050 I ] ss -LNGD highest due to methane slip
2 2020 | I— 152 assumptions (despite higher efficiency)
T 2050 Il ] 108 _
<@ 2020 | I 85 ¢ Maintenance: Battery replacement
L L .
T4 2050 W 45 required for PHEV, BEV for 2020 (only)
a [m) 2020 I- 143 Unladen vehicle weight by powertrain type for Artic Lorry 40t
= 2050 | B KR 25 000 GVW Box (EU28, Total, 2020) oo
> 2020 ' | 104 ' 21,204 .
@ 2050 Il | 23 20,000 17414 17848
< o 2020 | | | 75 15000 143771453314, 75014,42214,553 15704 pumy 509
B 2050 |18 2 - 60%
10,000
o) 2020 | | 112 - 40%
Q 2050 | | | 56 5,000 - 20%
o 2020 | | 107 : - 0%
L ) ~y ~)
L ¥ 2050 [ | 41 @“7\0@\’%@4@0@ (\@ Qq;z— @25‘7\ o QO@ ] &
. . . o & £ <
® Production ® WTT mTTW mMaintenance ® End-of-Life Total AR X
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Results for other vehicle types

Overall results for Artic Lorries: Operation on different cycle basis IF=
have significant impacts on the overall results

Artic Lorry — Baseline Scenario
GHG Emissions [gCO.e/tkm] Default

25 0 25 50 75 100 125 150 175 200
CEVD % ~800,000 km lifetime (EU Av.)
: G 00%
L4l 109% . Battery cell manuf. current

S ICEV-LNGD 10 21 TR 1% Electricity EU av. lifetime
T HEV-D-ERS 430 IE 26 Av. EU ‘Real-world’ MJ/km
BEV 00 57% EoL: Recycling credits, low
2"d life battery share
5 ICEV-D NS0 ST 2% _
s Alternative
o T ICEV-LNGD iy 15 NS 60%
c
& © HEV-D-ERS My 36 W 37% Long Haul Cycle

= — road share and energy
- BEV 737 5% consumption

- ICEV-D 0 34 NICORNNN] 79% Regional Delivery Cycle

S 2 ICEV-LNGD N ic IS 5 — road share and energy

> > i

@3 HEV-D-ERS 38 I 9% consumption

Q - - - -

= BEV 71 d 57% EU vehicle statistics have higher
m Production WTT shares of urban and regional km
=TTW " Maintenance versus VECTO cycles

End-of-Life %Total vs Default ICEV-D

Source: Ricardo analysis (January, 2020); Draft results of EC Vehicle LCA project
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Results for other vehicle types

Overall results for Artic Lorries: Other impacts |R
Artic Lorry — Baseline Scenario a—v
Gas powertrains (e.g. ICEV-LNGD) show ===-ICEV-D[2020] GWP i Lorry 2020
significant non-GHG benefits acrossa~~ —"°="° 2o 7 o
number of categories vs diesel e tevoers WAETS 1o CED
Higher ARD_ MM, HTP impacts due to _O_E(E:;V
vehicle production mainly (batteries for
XEVs, gas storage for LNGD, FCEV) ARD_MM POCP
Battery replacement required for 2020
vintage BEV contributes to this
Not required 2030 onwards e oir
. B . . ===-|CEV-D [2020] GWP 2050
HEV-D-ERS show significant reduction in —e—Icev-p 175% Artic Lorry 40t GYW
other impact categories, with significantly CEV-ANGD s o
reduced negative impacts on ARD_MM _"_:E\‘:‘D'ERS 100% s
and HTP in 2020 o FCEV o
Relative benefits diminish after 2020
POCP

Higher impacts for WaterS in 2020 due to

electricity (as indicated for Rigid Lorries)
HTP PMF

Source: LNGD = LNG HPDI engine, using ~5% diesel (estimated at only 3% energy efficiency penalty vs conventional diesel)
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Results for other vehicle types

Overall results for 12m Urban Bus: GWP and timeseries

Urban Bus — Baseline Scenario

ICEV-
CNG ICEV-D

ICEV-

BEV PHEV-D HEV-D CNGL

FCEV

GWP [gCO,e/vkm]

-100 100 300 500 700 900 1100 1300

2020
2050
2020
2050
2020
2050
2020
2050
2020
2050
2020
2050
2020
2050

' o
H g s
(I Y 1080

B D s
(Y oss

B ] oo

I Y s
By o4
' N s
Bl 440
| B2
B )
N B cs4
] J 438

® Production = WTT = TTW = Maintenance = End-of-Life Total

ED11344

Ricardo Energy & Environment in Confidence

o Similar trends seen as for passenger cars

Urban setting enhances benefits for
XEVs compared to conventional

o WTT for gas << previous WTW analyses,
but hybrid savings still greater despite this

¢ Maintenance: Battery replacement
required for PHEV, BEV for 2020 (only)

14,000
12,000
10,000
8,000
6.000
4,000
2,000

kg

16 January 2020

Unladen vehicle weight by powertrain type for Bus 12m SD
(EUZ28, Total, 2020)

12,599

11,912 12,159 12,102 12,011 I 11,917

© Ricardo-AEA Ltd
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Results for other vehicle types

Overall results for 12m Urban Bus : Other impacts

Urban Bus — Baseline Scenario
Gas powertrains (e.g. ICEV-CNGL) show
significant non-GHG benefits across a
number of categories vs diesel

Higher impacts for ARD MM, HTP,
WaterS as previously for Rigid/Artic Lorry

The first two are increased due to
battery replacement for 2020 vintage

Negative consequences relatively
smaller compared to those for lorries

XEV powertrains show significant benefits
due to reduction in air quality pollutants
contributing to POCP, PMF
Benefits FCEV vs BEV

Greater in 2020 (H2 from SMR)

Similar or lower by 2050 (H2 from a mix
of SMR+CCS and electrolysis)

IRR
e

===-|CEV-D [2020] 2020

—o—|CEV-CNGL 140%GWP Bus, 12m Single Deck
HEV-D 120%
—3¢— PHEV-D WaterS 1222;;'" o CED
BEV
—o—FCEV
ARD_MM POCP

HTP PMF
===-|CEV-D [2020
12020) GWP 2050
—o— |CEV-CNGL 140% Bus, 12m Single Deck
HEV-D 1005,
0,
—%—PHEV-D  WaterS poc e CED
BEV
—o—FCEV
ARD_MM POCP

PMF

Source: CNGL = CNG Lean-burn engine (estimated at only 3% energy efficiency penalty vs conventional diesel)
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Results for other vehicle types

Summary of key findings from overall results |R

Results prove the interesting performance profiles for EVs across all metrics assessed
in the study, whilst highlighting key dependencies and hotspots to be addressed:

Hotspots due to electricity: varies by impact mid-point and generation type. Impacts from
biomass generation appear to be particularly large in a number of cases

Hotspots in HTP / ETP_FA / ARD_MM due to materials: copper, electronics and certain
other battery materials (but not cobalt or lithium as low % of total mass)

Hotspots for CED and WaterS for FCEVs/H2, particularly for electrolysis
Benefits of BEV, PHEV, FCEV significantly enhanced between 2020 and 2030 due to
decarbonisation of electricity/H2, battery improvements
No battery replacements after 2020 even for HDVs, based battery cycle life and capacity
increases assumed
The findings for natural (and bio-/synthetic-) gas fuelled vehicle show that these can
provide significant benefits vs conventional alternatives across a range of impacts:
Some uncertainty remains over WTT components for GHG
CH4-slip in dual-fuel gas-diesel vehicles undermines / may eliminate efficiency benefits

Findings for low carbon fuels are less clear, need further work: questions remain on
fossil gas chains, and on novel synthetic fuels, which are further discussed later
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Electricity chains [ifeu]

Outline for energy chains — electricity chains

Results for electricity chains

ifeu — institute for energy and environmental research Heidelberg
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Electricity chains [ifeu]

Outline for energy chains — electricity chains

® The ifeu electricity model
o Data background
o Definition of defined cases for data sets

o Results
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Electricity chains [ifeu]

The ifeu electricity model

Reasons for using the ifeu electricity model

The goal and scope of the LCA project requires consistent data sets
for defined geographical and temporal settings
corresponding with different scenarios (such as defined by PRIMES)
covering the whole range of applied impacts categories

The ifeu electricity model can provide all required data sets and combinations of the
above mentioned requirements

Other available data sets do not cover all these settings or comprehensive LCI data for
all the impacts categories

ED11344 Ricardo Energy & Environment in Confidence 16 January 2020 © Ricardo-AEA Ltd 7



Electricity chains [ifeu]

The ifeu electricity model

System boundary:

Input: fossil & mineral resources, water, land

Capital goods:
infrastructure and plants

Upstream Conversion:
chains: fuels power plants

system boundary

Waste
disposal

Output: air & waterborne emissions All relevant
substages covered

ED11344 Ricardo Energy & Environment in Confidence 16 January 2020
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Electricity chains [ifeu]

Data background

Data type Description

Selection of the fuel mix

EU regions:

Conversion efficiency and fuel
mixes based on EC PRIMES
modelling scenario outputs for
different countries / EU28 as a

non-EU regions:

IEA data for fuel mix and
efficiency

losses based on data from
Econinvent

Generation efficiency

Foreground Losses
data

Spatial considerations

Fuels

Backgorund Transport
data

Infrastructure,
capital goods

Temporal considerations

whole.

Starting with the current (2020) situation with robust assumptions
regarding future developments and corresponding projected future
mixes based on EC PRIMES for two different scenarios (baseline vs.
1.5 tech)

All countries under scope and additional countries that have relevant
contributions to the supply chain for all relevant direct (import of
electricity) and indirect flows

Ecoinvent 3.4 in most cases.

TREMOD

ecoinvent 3.4
Including current data from producers (Wind power plant construction
PV modules)

ED11344 Ricardo Energy & Environment in Confidence
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Electricity chains [ifeu]

Definition of defined cases for data sets

Fuel type Region specific data

Coal (hard coal, lignite) EU28, all member states 2020 2°C (baseline)
Coal + CCS
Fuel Oil AT Fl LU 2030 1,5°C
Fuel Oil + CCS
Natural Gas BE FR NL 2040
Natural Gas + CCS
Nuclear power BG GR PL 2050
Solar CY HR PT
Wind (on-shore, off-shore) CZz HU RO
Solid biofuels DE IE SE
Solid biofuels + CCS
Hydro DK IT SK
Other RES EE LT UK
ES LV
Non-EU
CN JP KR
US World
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Electricity chains [ifeu]

Definition of defined cases for data sets

Exemplary cases: EU28 — Timeframe: 2020 - 2050 — Scenario: Baseline

Electricity generation mix for EU28 (ElecGenMix, Baseline Sc)

100% Others RES

90% LG m Solar

0 /é{/ // # Wind off-shore
800/0 /// ® Wind on-shore
0% ® Hydro
60% Nuclear
50%

= GastCCS
40%
30%
20%
10%
0%

%

B Gas
% Oil+CCS

u Qil

Il Biomass+CCS

® Biomass

m Coal+CCS
2020 2030 2040 2050 B Coal

* Transition from fossil / conventional to renewables
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Electricity chains [ifeu]

Definition of defined cases for data sets

Exemplary cases: EU28 — Timeframe: 2020 - 2050 — Scenario: 1.5 Tech

Electricity generation mix for EU28 (ElecGenMix, TECH1.5 Sc)
100% Others RES

90% Ll m Solar
80% %’/ 5-! W!nd off-shore
0 B \Wind on-shore
0% ® Hydro
00% Nuclear
50% @ Gas+CCS
u QOll

40%
30%
20% .
. . ' ll Biomass+CCS
TR
0%

m Coal+CCS
2020 2030 2040 2050 B Coal

%

B Gas
% Oil+CCS

 Transition from fossil / conventional to renewables, but faster & more
progressive (e.g. Biomass + CCS)
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Electricity chains [ifeu]

Results

Electricity chain impacts by substage for EU28 (GridAverage,

Baseline Sc)

500.0 .o 500.0 m WTT _TDLosses

450.0 \/ 450.0 B WTT_Generation

400.0 400.0

B WTT_ElecFuels

- 350.0 350.0 -
< 300.0 S5 300.0 = WTT_CapitalG
O
g 250.0 ° 250.0 4 WTT Total
8 200.0 158.0 200.0
= 150.0 © g6g  150.0

100.0 @, 100.0

50.0 . 50.0
0.0 0.0

2020 2030 2040 2050

« Significant drop in GWP following the transition to renewables
« Shift from generation related emissions to capital goods
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Electricity chains [ifeu]

Results

Electricity chain impacts by substage for EU28 (GridAverage,

TECHL.5 Sc)

500.0 438.2 500.0 m WTT_TDLosses

450.0 V 450.0 ®WTT_Generation

400.0 400.0
_ 350.0 350.0 .WTT_EleCFuels
< 300.0 a1 1 300.0 = WTT CapitalG
O
@ 250.0 250.0°, WTT_Total
S 200.0 200.0
= 150.0 150.0

100.0 54.7 52.0 100.0

200 I e
0.0 0.0

2020 2030 2040 2050

« Marignal differences in 2020 but significant in the time period
after 2030

« Even higher specific contribution of infrastructure provision due
to larger share of renewables
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Electricity chains [ifeu]

Results

Electricity chain impacts by substage for 2020 (GridAverage,

Baseline Sc)
1.200 1.200 wWTT_TDLosses
1.012,3
1.000 1.000 ®WTT_Generation
= WTT_ElecFuels
2 5770 mem 0004 WTT_CapitalG
s ,
& 600 T 05 600 4 WTT Total
® 400 400
200 200
0 0
EU28 CN KR JP US World

ED11344 Ricardo Energy & Environment in Confidence 16 January 2020 © Ricardo-AEA Ltd 85



Electricity chains [ifeu]

Results

Timeseries of impacts by Region for WTT_Total (GridAverage,
Baseline Sc)

EU28

1,200.0
et C N

—— KR
e JP
US

=}t + \Norld

gCO2eq/kWh

il D

PL

. =@ SE
2020 2030 2040 2050

« RoW decarbonises as well but to another degree and overall

pace
« Differences within european power generation (differs from

country to country)
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Electricity chains [ifeu]

Results

Electricity chain impacts by generation type for EU28 (2020, Baseline Sc)

1’600'01,415.3 1,600.0 B WTT_TDLosses
1,400.0 )% 1,400.0 m WTT_Generation
1,200.0 1.026.0 1,200.0 = WTT_ElecFuels
= 1,000.0 \/ 1,000.0 © WTT_CapitalG
g 800.0 646.8 800.0 *WTT Total
% 600.0 Mhao s N 4395 600.0
400.0 > % 400.0
45.1 85.3 170.
200.0 ‘0_0 0.0 5’118.85.920.&2.;:0‘ 23.1 200.0
0.0 TS V'S . RSHVGRY S e 0.0
O0PTTOOOOZISSVLOOR
8888 1856833592383
T O XTosc22258 30
oo 5 O O "~ oo u<=
On o n O- 2 F e
» 4 © ¢4 m&g
O ge Yoy
w ® @ <

« GWP of decisive electricity chains vary up to a factor of 200
(e.g. coal vs. wind)
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Electricity chains [ifeu]

Results

Timeseries of impacts by ElecChain for EU28 (WTT_Total, Baseline Sc)

Coal

1,400.0
\ = e e Coal+CCS

a

&= Biomass
1,200.0
== Q= Bjomass+CCS

1,000.0 = —= '\- .
=& - Oil+CCS

800.0 —d—Gas
ceddee Gas+CCS

600.0 he ﬁ\‘ Nuclear
=¥ «Hydro

gCO2eq/kWh

400.0 === \/\/ind on-shore
=X Wind off-shore
200.0 {\; .............. e Solar
Others RES
0.0 —@®— GridAverage
2020 2030 2040 2050 - 4 RenewableAv

« Technologies / efficiencies moderatly develop over time
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Electricity chains [ifeu]

Results

100%

Index, 2020

Index timeseries of impacts by impact category for WTT_Total
(EU28, Baseline Sc)

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%
2020 2030 2040 2050

GWP
el CED
il AcidP
ey EUtroP
POCP
=3 + ODP
i P\
e TP
ETP_FA

=@ \\aterS

GWHP in particular, but all other impact categories show a

stark decline compared to the current situation

Will impact xEV LC performance most notably, but all
others as well due to influencing the manufacturing stage

© Ricardo-AEA Ltd
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Electricity chains [ifeu]

Electricity chains - summary

ED11344

(a) Ifeu model for flexibility and to meet projects’ goal / scope
(b) All relevant life cycle stages covered

(c) Investigated all EU countries & a number of important
third party countries with influence on the product system

(d) 2020 — 2050 (& further projections)
(e) Baseline vs. scenarios

(f) Significant differences between different electricity chains
(e.g. coal vs wind)

(g) Both scenarios transition towards renewables but pace /
extend vary

(h) LCIA results vary accordingly but show the same trend

(i) RoW decarbonizes, too. But to a different degree / pace

Ricardo Energy & Environment in Confidence 16 January 2020
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Electricity chains [ifeu]

Key achievements

(a) what are the key achievements, strengths and robust
findings/conclusions to be drawn from our work?

|.  Broad scope allows for holistic analysis of electricity
generation

l. Robust data, emphasize on scenarios

lll.  Wide range of impact categories allows for a
thorough analysis beyond GWP

(b) what are the important outstanding uncertainties,
limitations/gaps and recommendations for future work?

(a) LCA only approximation of reality. The results are
only as good as the underlying data and model

(b) Broad scope. Impossible to fully account for the
complexity and characteristics of the power supply of
each country

(c) Scenarios are always projections of the future with
room for errors and or possible different
developments

ED11344 Ricardo Energy & Environment in Confidence 16 January 2020 © Ricardo-AEA Ltd 91



Agenda s, €) E4tech  [HRR

HEIDELBERG

Introduction, background and objectives of the meeting [09:00]
Overview of the developed methodology [ifeu, 09:30]

Overall LCA results [Ricardo, 11:00]
Results and comparisons for lower medium cars
Results for other vehicle types

Results for energy chains [ifeu / E4tech, 13:30]:
Electricity chains [ifeu]
Liquid and gaseous fuel chains [E4tech]

Overall LCA sensitivities [Ricardo, 15:00]
Other assumptions and general Q&A [Ricardo, 16:15]

Initial conclusions & recommendations and wrap-up [Ricardo, 17:00]

ED11344 Ricardo Energy & Environment in Confidence 16 January 2020 © Ricardo-AEA Ltd 92



Module 3: Liquid and Gaseous Fuels

Determining the environmental impacts of conventional and alternatively fuelled
vehicles through Life Cycle Assessmen

Se——
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Introduction and Overview of Results




Introduction

GWP of selected fuel chains, disaggregated by stage
* The scope of the fuels module was set as Well- , Beregatec by stag
@ WTT_Feedstock @ WTT_Processing @ WTT_Transport @ WTT_LUC @ WTT_COUNT & WTT_Total 4 WTW_Total

to-Tank (WTT), under which 59 fuel chains have B00 <1+ttt
been modelled.

* In addition to the general LCA framework of the 400
project, a number key methodological choices
were made for fuels, which differ from other
approaches (e.g. Annex V of RED Il):

oUsing a substitution method to address
multifunctionality;

gCO2e/M! of final fuel

oCounterfactual emissions of secondary
feedstocks;

olnclusion of both direct and indirect LUC for

primary biomass feedstocks; e R e e ;“;,4«& """""""
. o . . ;)e\L(J 4(\2'6/ \\O’Q ° wa\ @’b‘\\)‘ ,C;Q‘(’ c:,$6
olInclusion of infrastructure emissions. of o R S e v
) ) &° <
* Due to the inclusion of LUC, the results ?
Fuel Chain

displayed focus on the GWP of the fuel chains.
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Overview of Results: GWP impacts of diesel and equivalent fuel chains

GWP of diesel and equivalent fuel chains, disaggregated by step

® WTT _Feedstock ® WTT _Processing ® WTT_Transport ® WTT_LUC @ WTT_COUNT ¢ WTT_Total ¢ WTW_Total
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* Combustion represents the largest share of GWP for crude-based diesel. GWP contribution for
primary biofuels are mostly occurring at feedstock production stage.

* Land-Use Change adds a significant contribution to feedstock production for oilseeds.
* Counterfactual emissions (negative or positive) have a significant impacts on GWP for secondary fuels.
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Overview of Results: GWP impacts of gasoline and equivalent fuel chains

GWP of gasoline and equivalent fuel chains, disaggregated by step

® WTT_Feedstock ® WTT_Processing ® WTT_Transport ® WTT_LUC @ WTT_COUNT ¢ WTT_Total ¢ WTW_Total

gC02e/MI of final fuel
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* Similar trends can be observed for gasoline and equivalent fuels, with the exception of LUC emissions,
which are relatively smaller for starch/sugar crops than for oilseeds.
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GWP impacts of natural gas and equivalent fuel chains

GWP of natural gas and equivalent chains, disaggregated by step

® WTT_Feedstock ® WTT_Processing ® WTT_Transport ® WTT_LUC @ WTT_COUNT ¢ WTT_Total ¢ WTW_Total
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* WTT emissions for CNG and LNG are considerably smaller than in JEC’s WTT, due to different
assumptions in transport mode and distances, but remain comparable on a WTW basis.

» Abnormally high processing emissions for SNG/LSNG-MSW due to fossil/biogenic data mashup.
* Large avoided counterfactual emissions from manure (CH4 emissions during storage).
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Influence of Foreground Data on Results




Foreground data strongly influences the results in an LCA.

Data sources used to build different fuel chains
Feedstock Processing Transport Counterfactual Luc

Crudes
Conventional NG
Unconventional NG

1G biofuels

Synfuels from wood

Lo from manur . . I

56 rom s | I

* The focus of this study was on the development of a comprehensive WTT LCA, testing different
methodologies, not on developing a harmonised set of foreground data and primary research.

* Where possible the best quality (JRC/JEC, Ecoinvent, GREET) foreground data was chosen for each chain,
but a comprehensive comparison between data-sets was not carried out.

* Foreground data strongly impacts the results in an LCA. A wide range of sources feed into the foreground
data set, esp. for novel or less commercially viable processes (e.g. MSW-LSNG, wood synfuels) thus
making results less robust. More data sources were required to complete the fuel chain, often paired with
several assumptions, compared to more conventional fuel chains such as primary biofuels where most

foreground data come from JRC. NB: IFEU model is based on Ecoinvent dataset
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Multi-functionality: Impact of Substitution on
Results




Following ISO 14040, multifunctionality is addressed via a substitution method,
unlike the RED methodology, which uses an energy allocation (1)

Substitution Methodology

Impacts of producing

Impacts of Fuel Chain A equivalent product(s)

Impacts of main product

Main Co- Equivalent
product product(s) product(s)

Displaces T

* 32 out of 59 fuel chains were modelled as producing more than one product at various stages in their
lifecycle.

* Substitution method was used to address the multifunctionality of these chains —in line with ISO
14040:2006 and ISO 14044:2006. One notable exception: the impacts from extraction and refining of
crude-based fuels are allocated on an energy basis.

* In a substitution method, fuel co-products are assumed to replace an equivalent product outside the
scope of the assessed fuel chain (e.g. electricity, chemicals, food/feed, etc.). Such equivalent products
no longer need to be produced and the avoided impacts are credited to the assessed fuel chain.

© E4tech - ——-
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Following I1SO 14040, multifunctionality is addressed via a substitution method,
unlike the RED methodology, which uses an energy allocation (2)

Energy Allocation Methodology

Energy content
of products

0.5 MJ *§ Co-product allocated impacts

Impacts of
main product

Downstream
impacts

* The Renewable Energy Directive methodology uses an energy allocation to address multifunctionality

* GHG emissions are assigned between products in proportion to their respective energy contents.



Comparing substitution to energy allocation: Non-energy co-products

Substitution vs energy allocation by fuel chain with non-energy co-products
® Substitution ® Energy Allocation

gC02e/MJ of fuel

HVO-Rapeseed F-Rapeseed HVO-Sunflower F-Sunflower CNG-CNatGas

* For fuel chains producing only non-energy co-products, the substitution method generally results in
lower overall GHG impacts for the primary fuel, compared to an energy allocation method.

* This is likely, at least partially related, to the lower energy content of these co-products and higher
impact related to producing equivalent products.

O E4tech



https://app.powerbi.com/reports/9cee39fd-7b98-4bc0-809b-2887b3af2ab0/ReportSection275065274dccd220a011?pbi_source=PowerPoint

Comparing substitution to allocation: Energy co-products

Substitution vs energy allocation by fuel chain with energy co-products

® Substitution @ Energy Allocation

gC02e/MJ of fuel

SynGasoline-MSW SNG-CO2Elec E-Sugarcane F-UCO

SynGasoline-SRCWood

Fuel chains producing energy co-products do not produce a similar trend - with some chains having
greater impacts in a substitution method and others greater impacts in an energy allocation method.

Some fuel chains with energy co-products have a net negative impact under the substitution

method. This is because the displaced impacts from the substitution of equivalent products/services
outweigh the gross impact of producing the fuel.

© E4tech



https://app.powerbi.com/reports/9cee39fd-7b98-4bc0-809b-2887b3af2ab0/ReportSection1886362683c83c20ee2c?pbi_source=PowerPoint

The attractiveness of fuel chains may vary over time due to substitution credits

Effect of time on substitution credits

©2020 ®2030 ®2040 2050

gC02e/M)

E-Sugarcane E-Sawdust SynDiesel-SRCWood SynGasoline-SRCWood
* Unlike in an energy allocation methodology, the substitution credit can vary over time as the impact
of producing equivalent products change.
* For example, in several chains, electricity is produced as a co-product:

* In an energy allocation, emissions are allocated based on energy content — which, everything else the same,
remains unchanged over time.

* In substitution methodology, the credit given to the system for producing excess electricity changes over time,
as grid mixes continue to change.

* The “attractiveness” of a fuel can vary over time and therefore conclusions based on substitution
credits should be treated with caution.



https://app.powerbi.com/reports/9cee39fd-7b98-4bc0-809b-2887b3af2ab0/ReportSection2e66a0b056868141ead0?pbi_source=PowerPoint

Application of Counterfactual Scenarios (Secondary
Feedstocks)




Approach to the application of counterfactual scenarios
(Secondary Feedstocks)

* The environmental impacts associated with diverting secondary feedstock (residues) from an
existing use towards fuel production (termed ‘Counterfactual impacts’) is modelled as:

Environmental
impact of secondary = -
feedstock

{environmental impact {environmental impact of providing
of its previous use} that previous use by another means}

» Secondary feedstocks could be diverted towards transport fuels from several other uses, and may
therefore be replaced by alternative equivalent products .

* In the fuel module, only the most likely counterfactual use of that feedstock was considered.

* The material or energy source used to replace the secondary feedstock was also selected in order
to reflect the most likely situation. For example, in the case of secondary feedstock diverted from
electricity production, it is assumed to be replaced by grid average electricity.




GWP impacts of fuels produced from secondary feedstocks — Results

WtW GWP of fuels produced from secondary biogenic feedstocks

® WTT_Feedstock ® WTT_Processing ® WTT_Transport ® WTT_COUNT ¢ WTT_Total ® WTW_Total

gC02e/MIJ

SynGasoline-AgRes SynDiesel-AgRes Biometh-AgRes-Gas E-ForestRes Biometh-Manure-AD

* When previous use of secondary bio feedstocks was power generation, counterfactual
emissions are positive, as power that was previously generated from e.g. agricultural residues is
replaced by power from grid.

* Counterfactual emissions for fuels produced from manure are negative due to large avoided
methane emissions from manure storage.

* As counterfactual GHG emissions are calculated on a per MJ feedstock basis, fuel chains which
have very low overall efficiency have high counterfactual emissions. For example counterfactual
emissions of syngasoline are higher than syndiesel as efficiency of syngasoline production is
lower. This is partly compensated by higher production of co-products in these chains.



https://app.powerbi.com/reports/aee2a926-2bce-4d94-b624-f01499c6e9cd/ReportSection9cf9687de50b3047796d?pbi_source=PowerPoint

Temporal changes of GWP values for secondary feedstocks

Variation in GWP of ethanol produced from forest residues over time

@ WTT_Feedstock ® WTT_Processing ® WTT_Transport ® WTT_COUNT ¢ WTT_Total ® WTW_Total

gC02e/M)

2020 2030 2040 2050

Year

* For fuels produced from secondary feedstocks which are diverted from electricity production,
counterfactual GWP emissions fall substantially over time, as grid electricity GWP falls over time.

* Processing GWP emissions will
* Decrease over time if electricity is a major input to the processing step

* Increase over time (see above) if electricity is a co-product from processing. The credit given to co-product
~electricity gets smaller as grid electricity decarbonizes.



https://app.powerbi.com/reports/95698fc6-1014-4237-bc7f-dca3fa552b82/ReportSectione003759809b42c551548?pbi_source=PowerPoint

Land-Use Change (Primary Biogenic Fuels)




Land Use Change makes a significant impact on the GWP of some primary biogenic
fuels

GWP of primary biogenic fuels with and without LUC

® WTT _Total ® WTT_Total (w/o LUC) ®RED Il (no LUC) ® RED Il (w/iLUC) @ JJEC WTT (no LUC) @ REDII Fossil Fuel Comparator

gC02e/MJ of final fuel

Palm Oil  Palm Oil Rapeseed Rapeseed Wheat Sunflower Sugarbeet Sunflower Corn Sugarcane SRC Wood SRC Wood SRC Wood
HVO FAME HVO FAME Ethanol HVO Ethanol FAME Ethanol Ethanol Ethanol  Syndiesel SynGasoline-

* Land-use Change emissions from GLOBIOM (Valin et al., 2015), including Soil Organic Carbon emissions,
were added to cultivation data (Ecoinvent).

* For all crops, adding LUC emissions increases the total GWP value. For SRC wood, adding LUC emissions
decreases the total GWP value, due to additional C storage in feedstocks.

* When removing LUC emissions, GWP values come closer to RED IlI’s and JEC’s, but differences remain due



https://app.powerbi.com/reports/9cee39fd-7b98-4bc0-809b-2887b3af2ab0/ReportSection0cef96be04c8d1862b10?pbi_source=PowerPoint
https://app.powerbi.com/reports/9cee39fd-7b98-4bc0-809b-2887b3af2ab0/ReportSection2e66a0b056868141ead0?pbi_source=PowerPoint

Impact of Electricity Sources (e-fuels)




The GWP impacts of e-fuels (WtT) are heavily dependent on the electricity source
assumed for production.

Impact of producing e-fuels based on electricity source

Electricity Type @Grid Average @ Renewable Electricity GWP (WtT) Grid Renewable
450

gC0o,e/MJ average electricity

400

Syngasoline 408.8 162.7

350

w
(=]
o

Syndiesel 339.2 84.2

LSNG 284.8 58.8
SNG 269.9 51.9
LH, 227.9 48.2
H, 203.2 22.6

SynGasoline-CO2Elec  SynDiesel-CO2Elec LSNG-CO2Elec SNG-CO2Elec LH2-Electrolysis H2-Electrolysis

gC02e/MJ
no [\]
s 3

15

o

Jy
o
o

v
o

o

* For most chains (except e-fuels), the default electricity assumption is a grid average mix.

* For e-fuels, renewable electricity is the default for production steps except for hydrogen from electrolysis.
Electricity used downstream of production is still assumed as grid average.

 E-fuels are highly dependent on the electricity source — more so than other fuels— as this is the main input.

* Even in a 100% renewable electricity, not all e-fuels are attractive from a GHG perspective (on WLT basis).
* Renewable electricity is not burden free (i.e. not 0 gCO,e/MJ)

* High electricity requirements in production
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Crude Refining: Modelling Results




The ifeu model (primary fossil fuels) gives a similar overall WtT GWP impact
compared to JEC/CONCAWE despite higher impacts for the refining step

Comparison of GWP impacts of Diesel and Gasoline in Module 3 vs JEC (2018)

® Crude extraction and transport ® Refinery processing ® Distribution

gC0O2e/ MJ of final fuel

Diesel (Module 3) Diesel (JEC) Gasoline (Module 3) Gasoline (JEC)

Refinery GWP:

* Compared to JEC (2018)/Concawe, ifeu model gives higher GWP impacts for both Diesel and Gasoline

* Ifeu model: Diesel and gasoline have similar impacts due to similar energy contents, however, impact is
slightly higher for diesel production (hydrogen consumption in hydrocracker).

* JEC/Concawe: Diesel has a significantly higher impact than gasoline.

Total WtT GWP:

* Despite differences for the refining step, overall WtT results are comparable, as JEC results give higher
GWP impact for crude oil production and transport of crude, compared to ifeu.

tech
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Non-GWP Impacts




Acidification Potential of diesel and equivalent fuel chains (vs GWP)
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* The acidification potential (on a WtT basis)
appears to be higher for primary biogenic fuels
and synfuels than secondary biogenic fuels and
fossil fuels.

* As for GWP, Feedstock cultivation is the largest

contributor to acidification potential of primary
biogenic fuels, due to the use of agricultural
inputs. Avoided acidification is significant due to
co-products (meals), which are assumed to
displace additional feed.

* Counterfactuals contribute significantly to the
acidification potential of synthetic fuels, due to
the grid electricity to be replaced.



https://app.powerbi.com/reports/a841912f-c12d-4f41-81f9-1bb82ed52d6f/ReportSectioncd280bea0e74e999a9d6?pbi_source=PowerPoint
https://app.powerbi.com/reports/9cee39fd-7b98-4bc0-809b-2887b3af2ab0/ReportSectiona789ac126063046a49cb?pbi_source=PowerPoint

Ecotoxicity Potential of diesel and equivalent fuel chains (vs GWP)

@ WTT_Feedstock ®WTT_Processing ®WTT_Transport ®WTT_LUC @ WTT_COUNT & TTW_Total #WTT_Total # WTW_Total
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Ox emissions of diesel and equivalent fuel chains (vs GWP)
GWP
. . * Primary FAME/HVO and synfuels have the
largest relative NOx emissions on a WtT basis.
-y I I I II * Feedstock cultivation for primary biofuels
: I generates relatively high NOx emissions, due to
) . .I I direct field emissions in agriculture, as modelled
in Ecoinvent.
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* NOx emissions from processing are negative for
all biogenic fuels due to co-products and process
efficiencies.

* For UCO and MSW, avoided NOx emissions
(incineration) are outweighed by NOx emissions
to replace grid electricity.

gNOx/MI of final fuel

* Counterfactual NOx emissions have a significant
impact for secondary biogenic feedstocks.
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Initial Conclusions and Recommendations




Module 3 (Fuels):
Key achievements, strengths and robustness of findings (1)

* 59 fuel chains covered for all LCA midpoints + single substances covered

* Successful implementation of substitution for multi-functionality, thus allowing for comparison
with results obtained through allocation.

* Novel approach to secondary feedstocks, incl. potential displacement effects (counterfactual)
successfully tested. Paves the way for more research and policy work.

* Non-GWP impacts provide different trends than GWP for several fuels.

* Comparability with other WTW studies and RED Il remains limited, however. Statistical correlation
between GWP and non-GWP impacts could be further explored to understand where GWP could
be used as a safe proxy for other environmental impacts.

* IFEU refinery model calculates a higher GHG intensity for refining operations than JEC’s (2018),
but the latter results in a higher GHG intensity for extraction operations, so GWP totals are
comparable between the t.




Module 3 (Fuels):
Key achievements, strengths and robustness of findings (2)

* Results shall not be taken as face value. This study shows the concrete consequences of
certain methodological choices on how fuels are evaluated against each others with
regards to their environmental benefits. In particular:

olmportance of the substitution credit chosen: Our method for selecting was simplistic, for more
accuracy would require rigorous modelling — does the co-product typically feed into multiple
markets? Is there a more appropriate alternative etc.

olmportance of counterfactual scenarios. Diverting secondary feedstocks from existing productive
uses into liquid fuel production can result in significant environmental impact if that existing use
still needs to be supplied. Attributing zero impacts up until the point of collection is only valid for
true wastes.

o Using the same methodology for both secondary fossil and secondary biogenic feedstocks allows
fuel produced from mixed feedstocks (e.g. MSW) to be treated as one consignment rather than
assessing the fossil and the biogenic fraction separately.

oDemonstrated weight of Land-Use Change emissions (incl. SOC) over results for primary biogenic
fuels.




Module 3 (Fuels): Uncertainties, limitations and data gaps

* Consistency issues around the combination of attributional LCA (ag. Inputs, crop processing, transport etc.)
and consequential LCA (LUC) elements shall be further analysed.

* Variable accuracy and reliability of results, primarily stemming from data sets. Some fuels well covered,
some scarcely documented. Makes comparability difficult.

* A limited number of counterfactual and substitution scenarios were modelled. No economic modelling of
counterfactual.

* LUC values for different years could be tested in the module on the basis of GLOBIOM results, given the
dynamic nature of economic modelling. A comparison of results in the fuel module with GTAP should be
conducted (not possible within current project timeline).

* A key challenge to the evaluation of secondary feedstocks is to account for / mitigate the risk of indirect
impacts from using secondary feedstocks, given the uncertainty in assessing these — is LCA the best tool in
order to do this?




GWP impacts of LPG fuel chains

GWP of LPG fuel chains, disaggregated by step

® WTT_Feedstock ® WTT_Processing ® WTT_Transport ® WTT_LUC @ WTT_COUNT ¢ WTT_Total « WTW_Total
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GWP impacts of hydrogen and equivalent fuel chains

GWP of hydrogen fuel chains, disaggregated by step

® WTT_Feedstock ® WTT_Processing ® WTT_Transport ® WTT_LUC @ WTT_COUNT ¢ WTT_Total « WTW_Total

gC02e/MI of final fuel

H2-CNatGas H2-NCNatGas H2-Electrolysis H2CCS-CNatGas H2CCS-NCNatGas LH2-Electrolysis
Fuel Chain
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Breakdown of LUC values (GLOBIOM)

Breakdown of GLOBIOM values

@ Agricultural biomass @ Natural land conversion ® Natural land reversion @ Peatland oxidation @ Soil organic carbon ¢ Total LUC
BB

250

150 R R R R R R R R R R N R N NN R RN R N R R RSN SRR RN

gC0O2e/MJ of final fuel

50 ...

o

Sugar beet Corn Wheat Rapeseed oil Sunflower oil Sugar cane SRC Wood Palm oil
Feedstock

* For sugarbeet, corn and wheat, Soil Organic Carbon is the main contributor to LUC emissions.
* For oilseeds, SOC, peatland oxidation and natural land conversion dominate.

* For both PO and SRC, carbon sequestration is larger than if land was used for agriculture, which results in
negative emissions (largely offset by natural land conversion and peatland oxidation in the case of PO).




Human Toxicity Potential of diesel and equivalent fuel chains (vs GWP)

@ WTT_Feedstock ®WTT_Processing ®WTT_Transport ®WTT_LUC @ WTT_COUNT & TTW_Total #WTT_Total # WTW_Total
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https://app.powerbi.com/reports/9cee39fd-7b98-4bc0-809b-2887b3af2ab0/ReportSectiona789ac126063046a49cb?pbi_source=PowerPoint
https://app.powerbi.com/reports/a841912f-c12d-4f41-81f9-1bb82ed52d6f/ReportSectiona80be91c331ded76a29a?pbi_source=PowerPoint

Comparison of Refinery GWP impacts produced
by the Model vs Concawe (1/17) results (excludes
crude production and product distribution)

L R L Ll = B (R = = B ¥ =

GWP Impact [CO2eq/MIfuel)

LPG - Model {2020} LPG - Concawe [1/17)




GWP impacts of fuels produced from secondary feedstocks — Results (2)

WtW GWP of fuels produced from secondary feedstocks, or mixed secondary fossil and secondary biogenic feedstocks

O WTT_Feedstock ® WTT_Processing ® WTT_Transport ® WTT_COUNT ¢ WTT_Total ¢ WTW_Total

gC02e/M)

E-FF SynDiesel-MSW SynGasoline-MSW

* Same methodology is used for both secondary fossil and secondary biogenic feedstocks

* Fuels produced from mixed biogenic and fossil feedstocks (e.g. MSW) are assessed as a mixed
fossil and biogenic fuel.

* For both waste industrial gases and MSW the counterfactual fate is combustion-based power.

* Large avoided GWP impacts from combustion are compensated by large release of CO, during
processing and on combustion of the fuel.

* As noted on previous slide, fuel chains which have very low overall efficiency have high
counterfactual emissions.



https://app.powerbi.com/reports/95698fc6-1014-4237-bc7f-dca3fa552b82/ReportSection48604795c091d70a90c6?pbi_source=PowerPoint
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Introduction and overview of sensitivities explored |R

Low Impact | Medium Impact REgilelBialer:lo
Sensitivity Description

1 |Regional Var Examples of variation in impacts for different EU regions
(i.e. due to different road mileage shares and electricity mix)

2 Lifetime km Low or high lifetime vehicle mileage assumptions
3 PHEV fuel share Impact of low/high shares of operation on electricity (use profile)
4 Loading Impact for 100% loading assumptions for alternative powertrains
5 Future ICE AQP Alternative scenario with significant future tailpipe AQP reduction
UA 6 Glider Alternative trajectories for glider material composition
jﬁ) 7 Elec Range Alternative assumptions for electric range for XEVs
| 8 Battery EnDen Alternative assumptions on battery technology improvement /
>v future chemistries, impacting particularly on energy density
=1 9 Battery EUSVC  Sensitivity on EU sustainable value chain for battery production
% and end-of-life treatment
Dﬁf 10 Battery 2"d Life ~ Sensitivity on high share of XxEV battery second life applications
= 11 Vehicle EUSVC  Sensitivity on EU sustainable value chain for vehicle production
>3 and end-of-life treatment (non-battery)
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Overall LCA sensitivities [Ricardo, 15:00]
Vehicle Operational Sensitivities:
Regional variation in road mileage shares and electricity mix

ﬁ High Impact
Lower Medium Car — Baseline Scenario » Variations purely in road mileage shares
GWP [gCO,e/vkm] . .
o 0 om0 100 feo oo ws0 a0o lead torelatively small differences for cars
EU28 - 00— IMpacts due to effects on MJ/km, and
® DE . Y 1 00% tailpipe CH, and N,O emissions
L L I 02% :
L
O  pL — s oo, Other regional effects (not modelled)
S SE - I 100% may have greater impacts
Q EU28 - I 1 49% : o ..
_ DE . I 57% ¢ Impacts of regional variation in electricity
L L I 1 47% mix are significant in 2020
PL ¥ 1 86% S :
SE S| 29% — Significantly reduce benefits vs
EU28 ‘. I 100% alternatives for BEV.
O := sl 100, Effects diminish in future periods
L
O pL e Il 9% (BEVs almost always better than all
8 SE L I 100% other powertrains from 2030)
& EU28 NI 30%
. DE I 1 37%
o LU SR 3% ; Additional information: 225,000km, 15 year lifetime.
PL - | 49% 2020 BEV battery 58 kWh, 300km range, with av. lifetime

SE M| 20% EU28 fuellelectricity mix (age-dependant mileage
m Production ® WTT = TTW ®mMaintenance ® End-of-Life % ICEV-G weighted). No battery replacement needed for XEVs.
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Overall LCA sensitivities [Ricardo, 15:00]
Vehicle Operational Sensitivities:
Lifetime kilometre activity

Gulni

Lower Medium Car — Baseline Scenario, 2020 Sensitivity results in a reduction or
300 Jeam s increase in impacts per vkm from

2;2 manufacturing and EoL
gﬁﬁi — Effect on comparison of BEVs vs other
2 175 powertrains narrows in future years
§“15o (manufacturing impacts reduce)
figg ® The size of the effect in future periods is
5 ;g lower due to use of lower carbon energy

¢ Relative effects less significant for

N
o o
S
8
L O
\I
o1

s a4 higher-mileage vehicles (i.e. HDVSs)
f_:é E E CSG E E 3 1,000
285 235 s
03 F 03 F § 800
ICEV-G PHEV-G E'S 600
_ e 400
2020 m Production WTT BTTW =
= 200
® Maintenance  m End-of-Life ¢ Total ~ I . I .

o

Assumptions: 225,000km, 15 year lifetime. 2020 BEV battery 58 kWh, g Average Lower Large SUV

300km range, with av. lifetime EU28 fuel/electricity mix (age-dependant  m | qw medium

mileage weighted). No battery replacement needed for XxEVs High Passenger car Rigid Lorry = Artic Lorry Bus
Source: Ricardo analysis for Vehicle LCA project for DG CLIMA (2020)
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Overall LCA sensitivities [Ricardo, 15:00]
Vehicle Operational Sensitivities:
PHEV charging behaviour / share of electric mileage

Cuis

Lower Medium Car — Baseline Scenario, 2020  Sensitivity explored an optimistic vs

300 pessimistic case for PHEV electric km

222 — None/100% cases similar result to HEV/BEV
225 o WLTP LDV utility function (UF) already

T 200 assumes high %km electric, so impacts

= 175 - more significant in pessimistic case

o' 150 e 129 132 o _

B 125 . * o Sensitivities for HDV vehicle types show

2 100 more significant effects (where a more

© 75 direct relationship with range is assumed)

Default Range

50
76 1
25 50 50 50
0 : BN BE  BE 0.8
-25
Default Default Default Low  High Default —| 0.6
o
ICEV-G HEV-G PHEV-G BEV 2| 04
2020 | PI‘OdUCtion WTT | TTW —e— ChDeplete
) . 02 -B-CDLow
® Maintenance  ®End-of-Life * Total ~a-CDHigh
0
Assumptions: 225,000km, 15 year lifetime. 2020 BEV battery 58 kwh, 75 100 125 150
300km range, with av. lifetime EU28 fuel/electricity mix (age-dependant
mileage weighted). No battery replacement needed for XEVs Charge depleting range [km]
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Overall LCA sensitivities [Ricardo, 15:00]

Vehicle Operational Sensitivities:

Effects of alternative powertrain mass for high %load operation

-

Artic Lorry — Baseline Scenario, 2020

HEV-
PHEV D- HEV-ICEV-ICEV-ICEV-

BEV-
REEVFCEV ERS BEV

FC-

1Y)

ED11344

-250

Average
Full
Average
Full
Average
Full
Average
Full
Average
Full
Average
Full
Average
Full
Average
Full
Average
Full
Average
Full

-D ERS D LNGDLNG D

GWP [gCO.e/vkm]
250 750 1250 1750 2250

| I 100%

| I 100%
I 73%
Il 72%
] 75%
I 74%

[l ] 91%

| I 91%
B 43%

[ |
| B 48%

| | B 1%

| I 69%

Il | 27%

Il | 23%

Il 23%

l | 21%

| | 67%

| | 65%
' | 51%

| | 48%

¢ Av. Load Factor impacts on MJ/km and
will also have impacts per tonne-km (tkm)

— vkm shown here to illustrate energy
consumption impacts

o Impact on lifetime tkm for reduced load
capacity for heavier powertrains uncertain

— Depends on whether mass or volume-
limited (vol. impacts may be smaller)

¢ High load factor actually magnifies relative
benefits of XEV per vkm since WTW
energy impacts are a much smaller share

e For tkm this effect is balanced out for BEV
due to reduced load capacity for 2020

Additional information: 800,000km, 10 year lifetime.
2020 BEV battery 1370 kWh, 500km range, with av.
lifetime EU28 fuel/electricity mix (age-dependant mileage

Ricardo Energy & Environment in Confidence
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Overall LCA sensitivities [Ricardo, 15:00]

Vehicle Operational Sensitivities:

Future improvements to regulated air pollutant emissions

-

No objective information on post-Euro 6/VI| ===-ICEV-D[2020]
—e—CEV-D
Sensitivity explores impact of a 25% ICEV-LNGD
reduction in all tailpipe AQP per decade  —* HEVDERS  pyF
NOXx contributes to all AQP mid-points: —O—EE\E/V
AcidP, POCP, EutroP and PMF
For HDVs, assumptions result in bOCP
significant improvements, but xEVs still
perform better across all categories
POCP, EuroP and PMF impacts for - ==-ICEV-D [2020]
diesel cars still >> XEV powertrains —e—ICEV-D
Impacts for gasoline cars still > xEVs _x_fEE\)/ DLNEC:; -
Gas-fuelled vehicles perform similarly to —O—IE:E\E/V
XEVs by 2050 in all AQP mid-points,
except for POCP
POCP

More substantial improvements would be
needed mainly to tailpipe NOx to bring
vehicles mainly using ICE closer to xEVs

ED11344
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Low Impact

2020
Artic Lorry 40t GVW
Box

GWP 2050
120% Artic Lorry 40t GVW
100%,,#« Box
/‘86% \\\
o7 69 > CED
! 0
! 0
! 0
! 0
! 0
! 0
! 0
-, AcidP

EutroP
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Overall LCA sensitivities [Ricardo, 15:00]

Vehicle Specification Sensitivities: [ = <
Glider Material Composition

ﬁ Low Impact

Lower Medium Car — Baseline Scenario, 2050 Sensitivity illustrates material composition

250 iy 222 Baseline vs TECH1.5 Glider Materials impacts independent of effects on MJ/km

225 : . -

200 Higher shares of plastic, aluminium and
=175 165 171 eventually carbon fibre reinforced plastic in
2 150 periods 2030-2050 for TECHL1.5 scenario
o' 125 105 110 _ _

9 100 82 - Overall impacts (from production and EoL
g 75 M DIPTRE recycling/disposal) on GWP are relatively
C gg 0 modest (and are balanced by mass
0 @ E g ﬂ E ﬁ a m E m reduction benefits on MJ/km in reality)
B e o= mlz wl= oz o Similar for different mid-points, vehicles
g o @ ¢ ® &S 8 o g o
o 6 o LI) o 6 ] 5 © 6 Glider (kg): Car (Lower Medium), Baseline
o) o Q Q a
= = = = = 100% 2
@ @ @ o) @ 90%
=2 = = = = 80% Plaltic: . 1,000
O @) O O @) 70% Average - 2
0 800 &
ICEV-G HEV-G PHEV-G  BEV FCEV 60% CarbonFRP é
2050 m Production WTT BTTW 50% 600 2
. . 40% ] g
® Maintenance End-of-Life ¢ Total 30% 400 ®
Assumptions: 225,000km, 15 year lifetime. 2020 BEV battery 58 kWh, 20% 200 >
300km range, with av. lifetime EU28 fuel/electricity mix (age-dependant 10%
mileage weighted). No battery replacement needed for XEVs 0% 0

2020 2030 2040 2050
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Overall LCA sensitivities [Ricardo, 15:00]

Vehicle Specification Sensitivities: |R
XEV Electric Range RICARDO
o ) Low Impact

Lower Medium Car — Baseline Scenario, 2020 Sensitivity results in a combination of
300 .0 impacts on manufacturing (battery size)

275 - -
550 and MJ/km (by change in vehicle mass)
= ;ég Longer range reduces PHEV impacts
% 175 (>share of electric km) but increases for
8‘”150 BEV (>manufacturing emissions)
125 . :
= 100 Reducing electric range for PHEV
5 75 significantly reduces net benefits
50
25 Effects narrow in future years for BEVs
0
-25 Sensitivities on electric range for BEV and PHEV
700 — BEV/
600 [Default]
c - #@- BEV
~ 500 [Low]
ICEV- HEV- PHEV-G BEV s Ny
2020 m Production WTT B TTW g 300 ' [F)D'l'f;fjlt]
® Maintenance End-of-Life & Total 3 200 PHEV
W 60 [Low]
Assumptions: 225,000km, 15 year lifetime. 2020 BEV battery 58 kWh, 100 ,,________.,________,.________{ —4— PHEV
300km range, with av. lifetime EU28 fuel/electricity mix (age-dependant 0 40 [High]
mileage weighted). No battery replacement needed for XEVs 2020 2030 2040 2050
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Overall LCA sensitivities [Ricardo, 15:00]

Vehicle Production and End-of-Life Sensitivities:
EU Sustainable Value Chain for Battery Production and EoL

Cuis

Lower Medium Car — Baseline Scenario, 2030
275

250 237 237
225
"= 200 180 179
§ 175 137 136
2,150
S 125 101 100 N e
(@)
> % BE s
= >
o 50
" BB EE
0 = = = = = = = =
-25
T & 3 & I & I & T 9
T ©®© © ® © ® © ® o w
A O O O O o O o A o
@) @) @) @) @)
> > > > >
n n n ) n
- -) -) -) -
| w w w |
ICEV-G HEV-G PHEV-G BEV FCEV
2030 ® Production WTT BTTW
® Maintenance End-of-Life ¢ Total

Assumptions: 225,000km, 15 year lifetime. 2030 BEV battery 64 kwh,
460km range, with av. lifetime EU28 fuel/electricity mix (age-dependant
mileage weighted). No battery replacement needed for XEVs

RICARDO
Low Impact
EU SVC — Battery sensitivity assumes:

Renewable electricity for manufacturing
and end-of-life processes

Higher recycling rates
Higher share of EU-based
manufacturing

GWP impacts are relatively low per vkm

More significant for ARD_MM, HTP
(increase in key recovered materials)

GWP intensity of electricity

450 e G A AV
400 [Baseline]
§ 350 .
< 300 = #@= GridAv
= 250 [TECH1.5]
(&)
8 200 =—t¢—RenewableAv
O 150 [Baseline]
o
~ 100 RenewableAv
S ——— .. [TECHL.5]

2020 2030 2040
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Overall LCA sensitivities [Ricardo, 15:00]

Other Sensitivities [ = 4
)
Effects of future battery technology 800 Battery pack energy density projection
improvements are low (1-4gCO,e/vkm), oo A Doty

= #l= EnergyDen
[Low]

except for certain impact categories
(ARD_MM, HTP) and vehicle types

Wh/kg

= A= EnergyDen

(Artic Lorries - high range, impact on load [High
CapaCi ty) 2020 2030 2040 2050
Eff : . o Assumed share of battery repurposing for second-life
ects of high share of second life o 100% ¢ > > o ond Life
applications of batteries on GWP g 80% e T T T e
impacts are relatively low (1-2gCO.,e/vkm) § o0 7 Lou
.. . . . 40% cllmcmccecaa - A= 2nd Life
and diminish in future periods (batteries ¢ oo PR . - High
offset/replaced are of lower impact, so 5w e

credit is lower) 2020 2030 2040 2050

Effects of EU Sustainable Value Chain

. . e G A
for Vehicle Production and EoL on (Baseline]
GWP impacts are relatively low RS
(2-49CO.e/vkm) but some other impacts T Renewabens
can increase slightly: where renewable RenewableAv
[TECH1.5]

electricity has slightly higher impacts
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Overall LCA sensitivities [Ricardo, 15:00]

Vehicle Specification Sensitivities: |R
Future battery technology improvements RICARDO

ﬁ Low Impact

Lower Medium Car — Baseline Scenario, 2030 GWP impacts are relatively low per vkm

o more significant for ARD_MM, HTP
237 . .
ggg Effects less pronounced in future periods
E 200 180 (due to lower impacts per kWh battery)
% 175 .
S50 Improved energy density due to a
B 125 101 102 101 combination of changes in chemistry, cell
g 13‘; and pack improvements
©)
2(5) Similar significance for other vehicle types
0 m m a More pronounced for Artic Lorries:
Kl R R high range, impact on load capacity
> >
© ©
8 8 200 Battery pack energy density projection
ICEV- HEV- PHEV-G 600 Enefrgleen
G G 500 [Default
2030 m Production WTT uTTW %” 400 - @~ EnergyDen
. _ = 300 [Low]
®m Maintenance End-of-Life ¢ Total 200
Assumptions: 225,000km, 15 year lifetime. 2030 BEV battery 64 kWh, 100 —A= EUeLQVDe”
460km range, with av. lifetime EU28 fuel/electricity mix (age-dependant 0 [Hig
mileage weighted). No battery replacement needed for XEVs 2020 2030 2040 2050
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Overall LCA sensitivities [Ricardo, 15:00]

Vehicle Production and End-of-Life Sensitivities: |R
High share/benefits of 2nd life applications for XEV batteries

ﬁ Low Impact

Lower Medium Car — Baseline scenario, 2020 High 2"d Life Battery sensitivity assumes
300 268 268 high share of XEV batteries going to

_ 250 -6 | 208 second life applications (default is low

£ 200 174 174 share)

3 %!758 138 137 132 130 Ml _ _

0 125 HEEE Effects on GWP impacts are relatively low

=109 per vkm

1
~
En

G g% m E @ @ @ a E E ﬂ Effects diminish in future periods

-25 — (batteries offset/replaced are of lower

R VR R U T impact, so credit is lower)
s & &8 & 33 & B g g ¢ ’
© I © I © I © I © ©
& o0 a m a M a 4] & 0
2 2 2 2 2
3 3 i i a
2 2 2 2 2
N N N N N Assumed share of battery repurposmg for second-life
= = = - = 100% <+
=) =) =) =) =) " 2nd Life
T I I I T % 80% A -—-— - None
ICEV-G HEV-G PHEV-G BEV FCEV = s - @8- 2nd Life
. 3 60% o7 Low
2020 ® Production WTT BTTW 5 P .
) _ o 40% & B ————— - = A= 2nd Life
®m Maintenance End-of-Life ¢ Total = _” =" High
< P
n 0 B .
Assumptions: 225,000km, 15 year lifetime. 2020 BEV battery 58 KWh, @ 07 It - T 2ndLite
300km range, with av. lifetime EU28 fuel/electricity mix (age-dependant 0%
mileage weighted). No battery replacement needed for XEVs 2020 2030 2040 2050
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Overall LCA sensitivities [Ricardo, 15:00]

Vehicle Production and End-of-Life Sensitivities:
EU Sustainable Value Chain for Vehicle Production and EoL

Cuis

Lower Medium Car — Baseline Scenario, 2030
275

o50 237 234
225
'€ 200 180 177
= 175
Q, 150 137 133
O I 2
O 125 101 o8
2100 71 69
% 75 - - ™
o 50
" BB
0 - = = = = = = = = =
-25
S 2 5 2 £ 2 £ 2 £ 0
g == & £ & = & = 8 E
o (@) @ (@) @ @) o (@) < (@)
o > o > o > o > o >
@) @) @) @) O
> > > > >
n n n ) n
- - ) ) -
w w w w w
ICEV-G HEV-G PHEV-G BEV FCEV
2030 m Production WTT = TTW
® Maintenance End-of-Life ¢ Total

Assumptions: 225,000km, 15 year lifetime. 2030 BEV battery 64 kwh,
460km range, with av. lifetime EU28 fuel/electricity mix (age-dependant

mileage weighted). No battery replacement needed for XEVs

Low Impact

Sensitivity assumes renewable electricity
for manufacturing and end-of-life
processes, higher recycling rates

Effects on GWP impacts are relatively low
per vkm

Some other impacts can increase
slightly: where renewable electricity has

slightly higher impacts

Effects diminish in future periods to an
extent, as grid electricity decarbonises

GWP intensity of electricity
450 e G A AV
[Baseline]
= #@= GridAv
[TECH1.5]

=t RenewableAv
[Baseline]

S RenewableAv
[TECHL.5]
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Agenda s, €) E4tech  [HRR

HEIDELBERG

Introduction, background and objectives of the meeting [09:00]
Overview of the developed methodology [ifeu, 09:30]

Overall LCA results [Ricardo, 11:00]
Results and comparisons for lower medium cars
Results for other vehicle types

Results for energy chains [ifeu / E4tech, 13:30]:
Electricity chains [ifeu]
Liquid and gaseous fuel chains [E4tech]

Overall LCA sensitivities [Ricardo, 15:00]
Other assumptions and general Q&A [Ricardo, 16:15]

Initial conclusions & recommendations and wrap-up [Ricardo, 17:00]
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Other assumptions and general Q&A [Ricardo, 16:15]

Key assumptions for materials:

Projecting future changes in impacts for production of key materials

Key material and process data was based
on Ecoinvent, with a limited number of
gaps filled with data from GREET (2019)

Data was also extracted on the process
electricity consumption / impacts

(o
()
N

O

Estimates for future decarbonisation of the ~
production/processing of materials were
developed using the projected future
impacts from electricity for the appropriate
region (generally World or EU28 average)
for the Baseline or TECHL1.5 scenario

Similarly for EoL recycling / recycled
materials

For Steel and Aluminium production,
future improvements in material
production / efficiency were also
estimated based on data from IEA
materials analysis

ED11344
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GeneralOutput (GWP, Baseline Sc)

20,000 = Steel (low alloy)
18,000 .
16,000 == AlUminium
14,000 —#—Copper

12,000
10,000

==dr=P|astic: Average

* —X CarbonFRP
8,000
6,000 === Cobalt
.
4,000 3 — 84— — 4= Lithium
2000 = — 0 > Carbonate
' 0 ®— Graphite/Carbon
2020 2030 2040 2050
GeneralOutput (GWP, TECHL1.5 Sc)
20,000 = Steel (low alloy)
18,000 .
16,000 == Aluminium
14,000 =&~ Copper
12,000 ==dr=P|astic: Average
10,000
CarbonFRP
8,000
6,000 == Cobalt
4,000 =>.=~ - b= | ithium
2,000 : Carbonate
0 ¢ U ® —@— Graphite/Carbon
2020 2030 2040 2050
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Other assumptions and general Q&A [Ricardo, 16:15]
Key assumptions for fuels and electricity: | = <
Assumptions on electricity mix and fuel substitution/blends

100% 100% m— Efsceﬂggex 2020] Electricity generation mix for EU28 (ElecGenMix, Baseline Sc)
Oth RES
80% 80% Elec [Index 2020] 100% " Solaerrs
TECH1.5 90% //{;/ Wind off-sh
# Wind off-shore
60% 60% Petrol Substitution 80% // / B Wind on-shore
Baseline 70% ® Hydro
40% 40% o = = Petrol Substitution 60% Nuclear
TECH1.5 < 50%  Gas+CCS
20% 20% Diesel Substitution 40% m Gas
Baseline % Qil+CCS
30%
0% 0% Diesel Substitution . = Ol
——- 20%
2020 2030 2040 2050 TECH1.5 0 W Biomass+CCS
10% ® Bijomass
.. . . . 0% m Coal+CCS
Electricity mix defined by scenario 2020 2030 2040 2050 . Con

(Baseline, TECH1.5) and region » . | |
Electricity generation mix for 2020 (ElecGenMix, Baseline Sc)

Impacts calculated based on this and 100% Others RES
. .- . . . 0 A H Solar
region-specific generation efficiency 90% I

# Wind off-shore
0
80% ® \Wind on-shore

Fossil fuel substitution rate based on EC " "o

modelling for Baseline and TECH1.5 L 50% 5 Gas+CCS

scenarios o I I I I "oe
Composition of substituted bio/synthetic  20% o ces
fuels estimated based on current norms = Blomass

m Coal+CCS

and expectations for future feasibility EU28 CN KR JP US World n Coal

ED11344 Ricardo Energy & Environment in Confidence 16 January 2020 © Ricardo-AEA Ltd



Other assumptions and general Q&A [Ricardo, 16:15]
Key assumptions for fuels and electricity: | = <
Assumptions on fuel substitution/blends

Baseline Scenario Fuel Blend assumptions used in the full Vehicle LCA modelling

Gasoline Blends Diesel Blends
50% 50% 39.5%
30.7%
30% - 30%
5.6% 5.6% 6.3% 6.3% 8.1% 8.1% 9.2% 8.0%
10% * * < < 10% —— —>— [ S ——
-10% 2020 2030 2050 2030 2050 -10% 2020 2030 2050 2030 2050
Baseline Baseline TECH1.5TECH1.5 Baseline Baseline TECH1.5TECH1.5
BioE-Crop BioE-Waste BioE-Other Ecl\(gEéCrop EC“SE\-/\\//Va?te
. : -Crop u =Waste
m SynGasoline ¢ Total Non-Fossil m SynDiesel & Total Non-Fossil
CNG/LNG Mi Hyd Mi
50% IX 100% 10%y rogen IX
20%
40% 50% 50%
26.8%
0% % 50%
20% 12.9% ° 90% 80%
10%  4.0% 4.0% ¢ 3.9% 50% 50%
0% e * * 0%
2020 2030 2050 2030 2050 2020 2030 2050 2030 2050
Baseline Baseline TECH1.5TECH1.5 2 SMR (NatGas) Baseline Bés}setlinle '_I'E(nglG.S_C;I"AE)CHl.S
. . . atGas ectrolysis ecGriaAv
BioM-AD = BioM-Gas = SynGas ¢ Total Non-Fossil SMR+CCS (NatGas) SynGas

Blends are indicative: only a subset of the currently available fuels have been modelled

Source:
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Other assumptions and general Q&A [Ricardo, 16:15]

Key assumptions for fuels and electricity:

Assumptions on fuel substitution/blends - WTW GWP impacts

Baseline Scenario Fuel Blend assumptions used in the full Vehicle LCA modelling

Gasoline Blends

100 100
g 80 g g < g 80
3T 60 ® ® o o T 60
@) = O
o 40 o 40
2 20 2 20

0 0
2020 2030 2040 2050
m Default m BaseBlend TECH1.5Blend m Default
CNG Mix

100 100
g 80 g 80
3 60 3 60
S S 3 > o
< 20 20

0 0
2020 2030 2040 2050
m Default m BaseBlend TECH1.5Blend

Diesel Blends

92.0
91.4
80.4

62.8

2030 2040 2050

m BaseBlend TECHL1.5Blend

Hydrogen Mix

3 o
S 5 B
(00]
o
o Lo
< T}
N
2020 2030 2040 2050
m BaseBlend TECH1.5Blend

o Blends are indicative: only a subset of the currently available fuels have been modelled

Source:

ED11344 Ricardo Energy & Environment in Confidence 16 January 2020

© Ricardo-AEA Ltd 150



Other assumptions and general Q&A [Ricardo, 16:15]
Key assumptions vehicle specification:
Assumptions on vehicle material composition and mass reduction

Guis

Glider (kg): Car (Lower Medium), Baseline

mmmm Visc Other Electronics
100% 1,200 m \Vood . Textiles
90% 1,000 mmmm Glass mmmmm Rubber/Elastomer
80% M AR .
Stc. &~ = Plastic: Average mmmm GlassFRP
70% 800 -
o 3 CarbonFRP Zinc
60% ast] CarbonFRP p
50(%) 600 E | cad | ] Copper
40% g Magnesium mmmmm Aluminium (wrought)
30% teel (AHS 400 g mmmm Aluminium (cast) m— Aluminium
=2
20% 200 mmm |ron (cast) mmmm Steel (AHS)
10% Steel Steel (high alloy) — Stec
0% 0 Total
2020 2030 2040 2000 07T ota
o For the Reference Powertrain by vehicle type Car (Lower Medium), Baseline, 2020

Engine System,
6.6%

Exhaust System,
0.8%

Motor System,
2.1%

Transmission,
4.5%

Fuel Cell
System, 0.0%

a. Glider 2020 material shares reviewed with stakeholders

0. Projections in material mix and mass reduction for
(a) Baseline, (b) TECH1.5 scenarios to 2050

o Generic component mass/composition defined separately

o Mass and material composition of alternative powertrains

. . . . . .. Energy Storage,
defined based on combination with individual components

10.5%

Power
Electronics, 1.8%

Source: Mass/material mix projections based on a combination of Ricardo’s previous analysis for The European Commission, and data on lightweight vehicles from the GREET model (2019)
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Other assumptions and general Q&A [Ricardo, 16:15]

Validation exercise with stakeholders covered assumptions for [ = <
baseline vehicle / powertrain material composition datasets...

Car: Lower Medium [Gasoline] Car: Large SUV [Gasoline] Van: N1 Class Il [Diesel] Artic Lorry: 40t GVW Transmission

Overall Overall Overall

kg, 558
After-

treatment
kg, 50

Exhaust

vehicle vehicle vehicle kg, 20

/ / Overall Tank
| ' vehicle kg, 80
|
Total: 1,400 kg Total: 2,200 kg Total: 2,065 kg | ”
|
' |
! I
! a 1
T})tak 14,550 kg ]
i I
]
l
Bus: Standard Single [Diesel] Coach [Diesel] Rigid Lorry: 12t GVW [Diesel] Altic Lorry: 40t GVW [Diesel] =3 t‘l‘f’na"oyed) kg

= Sfeel (low alloy) kg
}teel (high alloy/stainless/chromium) kg

dvanced High Strength Steel kg
=fron kg
ight metals and alloys kg
Wrought Aluminum kg
Cast Aluminum kg
: Aluminium kg
Magnesium kg
Is Heavy metals kg
J = Copper kg
= Zinc kg
= Lead kg
= Special metals kg
= Platinum kg
= Palladium kg
= Rhodium kg
= Polymers and plastic materials kg
= Average Plastic kg
= Rubber/Elastomer kg
= Glass Fiber-Reinforced Plastic kg

— Overall
“ Fluids kg
= Oil kg

' vehicle
= Coolant: Glycol kg

Total: 11,170 kg Total: 12,158 kg Total: 5,715 kg Total: 14,550 kg glther rl?aterials kg
= Glass kg

1
I
|
l
Overall Overall I
vehicle vehicle

Overall
vehicle

ED11344 Ricardo Energy & Environment in Confidence 16 January 2020 © Ricardo-AEA Ltd



Other assumptions and general Q&A [Ricardo, 16:15]

Key assumptions for battery calculations:
Summary of key assumptions

o Manufacture/EoL adapted from GREET

2020 Manuf. Impact (Pack)

39%

= Cathode - Active
material

= Anode - Active

material
= Anode - Collector

= Binder

5%
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19% 1% eriphery

Battery production impacts, share by component/stage
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ED11344

2020

(GWP)
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Ricardo Energy & Environment in Confidence
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_____ X Na-ion
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e LMO

80%  mmmwm | FP

s NMC

s \CA

2020 2025 2030 2035 2040 2045 2050
Battery pack energy density and production impacts
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2400

<
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0
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16 January 2020
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Other assumptions and general Q&A [Ricardo, 16:15]
Key assumptions for operational impacts: | = <
Assumptions relating to mileage and operation by road type

Share of mileage on different road types varies significantly between EU28 countries

Energy consumption and emissions defined based on average speed by road type, based on
mainly COPERT factors, Ricardo simulation for relative MJ/km of new powertrain HDVs

Average impacts based on calculation using regional share

Lifetime km and age-dependent annual km profile over time based on recent analysis
for EC, and EC transport modelling datasets

Low / High sensitivities also applied for lifetime activity

Average speed limits and share of km (LDVs)

100% g B i 140 1,000,000
90% Ii "II I Ill l Il I'l I-.Il 120 800,000

80% E
_ 0% & xi‘ A A-kA A~ 100 & @ 600,000
g I ERRA Y | Rt \u-t ‘ £ !
E 60% l’ Y 80 E)'

=

5 -
o
©
=
(%]

Av. speed limt (km)

400,000
50%
40% 60 200,000

00— - 0—0 =0 0~ 9—0 -0 00 ‘-.-( ‘-0-.-
30% 40 0 l I I
20% 20 Lower Large
10% I I medium  SUV Classlll
0% 0

'Z%86B%E”JWLL&“DL”'_'_BEEE'E'EQ:%”’%§E Passenger car LCV E;?;;j/ LA(:?& Bus | Coach

mLow mHigh = Average

mmmm urban road (% km) non urban road (% km) = motorway (% km)a
=@~ urban road (speed) =<= non urban road (speed) =#-= motorway (speed)
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Other assumptions and general Q&A [Ricardo, 16:15]

Other assumptions:
Vehicle and battery manufacturing shares

. . XEV Battery Cathode ¥EV Battery Pack Assembly,
EU Vehicle Production Share Manufacturing, 2020 2020
est of
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Agenda s, €) E4tech  [HRR

HEIDELBERG

Introduction, background and objectives of the meeting [09:00]
Overview of the developed methodology [ifeu, 09:30]

Overall LCA results [Ricardo, 11:00]
Results and comparisons for lower medium cars
Results for other vehicle types

Results for energy chains [ifeu / E4tech, 13:30]:
Electricity chains [ifeu]
Liquid and gaseous fuel chains [E4tech]

Overall LCA sensitivities [Ricardo, 15:00]
Other assumptions and general Q&A [Ricardo, 16:15]

Initial conclusions & recommendations and wrap-up [Ricardo, 17:00]
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Initial conclusions & recommendations and wrap-up [Ricardo, 17:00]

Initial conclusions (overall): |R
Key achievements, strengths and robustness of findings

A harmonised/consistent comparison of the environmental performance of a sample of
vehicles has been developed for all stages of the vehicle life-cycle:
Good comparability of overall results
Novel methodological development in key areas — particularly to account for future changes in
Impacts key materials and energy chains, and vehicle mileage

A key benefit of this study was to concretely try certain methodological approaches and
see whether this worked/could be applied in practice and how these impact the results

Accordance with the general principles of ISO and also other important guidelines
(PEF, ILCD) were mostly established

Stakeholder consultation / engagement predominantly favoured the chosen approaches
and on many issues there was almost a consensus on the methodological choice

Results for a broad scope of products and environmental impacts have been derived on
a largely comparable and robust basis
Proves the general feasibility of the developed concept and approach

Provides a robust evidence base to help dispel common myths, highlights areas of greater
variation / uncertainty, indicates potential environmental hotspots
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Initial conclusions & recommendations and wrap-up [Ricardo, 17:00]

Initial conclusions (overall): [ = 4
Key achievements, strengths and robustness of findings pt2

Results prove the interesting performance profiles for EVs across all metrics assessed
in the study, whilst highlighting key dependencies and hotspots to be addressed:

Hotspots due to electricity: varies by impact mid-point and generation type. Impacts from
biomass generation appear to be particularly large in a number of cases

Hotspots in HTP / ETP_FA / ARD_MM due to materials: copper, electronics and certain
other battery materials (but not cobalt or lithium as low % of total mass)

Hotspots for CED and WaterS for FCEVs/H2, particularly for electrolysis
Benefits of BEV, PHEV, FCEV significantly enhanced between 2020 and 2030 due to
decarbonisation of electricity/H2, battery improvements
No battery replacements after 2020 even for HDVs, based battery cycle life and capacity
increases assumed
The findings for natural (and bio-/synthetic-) gas fuelled vehicle show that these can
provide significant benefits vs conventional alternatives across a range of impacts:
Some uncertainty remains over WTT components for GHG
CH4-slip in dual-fuel gas-diesel vehicles undermines / may eliminate efficiency benefits

Findings for low carbon fuels are less clear, need further work: questions remain on
fossil gas chains, and on novel synthetic fuels, which are further discussed later
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Initial conclusions & recommendations and wrap-up [Ricardo, 17:00]

Initial conclusions (fuel chains): [ = <
Key achievements, strengths and robustness of findings

59 fuel chains covered for all LCA midpoints + single substances covered

Novel approach to secondary feedstocks, incl. potential displacement effects (counterfactual)
successfully tested. Paves the way for more research and policy work

Results shall not be taken as face value. Study shows the concrete consequences of certain
methodological choices on how fuels are evaluated against each others, in particular:
Importance of the substitution credit chosen: Our method for selecting was simplistic, for more accuracy

would require rigorous modelling — does the co-product typically feed into multiple markets? Is there a more
appropriate alternative, etc.

Importance of counterfactual scenarios: Diverting secondary feedstocks from existing productive uses
into liquid fuel production can result in significant environmental impact if that existing use still needs to
be supplied. Attributing zero impacts up until the point of collection is only valid for true wastes.

Using the same methodology for both secondary fossil and secondary biogenic feedstocks allows fuel
produced from mixed feedstocks (e.g. MSW) to be treated as one consignment rather than assessing the
fossil and the biogenic fraction separately

Weight of Land-Use Change emissions over results for primary biogenic fuels

Non-GWP impacts provide different trends than GWP for several fuels. Comparability with other
WTW studies and RED Il remains limited, however.

IFEU refinery model gives comparable results as CONCAWE's, except for LPG (higher)
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Initial conclusions & recommendations and wrap-up [Ricardo, 17:00]

Initial conclusions (overall): [ = 4
Uncertainties, limitations and data gaps

LCA is inherently imprecise/uncertain. The broad scope of the study has also led to
trade-offs with level of detail and accuracy in certain areas

Results are for generic vehicle types, which provide a good basis for further policy
decisions and can be assumed to be valid for a representative sample of such vehicles

Validity for specific single vehicle models is naturally limited
Comparisons with more novel fuels/blends needs improved data/methodologies

Considerably less data/literature is available for certain vehicle types (mainly lorries and
buses) and powertrains/fuels (e-fuels, synthetic biofuels and non-conv. fossil fuels)

This may lead to higher uncertainties for these vehicles/energy types

Broad scope of considered environmental impacts likely leads to differences in data
robustness between these impacts due to data uncertainties and asymmetries

Care should be taken in result interpretation, especially for less common/established impacts
(and especially for more novel fuel types)

Environmental impact data vary across different LCI datasets: effects absolute result

Some methodological areas subject to greater debate and could be further investigated:

the extent and application of consequential modelling, end-of-life-modelling as well as the
relevance of charging/refuelling infrastructure
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Initial conclusions & recommendations and wrap-up [Ricardo, 17:00]

Initial conclusions (fuel chains): [ = 4
Uncertainties, limitations and data gaps

Consistency issues around the combination of attributional LCA (ag. Inputs, crop
processing, transport etc.) and consequential LCA (LUC) elements shall be further
analysed

Variable accuracy and reliability of results, primarily stemming from data sets. Some
fuels well covered, some scarcely documented. Makes comparability difficult

A limited number of counterfactual and substitution scenarios were modelled. No
economic modelling of counterfactual

LUC values should be updated for 2020, 2030 and 2050 on the basis of GLOBIOM
results, given the dynamic nature of economic modelling. For LUC, a comparison with
GTAP should be conducted (not possible within current project timeline)

A key challenge to the evaluation of secondary feedstocks is to account for / mitigate
the risk of indirect impacts from using secondary feedstocks, given the uncertainty in
assessing these — is LCA the best tool in order to do this?
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Initial conclusions & recommendations and wrap-up [Ricardo, 17:00]

Recommendations for future work | = <
Vehicle Q Q Refine current assumptions based on improved data and/or
Specification expand analysis to include other vehicle types
Vehicle / g g - Improved characterisation of battery manufacturing,
Battery particularly for newer and advanced battery chemistries.
Manufacturing - More information / data on efficiency improvements in

recent years and on effects of future improvements
Electricity Q Q - Updated input data on future electricity mix projections
Chains - Further review and enhancement of underlying datasets
Fuel g/@ - Some methodological areas need further consideration
Chains 'e e.g. counterfactual and substitution scenarios, LUC

- Development of improved datasets for new processes -
particularly for synthetic fuels

- Improvements in data/methodological consistency and
modelling of additional fuel chains

Vehicle Q Q Further enhancement to methodologies to enable capturing
Operation of sensitivities due to other effects such as climatic impacts
on energy consumption and emissions

Vehicle / O @ Improved datasets for certain recycled materials;
Battery End- Further research on of end-of-life recycling and battery
of-Life second life: LCA methodologies and data
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Initial conclusions & recommendations and wrap-up [Ricardo, 17:00]

Recommendations for future work

ED11344

and trends

Ricardo Energy & Environment in Confidence

Refuelling, Q e - Not covered in this study

recharging, - Methodologies and datasets need developing to

and ERS characterise existing and new infrastructure

infrastructure - Fleet-level modelling/assessment may be needed to
appropriately allocate impacts on a vehicle-basis

Other e Q - Not covered in this study

transport - Expansion of boundary to also consider other road

infrastructure infrastructure elements

System/Fleet Q - Not covered in this study

Impacts - Estimation of whole-system/fleet life-cycle impacts using

modelling outputs from this study

Effects of new - Not covered in this study

technologies - Estimation of further operational effects due to new

technology or trends: e.g. effects of C-ITS / ITS and
autonomous vehicle technologies on (a) production/disposal
of new systems added to the vehicle, (b) impacts of
infrastructure, (c) impacts on vehicle operational efficiency /
emissions

16 January 2020
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Thank you! | = 3

Nikolas Hill

Ricardo Energy & Environment
The Gemini Building
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