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Abstract

The JEC consortiumisalomgo\ i _di b ~jgg\]jm\odji \Vhjib oc™ @mjk \i
(EGJRC), EUCAR (the European council for Automotive Research and development) and Concawe (the
n*d iodad”™ 1] _t ja oc’ @pmj k*\i M>adi "mn% <nnj~d\ od]j
distribution).

The consortium periodically updates thgoint evaluation of the Welto-Wheels (WTW) energy use and
greenhouse gas (GHG) emissions, for a wide range of potential future powertrains and fuels options, within
the European context. The present Wetl Tank report belongs to a series of JEC WTalted reports where

the process of producing, transporting, manufacturing and distributing a number of fuels suitable for road
transport powertrains is described. The JEC WTT v5 assesses the incremental emissions (marginal approach)
associated with the prduction of a unit of alternative fuel, with respect to the current status of production.



Foreword

Notes on version number:

This is version 5 of this report replacing version 4a published in January 2014. The main changes and
additions to this version fsim version 4a are numerous and described in Appendix 3. Some of the most
relevant are:

f
f
f

The base year for this Wetb-Tank evaluation is 2015 with a time horizon of 2025+;
Updated in CNG and LNG fuel composition based on the supply to Europe, includiadegpgiogas;

The energy and GHG values of crude oil extraction, transport and refining have updated based on the
recent data and literature;

Updated natural gas pathways, including the addition of an LNG pathway and several pathways for
biogas from orgnic waste and synthetic natural gas (section 3.2);

New alternative fuels have been included (e.g. pyroNsased and additional pathways for potential
diesel substitutes) with an adhoc new section on Powdo-X fuels (section 3.9).

Updated production da for biofuel pathways based on best available information from hiedustry
consultations. The Transport and distribution of the final fuels have significantly changed based on
the assumptions in the RED Il pathways. (section 2.10);

Reviewed and updatethe EU electricity mix based, adding a 2030 mix in additional to the current
one (section 3.4);

Updated references have been cressferenced to specific pathways or to sections of this report
(section References);

Investigated coss information on liqud biofuels pathways.
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Executive summary
1. Whatis the scope of the JEC WTT analysis?

The JEC consortiumisalomgo\ i _di b ~j gg\]j m\ odj i \ Hqgint ResearchTent@@ mj k ~ \ i
(EGJRC),EUCAR (the European council for Automotive Research and developmentCamzhwe (the

n~d iodad”™ ]j_t ja oc’ @pmj k™ \i M adi " mn% <nnj~"d\od]
distribution).

The consortium periodically updates their jointadwation of the Well-to-Wheels (WTW) energy use and
greenhouse gas (GHG) emissions for a wide range of potential future powertrains and fuels options, within
the European context. The present WEtl Tank report belongs to a series of JEC WTW relatedntepohere
the process ofproducing, transporting, manufacturing and distributing a number of fuels suitable

for road transport powertrains is described

Figure 1. WellTo Tank analysis (WTT)Scope

STANDARD STEPS (WTW)

Well Production & conditioning at source

Transportation to market

Production
primary fuel Transformation at source
Transport Transformation near market
primary fuel
Production
“road” fuel
Well-To-Tank

o

The main objective of this fort is to assist the reader and guide stakeholders in answering questions about:

1 possible alternative pathways to produce a certain fuel and which of these offer the best
performance in terms of energy/GHG emissions.

9 initial prospects on alternative usefor a given resource, looking at how it can best be used to
produce the final fuel, in terms of both energy requirement and GHG emissions

The JEC WTT v5 assesses theremental emissions (marginal approach ) associated with the production
of a unit of alternative fuel, with respect to the current status of production (Section 2.3). This marginal
approach has been chosen as instrumental to:

1 guide judgements on the potential benefits of substituting conventional fuels/vehicles with a specific
alternative.

9 for future fuels: understand where the additional energy resource would come from.



As in previous versions, thaarginal approach has been applied to refining of fossil crude, natural gas and
biofuel processing pathways while average emissions have bestimated as a proxy for EU electricity and
crops cultivation (since estimating incremental increases in crop output is challenging and controversial,
Section 3.7). In all the cases, the report is also forwdwdking and considers statef-the-art technolay to
support future choices. Note that, for fuels from biomass origin, the GHG balance figures presented do not
include emissions caused by land use change. Despite the potential impact it may have on the final values,
both direct and indirect land use ehges (DLUC and ILUC) have not been accounted for in this exercise,
mainly because of the high uncertainties in the methodology for estimation (a wide discussion about this
issue is available in Appendix 5).

Additionally, results from JEC WTT v5 are diffiet from the values contained in the Renewable Energy
Directive recast (2018/2011/EU) (See section 2.10). Although JEC WTT v5 shares the input dataset for
biomassrelated pathways, which have been provided by-HRC, the methodology is different. In pactar

for the co-products, Renewable Energy Directive (RED) recast values used energy allocation for administrative
convenience. Thus, the RED recast values cannot be directly compared with the ones presented in this report.

1 To complement the analysis, hiJEC WTT v5 report includes a detailed section comparing attributional
and consequential GQallocation methods to refining products (focus on gasoline and diesel). This to
invite JEC readers and LCA practitioner not to directly apply JEC results witilang into consideration
the methodological approach chosen. In JEC v5, the different experiences from automotive and
petroleum/refining industries have been put into value. As a general conclusion, a study conducted by an
external party confirmed thatboth modelling principles, attributional and consequential, are
scientific sound in its domain of validity and applicability . Thereforecarbon intensities of fuels
can be calculated by following attributional or consequential modelling principles, depgnatinthe
specific goal & scope defined and decision context being applied, see ISO 14040/44 and European

>jhhdnndji *n DG>? C\i _]jjf) Di ocdn “~jio so p°

based on a consequential approach and the follogs table x2 aims to illustrate how results can be
affected by different methodological allocation choices:

Table 1. Summary. Refinery allocation results based on extended literature réview

Consequential
Attributional
L1 G[lach[fe©°
tiop_ | [g£G/MI)
(9 COreg/MJ)
JRC paper ) JRC paper Sphera
JEC (Concawe) (2017) Aramco papef* pap (2020)
Standard .
JECv4| JECV5 JRE® Mass Custo_mlzeq EN®@ Mass &
@ ® ; allocation @ Energy
allocation
Gasoline 7 55 5.8 10.2 7.6 5.7-5.8 9.6
Diesel 8.6 7.2 7.2 5.4 6.8 5.8, 6 34

It is of utmost important to remark that, while the JE®WTT (and the derived WTW) values follow a
consequential approach, for-BACA average values shall be used. It is thus fundamental, before using the data
provided in JEC, to consider the goal and scopthe analysis carefully.

! Sources: (1) JEC WTW studies (2014) Version 4; (2) Moretti, C @04l) (JRC) Analysis of standard and innovative methods for
allocating upstream and refinery GHG emissions to oil product; (3) JEC WTW studies (2019) version 5; (4) Gordillo, 2088)al. (
Customizing C£allocation using a new noiiterative method to reflect operational constraints in complex EU refinerie$; (4)stomized
reallocation, influencing Hydrogen production from catalytic reforming and vacuum distillation; (5) Sphera values [EUCAR 2020
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Finally, the values in this report, even though they apply a forwhroking approach through the marginal
approach, remain focused on a prodtgasis comparison and do not include detailed modelling of possible
scaledriven consequences or markehediated effects on other sectors of the economy. Therefore, the
results should not be intended to be made for largeale, strategic policy decisiohs

2. Which pathways have been included in JEC WTT v5?

Extending the previous contewntf JEC WTT v4, the JEC WTT v5 contains many fuel categories: fossil derived
fuels, biofuels from vegetable oil, ethers, hydrogen, etc. The JEC WTT v5 dataset is contained in 9 excel
workbooks, structured per energy carrier categories, namalynatural gas, biogas, ethanol, biodiesel,
hydrotreated vegetable oils (HVO), synthetic fuels (including different final fuels), hydrogen,

electricity and heat . Within each fuel category, a wide number of potential conversion pathways have been
analysed: for instane, ethanol produced from wheat, sugar beet, barley, etc., biodiesel obtained from
different vegetable oils like rapeseed, soy, sunflower, palm, etc.

The fuel matrix Table 2) illustrates the different possible feedstock (resources) to final fuel pathway
combinations.

The updated JEC WTT v5 contains:

1 252 energy carrier pathways in total (including heat and power iAppendix 4). Energy demand and
GHG emissions data of almost all the pathways in version 4 (v4) have been updated based on recent
literature review or additional data (e.g. for conventional fuels, the energy and GHG data for crude oil
extraction and refining have been updated according to the recent data from Exergia et al. 2015 and a
Concawe internal report 2017). The energy and GHG emissiorall ¢he biofuel pathways changed
significantly, because the latest version implemented the basic assumptions outlined in RED Il for forestry
residue collection, short rotation forestry, wood chips storage (seasoning), biomass transport and
transport and dstribution for the final fuels. These, among many others, are the significant/apparent
changes compared to version 4.

1 78 new pathways to better represent the current statef-the-art of the sector. Some of the new
pathways represent additional features ithe existing fuel production facilities (e.g. Carbon Capture &
Storage (CCS) at gasoline production, high octane petrol, etc.), while others represent novel feedstock and
innovative production technologies (e.g. sugar beet based ETBE, synthetic fuelsvirsta and farmed
wood, biogas to hydrogen, etc.). There is a completely new section on Rovieels. Additionally, this
report investigates the possibilities for using higittane gasoline for higher energy efficiency in
conventional petrol vehicles stw. Therefore, three different high RON gasoline (RON 100, RON
102/E5eq & RON102/E10eq) pathways have been included.

1 54 Synthetic fuel pathways are available in this version, of which 35 are new ones. Within the
synthetic fuels, two new subcategories habeen added: Pyrolysis fuels and Oxymethylene dimethyl
ether (OME). In addition, the production of synthetic methane, methanol and Dimethyl ether (DME) from
renewable electricity have also been included. Furthermore, ethanol based ED95 fuel pathwaysdsek d
like engines (modelled as mixture of ethanol, lubricantdutanol, polyethylene glycol, etc.) is another
interesting addition to version 5Considering that some production pathways are technologically and
commercially more mature than others, inrder to complement the analysis, in this version the
Technological (TRL) and market/commercial (CRL) maturity levels have been introduced (Section 2.8).

3. What are the main results in terms of WTT Energy expended and GHG emissions?

The analysis performedni this version shows the high variability among the more than 250 modelled
pathways, both in terms of WTT energy expended for production and resulting GHG emissions. Specific
conversion pathways and feedstock/resources have a strong impact on the regulspecific comparison
section has been introduced, in order to summarize the detailed results in terms of:

a) Fuel comparison Conversion routes This comparison aims to show th&/TT Energy expended and
GHG range per type of fuel (e.g. fossil, CNG, DME, )eiacluding the range (min/max) and a
representative pathway for each of the conversion routes modelled.

b) Resource to fuels Thissection allows to compare the impact of usirdifferent feedstock/resource
options to produce a specific fuel.

2 seehttps://ec.europa.euljrc/en/sciengpdate/life-cycle assessmentenvironmentalimpacts bioeconomy
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The comparison among the WTT values for the explored fuel production pathways is preserfegline 2

(energy expended and GHG emissions). For each specific final fuel, the minimum and maximum values
represent the variability within the existing produdtio k\ ocr\t n) Oc”~ hjno °m km n i o
selected on the base of techreconomical evaluations; these representative pathways are those used for the

WTW integration (Selection criteria are detailed in sectignGomparative analysis):
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Figure 2. Comparison among the WTT values (Energy expenditure and GHG emissions) for some investigated fuel production pathways
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Note. Chart including pathways modelled in JEC v5 not representing all possible WTT pathways for each specific fuel
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(1) For each fuel, the width of the bar represents the minimum and maximum values from the pathways modelled in this JEC WNithiwbthe range, the thick line represents the
pathway selected as representative of the specific fyetonsistent with the JEC WV v5 report (Code included above as a referengej.the high octane gasoline pathways the wheat
ethanol pathway WTETS (biogas from DDGS for internal energy supply) instead oépinesentativewheatto-ethanol pathway WTET1a (NG boiler) has beendufse admixture. The
difference for the WTW GHG balance for high octane gasoline pathway COGHOP3 (variant with the highest ethanol share taualoout2%.

(2) The WTT figures included in this JEC WTT report reflect the net energy requirement aed eiassions required for the production of 1 MJ of fuel (See chapter 2.9.4). In case -of bio
based feedstocks, the bioredits will be taken into consideration into the WTW calculations (where the impact of the combustion of the fuel in fics@gineis assessed).

(3) Due to the consequential nature of the LCA approach applied according to goal and scope of JEC WTT v5 the valudehadia in attributional LCA context.

(4) The report includes representative pathways / routes but additionahmetogies (not included in this version 5) are already in development. Therefore, the comparison of various WTT
routes has been conducted among the modelled JEC pathways which differ depending on the type of fuels and the routes ¢e phedu E.g. wheas we have considered a very
extensive range of primary energy sources for some fuels/energy carriers (eg. electricity, hydrogen), for others, onlgitahexamples of potential sources/pathways have been chosen
for illustrative purposes (e.g. DMEhiFissue should be factored in when comparing the ranges for different fuels.

(5) In case of electricity negative GHG emissions occur for electricity from biogas from liquid manure due to creditsiftada@614 and N20O emissions from avoided storageiofreated
liquid manure
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From the analysis of the results, the following general conclusions can be drawn:

0

In terms of WTT energy required for fuel production, among fossil based fuels, theeseptative
pathways for LPG, LNG and CNG resulted in more energy efficient routes than conventional crude oil
based ones.

Among the pathways with higenergy input, the most WTT energitensive pathways are the electricity
(when EU mix is considered), liquefied-oiethane (LBM) and synthetic OME.

A number of pathways offer the possibility to achieve negative WTT emissionsBM/CBM
(liguefied/compressed bimethane) and electricity and hydrogen, when produced from biogas due to the
avoided Chkland NO emissiong and production of synthetic diesel from biomass when coupled with CCS
processes (a portion of GOabsorbed from the crops is not released but permanently stored in
underground geologic formatiersee section 3.5).

It is important to point out that for biomethane, negative emissions are results as a reduction of GHG
emissions compared to a referencese (e.g. avoided CH4 emissions). In case of®ES, if COis
permanently sequestered, then that pathway is actually increasing th&in® and it is actively removing
carbon from the atmosphere. Both pathways actively mitigate climate change with thesidifice that,
while one is reducing emissions, the other is increasing a sink.

It is worth noting that the wide variability, observed in some pathways such as for HVO, CBM/LBM| H
electricity, is heavily depending on the conversion route/feedstock@megich have a significant impact
on the final expended energy and GHG emissions.

Additionally, it is important to highlight that general conclusions about the most favourable routes, both
in terms of GHG emissions and energy consumption minimisation,bderived only when the whole
WTW analysis is taken into account, as the powertrain efficiency strongly impact the rgsuipsessed in
terms of g CQ.¢dkm, including the efficiency of the different powertrains). As an initial proxy, the total
GHG emisions including combustion is also included in the WTT related chart.

Within each of the categories and when the WTT energy and GHG emissions are compared:

T Fossi5 < iph] " m ja °m km - nio\lodqgq » ajnndg ]J\n" _
can offer lower GHG emissions routes than conventional gasoline and diesel, while lower energy
intensities are mainly reached by the gaseous fossil fuels.

It is worth to remark, that results for gasoline and diesel are based on the consequential LCA
methodlogy used in JEC. The Concawe refinery model calculates marginahte@sities induced by

a marginal change, e.g. demand in petroleum products, around the European refinery operations
calibrated for the reference year (2010) in terms of refinery configtion, price of crude oil, other
feedstocks supply, petroleum product demand and specifications, as well as processing capacities.
Due to the consequential nature of the LCA approach applied according to goal and scope of JEC WTT
v5 the values shall not b used in a pure attributional LCA conteXn attributional LCA approach
follows other modelling criteria. This is why this JEC WTT v5 report includes a detailed section
comparing attributional and consequential €&location methods [section 2.3.2].

1 Crop derived fuels : the newly added biETBE route involving ethanol and isobutene from sugar
beet shows interestingly low GHG emissions, when compared to Ethanol from other sources than
sugar beet (wheat except WTET4a/b, barley, and corn) or HVO/Biodigss, dout with higher energy
demand. Compared to the associated ethanol pathway the GHG emissions for the ETBE route are
higher.

I Wood: selected pathways for synthetic diesel, DME and hydrogen derived from wood are the ones
with the potentially lowest WTGHG emissiorisNegative emissions can be achieved in the pathways
implementing CCS.

1 Biogas: interestingly, biogas from manure as feedstock for hydrogen production shows lower WTT
emissions than CBM (Compressed BioMethane) or LBM (Liquefied BioMethahejapsit but with
significantly higher energy requirements. Significant negative emissions can be derived from routes
involving biogas from manure due to the avoided £éimissions. This is the reason why biogas to

3 1t has to be noted that the negative GHG emissions for biomethane from manure only can be taken into account as long aé¢here

farms where storage buntreated manure is applied.

4 Impacts on forest &tocks and sinks is not included in this analysis.
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hydrogen routes involving biogas from manustow lower WTT GHG emissions than the CBM and
LBM ones although the energy requirement is higher. It is important to note that this substitution
approach is valid under the current assumption that the methane would be released to the
atmosphere if not usd as fuel. Alternative technologies could also reduce the fugitive methane
emissions and, thus, for comparisons to such a case, the current pathway calculations would have to
be adjusted accordingly.

Electricity and H »: regarding electricity and Hydrogeit, is worth noticing that they should be
primarily considered as energy carriers, with environmental performances determined by the primary
source used for their production. More precisely, the use of electrical energy in the transport sector is,
in terms of GHG emissions saving, determined by the pathway of power production. At least for the
transitional phase (out of the scope of this JEC study), towards road electrification, when power for
vehicles is taken from the grid, this can lead to an increaseimmissions, if the system reacts to this
increased demand byncreasing the production from fossil source (e.g. coal); these issues are
country specific and time specific (as production is a reteady process by definition). On the other
end, a substantialiptake of electrical energy for the road sector may act as a driver for increasing
the share of renewable energies in the EU mix. Similarly and from a mere GHG reduction perspective,
the use of hydrogen fuel cells may not lead to any advantages, if eledy used is not from a
carbonneutral source.

e-fuels: as efuels production is based on electricity, the abemeentioned considerations can be
extended to these cases. As detailed in section 3.9, this route isxample of Carbon Capture and
Utilisation (CCU) in a highly energy and capital intensive process with highaB&ement potential
versus their equivalent fossibased fuels.

General conclusions about the most favourable routes, both in terms of GHG emissions and energy
consumption minimisatin, can be derived only when the whole WTW analysis is taken into account, as the
powertrain efficiency strongly impacts the results (expressed in terms of g.£x@ including the efficiency of

the different powertrains).
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4. What is the cost of replacing conventional road fuels with different alternative fuels?

The JEC WTT v5 analyses and quantifies the production and the related GHG savings costs for the main
conventional and advanced biofuels, produced in Europe. The evaluation process considers data from the

period 20142016, but it includes scenarios for 2030based on different crude oil prices. The method
implemented in the analysis for conventional and advanced biofuel production consists of estimating the cost

to the EU (not including taxes and subsidies), following the same principles developed in thé&/TBCv2

#-++2% m kj mo' ] po g ddia\oidfi’h k\cmo)ajO@@nmogj noc "~ "~Arhhgig dc
and equipment required for the fuel production and the cost of energy, have been defined on all EU basis.

Focusing the analysis on thpure cost of saved CQFigure 3 shows that using biofuels is today a more
expensive solution with respect to fossil fuels, if compared with other mitigation options (e TE3).

Figure 3. Cost of GHG savings for the investigatprbduction pathways in 20142016
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costs (OPEX). A capital charge rate of 12% has been used, representing a return on investment of about 8% without
accounting for a profit tax, which returns to the EU. A 20% uncertainty range on the capital investment was also applied.
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1 Introduction

This part of the JEC WTW study describes the process of producing, transporting, manufacturing and
distributing a number of fuels, suitable for road transport sector. It covers all steps from extracting, capturing
or growing the primary energy carrier to refuelling the vehicles with the finished fuel.

Being an energy carrier, a fuel must originate from a form of primary energy, which can be either contained in
a fossil feedstock (hydrocarbons of fissile material) asrorerted from solar energy (biomass or wind power).
Generally, a fuel can be produced from a number of different primary energy sources. In this study have been
included all fuels and primary energy sources considered as relevant, within the selecteddimefThe main
objective of this report is to provide the reader and guide stakeholders in answering the questions about
possible alternative pathways to produce a certain fuel, and which of these offer the best performance in
terms of energy/GHG emissians

Primary focus of the study is to establish the energy and greenhouse gas (GHG) balances for the different
production pathways. The methodology used is based on the description of each individual process, which is
discreet steps composing the pathway. &ivthis approach, additional combinations maybe relevant in the
future, can be easily included.

JEC study is forwardboking and considers statef-the-art technology, with the aim to support stakeholder in
their future choices. It worth noticing that esting production plant using older technology may not achieve
the same efficiency.

Given the complexity of the task, many assumptions have been chosen by experts in preparing this report: all
the relevant choices and decisions have been carefully repoitedhe workbooks, and described in the
individual pathways.

In the WellTo Tank pathways, in order to give comparable results with the past, the energy or GHG emissions
associated with construction or decommissioning of fuel production and transportdiailities have not

been considered. This choice is based on the high uncertainty in the available data and the expected minor
impact of these additional energy requirements, on the total pathway balance. In order to verify this
important assumption, in wsion 5 it has been decided to evaluate the potential impact on the final results,
for some of the most relevant pathways; results are givenAppendix 7.

It is worth noticing that for fuels from biomass origin, the GHG presented figures, do not include emissions
caused by land use change, either direct or indirect. Despite the potential impact it may have on the final
values, both direct and indirect landse changes (DLUC and ILUC) have not been accounted in this exercise,
because of the high uncertainties in the methodology for estimation; nevertheless, a wide discussion about
this issue is available iMppendix 5. The WTT modelling work has been condudigd_ BSYT under Concawe
supervision.

Help update our database

Our database is continually updated as we receive and evaluate new information. Readers are invited to visit
the project website:

https://ec.europ a.euljrc/en/jec

and send suggestions for improvements in our INPUT DATA, with supporting information, to:
JRCinfoJEC@ec.europa.eu

5 Ludwig Bolkow Systemtechnik, Germany
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part of this package, the Commission adopted a legislative proposal for a recast of the Renewable Energy
Directive. In the context of the edecisbn procedure, in December 2018 the revised renewable energy
directive 2018/2001/EU entered into force.

It is worth noticing that, for pathways from biomass feedstock, JEC study uses the same input dataset than
oc’ ji > pn’_ ajm _oaq\i8gp bnc® M@? DD %_"al\lpg
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different methodology from the one used in this report, and therefore results cannot be directly compared.

6 https://ec.europa.eu/energy/en/topics/enestiategy-and-energyunion/clearenergyall-europeans
7 https://eurlex.europa.eu/legatontent/EN/TXT/?uri=uriserv:0J.L_.2018.328.01.0082.01.ENG
80c* " n° dikpo _\Vo\ c¢c\g” 1 i \nn’ nn’ _http/idata.jrg.éegraba.aufcollectiodi@082@p mj k ~ \ i >j
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2 Scope, Methodology, Definitions , Structure

2.1 Scope

Scope of the WTT study is to evaluate the environmental performance of the various alternative fuels
production pathways. The ultimate goal of this study is to supply evidence to guide those who have to
evaluate the potential benefits ofubstituting conventional fuels by alternatives.

2.2 Investigated pathways

A number of existing and potential road transpduels have been identified, in association with existing
and/or future powertrains, both for Passenger Cars and for freight transgeath final fuel can be produced
from a single or severalesources (source of primary energy), through an appropriate conversion process.
The combination of steps necessary to turn a resource into a fuel, up to vehicle tank, is definetlvasl €o -
Tank pathway (WTT).

Each pathway is described in terms pfocess steps, required to convert the feedstock into the final fuel for

the vehicles. A complete pathway is a combination and succession of processes, many of which are common
to several pathways (i.e.onditioning, blending, etc.). A process can be characterised by means of a main input
and a main output, secondary inputs,-pooducts as well as factors for energy consumption and greenhouse
gas (GHG) emissions.

In order to present results from variousjfferent, pathways in a form, which allows for comparison, the final
values are aggregated in five main categories:

Energy source

; 2:}?‘%‘;522;:15":: N Transformation Transportation Processing Cond;::jmmg
9 at source to markets in EU > L . »
source distribution

Production and conditioning at source include all operations required to extract, capture or cultivate the
primary energy source. In mostases, the extracted or harvested energy carrier requires some form of
treatment or conditioning, before being conveniently, economically and safely transported.

Transformation at source is used for those cases where the industrial process is carriedaiwdr near the
production site of the primary energy (e.g. a gsliquids plant near a NG field).

Transportation to EU is relevantto energy carriers which are produced outside the EU (i.e. crude oil) and
need to be transported over long distances.

Transformation in EU includes the processing and transformation that takes place near the market place, in
order to produce a final fuel according to agreed specifications (e.g. oil refineries or steam reforming plants
for hydrogen production).

Conditioning and distribution relate to the final stages, as it is required to distribute the finished fuels
from the point of import or production to the individual refuelling points (e.g. road transport) and available to
the vehicle tank (e.g. compression in the casaatural gas).

The Table 2 summarises the pathways considered in this study, in terms of resources used and final
produced fuels:
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Table 2. Fuels and resources
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Crude Oil X® x® X®x©
Coal X X X X X
Natural gas Piped X X X X X x® x
Remote x®  x® X x® X® X x
Shale gas X
LPG Remote® X X
Sugar beet X x40
Wheat X X X
Barley/rye X
Maize (Corn) X® X@ x@ x®@
Wheat straw X X
Sugar cane X
Rapeseed X X
Sunflower X X
Soy beans X X
Biomass Palm fruit X X
Double crooping xX@ x@
Wood waste® X XOXOXO x xx@ XTXD xOx€ x
Farmed wood (poplar) X X XWX X X X XUXD X X X
Waste veg oils X X
Tallow X X
Palm oil mill effluent X
Municipal organic waste x® X X
Manure xX@ x@ X X
Sewage sludge xX@ x@
Renewable electricity (Wind) X X X X X X
Nuclear X X
Electricity mix X X
Note.
(1) With / Without CCS
(2) Biogas
(3) Associated with natural gas production
(4) EU andJS sources
(5) Heavy Fuel Oil
(6) Heating oil / Diesel
(7) BieSNG or bidNG
(8) Forestry residue
(9) Black liquor pathway included
(10) Via isobutylene and ethanol from sugar beet via the process from Global Bioenergies
In the various analysed pathways ~ g ~omd”~ dot dn ~jind_"m _ “doc m \n

whether it is part of the conversion process inputs; clearly, as electricity is not a primary energy source, EU
mix and/or other sources have been considered ehgecase. For instace, hydrogen pathways involving
electrolysis are therefore the combination of one electricity production route and of the electrolytic
conversion.
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ED95 contains ethanol (about 90.3% based on the LHV) from wheat or straw and polyethylene glycol (4.6%
based on the LHV) from crude oil. Furthermore, ED95 contains small fractions of M¥BEarol, and
lubricants which are not considered in the fuels and technology matrix.

Table 3. Fuels and technologies
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Crude oil extraction X X X X X® x©
Crude oil refining X X X X X® x©
NG extraction & processing X X X X XX xx® xxx X X®X X X
Anaerobic digestion for biogas generation X x®@ X X
Pressing and solvent extraction of vegetable oil X X X
Plant oil refining X X
Esterification X X
Saccharification of lignocellulosic biomass X
Fermentation to produce ethanol X X X X X
Fermentation to produce bio-isobutylene X
Gasification X X X X X X? X X
Pyrolysis X X
Steam reforming of NG X X X x®
Partial oxidation of NG x®
Combined reforming of NG X XEX X X X
Hydrocracking X
Hydrotreating X X X X
Oligomerization X
Methanation x x®
Synthesis Methanol X X X X X X
DME XX
Olefin X
Fischer-Tropsch X
Formaldehyde X
Methylal X
Trioxane X
OME X
MTBE X
ETBE X
Liquefaction Hydrogen X
Methane X
LPG X
Power station Wind, PV, hydro X X X X X X
Thermal power X X
Nuclear power X X
CHP plant X X X
Heating plant X
Water electrolysis Low temperature (AEL/PEMEL) X X X X
High temperature (SOEC) X
Direct air capture of CO2 X
Note.
(1) With / Without CCS
(2) Biogas

(3) Associagd with natural gas production
(4) EU and US sources

(5) Heavy Fuel Oil

(6) Heating oil / Diesel

(7) BieSNG or bid.NG

18



The main calculations have been carried by the software tool E3database (developed by)L&@Twhich
combines a dataset for all inputlata and their references with an algorithm for the rigorous calculation of
the total energy and GHG associated with a given pathway, including feedback!foops

2.3 Incremental approach: conventional fuel substitution.

2.3.1 General concept

The aim of this study is to provide scientific based evidence on assessing the difference in emissions between
the use of an alternative fuel/vehicle against a baseline based on conventional fossil fuels/ICE vehicles. With
this clear goal, the JEC WTT istra full LCA analysis: JEC WTT allows estimating GHG emissions related to
fossil, and biederived to fuel pathways, from the production of the fuel up to the tank of the vehicle.

Shifting a certain amount of energy from conventional to alternative fuétsplies to affect the production
chains, on both sides: a reduction in the traditional fodsdlsed industry and an increment in the demand for
the alternative fuels production sector. The difference with respect to Bigsiness As Usualase is thus
incremental emissions to be considered (either positive or negative with respect to the BAU).

For refinery emissions of fossils, the 1ST2044 LCA guidelines have been followed, by establishing a physical
causality between the outputs of different products anefinery emissions. This provides the marginal
emissions associated with each product orpmduct.

Similarly, following 1S€14044, for biomass derived pathways emissions the boundaries of the analysis are
extended to cover the alternative productionutes of ceproducts.

For many fuels that are not currently on the market, the incremental emissions are the same as the average
emissions for the new fuels, because they will be made in new factories, so not implying significant change
on the traditionalproduction facilities. Similarly, the emissions for making more vehicles of a particular type
can be approximated to emissions per car for the existing production. However, use of conventional biofuels
require incremental increases in crop output (compareith a fossitfuelled baseline), and these are likely to
have an emission intensity higher than the average of the baseline crop otitphlowever, estimating such
higher intensities for extrecrop production is challenging and controversial, so averagg @missions have

been used in this studyas a proxy, whilst admitting that this probably significantly underestimates the
emissions intensity of the incremental crop.

2.3.2 CQ allocation in an oil -\ [ m_~" Il "~ ch_Ils4 tg[lach[fo©° [ h”
approach

Life Cycle Assessment (LCA) offers an established and globally standardized methodology to help quantifying
the environmental impact of products, processes, and services along the supply chain by following ISO
14040/44.

The European Commission has identifithe strategic and practical value of LCA and implemented several
approaches, guidelines and tools to support the usage of LCA. For instance, the European Commission Joint
M>n "\ m*c >"1iom’ # E Mtedational Reference Lifg Cyicleé DaBsteen (ILCD» Vi _  don
related ILCBHandbook?, a detailed guidance document for LCA practitioners, highly accepted in the LCA
community and widely used. The IL&2andbook in cgunction with the ISO 14040/44 standards can be seen

as internationally acceptednd applied reference documents for LCA.

Jg m oc’ t >\ mn' oc’ \oomd] podjil\g G>«<' j ao i ajggjr
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In its various industries applications, LCA serves to different goals and scopes. This has led to different
approaches in using LCA tools, by sector experts. In JEC, the different experiences from automotive and
petroleum/refining industries have been put intalue, to complement the previous version 4, with additional

9 E3database by Ludwig@olkow Systemtechnik, Germany
10 A feedback loop occurs when part of the output energy of a pathway is used in the pathway itself (e.g. in an electricitsitigene
pathway some of the electricity generatl can be used to supply power to the equipment used in the pathway). In such cases a
recursive calculation is used to determine the total input energy required to produce a unit of output energy.
11 Because of the need to either use new land, which isgike o j ] g nn a > modg  oc\i oc™ g\i_ \‘gm\
increase yields on the existing land beyond the historical increase that would be expected in thefteddilaseline. There, one
faces diminishing yield returns to increasé@sinputs, generally resulting in a higher emissions intensity for the extra crop.
12 https://eplca.jrc.ec.europa.eu/ilcdHandbook.html
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approaches have been clarified, with the final aim to guide on the appropniag to use the provided data.

The refining process is one of the main steps responsible for differences between their@&sities of

automotive fuels (gasoline and diesel). Estimating @&missions associated with production of a specific- oil

derived poduct is a challenging task, as refinery outputs are produced simultaneously through a combination

of interrelated processéd) Di ocdn °dio > mm > g\o  _ kmj _p”™edigsionsnt no  h>
constitute all emissions of the full set obutputs (products) simultaneously, and the challenge is to find the

most appropriate way to distribute them among the outputs.
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consistent set of C@intensities for all refinery products. Concawe methodology is based on the specific
features of the Linear Programming (LP) technique. The @@ission and energy intensity of refining

products, such as LPG, gasoline, diesel or heavy fuel oil, have been modelled based on the allocation
methodology developed by Concawe in 2017 [Concawe 2017].

In this section, a methodology overview of differen€A modelling principles (consequential and attributional),
explaining the differences in the intended goal, usage and impacts on GHG inventories in life cycle modelling
(such is the JEC study), is presented.

This overview resulted from an independent assment commissioned by EUCAR to perform a critical review

ja “~sdnodib ap g _\Vo\l\n on di~*gp_dib oc" di g nodb\odj
owners of the GaBi software of common use by the automotive industry) [EUCAR 2020; CoR0aiile As a

result of this external assessment, this section summarizes the key findings, conclusions and
recommendations for the proper usage of the data.

2.3.2.1 Definitions: attributional and consequential modelling principles

9 Theattributional life cycle inve ntory modelling principle d n \ gn|j m- a mm _ 0] \'n R
f " kdi b»' °m-omjnk>~odqg ™ »' ° " n”~mdkavergge» jjmn °njjh’ oc
h\ mbdi\ g»)

It depicts the potential environmental impacts that can be attributed toystem (e.g. a product) over its

life cycle, i.e. upstream along the suppihain and downstream following the system's use and eofd
life value chain.

Attributional modelling is the LCA modelling frame that inventories the inputs and output flows of all
processes of a system as they occur. Modelling processes along an existing sthilyis of this type.

The attributional approach is therefore applied in situations, were:

1 the focus of the study is on a clearly defined functional unit and its core supply chain. An
enlargement/ dilution of effects via system expansion is to be avoided, as the main goal is to
assess the options related to the core system under study (and rathet the effects on its
alternatives and background system behaviour).

1 the result (variations) are aimed to be linked to technical options rather than to potential
economic market reactions in the future.

1 not all background processes can be traced badokspecific suppliers (retrospectively due to
npkkgt gd\ °noj~f*m njpm”A”" » h\mf on jm kmjnk "o
not yet known).

Most studies in industry, R&D or design are based on attributional LCG ¥A< $ ' \' nknmjc_pYox °
(responsibility) and its related supply chain in a mi@oonomic perspective.

M Theconsequential life cycle inventory modelling principle _d n \ nij AR T i o2\ i b oac
gnj J A

oriented”, "decisioh \ n~ _ H'-] Y m\ margpriab ° mk ©’kangd op° » )

13 The same problem is faced in ceatcounting of refiing and other multiproduct processes, and has been intensely studied by
economists, such as A.T.N. Moghaddam & C. Michelot; A contribution to the linear programming approach to joint costhallocatio
Methodology and application.
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It aims at identifying the consequences that a decision in the foreground system has for other processes
and systems of the economy, both in the analysed system's background system and on other systems. It
models the analysed system around thesensequences.

The consequential life cycle model is hence not reflecting the actual (or forecasted) specific or average
supplychain, but a hypothetic generic suppthain is modelled that is prognosticated along market
mechanisms, and potentially includjmolitical interactions and consumer behaviour changes.

Consequential modelling is mostly applied by LCA researchers, industry experts or policy makers in a
macro-economic decision context as the LCI modelling principle identifies and models all prodesthes
background system of a system in consequence of decisions made in the foreground system.

Table 4a. Comparison between attributional {ACA) and consequential-{GCA) approaches

A-LCA CLCA

Goal and scope Assessment of goods and services Assessment of a change (e.g. poli

implementation)

Technical system Energy and material flow physicall Energy and material flows affected by
linked to the product system marginal changes

Dealing with Mass, energy or economiallocation, System expansion

Multi -functionality substitution

Data requirements Average data Marginal data

(Site,, process, productspecific)

Change in environmental
exchanges that occur as a
consequence of modifying a
specific human activity
(here producing fuels)

Share of the total global
environmental exchanges
that belongs to a specific
human activity (here
producing fuels)

Attributional Consequential
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Table 4b. Summaryof allocation principles [EUCAR 2020].

Topic Attributional Modelling Consequential Modelling

Goal Analysis of an average operation Analysis of changes in operation
(e.g. on an annual basis) (e.g. changes in demand)

View “Accounting”, “descriptive” “Change-oriented”, “market based”

Usage To analyse fuel supply chains To analyse changes in refining
(Well-to-Tank) and whole vehicle LCAs operations.

(Well-to-Wheel) as well as complete
carbon cycles even beyond tail pipe

emissions.

Application / Carbon foot printing, GHG intensity Policy context: Change analysis,

Context studies, Life Cycle Assessment forecasting and analysis of the
(LCAs), Environmental Product environmental impact, identifying
Declaration (EPDs) interested in product groups with the largest
average operation. environmental improvement potential,

etc., interested in analysis of changes

Target group LCA practitioners from all industry Researcher and industry experts or
sectors using e.g. petroleum products policy makers being interested in
or policy makers being interested in quantifying changes and improving
quantifying and improving products products due to market changes or
based on average operations constrains

Calculated  Average COz-eqinventory Marginal CO2-eq inventory

Result

D?= Jihn_rnd4 [ *g[lach[f° "]ihm_ko_hnc[f# [jjli[]lbDb

The main objective of JEC study is to assist the reader and guide stakeholders in answering questions about:

1 possible alternative pathways to produce a certain fuel and which of these offer the best
performance in terms of energy/GHG emissions;

1 initial prospects on alternative uses for a given resource, looking at how it can best be used to
produce the final fuel, in terms of both energy requirement and GHG emissions.

According to these goals, and the different LCA methodological approaches previousigiuioed, JEC study
WTT v5 assesses the incremental emissionmg(ginal approach ) associated with the production of an unit

of alternative fuel, with respect to the current status of production (Section 2.3). To be fully consistent with
the JEC methodologyhe same consequential approach has also applied to the production of fossil fuels in
the refining stage. This approach has been chosen as instrumental to:

91 guide judgements on the potential benefits of substituting conventional fuels/vehicles wipegific
alternative;

9 for future fuels: understand where the additional energy resource would come from.

1 As JEC is based on a consequential approach, the results of this study are suitable for being used
under the same conceptual framework.

2.3.2.2 Well-to-Tank GH5 emissions of gasoline and diesel

Estimating carbon intensity of refinery products is a challenging task, given the complexity of the system and
the iterations among the various streams of energy and materials.

Due to the possibility to use different ¢dria to allocated emissions, there is no single LCA value for gasoline
and diesel in the literature as different allocation criteria caotentially be chosen to distribute emissions on
the various refinery streams leading to different resultsor instarre, gasoline related alues -available in
literature - ranges from 5.8 [Moretti et al. 2017] to 10.2 [Gordillo et al. 2018] g@MJ, and for diesel from
5.4 [Gordillo et al. 2018] to 10.3 [AV(2) table] g&/MJ.

As introduced earlier in the text, JEC WTT results are based on consequential allocation and, for
different goals and scop es,[ nn | c \ o[np_ Ih[[& _° [ f f beldnsideredhAs forjalitdmotive
industry average approach is relevant in many applications (consistent with other analyse)mparison
with JEC values has been conducted. The results are provided in the table 5a.

22



Do dn dhkj mol\ i

0O 0]

ij o

oc\o

oc E @>

g\gp n

\'m> amjh

databases 2020 (detailed explanation in the full asssment [EUCAR 2020]). The MNECT refinery values are
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values are based on an attributional LCA approach that provides average values. As a consequetiez, on
different approaches chosen, the results obtained for GHG emissions in.g, € MJ of fuel delivered, at
tank, for fuels produced in Europe are different.

Table 5a. JEC and Sphera GHG emissions in g €@fDivalent (Ce,) per MJ of fuel deliveredat tank, for fuels produced
in Europe.

gCQeg/MJ fuel

Gasoline

JEC WTT v5

Sphera GaBi 2020

JEC WTT v5

Sphera GaBi 2020

Crude oil supply

10.6

6.4

10.8

6.5

Another feedstock supply

1

0.4

Refinery

55

9.6

7.2

3.4

Conditioning andlistribution

1

0.6

0.9

0.6

TOTAL

17

17.6

18.9

10.9

Note 1.The GHG emissions are expressed in g €fivalent (C&g) per MJ of fuel delivered, at tank. The table

refers to IPCC characterisation factors, taken from th& Mssessment Report (AR4), 2007 in order to be in line
with the methodology used in the JEC WtW studies.
Note 2.These datasets do not consider any fiiomponents blended to the finished refined product (That means,
the data refer to 100% fossil fuels).

In order to show how results can be affected by different methodological allocation choicesTéide 5b
below expands the comparison above by including a summary of results from other various sources:

Table 5b. Summary. Refinery allocation results based extended literature revietf

Consequential

LG[ | ach][#£/MI" |

Lo p_| [ a_2&MJ)a

Attributional

JEC (Concawe

JRC paper
(2017)

Aramco papef?

JRC paper

Sphera
(2020)

JEC JEC

v4a® | y56 J

Standard
RG> Mass
allocation

Customized

allocation
@y

EN®

Mass &
Energy

Gasoline 7 55

5.8 10.2

7.6

57-5.8

9.6

Diesel 8.6 7.2

7.2 54

6.8

58-6

3.4

It is of utmost important to remark that, while the JE®WTT (and the derived WTW) values follow a

consequential approach, for-&

> <!

°\'g " m\ b »

g\'gp n

data provided in JEC, to consider the goal andmxof the analysis carefully.

nc\lgg

]1° pn’ ) Do

14 Sources: (1) JEC WTW studies (2014) Version 4; (2) Moretti, C (@0al) (JRC) Analysis of standard and innovative methods for
allocating upstream and refinery GHG emissions to oil product; (3) JEC WTW studies (2019) version 5; (4) Gordillo, 20E)al. (
Customizing C£allocation using a new naiiterative method to reflect operational constraints in complex EU refineries; (4)* Customized
reallocation showing the impact from, Hydrogen production from catalytic reforming allocation and vacuum tastill§5) Sphera

values [EUCAR 2020]
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2.3.2.3 Main take -aways
As described thorough this section:

1 Both modelling principles, attributional and consequential, are scientific sound , in its domain of
validity and applicability under a differently defined goal & scope and in a different decision context, so
servingdifferent aims *°* [EUCAR 2020]:

o Theattributional approach describes the environmental impacts that can be attributed to a
particular system or product with the core foreground system in specific focus.

A The attributional modelling principle analyses a specifically defined or average
operation, e.g. on an annual basis.

A These C@qinventories are intended to be used by LCAgiitioners and users from all
industry sectors using petroleum products or policy makers being interested in average
GHG emission data based on average operations, used in paicooomic decision
contexts with the core operation and supply chain in focus

o0 Theconsequential approach describes the environmental impacts induced by a product on an
economic system that surrounds it (like background processes, alternative product supplies and
constraint processes due to the change).

A The consequential modellingrinciple, analyses impacts due to marginal changes or
constraints (most often) implied by the market (e..g changes in operation) or a new
policy, (e.g. changes in diesel demand in comparison with the base year 2010) and its
impact on refining operationthj h  \ m> adi " m¥%n kjdio ja qd’ r)

A It is applied by research, industry and policy makers in a masconomic decision
context, including effects on the economic system in the background and effects on
alternative, avoided or constraint products that relate the assessed product in the
foreground.

9 Carbon intensities of fuels can be calculated by following attributional or consequential modelling
principles, depending on the specific goal & scope defined and decision context being applied, see ISO
14040/44and@p mj k ' \'i >j hhdnndji »n DG>? C\i _1jjf)

In other words, attributional G£), describe the average impact to produce diesel or gasoline, while
consequential C£, describes the impact released to deliver more (or less) diesel or gasoline (e.g. due to
a new policy motivating the use of alternative fuels in the transport sector).

1 Given the specific aims of each approadt,C WTT is based on a consequential approach, as it aims
to be relevant for policy making.

o Data provided by JEC are based on a consequential approach, with marginal allocation for the
refinery stage. Due to this approach and in order to guarantee consistency in the findings, the
use JEC WTT (and WTweults should be carefully considered, especially when considered in
attributional contexts.

o The fulfilment of an additivity criterion within the consequential modelling principle (by re
attributing processrelated emissions) relates to necessities onplications within consequential
modelling but does not qualify the results to be used in an attributional context (especially if
CQeq values for refinery products are negative or zero).

o Inlight of all the elements provided, JEC Consortium recommends to  not directly use
C-LCA results in pure A-LCA analyses (See Table 4b).

2.4  Methodology for co -products accounting

HVit kmj~"nn > n kmj_p”*° ijo jigt oc-kmj ngm n»)kmpc cpr od 1]
for biofuels from traditional cropsuch as biodiesel from rapeseed, where a large amount of proteins for feed

sector are made available from rapeseed production. In line with the philosophy described above, in this study

is endeavoured to represent the incremental impact of theseproducs. This implies that the modelled

scenario must include either an existing process able to generate the same quantity gdraduct, or

considering another product being realistically able to replace thenuduct.

This logic is reflected in the followingiethodological approaches-igure 4):

¥<n di _d~\Vo' _ di @p ntardbobkhttpsy/ppicéjct.acredrgpa.esfiicdHu@IBoRK. html
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91 all energy and emissions generated by the process are allocated to the main or desired product of
that process.

1 the coproduct generates an energy and emission credit equal to the energy and emissions saved by
not praducing the material that the cgoroduct is most likely to displace.

For example, in the production of biodiesel from oil seeds, protein -rich material from oil seeds
pressing is likely to be used as animal feed, displacing soy meal that would otherwise be imported
into the EU.

For the purpose of poli¢§ support analysis, this method attempts to model the complexity of real market
interactions, by tracking the emissions consequences of the likely disposition -gfr@ducts. Some other

studies have used "alltion" methods whereby energy and emissions from a process are allocated to the

g\ mdj pn kmj _p”*on \**jm_dib oj ) b) h\ nn' i T mbt N
Kmj kjn~ \'i _ pn> _ ajm ~\g~pglodsk\imhndjpgopadnt E@>h RO

the preferred me_thodology in the ILCD handbook [ILCD 2010].

Figure 4. Coproduct credit methodology

Alternative scenario Reference scenario
Resource Cmdle oil Resource Resource
l Extraction ! !
T | Process 1 | | Process 1 |
Process 1 |— By-product 1 Transport E E
1 T , ,
| Refining v v
H [ I Process n l I Process n l
v Distribution ! |
Process n — By-product 2 & retail By-product 1  By-product 2
or or
l } substitute substitute
Alternative Gaso?lme
Fuel f
(in vehicle tank) Dlesel fuel

This substitution methodology attempts to estimate the energy and emissions in the curremi@my, which

result from a particular fuel pathway, including the use of-pooducts’. Indeed, there is not a univocal way to
describe the use of a cgroduct, as in most cases it can conceivably be used in a variety of ways. Different
routes can have var different implications in terms of energy, GHG or cost and it must be realised that
economics rather than energy use or GHG balance, are likely to dictate which routes are the most popular in
real life. In JEC study, all the available sectorial inforroathas been used to guide the selection.

16 As for the callout of the 2008 Renewable EnerByrective

7 Note that, in the event of a pathway generating electricity, it is assumed that that additional generation replaces efgdtoon a
power station which uses the same type of fuel (Stadé-the-art technologies used for the generation unitg.g. if an ethanol plant
uses NG CHP for heat supply the excess electricity replaces electricity from a NG fuelled CCGT.
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As an example, the manufacture of FAME (biodiesel) produces glycerine aspaodact. Amongst other
options, the glycerine could replace synthetic (pharmaceutical) glycerine or be used as animal feed, replacing
wheat grain. Making MJ synthetic glycerine requires about 13 MJ of fossil energy. MakingJlof wheat
takes about 0.16MJ. Clearly much more fossil carbon emissions will be saved in the first option than in the
n>"~ji _) Oc” ©°\ggj " bnoedergy or mask diven gxactlycthe samg &nargy credits for bpth

these potential uses of glycerine.

Another relevant point to be addressed is that many processes may produce more than one energy product:
for example, many wood and straw processing pathwayslude a significant electricity export. The procedure
above deals with how to find the greenhouse gas and fossil energy savings for the process, but it does not
specify how much of the savings are due to making biofuels and how much is due to makintgbideity. If

all the GHG/energy credits are attributed to the biofuel, one comes to the conclusion that the smaller the
fraction of biofuels produced compared to electricity, the better the GHG balance.

Electricity produced from biomass could substitiaeange of other electricity production pathways, including
coal or natural gas. However, this is the case whether that quantity ofdectricity was produced by a free
standing bioelectricity generator independently of the biofuels process, or-aroduct in a biofuel plant. It is
clear that to get a balance which pertains only to the biofuel output, it is needed in some way to subtract the
bioelectricity part of the process. In JEC it has been done by using a dedicated bietmasdsctricity process,

in the reference scenario, so that the difference between the alternative and reference scenarios is only
related to the production of biofuel. This approach ensures that the benefits of using the raw material for
biofuel production can be clearly seen.eTtvay the credit for electricity export is calculated is explained in
each individual pathway.

2.5 Managing uncertainties

As already presented in the introduction, the analysis of a certain process or pathway requires choices to be
made and figures to be adopd on the basis of criteria that, even if logical and documented, always remain
somewhat judgmental. Industry generally uses a range of processes which, at least historically, have not been
selected based solely on their energy efficiency but mainly onrexuic grounds. So established production
paths display a range of variability.

Whenever major contributions were at stake, different pathways have been created to directly show the
effect of a particular option or view (e.g. the origin of natural gas hass#@ong influence on the total
pathways through the transport contribution).

Moreover, as JEC study also deals with the future production and consumption of fuels and vehicles, and with

new processes or improved existing ones, the future performancesnaessarily somewhat speculative. As

a result, each step in a pathway carries a certain variability range, representing the combination of the range

of performance of the future installations and the uncertainty attached to the expected technical
developmats. Based on the quality of the available data, the degree of development of the process and any

other relevant parameter, a judgement has been made as to the level of uncertainty attached to each figure

as well as the probability distribution within theange. A Gaussian distribution has been used as default but

\'gnj \-oMmdj\plbg™ » ajm \'nthh -emgP\Vgdotdob  pm\ Pnl pim Hp\di
is reason to believe that all values in the range are equally probable.

In order to canbine all uncertainties in a pathway and arrive at a plausible range of variation for the total
pathway, the traditional Monte Carlo approach has been widely utilised; subsequent calculations have been
carried out with the resulting figures.

2.6  Miscellaneous assumptions

In the following paragraph are described a set of common assumptions, widely used in the modelling exercise.

2.6.1 GHG coefficients

The CQ equivalence is applied to the neBQ greenhouse gases according to the 100 year conversion
coefficients reconmended by the fourth assessment report of the Intgovernmental Panel for Climate
Change AR4ARCC 2007hin line with the EuropeaRenewable Energy Directi(RED II).

26



Table 6. Global Warming Potential (GWP) values for 1y&ar time horizon

Greenhouseas t CQeq/ t
CQ 1
Methane (Ch) 25
Nitrous oxide (MD) 298

Other GHGs are not emitted in significant quantities in any of the processes considered.

2.6.2 Energy content

All energy contents used are on LHV basis. For materials containing water (crops, animal feed, wood, manure,

etc.), energy for drying has been considered.

2.6.3 Shipping

Many pathways include londistance shipping of gases or liquids. In all such case pubtistiata have been

used for a type of ship, consistent with the length of the envisaged trip and the material being carried. Such
ships normally return empty and the corresponding fuel consumption has been taken into account through the
so"\ gg _ %9 mhdmgV\got\ **j m_di b o] rcd”~c oc” ap g "ji
root of the water displacement. Details of shipping processes are given in sections 3.1.2, 3.2.2 and the
associated workbooks.

For biofuel shipping, such as import oflgeeds, vegetable oils or ethanol from South America, ships are
known to be partially loaded on the return trip. The same assumptions on the % loading on outward and
return trips have been used as in the calculations as for the EU Renewable Energy\Rir@dtich result in a
somewhat higher overall loading than the average for such ships reported by the International Maritime
Organization.

2.7 Time horizon

The time horizon of the study is likely to significantly impact on the results, especially referrinthéo
considered assumptions made for medidtarm; in the case of JEC WTT v5, the chosen time horizon is 2017
2025+. The technologies considered are those that have the potential to become commercially available in
that time frame, although we added some mepromising pathways, with a lower Technology Readiness Level
(e.g. Poweto-fuel ones).

Since this study is forwardooking, we have assumed that new production facilities would use stst¢he-

art technology to deliver the best technically feasible iefency. Where efficiency is influenced by different
design (and cost) choices, we have shown the effect of these choices through different scenarios. The figures
may not reflect the performance of existing production facilities built using older technpl@jatistical data

are from 2016 for European electricity production and from 2017 for natural gas production.

2.8  Technology and Commercial Readiness Levels

The JEC WTT v5 explores the potential impact on both energy and GHG of a wide range of different
comnercially available as well as emerging/promising fuel pathways. To help the reader understand the
current technology and market deployment of each of them, the present version of the JEC WTT v5
incorporates two new parameters for each individual pathwdye Technology Readiness Levels (TRL) and the
Commercial Readiness Levels (CRL), reported at the beginning of each specific fuel/energy carrier sections.

2.8.1 Technology Readiness Levels

The Technology Readiness Level (TRL) is a parameter used to describetithated maturity level of a
particular technology, which typically is used from tracking progress and supporting development through the
early stages of the technology development chain (lower TRLsS) to the final demonstration, and the
subsequent commerciadleployment (Higher TRLS). Initially developed by NASA in 1974, #pma@ scale
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derived from the initial definitio® applied in the H2020 Work programme 2012015 is used in the present
JEC WTT report:

Technology Readiness Level: a 9-grade scale
(based on H2020 WP 2014/2015)
TRL 1, Basic principles observed.
TRL 2, Technology concept formulated.
TRL 3, Experimental proof of concept.

TRL 4, Technology validated in lab.

=) = =

TRL 5, Technology validated in relevant environment (industrially relevant emwirent in the case
of key enabling technologies).

1 TRL 6, Technology demonstrated in relevant environment (industrially relevant environment in the
case of key enabling technologies).

1 TRL 7, System prototype demonstration in operational environment.
TRL 8, System complete and qualified.

1 TRL 9, Actual system proven in operational environment (competitive manufacturing in the case of
key enabling technologies; or in space).

Based on this, different TRLs have been assigned to each individual pathway mbtglthe JEC.

2.8.2 Commercial Readiness Levels

The Technology Readiness Level provides a good understanding of the technology risk, associated with the
development of a certain technology and also for already developed technologies for which there is an
intrinsic risk related to their commercial deployment. Among the analysed pathways, some could remain in
the higher demonstration or deployment levels without being able to deliver fuels to the market, due to many
of the multiple barriers (e.g. capital cost) enatgiered during the commercialization process.

In order to capture this uncertainty, the TRL of each specific pathway has been complemented wilbval6
scale additional index: Th&€ommercial Readiness LevéCRL). CRL provides a picture of the current
commercial deployment of a certain technology, based on the methodology developed by ARBRENA
2014].

18 https://ec.europa.eu/research/participants/data/ref/n2020/wp/2014_2015/annexes/h2qP15-annexg-trl_en.pdf
19 https://arena.gov.au/assets/2014/02/CommerdRaadinesdndexpdf
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2.8.3

Commercial Readiness Level: a 6-grade scale

(based on ARENA 2014)

CRL 1, Hypothetical commercial proposition : Technically ready commerciallyuntested and
unproven. Commercial proposition driven by technology advocates with little or no evidence of
verifiable technical or financial data to substantiate claims.

CRL 2, Commercial trial: Small scale , first of a kind project funded by equity and gernment
project support. Commercial proposition backed by evidence of verifiable data typically not in the
public domain.

CRL 3, Commercial scale up occurring driven by specific policy and emerging debt finance.
Commercial proposition being driven by technology proponents and market segment participants
publically discoverable data driving emerging interest from finance and regulatory sectors.

CRL4 | Multiple commercial applications becoming evident locally although still subsidised.
Verifiable data on technical and financial performance in the public domain driving interest from
variety of debt and equity sources however still requiring governmsumpport. Regulatory challenges
being addressed in multiple jurisdictions.

CRL 5, Market competition driving widespread deployment in context of longterm policy
settings. Competition emerging across all areas of supply chain with commoditisation of key
components and financial products occurring.

CRL 6, "Bankable" grade asset class driven by same criteria as other mature energy
o ~"cijgjbd ' n) >jind_"m _ \n \ wr=\if\l]g » bm\ _~
expectations. Market and techmaly risks not driving investment decisions. Proponent capability,
pricing and other typical market forces driving uptake.

Integration: TRL and CRL

Both indexes offer a complementary and comprehensive view of the level of technical and commercial
maturity for each specific technology pathway. However, the scales are not completely independent as
technologies at the higher levels of technical development may already have some initial penetration in the

market.

The following table summarizes the consideredeolaps between TRL and CRL, to be used as a guidance to
understand theTechnology Development Chaimat maps each individual pathway at the beginning of each
specific fuel/energy carrier sections in this JEC WTT report:
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Table 7. JEC WTT. TRL and CRL laysr

TRL
Basic principles observed.
Technology concept formulated.
Experimental proof of concept.
Technology validated in lab.

Technology validated in relevant
environment.

Technologydemonstrated in relevant
environment.

System prototype demonstration in
operational environment.

System complete and qualified.

Actual system proven in operational
environment.

CRL

N/A

Hypothetical commercial proposition

Commercial trial, smalkcale.
Commercial scalaip.
Multiple commercial applications.

Market competition driving widesprea
development.

Bankable asset class.

Figure 5. Technology Development Chairap
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