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How to read
thisreport

Disclaimes

ProcessedPlanet 205@GRIA

Thisreport was prepared for A.SPIRE, the European Associationwelsicheatedo manage and implement the
SPIRE (Sustainable Process Industry through Resource and Energy Efficierdeyiy&igbRartnershipnderthe EU
Framework Programme for Research ambvationHorizon2020 As of 2021A SPIRE hamsansitiored to a newco-
programmingpartnership Processes4Planetder Horizon Europe.

The reporthas been producebased on inputs from arid close cooperation witA.SPIREmportant contributions
were provided byts severworking groupstheirchairs and cahairs! ®{ t Lw9 Q& Ly Rdza i N& | ¢
Advisory GrouplRIAGQ; the Board of Directorand the core teamFurthermorejnput from the sectors and companie:
in A.SPIREas receivedhroughthe stakeholder consultation, the stakeholaesrkshop andlirect communication

Navigant, a Guidehouse company, provided analytical and process support.

Note thatthis SRIAsintendedto be regularly updated teflectnew developments, insights and stakeholder input.
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Theexecutive summargrovides a higtevel summary of this roadmap (e.g. for policymakers).

Themain bodyof the report provides more detail. It explains the rationale behind the roadmap and showcases t
innovation areas and programmes that are includee.roadmap is syhesized to draw conclusions. This is writisn
much as possibler nontechnical readers.

Theappendiceprovide among othethingsthe details of the individual innovation programmes in each innovation
area and the specific innovation activities that meeded. They also present investment estimates, and boundary
conditions for successful execution of the innovation programmesapggendicesre written for more technical
readers.

bl @Aalyild bSGKSNIIFYRA& . &+ d conbidefighd infyrinatian maya svdilakke oydzi &
A.SPIRENd its stakeholderdNavigant relied on information supplied by A.SPIRE and its advisers without audit o
verification. Navigant assuméhat all information furnished is complete and accurate. Navigant and A.SPIRE are
responsible and give no warranties or guarantees, expressed or implied, for the use that might be made of this

Thescopeof the roadmap is limited to cross sectorial innovationsthadoadmagps intended to complement sector
specific innovations and currently available technologies that can already be implemented.

Investment numbersgiven in Appendix A are estimated weitih having concrete projesin mind and are not being
informed by current SPIRE programmes, including these current SPIRE programmes mentioned in the same it
programme.

Competitiveness calculatiohave been performed for some of the innovatiofsey are intended to illustrate the
potential competitivenessf technologiesbut as they are based on just one set of prices for the various energy
carriers / carbon, they are intendediigstrativecalculations only.

Technology readinestevelsare difficult to define (especially using information from the public domain). Therefor
the TRL estimates for technologiesthis roadmagare indicative only and may not always reflect the mostaygate
information.
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1 Executive summary

TheEuropean Green DegEuropean Commission, 2019)s a game changer for our society at large, and for
the European process industries in particul&uropeaimsto reachclimateneutrality!é and a circular
economyby 2050

This goal cannot be achieved without the process industiiesy convertprimaryraw materiasand
secondaryresources into materials that are used in the manufacturing industry to make produats or
useddirectly as productse(g.roof tiles). The process industry also converts fossil and increasingly
renewable resources into energy products (fuels) and matefaitscess industriegre a pivotal part of
manyvalue chainsTheir presence okuropean terribry strengthens the independence and resilience of
our society to unexpected events or crises as it guarantees access to essential products and services to
European citizendgeinglarge energynd resourcesonsumes, the process industries at®g/ the same
tokenkey toenable aclimate neutralenergy systermmand tocontribute to a circular economy

The Processes4Planet (P4Planet) partnership is dbemaforming European process industries to make them
circular and abieve overall climate neutrality at EU level by 2050, while enhancing their global
competitiveness.

The systemic shift required to transition to a climate neutral and circular society calis only for
technological innovation, but rathefor a holistic systemicsocioeconomic approachThis is the spirit of
the Processes4Plané&t050 SRIA The change is needed on many levélem various actorsThis SRIA
outlinesthe transformationghroughwhichthe processndustrycancontribute and the connections along
the value chaisthat are fundamental to enabléhesetransformatiors.

More specifically, the P4Planet partnership will aim at achie8iggneral objectives

1. Developing and deploying climate neutral solutionR4Planeambitions to contribute to the
climate neutrality of the overall European econobwybringing tehnological and non
technological innovationw readinesgor subsequent deployment.

Today the process industriesipporting PRlanet emit abou?749million tonnes of C®

annually. To contribute to the overall climate neutrality at EU level by 2050, the process
industries will redesign industrial processes and rethink their interaction with the energy system
(sector coupling).

2. dosing the energy and feedstock loopprocess industries will develop and deploy sustainable
circular business modetbrough technological and nerechnological innovations, crosectoral
collaboration and engagement with the local ecosystenis Willhelp them evolvedwards
resource circularity and resource efficienBy@Planet ambitioneear zero landfilling and near
zero water discharge in 2050

Secondary resources (i.e. recycled materials that are transferred back fralkuction of new
materiak and goodstodaycontribute for 12% of theotal material demand in the BURecycling

L A definition for climate neutrality can include emissions and removald &ft#Gs across the entire value chain as well as other climate
impacts and may consider the remaining carbon budget. This roadmap focuses on deepi€®ns reductions in the process industry

in 2050.

2This includes direct emissions as well as indieatissions from electricity consumption

3on average only 12% of material resources used in the EU in 2016 came from recycled products and recovered thategalsng

extraction of primary raw materials. This indicator, called circular material usemeeasures the contribution of recycled materials to
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all materials and valorising all waste streams by 2050 implies a fundamental redesign of value
chains. Industries need to establish new collaborations, e.g.théthvaste management

industry and with municipalities to realise a paradigm shift and become fully cireitkafull

focus on upcycling?4Planet looks to a potential of reducing about one hillion tons of waste
generated in Europe (by process & manufaictgrindustry and as endf-life waste).

3. Achieving a global leadership in climate neutral and circular solutions, accelerating innovation and
unlocking public and private investmentnnovation is needed to make climate neutral and circular
solutions moreattractive. he competitive position of the European process industrieshaitlefit
from aglobal leaderbip in theseeconomically attractive solutiongss well as froma strengthened
integration in the economic fabric of regions and Member States.

The @rtnership will define a reliable investment agenda for process industries over next 30 years, in
particular for the key phase for commercial deployment of sustainable technologies by 2030 (i.e.
between 2025 and 2030). It will also address the requirethéaork conditions to generate a market
for climate neutral and circular solutions and to trigger deployment of innovation (consistent
regulatory framework, level playing field).

Many challenges common to several sectors can be addressed through-sexdsrial collaboration
e.g.achievinghigh temperaturesisingelectricity orsharinginformation in the value chairThe
effectiveness and efficiency of innovation programmes can be increaseeMejoging suclnnovations
jointly and sharindearnings Additionally,crosssectorialinnovation offers the advantage of faster
deployment and impact at scal8PIRBasalreadyshown the effectiveness aits uniquecrosssectoial
innovationapproachunder Horizon 2020P4Ranetaimsto find still more synergies ikcrosssectorial
innovation in the coming periodP4Ranetwill connect to other initiatives that develop sectspecific
(e.g.Clean Steglor solutionspecific (e.gHydrogen Europe or CBiBnovationfor the process industries

In this roadmap, theA.SPIRE communityutlinesthe innovation neededto enable climate neutral
circularand competitive process indusiesin 205Q In the period20182020the A.SPIRE community has
worked togetherto develop this roadmap with regular interaction with ther&BpeanCommissionand
other stakeholderslt presentsits vision for circular and climate neutral process indestand details the
innovation needed to real&zthis visionFigurel schematicallydepicts theresource and energy flows of
the process industries in 205There is no silver bullemultiple options needo be developedhat can
each bemost effective and efficient idifferent applications and/or regional circumstanc@fheroadmap
containsinnovation inresources an@nergy accelerated by digitalisation and Hubs for Circularity

A On theresourcesside,the recycling of all materialsill be enabledby developing industrial
processes, sorting/separating technologies, and circular value ctiginkeverage industrial
urbansymbiosis modelsThe innovations witboostresource efficiencand enable the
valorisationof all by-products(through novel applications and industrigrban symbiosis)This
will reduce EU dependency on impedtfeedstock includingritical raw material&nd willreduce
the associated environmental pollutigeafe elimination of hazardous chemicals from the
recycling loop)CQ capture, purification and utilisatiowill be developedo produceminerals,
chemicals and fuel®on-technological innovation is needed to addsebarriers for the closing of
loops(e.g.social acceptanceatandards, etc.)

A Wal GSNAIfa 2F GKS FdzidNBzX LINBRIzOSR 68 GKS LINRO!
emissions by the use of it. E.g. insulation materials will reduce strongly the ez@rgymption
in buildings, lightweight materials will reduce energy consumption in transport vehicles, etc. Also
advanced fuels can lead finally to Casutrality after use. These effects are not presented in



this figure neither counted in the P4Planet G&Rission reductionHowever the production
processes and circularity issues are part of this SRIA.
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Figurel: Resource and energy flows of the process industries in 2050

A On theenergyside,innovation is needefbr changing the energy miin new technologies for
the integration of electricity (indirectly and directly) as well as for energy efficiency and waste
energy reuse.

On top further energy use will be considered as technologiesthasdower energy content
feedstock might be considered. Energy efficiency (especially in new processes) and reuse of
waste energy will play a significant role to improve competitiveness and reduce the need for
energy (partially through existing technolegj but also by developing disruptive, more efficient
processes). The use and availability of renewable electricity will drive GHG emissions from
electricity consumption towards zero in 2050. Processes that require heat will be replaced as
much as possiblby processes that use energy to directly drive the process (avoiding the need
for heat). GHG emissiefnee energy carriers (including renewable electricity) will be used to
generate the heat for the remaining thermal processes. New energy carriers (leygrog
ammonia and others) and renewable energy (e.g. heat or power) need to be integrated into the
processes, allowing for flexibility and demand response.




A Digitalisationwill enablefasterdevelopment of new solutionand speed upgengineering It will
alsoallow formore intelligent operation of installatiorend enable crossectorialcollaboration
by tracking data andgharing informatiorin an effective and secure mann&ircularity will
strongly be improved by digital tracking and tracing.

A Hubs forCircularity(H4G) will catalyse regionahdustry-societycollaborationnecessaryo
develop the solutions within the local contefeind address the local barrigisy connecing
various regional stakeholdeed contributing to an improved European resilce Theregional
dimensionof the hubswill help implementhe technologiesand attainthe ambitionsof the
partnership Knowledgeand kest practicefrom regionswill be shared through an Ellide
Community ofPractice and the H4€will be spread acrosgurope to deploy circular economy at
scale.

Thel4 innovation areaspresented in the roadmaygare expected tacollectivelydeliver these technological
and nontechnologicalsolutions. The roadmap is built up 086 detailed innovation programmes that are
clustered in distinct innovation areaslheinnovation programmes pushmultiple technologiestowards
commercial application TRL8). About 50% of the developed technologies could be applied by 2030 and
100% by2050.

Tablel showsan estimate othe progression on innovation area level.

Progress up until milestone year?.?
Innovation area 2024 2030 2040 2050
Integration of renewable energy and circular feedstocks as energy source

@0

Heat reuse

Electrification of thermal processes

Electrically-driven processes

Hydrogen integration

CO, capture for utilisation

CO, utilisation in minerals
CO, & CO utilisation in chemicals and fuels

Energy and resource efficiency

Circularity of materials

Industrial-Urban symbiosis

Circular regions

Digitalisation

cecoccoocecoc e
SLESrrES S e
COCOCCL0C00000
000000000000

Non-technological aspects

' Progress is depicted here as % of total TRL9 projects programmed in each area, and for circular regions, digitalisation,
and non-technological aspects % of total investment needs until 2050.

It is extremely difficult to foresee future technological developments and related innovation opportunities over a 5- to 10-
y horizon. This Table outlines the foreseeable progress of each innovation area based on best available knowledge about
technologies under development.

Tablel: Progression oP4Ranet innovation pipeline

€34.5 billion of investmentsare estimated to beneeded until 20500 develop and progress thikighly
ambitious pipelineof innovation. This includes the total investments of the projects (CAPEX for the

4Technology Readiness Level, s@pendix Gor a definition



innovative partof installationsand OPEX fotesting, including materials etdiom TRL1o 9, includng
first-of-a-kind demonstratiorplants It also includes funding for neiechnological activitied-or the
period 20262030 investments are estimated {119 & billion, of whiche10.1 billion are inthe expected
TRL range of Horizon Europe (T®L40 8)and in nontechnological activities

Figure2 depicts a more detailed breakdown of tkechnologicainvestment need. Note that estimates
after 2030 are moreincertain than the estimates before 2030he nontechnological investments
FY2dzyG G2 e€eono YAftA2Yy dzyGAf wnpno
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Besides the direct investments shown in Figure 2, indirect investments are expected (e.g. in the supply

chains to produce components, transport, etdfassive investments in electricity proction are needed

to reduce its carbon intensityzor full deployment across Europe additional investmengsreeeded that

are estimatedtoexceed UGNAf f A2y € olFlaSR 2y (GKS tAYAGSR I @FAfl

A.SPIRE membetmveO2 A Y SR (i KS (io3lesibe & firstal@kinG(EQGAK) large scale
application of one or more new technologies, integrated in its value chain, deployed by the process
industry. Theyndicated theirintention to investin marblesto bring themto TRL9confirminga market
pull for theinnovations andhe relevance of this roadmaplhe marbles demonstrate the impact of the
overall P4Planet programe. The initial set of marbles identified is already covering the overall set of
innovation areas and programs definedlie 2050 roadmap showing the coherence of the P4Planet
roadmap with industrypriorities. It will be a showcase to the society and related industries that the
demonstrated new technological concepts are technically and economically feasible and leagls to th
expected impact at the level of climate neutrality and/or circularity.

A supportive policy framework is essentifdr rapid deploymentin European process industries.
Deploymentrequires a market demand faohe developednnovations. Governments captay a role in
stimulatingmarket creation Recycling policieshouldincentiviz highervalue applicationgor secondary
materialsandremove hurdles for (crossorder) recyclingAsuitable policy environmerghould beput in
placefor the use of C@as a feedstock

The transformation will notsucceed withoutiarge quantities of costcompetitive GHGemissionfree
energyasdemand will surgén the process industriegas well as other sectordesides the energyself,
energy trarsportinfrastructure(e.g. increased electricity grid capadtyd hydrogen transportation



infrastructure)shouldalsobe builton time. Additional hfrastructure is required fowastecollection
sorting and distributiorandfor CQ transportation

ProcessedPanet is well-positionedto make this roadmap come true?4Ranetwill translatethe

innovation programmes in this roadmap irdqoipeline of projects with high positive impattwill adopt

a holistic perspectivbased on needs from industry, society and other stakeholders, such as international
organisationsP4Panetwill disseminate knowledge effectively to accelerate development and
deployment,partly through the European community ofgmtice.By collaborating with other

partnerships, initiatives, innovation fusénd financing schemeB4Ranetwill align efforts betweerthe
process industryits various value chains and the energy sectavoid duplication of efforts and ensure

a smooth coordinated and efficient delivery of the transititmwardsa climate neutral and circular

society



2 A2050visionfor European process industries

Imagineour continentin 2050 Europe is climate neutral andas a highly circular economyroducts

that once ended upn landfills are now recycled to become feedstocks for the process intestPeople
enjoy living in clean citiesand regions thriveon the many jobs and economic value created from higher
resource efficiencyDifferent regions in Europeasedifferent sustainablemodels to prosper without
harming the environmentTechnologies developed in Europe by and for the procedgshiesover the
past decades are being exported, boostitige Europeaneconomyand maximising the global
environmental benefits.

To get there, he process indusies haveseenan unprecedentedate of changeafter 202Q Through
research andnnovation, existing processekave beersignificantly optimised,and new and disruptive
processes have been developadd implemented supported by uniform European regulationshe
new processes, andssociateddeployment of vast renewable energy and hyazenproduction and
transportation infrastructure, enabled theprocess indusiesto drastically improvetheir environmental
footprint and to helprealisea climate nautral society.

2.1 Towards a climate neutral and circular Europe

Climate change is one a@fe preeminent issues of our timeThe 2015 Paris agreement defined the global
climate ambition to limit the global temperature increase to well below 2at@ to pursue efforts to limit
temperature increase to 1.5 Y@bove preindustrial levels.

TheEuopean Green DealEuropean Commission, 2089)s a game changer faur society at large, and for

the European process industries in particulataunches a newrowth strategy that aims to transform the EU

into a fair and prosperous society, improving the quality of life of current and future generations, with a modern,
resourceefficient and competitive economy where there are no net emissions of greenhouse ige2@50 and

GKSNBE SO2y2YAO ANRBoGK Aa RSO2dzL SR FNBY NBaz2dz2NOS dza Sd
ambition to make Europe the first climatesutral continent by 2050.

As part of the EU Green Deal legislative package, Eugepean Cinate Law»2 enshrines the EU 2050 climate

neutrality objective inegislationi KS 9! Qa 3INBSyYyK2dzaS I & SYAdaaizy NBRdAzOI
least % compared with 1990 levels, including emissions and rentdvals

This European pledgsambined with pledgesvhich have beemade by some countries (Canada, China, South
Korea, South Africa, the UBapan, etgor are yetto be made by other countrieshould collectively ensure that
our world remains under 2°Gf temperature increaseA just distribution of the mitigation efirts between all
regions and countries should also create a lgualing field whih should help maintain the European
competitiveness.

TheNew Circular Economy Action Plan for a Cleaner and more Competitive E&fapglines the upcoming

EU initiatives to achieve its circular economy ambitions. A circular economy will contribute significantly to the

GHG targets and has other major strategic benefits: less resoemendency, minimised resource depletion,

increase in jobs and social integration and cohesion, etc. The Action Plan underlines the crucial role of

innovation: « Horizon Europe will support the development of indicators and data, novel materials and

productt T &dzoadAdGdziAz2y FyR St AYAY!|l éustdipableahid IKTF$ | NR2RB & & Hz0 &
approach, circular business models, and new production and recycling technologies, including exploring the

potential of chemical recycling, keepingnrind the role of digital tools to achieve circular objectives. »

Circularity is also about removimgmponents which could harm human health and/or the environment from

successive material cycles.

In order to achieve these various objectivas,unpreceented transformation of production and consumption
practices must be deployed at scale over less than 30 years
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¢t KS NBOSy i New InbiBttiab BtéatSgy foraEurop! is very clear in its ambition and in the
recommended way forward:
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Modernising and decarbonisifé] energyA Y 1§ Sy 8 A @S Ay Rdza i NASa Ydzad GKSNBT
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neutrality or digital leadership. These should be enablgdhigh quality research and skills and
supported by the EU. In the @esign and entrepreneurial spirit of this strategy, this should be
supported through Public Private Partnerships to help industry develop the technologies to meet their
goals,ashass@SaaFfdz t & 0SSy R2yS Ay AYyRdaAGNARLFE FffAlFyOS:

The P4Planet Partnership is the answer to this call for actitirwill be an essential tool to deliver the

innovations we need, building on the achievements of SPIRE (the European contractugpbiinditiéc

partnership which aims to enhance resource and energy efficiency in the process industries) but representing a
paradigm shift as it greatly raises the level of ambition by embracing the transformational objectives of the
European Union: climate neutralitgircularity, competitiveness.

The P4Planet Partnership is abtnatnsforming European process industries to make them circular and achieve
overall climate neutrality at EU level by 2050, while enhancing their global competitiveness

It will aim at achieing 3 general objectives

1. Developing and deploying climate neutral solutionthe transition to climate neutrality can only be
achieved if technological and ndachnological carbon neutrality innovations are brought to
readiness for subsequent deployment.

2. Closing the energy and feedstock loagkrough technological and neechnological innovations,
crosssectoral collaboration and engagement with the local ecosystem, process industries will develop
and deploy sustainable circular business models and will move towards resource circularity and
resource efficiency.

3. Achieving a glbal leadership in climate neutral and circular solutions, accelerating innovation and
unlocking public and private investmenthe competitive position of the European process industries
will be enhanced by a strong positioning as global leaders in ecaadiynattractive solutions for
climate-neutrality and a fully circular economy and a strengthened integration in the economic fabric
of regions and Member States. The partnership will define a reliable investment agenda for process
industries over next 3@ears, in particular for the key phase for commercial deployment of
sustainable technologies by 2030 (i.e. between 2025 and 2030). It will also address the required
framework conditions to generate a market for climate neutral and circular solutions atnigjger
deployment of innovation (consistent regulatory framework, level playing field).

I COM (2019) 640, The European Green Deal, 11 December 2019

[2 Regulation of the European Parliament and of the Council establishing the framework for achieving climate
neutrality and amending Regulation (EU) 2018/1999

[B]/ 2YLI NBR G2 I nm: NBRdzOGA2Yy GFNHBSGO o6& wnon Ay GKS a
2014 (Communication from the Commission, A policy framework ifmaté and energy in the period from
2020 to 2030, COM/2014/015 final).

41 coM(2020) 98 final, A New Circular Action Plan for a cleaner and more competitive Earbfeech 2020

Bl Communication from the Commission, A New Industrial Strategy for Europe, COM (2020) 102 final.
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contain carbon or are made using carbon (notably organic chemistry compounds and the reduction ofiores). |
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process industry sectors.

2.2 Theimportantrole of process industries

Process industrieproduce the materialdhat are used by thenmanufacturing industry to make

products Materials like cement, steel, plastiggper,industrial minerals, chemicalfuelsand ceramics
arecreated from raw material resourcée.g.metal ore, mineralswood, oil or ga3in energyintensive
processes.@ne materials ar¢he first stepof a long value chaire(g.a chemical that is used in a plastic
that is used in @omponent that is used in a car) and other materials are directly used as a product (e.qg.
roof tiles, transport fuel3. Manufacturing industy (especially brand owners) are increasing the pressure
on process industry to provide @@eutral materials and with increasing content of secondary resources.

Thetransformation of the process industries leey as theyare energy intensiveThe energy ector will
undergo a massive disruption the coming decades ecreasdts GHG emissionand this willaffect all
value chain stakeholderBrocess indusiesaccount for a significant part of energy consumption and
thereforewill bean importantpart of this ecosystenProcess indusieswill need tocooperat and align
with the energy sector to make optimal usealfernative energy resourcéfeedstocksand cantribute to
the transition.Process indusiesare essential toaccelerate thesnergytransition, aghey canofftake
largevolumesof GHG emissiofree energyand therebyrapidlydecreaseproduction costdo a
competitive level Additionally, due taheir high energy consumptigrprocess indusiescan contribute
significanty to systemflexibility by shiftingenergydemand therebyenabinga GHG emissioifree, highly
digitalised, and dynamic energy system.

At the same time process industrieganclose material loopsvhile minimisingremoving substances of
concern for human health and the environmein recycled materials and product#\ circular economy
isonly possible with the process industries, given their pivotal imaiece in the most critical value
chains In the transition towards more recycle€€Q-basedand bicbased materials, the process
industriesplay an important role as they can use these materials to replace primary resources.

2.3 Shifting value chains

Consumers increasingly demand guaranteed quality, safety, performance, and sustaingeilgy

labour, environmental and climate impacts) of the products they buy and of the materials used to make
these productsAdditionally, onsumers are increasinglgquiring customised productand changing
consumer behaviour (for example sharing modaislisrupting value chainsnd business models

Product manufacturers and brand owners are increasingly sensitive tdetmandsof their customers

and are rethinkig product design across the entire value chain in response to society and regulatory
demandsThe originof materials and the way they are processed have become a major concern for
brand owners.

Evolving value chainand business modelwill meet new consumerdemands.Value chains will become
circular and more complex, connected and intertwined. In response, process industries will develop new
activities, or cooperate (more) with existing players along the value chaih,upstream (e.g. recycling)

and downstream (e.g. materiais-a-service models).

The process industeswill improve the overall environmental footprint of products along the whole
value chain through innovatingheir processes and material®rocessnnovation will focus on



developing disruptive new processes and improving existing processes to decrease the environmental
footprint of materials minimize pollution and evolve towards a tokiee environment New and
innovativematerial$ designed foa circular and climate neutral econorogin contribute to sustainability
and circularity in many ways, including a higher inherent recyclability.

Process industries will become a more integrated part af avolvingcircular value chairfseeFigure3).

On the one hand, process industries will play a larger role in resource management (e.g. through
recycling of resources) thereby creating new jobs and aetiyiboosting the value added by the process
industries On the other hand, process industries will work more closely with brand owners and service
providers downstream to ensure that the materials developed by the process industries will be apt for
the crcular economy without compromising on performantethe case of fuels, produced by refining,
these are products going immediately to the consumer.

Demand on level of safety, quality, sustainability, labour conditions

N

resources Materials

Fuels Products

Consumer

Advanced processes

Secondary resources

Recycling
industry

Traceability of origin and quality of feedstocks, materials and products

Figure3: The process indusigswill have an important, more integrated rolén new circular and more
sustainable value chains, working closely with manufacturing and recycling sectors

New central and decentraknergyvalue chainsare paramountto process industiestransformation.
The energy system indimateneutral Europe wilshift away fronfossil fuels andiossil feedstocksand
renewableenergyas well agircularfeedstockswill play a major role in energy supgiC, 2018)

The paradigm in the management of the power systerhangingrom supply side to demand side
management of the grid, with a large buffer of energy ag®.This calon the process industries to
regulate their electricity demand’he process industries will be more integrated in energy value chains to
deliver this: producing new fuels (hydrogen, ammonia, methamndl othes), anticipating power supply

and other interactionsFigure4 illustrateshow the process industry can play a key role in achieving
synergiesn the European energy and materials systems.

5 Materials produced by the process industry, enabling production of downstream products with improved functionality. Note that
downstream products as such are not part of téPlanefocus.
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Figure4: EU Process Induséis achieve synergies locally tailored to regional conditions (locations of the
H4G are illustrative only¢ these have not yet been determined).

2.4 Competitive European process induss

Processndustries are an essential part of the European econorsocess industrig are crucial
components of numerous value chaitmat deliver goodsand services to our society and to European
citizens The materials produced by therocess industriesltimately aid inproviding shelter and housing
to families,transporting passengers or freight, offerg comfortable working spaces, prodagand
preseningfood and beveragesndprodudngthe sophisticated devices needed in modern healthcare
andhightechdigital world In other words process industrieenabk the life we are livingCurrentlythe
process industiesprovideabout 8.5 million jobs directly and®0 million indirectly Process industries
continuously attractalent andincite academia to train the next generation of expeRsocess industries
have a turnover of 2 trillion/year, drive innovation, and develop solutions for societal problems.

Focused innovation efforts will transform the European process industriise process industries will

adapt existing processes and develop disruptive new processes to fulfil the needs of this society in
transition, both in the short and in the longer term. New solutions (both technical andeamical) are

needed. As major technological challenges are similar across process industries, increased collaboration is
needed. Europe and its process indusgtr@an only succeed in solving the puzzles of climate change and
circularity if they jointly define and implement ambitious research, innovation, industrial and financing
policies enabling fast and smooth transitions.

As many process industries compete arglobal playing fieldthe competitiveness of these industries
needsto be safeguarded throughout the transitiariThetransformation of EU process industries
requires unprecedented levels of investmerifsaew technologies come at higher cattere is a risk
that European process industrisse their competitiveness. This needs to be avoided through an



effective policyframework, butcompetitivenessan also béoosted by innovatiomand scal€e.g. driving
down cost of process technologiesarinputs).

2.5 ProcessedHanetobjectives an@mbitions for the 205@rocess indusies

Innovation will enable the Europeaprocess industrieso keep playing a pivotal role ithe transition
towards a prosperous climate neutral and circular European societiP4Panetis committed to deliver
the necessaryechnological and nottechnologicalnnovations.

As extensively explained in the P4Planet Guidance Document, Processes4Planet addresses
interlinked problems that are specific to the process industries:

9 High impact on climateprocessindustries are today large GQoint source emitters and
face major technology and economical gaps to achieve the 2050 target of overall climate
neutrality;

9 Linear business modelprocess industries use large amounts of primary material and energy
resour@s dosing the material loops is not in many cases yet technically and/or economically
feasible at scale

1 Global competition and level of investmenEuropean process industries are highly exposed
to global competitim. Massive investments are needed invary short period of time
(compared to traditional investment cycles of process industries)

For each of these &ey problems, aGeneral Objective(qualitative/semiquantitative) and an
Ambition (quantitative target) were defined.

{AYAT NI &z |G | Y2 N¥ecilldubeytides wehJado@ad Hfaddress mnefor y S Qa
several of the problem drivershich are today at the source of thei@ntified critical problems

Figure5 presents the 3 key problems, the general objectives and ambitions as well as the specific
objectives of the partnershigafldressing one or several problem drivers).
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PROBLEM 1

HIGH IMPACT ON CLIMATE
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GENERAL OBJECTIVE 2
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Figure5: The 3 key problems, the general objectives and ambitions as well as gpecific objectives of the
partnership (addressing one or several problem drivers)

More explanations g given below for each of the threéen t f | Yy S Qa

Climate Neutrality

Towards climate
neutrality in 2050

FYOAGARZYAD

Process industries d@sontrunners in a transition which sustains quality «
life for all

The process industries are criticaldeliver on ambitious climate objectives
while sustaining (and wherever possible) enhancing quality of life for
citizens.

Reaching the Europeasiimate ambitions will not be feasible without the
disruptive transition of the process industries that P4Planet aims to fos
as they are today a significant contributor to greenhouse gas emissi
Process industries will also be, due to the extent tb&ir energy
consumptiona critical enabler for a fast, large scale a$t competitive
deployment of climateneutral energy and energy carriers (for instanc
green hydrogen) in Europe. They can also contribute to smoothing out
fluctuations resultiig from the integration of renewables.

The innovative process technologies developed by Processes4P
supported by an appropriate regulatory and investment framework v



enable an economically competitive production of climatutral products
that will be needed to sustain the delivery of deyrday services enhancing
the quality of life of citizens.

Circulaity of Josing the loops of water reuse and from wastedsources
Resources

Our society must achieveparadigm shift in the way resources are being
managed and usedWaste generation must be minimised beginning with
the design stage of materials and products. Disposal-obeble wastes

and nearzero . L . .

. . must disappear as wastws from municipalities and industries are
water dischargen ) . .
2050 collected better, sorted better and processed in an innovative way to ful
the specifications of resources needed for the production of new
marketable materials and good3he use of captured G@nd an effetive
management of water resources are also essential components of the
circular business models of the future.

Nearzero
landfilling

It is also crucial tonove towards toxidree material cycles and clean
recycling by ensuring that substances of concern in productsecytled
materials are minimised

The Process Industries are again crucial to deploy a circular economy &
scale and to deliver on EU ambitions in this area due to their resoance
energyintensive nature. They can only achieve this change if romgt a
novel collaboration models are permanently established across industri
sectors, across value chains and with regions, living labs, municipalities
citizens in addition to the technology developments required.

Competitive Athrivingindustry providing quality jobs for all industry workers
Procesdndustries

Innovative process technologies are essential to sustain the

The innovations competitiveness of European process industries in their transition towar
conligletiieneriies = fully sustainable business modeRourishing process induséssupport

oh el EZEd (new) skills development and provides (newplty jobs for industry

A ekt SR workers at all qualification levels in Europe. An industry leading in
slels el technological innovation can efficiently deploy sustainable processes
the EU GDP around the world, contributing to the achievement of global emissions
reduction objectives.

Disclaimer: In the case of the refining sector, the major contribution towards the EU climate and circular goals
will come from the CO2eq savings achieved in the use phase as a result of the substitution of oil by alternative
feedstocks and wastes in thefineries, producing fuels with potentially net zero GHG emissions when used in
the transport sector.

The extent and the pace of thigansformation are pushing the limits of human knowledge and our
ability to deploy innovations Three decadeszmain toachievethe transformation, but many production
assest have lifetimes of 2@ 50 years or more. This means thihere is a risk for lochn if technologies
are not yet available at the time oé-investments.To avoid this lockn, technologicatievelopment

6 COM(2020) 667 final Chemicals Strategy for Sustainability rilswal oxidree Environment



should happen as quickly as possilhheegration of pocess industries within the new value chaaml a
low-carbon energy system poses additional challen@&e changes to the sites, infrastructure, value
chains and business models may taleeades, so it is key to accelerate as much as posstiiting
now.

Digitalisation andregional hubs for circularity will serve as accelerators for the transformation.
Digitalisationwill enablethe fast development of new materiand processes andfandustriaturban
symbiosis and make a major contribution to improving the energy and resource efficiency of plants and
value chains. To strengtheéheir global competitiveness in a turbulent economic environment and the
transition into aclimateneutraland zerewaste economyprocessndustriesmust reap the full benefits

of what digitaltechnologieshave to offer todayHubs for circularitfH4Cring together local

stakeholders tqointly find regionalsynergies and accelerate the transitiop implementing
technologiesThese hubs can address the local #technological barriers ancheet local societal needs

to make sure that the technological innovatiogginsocietal awareness and acceptance

Figure summarsesP4RanetQa @A & A 2ayhieZeThe ieduided thafsformation pfocess
industries Industrialurban symbiosis, process innovation, digitalisation andteashnological aspects
are key taransform theprocess industriesProcess innovation include@movation in the fields of
electrification, energy mix and hydrogen, capture and use ofad@ CO, and resource flexibility.
Industrial symbiosigjigitalisationand the nortechnologicabspectge.g.new business models) support
and accelerate th&ransformation and embed the redemedprocess industries a circular and climate
neutral society.

\

Process
Industries

Current \
4

;//

Figure6: How P4Ranet will achieve its ambition$

2.6 How to read this roadmap

The next chapteexplainghe need forcrosssectorial innovation. It presents thairrent status of the
process industriesoncerningGHG emsionsand waste gxplains the innovation needs to meet the
ambitionsanddescribes how these relate to the various sect@kapter3 alsodetails the concept of
H4Cand describes how4Ranetfits in the EU innovation landscape.

Chapterd presents howP4Ranetaims to deliver the required innovatiofi4 innovation areas are
presented, and thehapter explains how the innovation programmiesach areanterrelate and enable
ead other.In Appendix Ahe 36 innovationprogrammesare further detailed

Chapter5 synthesizes thinnovation programmes. It presents the impacts from the innovation
programmes towards meeting tharee ambitions,the key milestones of the roadmap and the

7 A definition for climate neutrality can include emissions and removals of all GHGs across the entire value chain atheretliasate
impacts and may consider the remaining carbon budget. This roadmap focuses on despi€¥®ns reductions in the process industry
in 2050.



investments that a@ needed to realize the portfolio of innovations. Furthermore, it stresses the benefits
of P4Ranetanddefinethe boundary conditionfor theroadmag2 & & dzOO0S & a



3 The need for crossectorialinnovation

This chaptedescribes thdandscape in which thBrocessedHanet sectors operateandshows the
rationale for the crossectorial approach to innovatiogection 3.1 explores thechallengeof the
P4Ranetsectors in the context aflimate changendwaste.This formsthe basis for the innovation
needs, described iSection3.2in general terns. The sectospecific imovationneedsare presented in
Section3.3for all PAPlanetsectors.Section3.4 focusses on the crossectoiial dimension by introducing
the Hubs for Circularityrinally,Section3.5 describes how P4Ranetinteracts with other stakeholderis
the EU innovation landscape.

3.1 Thestatus quo oProcessedHanetsectors
This sectiorexplores thecurrent position othe P4Ranet sectorsrelated to GHG emissions angste
andhighlights the overarching challenges

This roadmap focuses on £43 this is the predominant GHGther GHG emissions (such as;@ht
N2O) areconsideredsectorspecific anchavetherefore not been considered within the scope of this
roadmap

The P4Planet sectors collectively account for arodin@iMtCQ; of direct emissiorfsin the EU145

MtCQ of process emissiorand 131 MtCQG of emissions from purchased electricity (degure?).
Together, thes&@49MtCQ equate to about ¥.3% of total El&missions (i.e. 4,333 MtGIJEEA, 2019)
Direct emissions are related to fossil fuel combustiprgcessemissionsare directly related to the
processlt must be mentioned that e.g. the chemical industry is a combinatidhafsands of processes
of which a few as ammonia & ethylene production are responsible for relative higbrii€sions.

CO, emissions in the EU-28 800

MtCO, M Fossil fuel combustion emissions 749
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Figure7: Breakdown ofcurrent direct andelectricity CQ emissions of theP4Ranet sectors

8 Emission figures in this report always refer to emissions per year, unless stated otherwise



Theaccounting of GHG emissions of industrial sectors can be complex and different boundaries are taken
to calculate sector emissions depending on the purpafshe analysisFor example, setjenerated

electricity can be considergahrt of the industrial setor or part of the power sectorf-or this reason,

statistics from different sources diffein the numbers presented herdata from the sector associations

is used to the extent possible, and complemented wi#tta fromEurostat and EEAs well as other

studies if neededProcesgelatedemissionsare included in fossil fuglombustion emissionis this
overview.Electricityrelated emissions are calculated using electricity consumption and the EU grid
average emissions per kWhhe detailed approach is presenteddppendix E

Besides the direa@missionsand emissions fronelectricitygeneration the process industries have an
important downstreamGHGemissions impact. For exampémissions may arise from downstream
processing, ofrom end-of life treatment.On the other handproducts made from materials of the
process industry can also avoid emissions downstream. For exgotgdicfoams used as insulation
material in buildinggan reduce energy consumpti@amd associated emissionBhe replacement of fossil
feedstocks by alternative solutions (e.g.4oiggin or CO2) could have a significant impact on reducing
emissions in the tranmort sector.

Figure 8a represent the materials flows of the P4Planet feedstocks in generaRih\Eth attention to
recycling, incineration, landfilling, etc.

Figure & represents the total amount of waste generated frpcessindustries, by catgory.

Feedstock flows in ERJ7 (2017, Eurostat)
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Figure 8a: Material flows of the largest P4Planet feedstock flows in theZZU


















































































































































































































































































































































































































































































































































































































































































































