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Abstract

The European Union aimsiteducegreenhouse gas emissions iy percentoy 2030 relative to 199@nd
achieve climate neutrality by 208. Yet, translating these targets intgathways for buildings and
construction is hallenging acrosdiversenational contexts We model building stocks fothe twenty-
seven Member States of the European Uniand evaluate 4,096 life cycle emissions scenarios
consideringnational capacitiesHere we show that,over 2020t2050 achievingthese targets would
require avoiding 8.53 billion metric tons of carbon dioxide equivalapproximately ten years of
emissions at 2020 levelMostly relying on improvingnergy efficiency and material productievould
exceedhational capacitieby 2.72billion-ton, 32 percent of the required reductiod combinedapproach
that also reduces pecapita space demand, appliegcularity measures, and uses bimsed materials
couldachievean additional 2.19 billion tons within natione@pacitiesFor eachcountry,we identifythe

strategiesthat maximize projected reductiorts inform policy design.
Introduction

The built environment is a critical driver of climate change, with the construction and operation of
buildings accounting for 2b of globareenhouse gas (GHG) emissiarsd 37% of energyand process
related carbon dioxide €Q) emissiond. Life cycleemissionsof buildingsinclude both operational

emissions, generated durinthe energy use, and embodied emissions from materjaledudion,



transport, construction, and enaf-life processes. Historically, policy has primarily targeted operational
emissions, leading to significant energy efficiegajnsin newbuildings This progress has elevated the
relative importance of embodiedmissions which now constitutes major, and increasingly scrutinized,
share of a building's life cycle emissidiiEhis shift underscores the necessity of adopting a whole life
cycle perspective to accurately assess environmental impacts and formulate comprehensive mitigation

strategiesfor buildings and constructidn

Translating the European Union's (EU) climatgess, including a 5% reduction in GHG emissions by
2030 compared to 1990 levels and climate neutrality by 2050, into actionable pathways for the building
stock remainghallenging Building stock modefsrovide ascientific foundation to evaluate polignpacts

and guide decisiomaking®, and there is ongoingneed for highquality, large-scale datd At the
supranational scale, there are bodies of work addressing matiated embodied emissiof$ and
operational energy usé€"?. Integratng these dimensions within a single framework requires harmonized
data and methodsand limited spatial resolution can hinder the representation of diverse national

contexts and capacities

Building stock modelsre usedo explorethe landscape of GHR@itigationstrategiesincludingcircularity
measuresper-capitaspace demandeduction, bio &msed materialsise operational emissions reduction,
material productionimprovement as well as transport and construction processmprovement?.
Translatig these strategies into practice across heterogeneous EU Member States depends on national
implementation capacity and contextesource and industriatonditions(e.g.,availability ofbio &msed
materiak, recycling rates), geographic and building stoblaracteristics (e.g., renovation potential,
seismic stability), and socaconomic and policy landscapes (emgulatory frameworks, workforce
skills, social conditionsyhese factors shape the realism of projections at supranational Scatgext is
particularly relevant for sufficiency or demamgte strategiessuch as reducing average living area per
capita, which aim to lower energy and material demand. Given their potential for eadgption and
relatively low economic or technical barriers, such measures can deliver meaningfueneaGHG

emissionreductions while capitadatensive, lonaarbon technologies continue to mature and séale

In thiswork, wequantify the life cycle GHG emissisfor the EU27 building stockover 2020t2050using
PULSEU(Prospective Upscaling of Life cycle Scenarios and Environmental impacts for EU bi§jldings)
bottom-up, archetypebased model that integrates life cycle assessmigam the combined MMG
(Milieugerelateerde Materiaalprestatie van GebouwelemandSLiCEScalable, highefinition Life Cycle

Engineeriny modek'”*® with material flow analysisit Member Sate (MS)level We integratea set of



15,026building archetypesepresenting bothresidential and norresidential buildingsor which webuild
hierarchical inventories from whole building to components and materials using established détagets
AmMBIENCE, Hotmap$’, Building Stock Observatdty. We validate againsthe MESSAGE#&uildings
(Model for Energy Supply Strategy Alternatives and their General Environmental Jnapa$dTURM
(Building Stock Turnover Modeéhdependent model&2and implement measureiven scenarios that
operationalize six strategy groujgsircularity, reduced space demand, l@ased materials, operational
emissions reduction, improved material production, amdproved transport/construction) at low
mediumand high ambition, with national implementation capacity explicitly embeddedonine whole

life carbon(WLQ scenarioexplorer further enables activation of individual strategies and assessment of
alignment with EU target& Full methodological details are provided in Methods and the Supplementary

Information.

Results

Emissiorfutures for EU buildingsnd construction

EU buildingsand construction(excluding infrastructuregmitted 808 MtC@e in 2020 (including fossil,
biogenic, land use and land use change emissions) due to their constructiéf)(b8aintenance (%),
operation (73%), renovation (36) and demolition (26). These resultare based on the upscaling of
building archetype data to establish a baseline year in 2020 forEtéuilding stock(see Methods).
Future GHG emissions strongly depend on the straseigiplemented by the different MS and their level
of implementation ¢eeTable lor SupplementaryNote 1). While the Businesa@sUsual (BAU3cenarios
projecting current trends, théelOPEHonoring Official Policy ExpectatiQisenariomeets official paty
targets but national capacities are exceeded. Its more realistic counterpart (Gap&cityOrchestrated
Policy Executionscenario respects these capacity limits, but does not meet all policy targets, and the
SMARTStrategy Mix Approach for Robustajactorieg scenario uses an extended strategy mix to meet
targets within those capacities. Resulting emissions in 2050 are ranging fromillih metric tons of
carbon dioxide equivalerfiMtCQe) (BAU) to 158 MtCg&@ (HOPE) (Figure 1, a).

Assuminghat the targets formulated icurrent EUpolicies such as the Energy Performance of Buildings
Directive(EPBD)are fullyreached by implementingthe strategies expressed thesepolicy documents
(HOPE see SupplementaryTable 7§, we find that the contibution of buildingsand constructionto
achieving the EU climate targatiould imply a cumulative GHG emissions reduction of Bii@n metric

tons of carbon dioxide equivalerfGtCQe) from 2020 to 2050.This represents approximately fall



decade oftheir baseline yearemissions As currentEU policies mainly focus on thereduction of
operational emissions anidnprovement ofmaterial productionprocessesreaching policy targetaith

these two strategiesequires going beyond national implementatioapacities (Figure 1, a). Limiting the

use of these strategies to MS capacity (COPE) comparatively leads to an increase in cumulative emissions
of 2.72 GtCee (32 % of the required reduction) highlighting the gap between theoretical mitigation
potential and practical implementatiorapacities This presents a risk to the achievement of EU climate
targets. However, a large share of this increase in emissions (2.19e¢31C8&D%) could be compensated

by activating a wider range of strategies beyond the amgzressed in policy documents (SMART), while

still operating within realistic M$apacities(upplementary Figure), as the result of our analysis
demonstrates This offers a more balanced and secure approach, while achieving similar cumulative GHG

emissons.

These scenarioirthermore reveal synergies between strategies and timing of implementation (Figure

1, b). The HOPE scenario models an accelerated renovation wwatactly fulfill energy efficiency policy
targets 6upplementary Tabk7 and 9 peakingat 3.6%in 2030and staying above % until 204Q0which

results in a rapid decline in operational emissions. In contrast, the COPE scenario, which incorporates
plausible implementatiortapacities for which the list of criteria is provided Buppémentary Tableb,

projects a delayed peak in renovation activity3t&o in2040, while only reaching % in 2030The SMART
scenario demonstrates that this deferred mitigation can be effectively counteracted through circularity
measures reduction of percapita space demandnd increased use obio-based materials These
measures reduce the overall GHG emissions by minimizing the demand for new construction while
concurrently decreasing operational energy demand through more efficient use of the exiatidndp

stock.
EU climate policyn light of national contexts andcapacities

The success of EU climate policy is challenged by the diverse contexts and building stocks across MS.
Embodied GHG emissions per capita in 2020 range from@n®3f carbon digide equivalenper capita
(tCQe/cap) in Greece andtaly to 1.46 tC@e/cap in Cyprus, with an average of 0.48 1€/€ap at the EU

level (Figure 2, a). Smaller countries such as Cyprus, Luxembourg, Malta, and othersgdiBeigiuny,

have higher cortsuction activity on a per capita basis compared to other countries, reflected in higher
embodied emission®y contrast, several Southefsreece, ItalyandCentral&asterniRomania, Slovakia,

the Czech Republic, Croatia or HungaM@mber Statesexhibit relatively low peraapita embodied

emissions



Operational GHG emissions range from 0.29%80fp in Sweden to 2.73 tG&cap in Luxembourg, with

an EU average of 1.33 te&xap (Figure 2, b). These emissidoow different patterns than the
embodied enissions, with Luxembouyd?oland the Czech Republidreland and Belgium having the
highest emissions per capita, indicating a higher reliance on-fostibased heating systems and a colder
climate. Conversely, SwedeRprtugal, Bulgaria, Spaihithuania, Malta andRomaniahave the lowest
operational emissions per capitBor countries like Sweden, which also have a cold climate, this reflects
higher energy efficiencyf the buildingsand a lowcarbon energy mix-or Southern European countries
(SpainPortugal), although space cooling is higher than in other counttiestelative increase remains

smallerthanthe decrease in space heating, ensuring overall low operational emissions per capita.

Looking at the per capita emission reduction requiremefuts 2030 (Figure 2, c), regional patterns
emerge. Western Europe shows high requirementd.uxembourgBelgium, the Netherlands, Austria,
Germany and Denmarkal{ above 0.8 tCQe/cap) indicating industrialized economies with higher
implementation capaty, but also higher per capitaperational emissions in 2020 (e.g. Luxembourg,
Belgium, GermanySouthern European countries have consistently lower requirements (Spain, Portugal,
Greece stay below 0.15 t@&hcap), echoing their lower per capitde cycleemissions in 2020. Nordic
Countries demonstrate moderate requirements (around 0.25;8€ap for Sweden and Finland) despite
high living standards, reflecting thdisw-carbonenergy mixes. Eastern Europe is highly variable, with
some countriegCzech Republic, Estonia, Poland) facing steep requirements due to higher per capita

emissions in 2020, while otherdingary Romania, Lithuania) have more modest targets.

In 2050 (Figure 2, d), whiRoland, Estonia, Luxembourg, Belgium and the CzegohiRe keep their high
emission mitigation requirementsSouthern European countries maintain the lowest requirements
Nations like Greece (5.7x increase), Romania (5.2x), and Poland (5.1x) experience rapid acceleration
compared to Nordic countries with me gradual progressions. The substantial variation in per capita
emission reduction requirements, ranging from 0.10 to 0.83:88ap in 2030 and 0.42 to 2.90 te&lxap

in 2050, combined with the heterogeneous acceleration patterns across MS, indicateffhative

climate policy must incorporate differentiated approaches that account for national constraints and
implementation capacitiesThese includeas provided irBupplementaryrable5, resource and industrial
capacity (e.g., bivased material availdlity, recycling rates), geographic and building stock
characteristics (e.g., renovation potential, seismic stability), and the prevailingesommmic and policy

landscapes (e.g., national policy frameworks, workforce skills, social conditions)

Exending the EUpolicy focus forcontext-specificmitigation pathways



EU policy provides solid framework forreducingGHG emission that target some of the most effective
strategies, namely theeductionof operational emissionsespecially via the energfficiency targets of

the EPBD and thenErgy Eficiency Directive (EED) as well ashe improvement ofmaterial production
processeswith the emission reduction targets from tiemissions Trading Syst§ETS)Howeverthe
analysis of strategy effectivess across 27 MS reveals significant heterogeneity (Figure 3). Operational
emission improvementscludethermal renovatiors, exchangein heatingsystemsanincreased share

of renewable energy in the electricity and district heating, as well as the tedumn temperature
setpoints Though most effective at the EU levidley only represent the optimal strategy for 19 MS (when
considering life cycle emissions). In particular, the Czech Republic achieves the highest reduéipn (40

due to elevated per gaita operational emissions and a limited embodied emissions taitle

Building upon this EU framework, national authorities could complement therent strategy packages

with the most effectiveones for their country. In particularhtee distinctgroups emerge among countries
where operational improvements are less effective: (i) High embodied emission countries per eapita (
Austria, Cyprus) witthigh construction rates benefit most fromeductions in the per capita space
demand which can rapily reduce the number of new constructions through better use ofateailable,
existing building stockwhilethe reduction of operational emissions is slower to implement, witarge
trade-off in embodied emissiongii) Lowcarbon energy mix countriesith high living standard¢e.g.
Sweden) also favaeductions in per capita space demanmzkcause these embodied emissions dominate
their life cycle emissions while other strategies, suchreduction in operational emissions dhe
improvement of mateml production processes, might be less effectiven in other countriesdue to

their currentuse of lowcarbon energy (iii) Countries with balanced operatioAa-embodied emission

ratios (higher than 4@60 %, including Portugal, Spain, Bulgaria, Denhithuania) achieve optimal
results through circularity measures, whittttludethe extension of theservice lifeof buildings through
renovation, vacancy reduction, efficient structural material use, as well as increased reuse and recycling
Thisrefleas the smallerinfluence of operational emissions ambuld indicatehigher vacancy rates
demolition ratesor a higher potential for reuse and recyclinghe complementary nature dhese
strategiesalsostands out, as combined implementation consistewilyperforms individual approaches.
When aligned with MS capacity, integrated strategies could reduce cumulative life cycle emissions by 34
% EUwide.

Focusing on embodie@HGemissions also reveals clear national priorities: circularity measures show high

potential in Bulgaria and Spaithe reduction of per capita space demaird Austria and Cyprus, while



bio-based materials offer greater benefits in Estonia. Some countriesdRia, Ireland) demonstrate
similar effectiveness (13 % reduction) across multiple strategies, while others (Netherlands) achieve
comparable results (285 %) through circularityreduction of per capita space demara improvements

of material prodution processesWhile currentEUpolicy targets mostly rely on thenprovement of
material production processeto reduce embodied emissions, this strategy is rarely the most effective
one from an embodied emissions perspective, revealing an untapped ptitrfor future embodied
emissions mitigation policiesvhich could be overtaken in nationpbliciesto complementcurrent EU

targets

Discussion

Our analysis indicates that current EU policy targets, which predominantly focus on reducing operational
GHGemissions and improving the production of construction materials, may surpass the implementation
capacity of numerous MS, thereby jeopardizing the attainment of climate ghalsss the EU, our results
show a clear prioritization: (i) reducing opertal emissions is the most effective strategy overall; (ii)
reducing pemapita space demand is nelkest in MS with high embodied emissions per capita or
low @arbon energy mixes; (iii) circularity measures are most effective where operational and embodied
emissionshares are similar (480%); (iv) improvements in material production processes deliver smaller
gains on average; and (v) shifting to leawrbon, biolmased materials and improving transport and
construction processes typicaliyavethe lowest EUgide impact, albeit with countrgpecific exceptions

(e.g., stronger benefits from biased materials in Estonia).

Thishierarchy, together with capacity constrainis, consistent with previous research suggesting that
highly ambitious, extreme scenas®ften lack practical viabil§; as societal and systemic changes tend

to converge towards more moderate pathwaydn the specific context of building renovation, it has
likewisebeen established that a uniform, BAdde strategy is not necessaritptimal from a cosbenefit
perspective for reducing operational emissions, and that more targeted approaches tailored to national
contexts are advisabté Our studyprovidesa quantitative framework for differentiatinGHG emission
reduction efforts anong MS, identifying the most effective and feasible mitigation strategies for each
national contextBecause EU law prevails but MS retain discretion when transp&siciyectives, our
framework shows how to use thdiscretionary spacéo tailor measure and improve the effectiveness

of the EU regulatory framewoikt national level



Reducing operationdbHGemissions being the most effective lever to reduce life cycle emissionest
MS, national policies should translate the EPBD, BRE&newableEnergy Directive RED, and the
forthcoming ETS for buildings and road transport (ETS2) into a coherent package of &¥Xi®aswill
introduce an upstream carbon price on fossil heating fuplanhedfrom 2027), whichtogether with
complementary nationd policies can reinforce performance standards and targeted support by

strengthening incentives for fuel switching and reducing energy demand.

Keyadditional measuresfrom the EPBInclude adopting comprehensive National Building Renovation

Plans that chrt a pathway to a climateeutral stock by 2050, enforcing Minimum Energy Performance
Standards for nomesidential buildings, and applying the Zdemission Building standard to all new
construction while progressively incorporating whdife carbon linits. Supporting instruments such as

Energy Performance Certificates, Renovation Passports, and targeted financial incentives must be widely
availablé® X dz [*+ vV EPC ((]]1V C &JE*S % E]V %0 *Z}po Pu] %0 vv]
withth % p o] « S}E & Vv}A S]vP § o <3 i®9 }(praritizing¥pdprer@vatiovvy 00C
measures To ensure affordability and implementation capacity, MS should earmark a share of ETS2
auction revenues and leverage the Social Climate Fund (2032) to cofmance deep renovations,

including exchanges of heating systemshile providing temporary, targeted income support for
vulnerable households and micaenterprisesin paralle] the REDpromotes the accelerated deployment

of onsite renewablegeneration and establishes enabling frameworks for energy commufiitiBisese

policies must be complemented by measures that mitigate embodmissions, andllow strategies to

be deployed where they are most effective, thereby navigating implemeamtatapacity constraints.

Sufficiencymeasures, which aim to reduce the absolute demand for energy and materials to operate
within planetary boundaries, can induce profound systemic efféétsin our study, they include the
reduction of per capita spacdemand (most effective im Austria and Cypriisthe extension of the
service lifeof buildings through renovatioand vacancy reductiofincluded in the circularity measures,
most effective inPortugal, Spain, Bulgaria, Denmaakd Lithuanig, as wellas the reduction in
temperature setpoints (part of the operational emission measurBgspite being underrepresented in
policy compared to efficiency and renewable energy stratégigbeir importance is wekstablished.
Previous studies have showrattsufficiencyis crucial for achieving carbon neutrality and energy security
in Europe, as it alleviates pressure on sugile transformation®. Indeed, scenarios that exclude
behavioral change are projected to mismate neutrality targets in theEU“. Furthermore, from an

energy systems perspective, integratisfficiencyis highly advantageous, as a lower electricity demand



reduces the need for costly supgdide investments and grid infrastructdfeOur results corroborate
these findingsdemonstrating that incorporatingufficiency alongside with other measures, creates a

more balanced and feasible GHG emissions trajectory.

Sufficiencyariented policies should prioritize the optimal use the existing building stock to avoid
upfront embodied GHGemissionsassociated with new construction, while simultaneously reducing
operational emissions through higher occupancy and intensified use of floor space. Effective
implementation requires coordinated measures such as establishing vacancteregiad applying
vacancy taxes tdncentivize the reantry of underaccupied units into the markét streamlining
permitting procedures for repurposing and retrofits, and offering density bonuses or zoning concessions
to reward adaptive reus€. Other examples includeaising awareness, rethinking communication and
designing effective financial motivation, such as a combination of different financial incentives that
reward downsizing through flat swap®r the introduction of minimum occupancy ratésPublic
authorities and developers can further stimulate flexible, resilient design by launching competitions and
pilot projects focused on adaptable concepts, and by creatieighborhoodéevel agencies that advise

tenants on downsizing or relocatiori@ss life stages.

However, the practical application slfficiencyfaces considerable challenges, notably squmiftitical
acceptance and potential rebound effettsnecessitating fundamental reforms in both the content and
the design process tiuilding sector polici€S. Measures perceived as limiting choice or comfsuch as
minimum occupancy thresholds, downsizing incentives, or lower temperatur@esets, often face
stronger opposition than efficiency standa?8i®. Instruments likevacancy registers and taxesdso
require significant administrative capacapnd proportional enforcementCultural rorms around dwelling
size, privacy and thermal comfazain limit voluntary uptaker lead torebound effectsWithout careful
design and ear exemptions, they may trigger privacy and propeiyhts concerns or legal challenge.
Example®f enablers thattouldraise acceptability and uptakere comfort guarantees and buildinigvel
controls when optimizing temperature s@bints, to avoid sustitution with portable heatersortenant
protections and antaisplacement measures when promoting downsizing or intensifiedwisieh could
be in the form otemporaryrent caps or indexation limits for participan&videnceadditionallyindicates
that acceptance improves when policies areagsigned with residents and social partners, distribute
costs visibly and fairlygreserve choice rather thaimtroducebans, and deliveclearco &enefits (health,

comfort, affordability§°4°,



Fa countries shwing high potentiald reduce embodied GHG emissions by usinglimsed materialer
improving materials production processes well as reuse and recyclirsgich as the Estonia, Romania,
Ireland or the Nethdands,policy measure shouldcombine incentives, standards, and marlkeeeation
mechanisms. Governments can introduce tax credits or subsidies for the manuigetad procurement
of certified biebased products, while mandating minimum l@ontent thresholds in publigector
contrads. In parallel, maintaining and enhancing the carbon sink capacities irblased systems that
provide these biebased products is crucfal Updating building codes and material specifications to
recognizeand reward lowammbodied emissionsbio-based materials encourages their adoption in
construction.In paralle) standards for circularitguch as material passports, proddevelenvironmental
data, and verified recyclegontent labels facilitate traceability and market confidente In paralle)
implementing extended producer responsibility schemes, ek obligations, and incentives creates
economic drivers for systematic reuse, recycling, and uda@ring of biebased and conventional

materials, closing material loops and lowering ovezaibodied emissiorté.

The findings of this study prompt a criticategaluation of netzero emission frameworks as applied to

the building sector. Our analysis indicates that even highly ambité& mitigatiorpathways leave a
substantial residual eresions gap, which netero paradigms typically propose to address through Carbon
Dioxide Removal (CDR). Considering the limited application of CDR in btfldivggseliance on such
technologies would introduce considerable uncertainty and risks dingfocus from the primary goal of
maximizing direct emissions abatement, a priority underscored by the escalating climaté*%risis
Furthermore, the integrity of nezero calculations is challenged by methodological limitations in carbon
accounting, particularly concerning biogenic materials. The accounting method used in this study,
common in the field, omits the carbon opportunity cost of biomass harveStiRgcent evidence suggests

the resulting loss of forest sink capacity can be greater tharmaterial substitution benefit!, implying

that the net climate contribution of such strategies may be systematically overestimated. There is a clear
need to develop integrated assessment models that couple building stock dynamics withskarahd
ecosystem science. Such interdisciplinary approaches are essential for establishing a more comprehensive
understanding of the carbon cycle and for ensuring that building secitiigation strategies are genuinely

effective.

Finally, #hough rootedinthe hU §Z <3Sy CJ[e I(r€guining & atanced strategy mix, emphasizing
sufficiency to alleviate systemic stress, and acknowledging limited implementation cgpamityg apply

broadly to mature economies in the Global North with comparable buildingk dynamics (e.g., North



America, Australia). Consequently, the work provides a transferable framework for natiorisdion
mitigation pathways while noting that further research is needed for regions with scarce data, weak

institutional capacity, oextensive informal settlements.

Methods

Building stock characterization and aggregation

The building stock is characterized using an archebgmed, bottomup approach. Archetypes are
typically developed through statistical analysis to reflect the ditera building age, size, construction
practices, equipment, and consequently emission profiles. They are virtual representations of various
buildings in the stock that share similar characteristics. To define the EU building stibik study,
represenative archetypes have been created at the MS level, clustering buildings based on sector
(residential or norresidential), building typology (e.g., sind&mily house, office), and construction
period (e.g., 19741979). Nine building typologies are mokel, including residential (singfamily
houses, multfamily houses, and apartment blocks) and wresidential (offices, trade, education, health,
hotels and restaurants, and other neasidential buildings). Thelassificationused for thesebuilding
archetypes aligawith the classification used in the Building Stock Observatory ¢8$@) most upto-

date framework in the EULhree categories of archetypase created one for existing buildingspne for

new buildings andnefor thermalrenovationof existing buildingsAn overview of the number of building

archetypes for each category is providedsimpplementaryrable 1

For existing buildirg the stock is represented by 66 archetypes per EU MS, resulting in a total of 1,782
archetypes.In addition,variants in technical systenare included leadingto 4,490 archetypes.Each
archetype ighen assigned informatiomegarding its building geometry, material compogitias well as
heating, ventilation anair conditioningsystems (HVAC)alled attributes Attributes relative to building
geometry arefirst derived from AmBIEN&&then complemented with data frorthe Costeffectiveness
studie$® and TABULA/EPISCOPRegarding material compositiomjotmapsg® is used toderive the
materialscomposngfloors, walls, roofs and windowand he construction technologies are then detailed

in terms of layer thickness and performance properties using AmBf&NGerder to validate the
retrieved information andill data gaps, a dateeview by regional expertwho were part of the EUWLC
project’® was conductedFinally, all attributes related to HVAC were derived frdmBIENCE. The

existing building stock is characterized by its total useful floor area, which is taken fronSti& B



alongside with building stock occupancy dafar different building archetypes (show®upplementary
Figures 1 and)2

New building archetypes are used for modelling new construction activity on building stock level. New
archetypes are defined fall nine building typologies and all EU Mfirst set o243 conventionalnew
building archetypes is createcassumingthe same attributes for building geometry andmaterial
composition aghe latest building age clag®2011t2019) For each of the 243 new archetypes, three
energy performance standards are specified. The first corresponds to the standard energy performance
level, aligned with nationahearly-zero energy buildingequirements as implemented by 2021. The
second reflectsan advanced energy performance, based jpassiveenergy sandards as defined per
region ina recent stud§?. The third represents sutandard performance, consistent with the energy
characteristics of the latest building age clé&311t2019) HVAC sysms are adapted to meet the energy
performance requirements applicable in eads by means of adjustments to the system efficieaoyg

the phaseout of gas and oithased space heating systemsiew buildingsThis was validatelyregional
expertswho were part of the EWNVLC projedt. Possible phaseut of gas and oitbased space heating
systemsin each M&at the stock levetlepends on the projected scenario@nore information in Section

4.5). In total 1,973 archetypes for new buildings are defimgth a conventional construction material,
which are complemented with timber archetypes (mass or lightweight timber construction withdsied

insulation}®, leading to 3,946 additional archetypes for new buildings constructed ib&sed materials.

In addition,4,617 archetypes are generated for modellingnovationactivities of different intensityThe
modelling ofrenovationarchetypes utilizes data from both existing building archetyf@smodelling the
energy consumptionys well as new buildg archetypegfor the material compositiorof the respective
renovationactivity). First, lilding onthe existing building archetypes, the energy performance levels of
buildings in the stoclare categorizedind renovation optionsare modeledwith the following levels of
reduction in final energy consumption: Light renovation (expected energy savings «@@duction factor

of 0.25applied; medium renovation (expected energy savings68@4 reduction factor of 0.5 appligd

deep renovation (expected engy savings >6@ reduction factor of 0.75 appligtt. Depending on the
existing building energy performance and the renovation depth (light, medium, deep), the scope of the
intervention varies from a replacement and upgrade of insulation in extern$wad roofglight), to
incorporating replacement and upgrade of windows, as well as, potentially, the replacement and upgrade
of technical system@nedium, deepjhat allowszero onsite operational emissions (heat pumps or district

heating§®.



Archetype inventory and life cycle assessment

For each of these archetypes, comprehensive life cycle inventories (LCI) are defined, with a hierarchical
method for building decompositidA More specifically, the modelling of buildings is structured in a
hierarchical way from buildingrchetypeto building component (e.g. roof)to material level(e.g.
concrete) usingthe material compositiorattributes that weredefinedfor eacharchetype These element
definitions have undergone a review procéssregional expertsfrom the EUWLC projec to maximize

the representation of the heterogeneity of existing buildings and to validate uncertain informéaifen.
cycle impact assessmeist conductedising thecombinedMMG (Milieugerelateerde Materiaalprestatie

van Gebouwelementerf and SiCE (Scalable, higldefinition Life Cycle Engineerigbuilding life cycle
model. Results are presented in this article with the global warming potential (GWP) total indicator using
the Environmental Footprint 3.0 EN15804+A2 meftiofihe modelling considers life cycle GHG emissions
in line with EN 15978 and following the latest EN 15804+A&tandardslt includes modules A5 (for

new building construction), B2, B4 and B6 (for buildings in use), B5 (for buidiagation and CiC4

(for building demolition).Generic data from ecoinvent 8%° are used as backgroundTo ensure
geographical representativeness, for the production of materials, processes that are representative for
the European markesre chosenNational datasets are selected for the different building -esds (e.qg.

electricity or @s burned in a boiler).

The building archetypes are assessed using a reference study perk@ yefars consistent with EU
standards®. Thisperiod appliesexclusivelyto the in-use emissions (B2, B4, BBpwever, at the stock
level, theservice live®f the buildings are assessed differenthndit is common to havelder than 50
yearsbuildingsstillin use To facilitate the upscaling to the building stock level, thesasia emissions are
then annualizedThese annual emissioase asumedto continuouslyhappen as long as the building is in
use evenbeyondthe 50 yeargeference perial. The life cycle scenarios for transport, eofilife waste
treatments and reference service lives of building componamtestablished at the MS leVbased on a
literature review and expert consultatiéh TheB-PCR;serves as a structure for these scenariagerms

of building component and material classificati@tenarios for cleaning and maintenance during the use
stage have been defineatcording to theBelgianMMG method?®. The data and methodology behind the

creationof these scenarios are openly available in a research data repdSitbry

The energy use for space heating and space cooling is based on the dynamic eqbieataw and
cooling degree day methodolotfyapplied on building archetype level. In case a ventilation system is

present in the building, electricity use is estimated based on the volume of the building and system



efficiency in line with the EPHalailation method. The energy use for domestic hot water is calculated
based on the number of users for residential buildings and fornesidential buildings with a residential
function®?, and standard values are used for the other aiesidential buildigs®. The difference in
operational GH®etween EU MS is provided®upplementary Figureib the case of apartment buildings,

as an example.
Spatial and temporal dynamics dle building stock

The upscaling of building archetype data to establish &lbssyear in 2020or the building stock (see
Supplementary Figures 3 and, 4along with the modelling of future scenarios for building stock
development until 2050, is performed with the PULBProspective Upscaling of Life cycle Scenarios
and Environmental impacts for EU buildingsijlding stock model (v1.0)!°. This modeis specifically
developed to model the EU building stock, épandng the foundational PULSET mode®, originally
developed for Austria, therebgxtending its scope to cover all 27 EU NPRILSEU projects future
building stock activities, including new construction, maintenance, renovation, replacement and
demolition, following theequationsand upscalingthe logic fom the Austrian model, witlthese main
adaptations: (i) Austriasspecific datais replaced with Ek$pecific data(see Data Availability)ii) The
modelis adaptedto import files generated with the SLi€Building life cycle modéhg structure which
affected the upscaling of inse emissions (B2, B4, B6). {ilescenario modelling framewolik adapted

to be compatible with the input data and scalable to all EUMS (iv) The upscaling performed based

on useful floor area to align with the lateEPBD requiremertfs which is slightly different fronthe net

floor areausedin the Austrian model.

Newresidential buildingonstructiorsarefirst estimated based on the expected evolution of thegional
population and average living area peapitéf*. This results in an amount of area that is needed for
housing every year. It is assumed that the average living area per person corresponds to the total useful
floor area of buildings in use divided by the total population of this specific yédas. might cause
differences to other models or data sources, if the considered area is different, or if the vacant stock is
included in this areaSecond, the capacity of the building stock to provide housing is calculated. This is
performedby calculatng the total useful floor area of residential buildings which are in use dépisnds

on the demolitionand vacancy rate, and can thus be influenced by various scenario paraniéters.
difference between the demand for living area and the building stagacity corresponds to the newly

built area. For nonresidential buildings, national population dasae also usedas a proxy indicator.

However, b account for additionatirivers influencingnon-residential buildingconstruction dynamics, a



calibration fator derived from historical construction ratds introduced The number of buildings

constructed is then multiplied by the A45 emissiongrovidedby the MMG-SLiCEmodel

Demolition activities are calculated using Weibull probabiiitgctions??3. Each yearthese functions
providea proportion of buildingarchetypes that are demolished based ortheir typologyand age All of

the building archetypes that have not undergonenadiumor deeprenovationcan be demolishedThis

would otherwise becorsidered unlikely within the time framélhe number of demolished buildings is
then multiplied by the CGIC4 emissionprovidedby the MMG-SLiCEmodel Renovations are implemented

using the renovation rates specified in the scenaridge number of renovateduildings is then multiplied

by the B5 emissions providday the MMG-SiCEmodel Emissions frommaintenance replacementand
operational energy usare averaged across the reference study period of the buildinthe stock level,

the annual maintenance, replacement and energy use are calculated by the model, assuming that, for
every year, these operations are needed for occupied or secondary buildings (empty dwellings are not
considered forthese annual emissiofs Both the building stock activities and emission data are

influenced by scenarios including GHG emission reduction strategies.
Calibration and validation of thenodel

The building stock model and its dadge both calibrated and validated to ensure mesentativeness.
Calibrationis performed for new building construction, thereby directly affecting upfront embodied
emissions, andor operational emissionsTogether, they represent a large majority of the life cycle
emissions of the building stock indtbaseline yeaf2020) In particular, new building constructiorsse
calibrated for the baseline ye&n reach 80% of the delivered building permtfsaveraged between 2014
and 2023s a reference valu@his is meant to consider2d % difference between the number of building
permits and theactual number of buildings builtas not all permits are actually built)Regarding
operational emissions (B6) a calibration for the baseline year (20203aperformed, using reference
emissias for 2020 from the BSO Direct emissions are overtaken as provided, due to differences in

modelling scopepnlyindirect emission$or HVAC are considered (oth&ectricityuses are not included)

Validation of the models performed in two step. First, the archetypeelated attributes underwent
multiple validation roundsby regional expertsvho were part of the EAWLC projedf. Additionally,an
existing, peetreviewedmodelis usedto critically review and verify the validity of thmodelling results
obtained from the main modelling pipelinefor the baseline year and the BAU scenasee

Supplementary Note 2)The established MESSAGHiXdings Model for Energy Supply Strategy



Alternatives and their General Environmental Impadtottom-up building sector model to assess energy,
material demands, and GHG emissions of buildingthatregional and global scales under different
socioeconomictechnological climate and policy scenarigass well ashe STURNBuilding Stock Turnover
Model, a model based on dynaminaterial flowanalysisto assess new constructions, demolitions and
renovation activities are deployed for generating those additional validation #3% as shown in
Supplementary Figures 7 andThe comparison demonsttes that thePULSHEUproduces results within

a reasonable and credible range when benchmarked against an independently developedwesed
framework. Minor discrepancies can be attributed to differences in data sources, mgdssumptions,

and stuctural formulations between the two models.
Scenario modellingpf greenhouse gas emissiaeduction strategies

The modelling of future scenarios in this study is based on the combination of different settings for the
implementation of GHG emissigrduction strategies, meaning that it relies on the implementation of
specific strategies to reduce the whole life GHG emissions of EU buildings. These strategies have been
identified based on literature review and stakeholder consultatipand furthergrouped into six main
categories: (1) the implementation of circularity measufesluding the extension of theervice lifeof
buildings through renovatiornyacancy reductionefficient structural material use, as well as increased
reuse and recyclinfacilitated by m-site waste sortinyy (2) thereductionof per capitaspace demandby
increasing the use intensitgf residential buildings)(3) the shift to low carbon, bibased materials
(through timber construction and bidoased insulation) (4) the reduction of operational emissions
(including thermakenovation exchange in HVAC systems, increased share of renewable energy in the
electricity and district heating, as well as the reduction in temperature setpgifisjheimprovementof
material production processegthrough efficiency improvementsthe use of alternative fuelsand
innovative technologies in matial production, such as carbon capture and storagefl (6) the
improvement of transport and construction processe@ncluding alternative fuels use, machine

optimization and reduction in transport distances)

The scenarios are modelled through different settings of &egtegy parametersrepresenting thé
diffusionlevel meaning different ambition levels for the uptake of individstthtegies across MS (see
SupplementaryNote J). In particular, the potential diffusion of each strategy is quantified for three key
decades (2030, 2040, 2050) according to three levels of ambition (low, medium, and high). For example,
the reduction of percapita space demand is estimated to be%dower in 2050 compared to 2020 with

a high ambition levét. The capacity of MS to implement these strategies is also qualitatively assessed



according to the low, medium and high approach. For instance, whistria might have a high capacity

to implement a specific strategy in 2040, Portugal might only have a medium capacity, andre@eThis
allows for the consideration of local conditions in the scenario modelling. They were defined by analyzing
suitablity condition criteriareportedin Supplementary Table(®8.g. roundwood production in the case of
bio-based materials) and discussing wstiakeholder$*. The different strategies are then activated up to
these capacity levels (or beyond) to simulagrious scenarios, in particular the ones reaching the EU

policy targets.

The EU policy targets used for the scenario narratives were gathered by revidgaeimgain EUpolicy
documents.Countryspecific policies and GHG emission reduction targets were not specifically included,
whichis a limitation of this approachDue to their crossectoral nature, buildingelated emissions are
impacted by various EU policies, even if they do naally target them. A comprehensive overview of

the EU policy framewoPkshows that buildings are impacted by existing targets from emissions policies,
such as theeTS energy policies, such as tl#=Dor the RED direct building and construction police
especially theePBDand endof-life policies, such as the Waste Framework Directive. Most of the policy
targets are formulated for the year 2030. Compared to 2020, they include, for example, an improvement
of the energy efficiency of the building stook16 %, associated with a decrease of%lin operational

GHG emissions, and a decrease 0f945n the GHG emissions from the production of-EfBlated
construction materials, such as steel or concrete. These were all considered for the scenarios (see
Supplementary Table)/however, apart from the EPBD, they are formulated for the whole economy, not

specifically for buildings.

When generating the scenarios, especially the HOPE scenario, the relevant strategies to reach these policy
targets were gradudy activated until the targets were reachethe total GHG emissionsr energy
consumptionof the EU were compared to thedelJ policytargets but not the ones from the MSThis
allows, for example, for MS with higher capacity to reduce emissions faster others while still

ensuring the overall EU target is achieved.
Data Availability

The minimum dataset required to interpret, verify and extend the results of this study comprises (i) the
archetyperelated datasets (lifeycle scenario definitions, inmeories and impact assessment results), (ii)
the scenario input data (the detailed list of greenhogses mitigation strategies, the input data used for

their implementation and the Member State implementation capacities), and (iii) the scenario output



data.Archetyperelated data generated in this study have been deposited in the KU Leuven Research Data
Repository®t°€ These files are openly available under the CC BY 4.0 licBoseario input data are
available ina separate publicatioti under CC BMGND 4.0license,and as an archival snapshot of the
PULSEEU model inpuf$. Scenario output data generated in this study are can be interactively explored
and downloadediia the WLG@cenariaExploref* under the CC BY 4.0 licenSeure data underlying the
figures are provideth the Supplementary Information file of this artickeull lifecycle impact assessment
(LCIA) results at detailed resolution contain thgeakty content from the ecoinvent database and are
therefore available uder restricted access to comply with the ecoinvent E#gkr License Agreement.
Access is restricted to researchers who hold a current ecoinvent license for vergipoutasf andcan

be granted solely for the purpose of reproducing the findings ofdtudy. To request access, contact the
corresponding authawith (i) proof of a valid ecoinvent license, (ii) institutional affiliation, and (iii) a brief
description of the intended use; approved requesters will be asked to agree to eeddstribution and

non ammercial use condition in line with the ecoinvent license. Upon approval, access will be provided

via a secure link.
Code Availability

The PULSEU modéef, whichis used to upscalthe building archetypes to the stock level and projects
the future scenarios, is opesourceat https://github.com/ITENHB/PULSEUunder theGraz University

of Technology Software  License Agreement, and is archived at
https://doi.org/10.5281/zenodo.195500Q09
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Table 1.0verview ofthe policyrelevantscenarios applied to the building stock of the European
Union (EU)It includes a short description of the scenario, the name of the strategies activated to
generate the scenario, which EU policy targets are reached and whether Member State capacity



was exeeded. More details regarding the modelling of these scenarios are available in
SupplementaryNote 1.



Scenario| Short description Strategies scope Policy targets Member
Sate
capacity

BAU BusinessAsUsual A | None no further action.| Not reached. Satisfied.
theoretical reference
scenario which is ¢
projection of the
baseline year activity
rates.

HOPE | Honoring Official Limited  Mainly the| Strictly  reached Exceeded.
Policy Expectationg reduction of operational (Emissios Trading
Assuming curren{ emissions ang System  Energy
policies are fully improvement of| Efficiency
delivering, and policy material production | Directive
targets are being mej processes and to a| Renewable Energ
as planned using th¢ smaller extent, thel Directive Energy
strategies @pressed| improvement of| Performance  of
in  current  policy| transport and| Buildings Directive
documents. construction processeg and Waste

as well as circularity Framework
measures (reuse and| Directive.
recycling).

COPE | Capacity Limited Mainly the| Partially reached Satisfied.
Orchestrated  Policy reduction of operational (only Energy
Execution Uses the| emissions ang Performance  of
same strategies a| improvement of| Buildings Directive
expressed in curren| material production | Renewable Energ
policy documents bu{ processes and to a| Directive and
their implementation| smaller  extent, the | Waste Framework
is limited by Member improvement of| Directive
State capacity. transport and

construction processes
as well as circularity
measures (reuse an|
recycling).




SMART

Strategy Mix
Approach for Robus
Trajectories Goes
beyond the strategies
expressed in policy
documents to reach
the policy targets.

Extended

Implementation of
circularity measures
reduction of per capitg
space demand, shift tg
low carbon, biebased
materials, reduction of

Implicitly reached
(emissions in 203
for which the
targets are
specified are lowe
than in the HOPE
scenario).

Satisfied.

operational emissions
improvement of
material production,

transport and
construction processes.

Figure 1.This figure displays annual life cycle greenhouse gas (GHG) emissions for the building
stock of the European Union (EU) across multiple future scenarios, detailing strategy
implementation and showing emission breakdowns by life cycle stage for threed&esreos. It is
divided into: a) Annual life cycle GHG emission results of future scenarios for the EU building stock,
including all 27 Member States (MS). The main poktgvant scenarios, which include the BAU
(BusinessAsUsua), HOPEHonoring Offial Policy ExpectatiopsCOPEQapacityOrchestrated

Policy Executiorand SMAR(rategy Mix Approach for Robust Trajectoyigsenarios, are shown

as thicker lines on the graph. The faded lines in the background represent 4,096 additional
scenarios whic were generated to explore the solution space of potential futures (as explained in
Supplementary Note )l which can be activated individually using the online whole life carbon
scenario exploref. These scenarios are colored depending on the impleatant of the
strategies, ranging frorblue (implemented within MS capacity) to red (implemented beyond MS
capacity). b) Annual GHG emissions of the HOPE, COPE and SMART scenarios divided per life cycle
stage, showing their different building stock dynamilisese results are based on the upscaling of
building archetype dataotthe EU building stocknd the projection of future scenarioghis figure

was generated witlpython usingmnatplotlib (v3.10.8 and polars (v1.39.3).

Figure 2.This figure presents pecapita embodied and operational greenhouse gas (GHG)
emissions for Member States (MS) of the European Union (EU) in 2020, and the projected per
capita life cycle GHG emission reductions by 2030 and 2050 under the SB#&&gy Mix
Approach for Robust @jectorieg scenario compared to BABYsinessAsUsua), highlighting
potential shared reduction efforts. It is divided into: a) Embodied GHG emissions per capita for

each individual MS in 2020 (tons of carbon dioxide equivalent per capitar tCQe/cap). b)



Operational GHG emissions per capita for each individual MS in 2020 {e1d@g). c) Reduction

in life cycle GHG emissions between SMART and BAU for 2030, per capita-€itcai®)Od)
Reduction in life cycle GHG emissions between SMART andB2030, per capita (in tG&/cap).

¢) and d) were obtained by subtracting the GHG emissions of the BAU scenario from the ones of
the SMART scenario (in 2030 or 2050), and then dividing by the population in the respective year.
This indicates how the GHgBission reduction effort can be shared among EU MS in the SMART
scenario. In all graphs, the value in the circle where EU is written represents the average value
across all EU M ountry abbreviations use EU codes per the Interinstitutional Style Guide
Underlying data for this figure is available in Supplementary Tabl&i8.figure was generated

with python usingmatplotlib (v3.10.8, shapely (v2.1.2), pandas (v3.0.2), openpyxl (v3.1.5),
geopandas (v1.1.3) and geos (v3.14ukjng the administrativeraas from GADM (v2.8).

Figure3. This igure presents thedlative change in cumulative greenhouse gas (GHG) emissions
when applying a specific strategy, or all of them in the case of the SNGARTegy Mix Approach

for Robust Trajectorigsscenariocompared to the BAWBUsinessAsUsua) scenario, reported in
percent (%). More specifically, the annual GHG emissions over the 2020 to 2050 time period were
summed for both the BAU scenario and a scenario in which the strategy is implemented to the
capacly of each Member State (MS), and the relative difference between these cumulative
emissions was computed. A negative value means a reduction in emissions for the scenario in
which the strategy is implemented, compared to the BAU. Whiskersrepresent tte sensitivity
intervals regarding the implementation capacity of each MS (given by generating the results with
a low and a high implementation potential). The bar represents the results with the actual
implementation potential (e.g. low, medium or high)otd that the scale of the axis caps at 50

% for strategies that do not exceed this threshdlthderlying data is available Bupplementary

Table 8This figure was generated wighython usingmatplotlib (v3.10.§ and polars (v1.39.3).



Editorial Summary

The study identifies feasible, countspecific pathways for EU buildings to meet the climate
targets, avoiding 8.5 billion tons CO2e. Success needs more than energy efficiency: it also needs

less space per person, circularity, drid-based options
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