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ENGLISH SUMMARY 

Climate change is evident due to the CO2 concentration reaching 419 parts per million 

(PPM), exceeding the 350 PPM upper boundary of the last 11000 years. It triggers 

increased severe weather events, causing adverse social harm, particularly for 

vulnerable communities. Consequently, the UN member states set out the Paris 

Agreement to limit temperature rise to 1.5 °C or below 2 °C. The building sector is a 

major contributor to global greenhouse gas (GHG) emissions by 37% while causing 

35% waste generation and 50% resource extraction in the EU. Therefore, the building 

sector is imperative in combatting climate and environmental impacts.  

In recent years, enhanced energy efficiency has improved operational climate impacts. 

However, the embodied impacts of materials have not seen similar progress during 

this time. To address this challenge, wood's ability to temporarily store biogenic 

carbon emerged as a potential solution for delaying buildings' embodied carbon 

emissions. 

Life cycle assessment (LCA) is commonly used to analyse the environmental impact 

of buildings from cradle to grave. However, assessing the climate benefits and pitfalls 

of using more wood is complex due to biogenic carbon, forest modelling, land use, as 

well as LCA's degree of detailing, system interactions, and impact categories, and 

building design aspects. Consequently, this dissertation aims to enhance 

understanding of assessing increased timber use in construction by applying different 

LCA approaches and specific wood-related aspects for distinct decision contexts. 

Because consequential LCA (CLCA) is not widely used on buildings, a systematic 

literature review examined its state-of-the-art. In the review, I also inspected the 

recommendations in the ILCD Handbook on attributional LCA (ALCA) and CLCA. 

To assess LCA in the early building design, I used a simplified design tool to model 

ten detailed wooden dwellings in a Danish context and compared their climate impact 

deviations. It used the -1/+1 biogenic carbon approach, entailing production stage 

uptake and end-of-life release. A CLCA evaluated the change from conventional to 

timber construction on the macro scale towards 2050. It incorporated a bottom-up 

material flow analysis (MFA), forest modelling of trees’ regrowth, dynamic 

discounting of GHG emissions, and indirect land use change (iLUC), using an input-

output model as the LCA database. Also, I analysed needed land and carbon storage 

for implementing fast-growing biobased materials in wood buildings towards 2050. 

The analysis evaluated straw, hemp, and grass materials to substitute insulation and 

non-loadbearing wood products.  

Researchers have extensively debated the application of ALCA and CLCA without 

reaching a clear consensus. This study addressed inconsistencies between Chapters 5 
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and 6.5 in the ILCD Handbook and proposed a balanced interpretation that suggests 

ALCA for micro scale (building project) and CLCA for macro scale (building stock). 

The literature review revealed intended applications of building CLCA for circularity, 

increased wood usage, energy supply changes, and material production 

improvements. The consequential inventory modelling involves identifying the 

market, market trends, and affected suppliers. It applies to building materials and 

substituted products from co-products or end-of-life recycling. The studies employ a 

range of modelling methods, from simple to sophisticated. 

The dwellings’ early design prediction of climate impact was underestimated by 12% 

on average. Biobased materials, insulations, and metals need accurate quantity 

estimations to progress these predictions. Future simplified design tools should 

consider floors’ accuracy and include partition walls to address underestimations. The 

impact discrepancy between design stages is also affected by a few products or 

changes in environmental product declarations during the design process. For design 

configurations, footing foundations and paper wool showed promising results in 

reducing the climate impacts of wood dwellings. Lastly, turning away from wooden 

dwellings' fire safety surface requirements appears promising to decrease climate 

impacts by minimising added material and suggests further examination.  

The forest model used an 88-year rotation period for Swedish forestry to evaluate the 

transition from conventional to timber construction. It showed negative climate 

impacts up to year fifteen of the reference study period, otherwise positive, when 

considered without system interactions. This is because the delay of biogenic carbon 

emission is weighed less important than the current over a 100-year time horizon of 

the global warming potential (GWP). It is paramount, given the urgent need to reduce 

GHG emissions. Combining substitution and forest modelling entailed wood co-

products replacing pulp wood, making timber have a positive climate impact. The 

climate-mitigating effect of pulp wood is greater than that of wood co-products, which 

is avoided when substituted by timber residues. 

Transitioning to timber buildings increased the impact on nature occupation 

(biodiversity) for all wooden buildings. Multifamily houses (MFH) emerged with 

lower climate impacts in the timber scenario, while it was conventional for single-

family houses (SFH) and offices (OB). Wood, mineral-based materials, metals, and 

fired clay contributed mostly. Case studies and coarse material grouping assuredly 

influenced the outcome, coming through for wooden SFH with eel grass and sedum 

roof simplified as wood and wooden OB with a notable structural steel quantity. 

Further research should determine if the wooden case studies are representative and 

best practices and if the background database's material representation can be detailed. 

The results were sensitive to trees’ rotation period, iLUC, affected steel supplier, and 

inclusion of the forest model.    
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To tackle the issue of wood buildings' impact on biodiversity and land use, the 

dissertation explored the mitigation potentials of fast-growing biobased materials. 

Utilizing straw, hemp, or grass reduced the need for wooded land by 50-61% in the 

production stages, with the most promising reductions in SFH and MFH and the least 

in OB. Danish production could supply a nearly 50% market penetration in 2050 in 

the pure straw scenario. With a combination of straw and grass, Danish supply could 

meet a 100% market demand. These scenarios reduce the total required land by 49-

60% and shift the resource and land-policy authority to Denmark. The limitations 

include single case studies for each building typology, a lack of consideration of a full 

life cycle and other impact categories. 

Synthesising this research, the climate-effective use of timber looms when it 

efficiently replaces carbon-intensive materials like steel and concrete. For other non-

loadbearing applications, fast-growing biobased materials substituting wood products 

might be an optimal solution to mitigate the timber buildings’ impact on land use 

impact, and likely biodiversity loss.  

The dissertation showed the combination of the biogenic carbon approach and 

allocation procedure affects wood's climate impact. The LCA's decision context of 

analysing timber presents distinctively different challenges. The simplified standard 

LCA is useful for design-related decisions such as optimising implementation. 

Strategic decision support, e.g., on transitioning to wood, requires the LCA to assess 

system interactions and consider biobased resource aspects. ALCA with system 

modelling can provide useful insights for the micro-scale decision contexts, e.g., 

relevant for architectural enterprises or clients with smaller portfolios. It could be 

advanced by conducting a CLCA or a land use change analysis. Conducting a CLCA, 

ideally combined with forest modelling and iLUC (disclosed separately), is suggested 

for appropriate decision support on the macro scale. It seems relevant for clients with 

larger portfolios and policymakers.
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DANSK RESUME 

Klimaforandringerne er evidente, fordi CO2-koncentrationen har nået 419 parts per 

million (ppm) og dermed overskredet de sidste 11.000 års øvre interval på 350 ppm. 

Det medfører allerede en forøgelse af voldsomme vejrhændelser med negative sociale 

effekter til følge, især for de mest sårbare samfund. Derfor indgik FN's medlemslande 

Paris-aftalen om at begrænse temperaturstigningen til 1,5 °C eller væsentligt under 2 

°C. Bygningssektoren er en stor bidragyder til den globale udledning af drivhusgasser 

(GHG, eng: greenhouse gas) med 37%, mens den forårsager 35% affald og 50% 

ressourceforbrug i EU. Byggesektoren er derfor afgørende for at reducere klima- og 

miljøpåvirkninger.  

I de senere år har øget energieffektivitet forbedret bygningers operationelle 

klimapåvirkning. Materialernes indlejrede påvirkning har imidlertid ikke oplevet 

samme fremskridt i denne periode. For at imødegå denne udfordring er træs evne til 

midlertidigt at lagre biogent kulstof dukket op som en potentiel løsning til at forsinke 

bygningers klimapåvirkning. 

Livscyklusvurdering (LCA) anvendes ofte til at analysere bygningers miljøpåvirkning 

fra vugge til grav. Men det er komplekst at vurdere de klimamæssige fordele og 

faldgruber ved at bruge mere træ på grund af biogent kulstof, skovmodellering, 

arealanvendelse samt LCA's detaljeringsgrad, systeminteraktioner og 

påvirkningskategorier og bygningsdesignaspekter. Derfor har denne afhandling til 

formål at forbedre forståelsen af vurderingen af øget brug af træ i byggeriet ved at 

anvende forskellige LCA-tilgange og specifikke aspekter ved biogene ressourcer til 

forskellig beslutningsstøtte. 

Da konsekvens-LCA (CLCA, eng: consequential CLA) ikke er særlig anvendt på 

bygninger, blev dets state-of-the-art undersøgt ved et systematisk litteratur review. I 

gennemgangen undersøgte jeg også anbefalingerne i ILCD Handbook vedrørende 

attributionel LCA (ALCA) og CLCA. For at vurdere LCA i den tidlige 

bygningsdesignfase brugte jeg et simplificeret designværktøj til at modellere ti 

detaljerede designfase træboliger i en dansk kontekst og sammenlignede deres 

klimapåvirkningsafvigelser. Der blev anvendt en -1/+1-tilgang til biogent kulstof, 

som omfatter kulstofoptagelse i produktionsfasen og frigivelse efter endt levetid. En 

CLCA evaluerede et skift fra konventionelt byggeri til træ på makroskala fem mod 

2050. Det omfattede en bottom-up materialestrømsanalyse (MFA, eng: material flow 

analysis), skovmodellering af genplantede træers vækst, dynamisk diskontering af 

drivhusgasemissioner og indirekte ændringer i arealanvendelsen (iLUC, eng: indirect 

land use change), samt brug af en input-output model som LCA-database. Jeg 

analyserede også arealbehovet og kulstoflagring ved at implementere hurtigt 

voksende biobaserede materialer i træbygninger frem mod 2050. Analysen evaluerede 
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halm-, hamp- og græsmaterialer som erstatning for isolering og ikke-bærende 

træprodukter. 

Forskere har diskuteret anvendelsen af ALCA og CLCA indgående uden at nå frem 

til en klar konsensus. Dette studie har behandlet uoverensstemmelser mellem kapitel 

5 og 6.5 i ILCD Handbook og foreslog som indledning til afhandlingen en balanceret 

fortolkning, hvor ALCA foreslås til mikroskala (byggeprojekt) og CLCA til 

makroskala (bygningsmasse).  

Litteratur-reviewet afslørede intenderede anvendelser af bygnings-CLCA for 

cirkularitet, øget træforbrug, ændret energikilde i forsyningen og ændringsalternativer 

i materialeproduktionen. Modellering af konsekvens-inventory involverer vurdering 

af markedet, markedstrenden og påvirkede leverandører. Det gælder både for 

byggematerialer og substituerede produkter fra biprodukter eller genanvendelse ved 

endt levetid. Den undersøgte litteratur anvender en række modelleringsmetoder, fra 

simple til sofistikerede. 

Forudsigelse af boligernes klimapåvirkning i den tidlige designfase blev 

underestimeret med 12% i gennemsnit. Biobaserede materialer, isolering og metaller 

kræver præcise mængdeestimater for at forbedre disse forudsigelser. Fremtidige 

simplificerede designværktøjer bør tage højde for gulvenes præcision og inkludere 

skillevægge for at imødegå den generelle underestimering. 

Klimapåvirkningsafvigelsen mellem designfaserne kan også influeres af nogle få 

produkter eller ændring af miljøvaredeklarationer under designprocessen. Når det 

gælder designkonfigurationer, viste fundamenter og papiruld lovende resultater med 

hensyn til at reducere klimapåvirkningerne fra træboliger. Ligeledes virker det 

lovende at gå væk fra bygningsreglementets overfladekrav for brandsikkerhed i 

træboliger for at mindske klimapåvirkningen grundet minimering af ekstra materiale, 

hvilekt bør undersøges mere systematisk og fyldestgørende. 

Skovmodellen brugte en 88-årig rotationsperiode for svensk skovbrug til at evaluere 

overgangen fra konventionelt byggeri til træ. Den viste negative klimapåvirkninger 

op til år 15 i referenceperioden, ellers positive, når systeminteraktioner ikke 

modelleres. Det skyldes, at forsinkelsen af den biogene kulstofudledning vægtes 

mindre end det nuværende globale opvarmningspotentiale (GWP) over en 100-årig 

tidshorisont. Dette valg kan væsentligt begrundes i betragtning af det presserende 

behov for at reducere udledningen af drivhusgasser. Kombinationen af substitution og 

skovmodellering betød, at træs biprodukter erstattede cellulosetræ, hvilket gav 

tømmer en positiv klimapåvirkning. Den klimareducerende effekt af cellulosetræ er 

større end den fra træs biprodukter, som undgås, når de erstattes af tømmerets 

restprodukter. 

Ved en transition til træbyggeri øges påvirkningen af naturbeslaglæggelse (eng: nature 

occupation), altså biodiversiteten, fra alle træbygningstyper. Etageboliger (MFH, eng: 



11 

multifamily houses) viste sig at have lavest klimapåvirkning i træscenariet, mens det 

var konventionelt for enfamiliehuse (SFH, eng: single-family houses) og kontorer 

(OB, eng: office buildings). Træ, mineralbaserede materialer, metaller og mursten 

bidrog mest. Casestudier og simplificeret materialegruppering påvirkede med stor 

sandsynlighed resultatet, idet SFH i træ havde ålegræs og sedumtag forsimplet som 

træ og OB i træ havde en nævneværdig mængde konstruktionsstål. Yderligere 

forskning bør undersøge, om casestudierne i træ er repræsentative og bedste praksis, 

og om baggrundsdatabasens materialerepræsentation kan detaljeres yderligere. 

Resultaterne var følsomme over for træs rotationsperiode, iLUC, den påvirkede 

stålleverandør og inkludering af skovmodellen. 

For at løse problemet med træbygningers påvirkning af biodiversitet og 

arealanvendelse undersøgte afhandlingen potentialet ved hurtigt voksende 

biobaserede materialer. Brug af halm, hamp eller græs reducerede behovet for 

skovareal med 50-61% i produktionsfaserne, med de mest lovende reduktioner for 

SFH og MFH og de mindste for OB. I det rene halmscenarie kan Dansk produktion 

næsten forsyne en 50% markedsimplementering. Med en kombination af halm og 

græs kan dansk udbud imødekomme en markedsefterspørgsel på 100 %. Disse 

scenarier reducerer det samlede arealbehov med 49-60% og flytter samtidig den 

ressource- og arealpolitiske kontrol til Danmark. Begrænsningerne omfatter et 

casestudie for hver bygningstypologi, manglende inkludering af hele livscyklussen og 

andre miljøpåvirkningskategorier. 

En sammenfatning af forskningen går mod at en korrekt klimareducerende brug af træ 

er mulig, når det effektivt erstatter kulstofintensive materialer som stål og beton. Til 

andre ikke-bærende funktioner bør hurtigt voksende biobaserede materialer erstatte 

træprodukter, for at mindske træbygningers påvirkning af arealanvendelsen og 

sandsynligvis også biodiversiteten.  

Afhandlingen viste, at kombinationen af den biogene kulstofmetode og 

allokeringsprocedure påvirker vurderingen af træs klimapåvirkning. LCA-

beslutningskonteksten for analyse af træ giver forskellige udfordringer. Den 

simplificerede standard-LCA er nyttig til designrelaterede beslutningsstøtte såsom 

optimering af træimplementering. Strategisk beslutningsstøtte, f.eks. ved skift til træ, 

kræver, at den pågældende LCA vurderer systeminteraktioner og overvejer 

biobaserede ressourceaspekter. ALCA med systemmodellering kan give nyttig indsigt 

til beslutningsstøtte på mikroskala, f.eks. relevant for arkitektvirksomheder eller 

bygherrer med mindre porteføljer. Tilgangen kan avanceres ved at udføre en CLCA 

eller arealanvendelsesanalyse. Gennemførelse af en CLCA, ideelt kombineret med 

skovmodellering og iLUC (opgivet separat), foreslås som passende beslutningsstøtte 

på makroskala. Det er relevant for bygherrer med større porteføljer og politiske 

beslutningstagere. 
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PREFACE 

This dissertation developed from original and independent work by the author Rasmus 

Nøddegaard Hansen, carried out from 2021-2024 at the Department of the Built 

Environment under the Faculty of Engineering and Science at Aalborg University. 

The dissertation builds on four core publications presented in Chapter 1. The 

publications’ common focus centres on the life cycle assessment (LCA) of using wood 

in buildings and the application of its different approaches for various decision 

contexts. In addition to the four core publications, I authored or co-authored other 

publications relating to the topic. They are complementarily drawn into the 

dissertation for supplemental perspectives. The complementary publications 

encompass the following:  

Topic: Environmental assessment of wood in buildings 

Closing the Gap to Sufficiency-Based Absolute Climate Targets for Wood Buildings. 

Hansen, R. N., Hoxha, E., Andersen, C. E., Rasmussen, F. N., Ryberg, M. W., 

Birgisdóttir, H. In: Journal of Physics: Conference Series, vol. 2600, no. 18, 2023. 

DOI: https://doi.org/10.1088/1742-6596/2600/18/182002    

Readjusting the Climate Change Hyperfocus: How Expanding the Scope of Impact 

Categories Will Affect the Evaluation of Wood Buildings. Hansen, R. N., Hoxha, E., 

Andersen, C. E., Rasmussen, F. N., Ryberg, M. W., Birgisdóttir, H. In: Journal of 

Physics: Conference Series, vol. 2600, no. 15, 2023. DOI: 

https://doi.org/10.1088/1742-6596/2600/15/152023  

Environmental Product Declarations of Structural Wood: A Review of Impacts and 

Potential Pitfalls for Practice. Rasmussen, F. N., Andersen, C. E., Wittchen, A., 

Hansen, R. N., Birgisdóttir, H. In: Buildings, 2021. DOI: 

https://doi.org/10.3390/buildings11080362   

 

Topic: LCA approaches, and decision context focus related to buildings   

Wood as a Carbon Mitigating Building Material: A Review of Consequential LCA 

and Biogenic Carbon Characteristics. Hansen, R. N., Rasmussen, F. N., Ryberg, M., 

Birgisdóttir, H. In: IOP Conference Series: Earth and Environmental Science, vol. 

1078, no. 1, 2022. DOI: https://doi.org/10.1088/1755-1315/1078/1/012066     
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CHAPTER 1. INTRODUCTION  

1.1. CONTRIBUTIONS  

This dissertation aspires to contribute to the empirical knowledge on the 

environmental impacts of using wood and biobased resources in the building sector. 

Empirically, the research provides insights into relevant environmental impact 

categories for biobased resources, as well as important life cycle assessment (LCA) 

and building aspects important for the environmental impacts at the building project 

scale and building stock scale. With this, it engages with LCA modelling and results 

relevant for LCA practitioners in building design, planning, and the various policy-

making levels in the building sector.  

It provides the building designer with findings of which life cycle stages, materials, 

and building elements that are influential determinants of climate impacts in the early 

design prediction and the detailed design, as well as the best practice on reducing 

environmental burden-shifting through effective design and use of materials. The 

assessment of availability and supplying countries equip planners and policymakers 

with knowledge about the systemic effects of larger-scale changes to wood and 

biobased materials, including where the resources likely come from and the associated 

impacts.  

Furthermore, the dissertation adds to the methodological conversation through 

insights into how methodological aspects influence the interpretation of 

environmental impacts. It does so by applying the attributional and consequential 

LCA approaches and two distinct conceptual modelling of biogenic carbon. One is 

the -1/+1 approach, which considers biogenic carbon uptake in the production stages 

and releases at the end of life, i.e., carbon neutrality over the life cycle. The other 

combined time-discounting the carbon emissions and sequestering in replanted trees 

through forest modelling.  

Although this research geographically concentrates on a Danish context, it emphasises 

the likely necessity to consider the systemic effects of larger-scale changes in LCA. 

In addition, the different allocation procedures applied separately and with biogenic 

carbon modelling highlight that they have implications for climate impact assessment. 

Consequently, the dissertation provides new insights into the fundamentals important 

for augmenting the contingency of using wood and biobased resources in the building 

sector and for a more effective LCA on this topic.  
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1.2. CLIMATE CHANGE, PLANET EARTH, AND THE ROLE OF 
THE BUILDING SECTOR 

The Holocene state is the period of the last about 11000 years and, until recently - a 

state where the global climate and nature remained substantially stable. The CO2 

concentration in the atmosphere during this period pendulated between 260 and 350 

parts per million (ppm) (Waters et al., 2016), creating a period of history where human 

beings settled because the climate was foreseeable with little deviations, empowering 

the development of societies that made human beings not need to wander for food, 

shelter, and safe environments any longer. It is the foundation on which modern 

civilisation is built and thrives. Between 1999 and 2010, the world surpassed the 350 

ppm upper boundary to 400 ppm (Waters et al., 2016) and today, levelling to about 

417-419 ppm (Friedlingstein et al., 2023). With this surpass, the world entered more 

uncertain climate circumstances, making societies more vulnerable to the unknown, 

unforeseen encounters that may occur. Several IPCC (Intergovernmental Panel on 

Climate Change) reports attempt to address this new situation and the consequences 

it can have, latest by IPCC (2023).  

The condition of the climate remains not the only emergency on our Earth. Six out of 

nine planetary boundaries are now transgressed, indicating cross-systemic challenges 

on several Earth functions. It is the result of increased habit destruction, pollution, and 

nature cycle disruption that add disability and reduce the robustness of the Earth’s 

system to provide well-being for human beings and perhaps also for animals 

(Richardson et al., 2023).  

The increased impact of climate change and other environmental impacts are caused 

by anthropogenic consumption and activities, resulting in significant attention in the 

last decade. Every IPCC report evaluates the climate’s state to decline and the climate 

change-associated risks likely to levitate. The assessments suggest that not limiting 

global temperature increase to 1.5-2 °C will lead to adverse effects on the Earth system 

and increase the likelihood of triggering tipping points (IPCC, 2023). We need to 

address these challenges effectively and contribute to global efforts in combating the 

poly-emergency of climate change and the degradation of other Earth systems. The 

building and construction industry is not exempt from taking on the challenge.  

Tackling the severe climate change issue, the building sector remains fundamental to 

transform. The building and construction sector significantly impacts the climate and 

environment. The building sector in Europe consumes 50% of extracted resources and 

generates 35% of the total waste (European Commission, 2024). It is responsible for 

a substantial amount of global greenhouse gas (GHG) emissions (37%) arising from 

raw material extraction, manufacturing, energy consumption from heating and 

cooling, and the increased number of appliances and equipment in buildings (United 

Nations Environment Programme, 2022). The production of building materials, the 
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embodied carbon, contributes about 10% to the global climate impacts, while energy 

use emits about 27% (ibid).  

The building sector might be the single industry with the largest impact on nature, 

whether that entails resource consumption, waste generation, or climate change, 

affecting the Earth’s systems’ capacities to cope with and assimilate these pressures. 

With continuous demand for new buildings globally, in Europe and Denmark, it is 

crucial to explore sustainable practices and construction technologies that can reduce 

the sector’s carbon and environmental footprint of new buildings and the existing 

building stock through renovation and transformation. 

1.2.1. PURSUING DECARBONISATION OF THE BUILDING SECTOR BY 
IMPLEMENTING WOOD AND BIOBASED MATERIALS 

When diving into historical developments of reducing buildings’ environmental 

burdens, the focus has centred on energy efficiency improvements for reducing 

operational energy carbon emissions (Hoxha et al., 2017; Skillington et al., 2022). 

This area of impact improvement has taken remarkable steps in the right direction. 

However, there is a growing recognition of the role of embodied carbon in the overall 

climate impacts of buildings (Hoxha et al., 2017; Röck et al., 2020; Skillington et al., 

2022). Embodied carbon is emitted during the production stage’s raw material 

extraction, manufacturing, and transportation of building materials. Still, 

conceptually, replacements and end-of-life stages also belong to the embodied 

definition. However, in the first place, we predominantly want to reduce embodied 

carbon in the production stage because the imminent GHG reductions are the most 

important, and the room of opportunity rapidly narrows (IPCC, 2023). Evidence 

indicates that the embodied carbon of European buildings needs more improvements 

than energy use (Birgisdóttir & Madsen, 2017; Chastas et al., 2016; Röck et al., 2020). 

It foremost brings attention to the materials used and the design configuration of 

buildings.  

As researchers and practitioners in the industry grapple with the need to reduce 

embodied climate emissions of buildings, they are increasingly turning to wood 

materials. Wood attracts attention as a renewable material solution because it can 

assist in mitigating climate effects due to its regenerative nature, lower process 

emissions compared to traditional materials (Röck et al., 2020), and its potential as a 

carbon sink if the biogenic carbon in building materials resides long enough in the 

buildings (Arehart et al., 2021; Churkina et al., 2020).  

To assess the climate impact and other environmental impacts of wood buildings, life 

cycle assessment (LCA) is often applied (Fnais et al., 2022; Nwodo & Anumba, 

2019). It is a scientifically based method for assessing the climate and environmental 

impacts over the whole life cycle of a building. The many studies applying this method 

to wood buildings to address the climate impacts deduce a tendency that wood leads 
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to a reduction of embodied GHG emissions of buildings compared to conventional 

materials (Camilla Ernst Andersen, Hoxha, Nygaard Rasmussen, et al., 2024; Duan et 

al., 2022; Greene et al., 2023; Novais Passarelli & Mouton, 2023; Younis & Dodoo, 

2022).  

The studies above also present large variations among the wood buildings’ climate 

impacts, suggesting that some wood building designs perform environmentally better 

than others. The greatest freedom of developing the building design pertains to the 

early design stages of a project. However, the design decisions at the early stage come 

with minimal knowledge of the individual building project, often encompassed by 

strict time and budget constraints (Basbagill et al., 2013). Accordingly, more research 

plausibly focuses on integrating LCA and environmental information with material 

quantities from digital building information models (BIM) in the building design 

process before entering the detailed design stage (Cavalliere et al., 2019; Obrecht et 

al., 2020; Teng et al., 2022). Despite the efforts to raise knowledge and information 

levels in earlier design stages, already having a BIM model implies that the design 

development is past the (very) early design stage. A BIM model will not often be 

developed for small building projects because dimensions and cost may not break 

even.  

A few attempts address the concerns of early design quantity estimation for use in 

LCA for renovation and industrial building projects through material quantity-

generating tools (K. Kanafani et al., 2022; Reisinger et al., 2022). Similar tools are 

needed for the early design of wood buildings to elevate LCA for the design decision 

support and lack of knowledge of important aspects being influential to the 

environmental impacts in the early design. 

1.2.2. PUZZLES OF ASSESSING THE ENVIRONMENTAL IMPACTS OF 
WOOD AND BIOBASED MATERIALS IN BUILDINGS  

Returning to the regenerative nature of wood, trees, and the forest they compose, 

sequester carbon during growth until they reach a maturity state where carbon 

sequestering and release stabilise. Therefore, studies suggest that when trees reach 

maturity, they can be harvested and processed into building products to temporarily 

delay biogenic carbon emissions when remaining in the building (Churkina et al., 

2020). It led researchers to embark on concepts and accounting methodologies for 

temporal modelling of the connection between the uptake and release of biogenic 

carbon in forests and storage time in buildings (Levasseur et al., 2010, 2013). The 

wood-building LCA studies in the previous section and most others do not account 

for temporal aspects of biogenic carbon and delayed emissions (C. E. Andersen et al., 

2021). Other specialists suggest that wood sourced from sustainable forestry upholds 

carbon neutrality because the annual tree harvest does not exceed the annual increment 

in tree volume (Helin et al., 2013). It seems reasonable from the perspective of forest 

product supply. Still, for a fully utilised forest supply, any further demand might result 
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in other consumers needing to change to alternative forests for supply, which might 

not necessarily be carbon neutral. The carbon neutrality perspective does not 

necessarily mean climate-neutral forestry, as Cherubini et al. (2011) pointed out. A 

few studies apply the temporal accounting of biogenic carbon and forestry (Camilla 

Ernst Andersen, Hoxha, Rasmussen, et al., 2024; Head et al., 2020; Peñaloza et al., 

2016), nonetheless, only on the building project scale. It does not cover temporal 

biogenic carbon considerations on larger-scale building stock assessments on using 

wood in buildings.  

The single-minded focus on environmental sustainability through the climate lens 

may involve looming burden shifts. Wood buildings previously emerged with a 

notable impact on land use (Allacker et al., 2014; Kayo et al., 2019; Lukić et al., 2020; 

Mouton et al., 2023; Peñaloza et al., 2019). Wood availability, effectively land use, 

appears affirmed in Europe to meet future building demand. However, it confines the 

product system to exterior walls and roofs, thus not including the full detailed material 

flows related to buildings. In the perspective of increased demand elsewhere, enough 

supply is also questioned (Pomponi et al., 2020).  

The direct land use change considered in the previous studies does not undertake the 

indirect land use change assessment of implementing wood in buildings; the latter was 

found to have a larger climate impact (De Rosa et al., 2018). Also, IPCC (2022) assess 

land use, land use change and forestry (LULUCF), which include indirect land use 

changes, to contribute 11% of global GHG emissions. Though it comes with a large 

uncertainty range, it underlines its significance. Land use change impacts are further 

closely linked to biodiversity impacts, where both impact categories are among the 

transgressed planetary boundaries (Richardson et al., 2023). It evidently calls for 

assessing the environmental sustainability of wood and biobased materials in 

buildings by carefully integrating a wider scope of impact categories and 

understanding the impacts from direct and indirect land use changes, which needs 

progression from the current fragmented application in the research field.  

1.3. THE DISTINCTION OF LCA APPROACHES AND THEIR 
APPLICATION TO WOOD IN THE BUILDING SECTOR 

Two overarching LCA approaches are defined in the ILCD Handbook (JRC-IEA, 

2010), a consensus document completed in 2010 involving leading people in the field 

of LCA. Forwardly, this dissertation will mainly refer to the document as the ILCD 

Handbook. Consequently, it remains relevant to draw in as a reference despite the 13 

years since its completion. It signifies the two LCA approaches as attributional 

(ALCA) and consequential (CLCA). They are explained to inherit the capability to 

answer different questions, hence being applied for different intended applications 

(Gustavsson et al., 2015). When to use which LCA approach and at what scale of 

decision support show inconsistencies among chapters in the ILCD Handbook (Ekvall 
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et al., 2016). Presently, 96% of studies assessing wood in buildings apply ALCA at 

the building project scale (C. E. Andersen et al., 2021). 

The ILCD Handbook advises using attributional modelling for micro-scale decision 

support, which may be considered equivalent to the building project scale, and long-

term marginal mixes (CLCA) for the macro scale decision support, which may be 

considered equivalent to the building stock scale. Therefore, despite the 

inconsistencies, the distinction is an appropriate initial guiding mark for conducting 

LCA on wood and biobased materials in buildings. Because LCA studies of wood in 

buildings underrepresent CLCA, it will be relevant to apply this approach. It is 

particularly important to understand the environmental impacts of larger-scale 

implementation of wood in the building sector, specifically with the guidance of the 

ILCD Handbook in mind.  

1.4. RESEARCH PURPOSE, FOCUS AND QUESTIONS 

The transition of the building sector towards climate targets through increased 

implementation of wood and biobased materials necessitates an effective LCA for 

appropriate decision support. This dissertation reflects the identified research gaps by 

investigating a palette of early design drivers, potential burden shifting, biogenic 

carbon modelling, and system modelling for larger-scale changes.  

This dissertation intends to expand the basis of empirical-based knowledge on 

assessing the environmental impacts of wood and biobased materials in the building 

sector. This is foremost important to improve decision support on reducing pressure 

on the climate and environment by competently integrating wood and biobased 

resources in the building sector.  

Therefore, the dissertation aims to: 

1. Present the state-of-the-art methodologies of consequential LCA to 

buildings, particularly wood buildings and the coupled LCA goal and scope 

aspects. 

2. Detect, for the building sector, the LCA and building aspects critical to the 

climate impact of wood buildings in the detailed design and the essential 

aspects to accurately predict in the early design. 

3. Elevate understanding of the environmental consequences of a larger-scale 

change to wood-based construction.  

4. Model the resource availability and effect on land use impact and carbon 

storage of a larger-scale implementation of fast-growing biobased materials 

in wood buildings.   
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The main research question (MRQ) of the PhD dissertation:   

MRQ:  How can the attributional and consequential LCA approaches and the 

assessed impact categories advance the understanding of an effective 

LCA for implementing wood and fast-growing biobased resources in 

the building sector? 

The sub-research questions (SRQ) that feed into the main research question:  

SRQ1:  Which modelling methods and focuses are applied in consequential 

LCA related to buildings?  

SRQ2:  In what ways do LCA and building design aspects influence the 

environmental impacts of wood buildings in the early and detailed 

design stages? 

SRQ3:  How can consequential LCA and biomass-related modelling affect 

the environmental impact of a change to wood-based construction? 

SRQ4:  What is the effect on land use impact and carbon storage of 

implementing materials of fast-growing biobased resources in wood 

buildings?  

1.5. READING GUIDE 

This dissertation comprehends the main and sub-research questions through the 

academic work presented in the four publications below:  

Publication 1: A systematic review of consequential LCA on buildings: the 

perspectives and challenges of application and inventory modelling. Hansen, R. 

N.; Rasmussen, F. N., Ryberg, M., Birgisdóttir, H. First Published In: The 

International Journal of Life Cycle Assessment 28, 131-145, 2023. Reproduced with 

the permission from Springer Nature. DOI: https://doi.org/10.1007/s11367-022-

02126-w  

Publication 2: Enabling rapid prediction of quantities to accelerate LCA for 

decision support in the early building design. Hansen, R. N.; Hoxha, E.; 

Rasmussen, F. N., Ryberg, M. W., Andersen, C. E.; Birgisdóttir, H. In: Journal of 

Building Engineering, 2023. DOI: https://doi.org/10.1016/j.jobe.2023.106974  

Publication 3: Environmental consequences of shifting to timber construction: the 

case of Denmark. Hansen, R. N.; Eliassen, J. L.; Schmidt, J.; Andersen, C. E.; 

Weidema, B. P.; Birgisdóttir, H.; Hoxha, E. In: Sustainable Production and 

Consumption, 2024. DOI: https://doi.org/10.1016/j.spc.2024.02.014   

https://doi.org/10.1007/s11367-022-02126-w
https://doi.org/10.1007/s11367-022-02126-w
https://doi.org/10.1016/j.jobe.2023.106974
https://doi.org/10.1016/j.spc.2024.02.014
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Publication 4: Reducing the land use impact of wood buildings with fast-growing 

biobased materials. Hansen, R. N.; Hoxha, E.; Birgisdóttir, H.; Pittau, F. Draft, 

Expected Submitted To: Sustainable Cities and Societies, 2024.  

The conducted research in this dissertation evaluates existing research on 

consequential LCA and empirically assesses the environmental impacts of wood 

buildings at the building project level and building stock level through different 

approaches to LCA. Figure 1-1 illustrates the link between the main publications, the 

SRQs, their answers to them, and how they feed into the MRQ.  

 

Figure 1-1 Structure of how the main publications are connected and the focus, insights, and 
actors they address. 

Publication 1 uses a systematic literature review to summarise how consequential 

LCA is applied to buildings, including which research gaps exist regarding the topic 

focuses and life cycle inventory modelling. The suggestions from the ILCD Handbook 

is used to decide on the relevant LCA approach for each decision context scale. It 

entails ALCA for building micro scale, i.e., building projects, and ALCA with system 

interactions or CLCA for macro scale, i.e., building stock. Publication 2 assesses the 

LCA and building-related aspects influential to the climate impact of wood buildings 

in the early design stage prediction of material quantities and the quantities in the 

detailed design.  
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Publication 3 combines a building area forecast and case buildings into a material flow 

analysis for the future Danish building stock for a change to wood-based construction. 

It assesses the environmental impacts of this change using the consequential LCA 

approach. It combines it with forest modelling by relating the biogenic carbon uptake 

and release of the replacement tree to the storage time of wooden materials in the 

buildings.  

Publication 4 addresses the challenge of increased biodiversity impact from timber 

buildings. It investigates how implementing fast-growing biobased materials in wood 

buildings affects land use impact and carbon storage. These materials substitute 

insulations and wooden non-loadbearing products at the building stock scale in 

Denmark. It further addresses the availability of the different biobased resources in 

Denmark and if they require imports from other countries.  

Publications 2-4 are parallel studies, not chronological, considering the empirical 

assessment of wood and biobased resources in buildings. They focus on different 

decision context scales, from building project scale to building stock scale. An 

overview of the overarching methods used in the publications are preented in Table 

1-1.  

Table 1-1 The methodologies applied in the different publications to examine the 

research purpose, focus and questions.  

Methodologies Publication 

1 2 3 4 

Systematic literature review X    

Case study  X X X 

Simplified design tool  X   

Life cycle assessment, attributional  X   

Life cycle assessment, consequential   X  

Life cycle assessment, system approach    X 

Material flow analysis   X X 

Table 1-1 The methodologies applied in the different publications. 
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CHAPTER 2. STATE-OF-THE-ART 

This chapter comprises the state-of-the-art consequential LCA in the built 

environment from the review article (Publication 1), CLCA on wood buildings, and 

the state-of-the-art LCA approaches to wood and biogenic materials in the built 

environment. The chapter further specifies and provides insights into the relevant 

knowledge related to the research gaps and concepts that this dissertation engages 

with.  

2.1. OVERARCHING LIFE CYCLE ASSESSMENT APPROACHES 
AND THEIR DISTINCTIONS 

Life cycle assessment (LCA) is a scientific-based methodology to evaluate 

environmental impacts and resource consumption associated with a product system 

from raw material extraction, processing, and manufacturing to construction, use and 

end of life (Finnveden et al., 2009). The LCA frameworks and procedures comprise 

the international standards of ISO 14040 (DS/EN ISO 14040, 2008) and ISO 14044 

(DS/EN ISO 14044, 2008). In addition, the ILCD Handbook defines the two 

overarching LCA approaches: attributional (ALCA) and consequential (CLCA).  

Publication 1 engages with where and when to use the two approaches according to 

the ILCD Handbook, which essentially relates to the decision support context. The 

decision support context can be categorised as the micro or meso/macro scale 

(forwardly referred to as the macro scale). However, the ILCD Handbook presents 

inconsistencies between Chapter 5 on ‘Goal Definition’ and Chapter 6.5 on ‘Life cycle 

inventory’ modelling on when to use which LCA approach for a given decision 

context. Ekvall et al. (2016) also detected and discussed similar inconsistencies and 

ambiguity. Further, discussions on when to use which approach regarding the 

theoretical and practical relevancy prevail in other research-based conversations 

(Brander, 2019; Bo P. Weidema et al., 2019), and in the editorial issue of Anex and 

Lifset (2014).  

At this stage, the dissertation will not discuss the theoretical and practical truthfulness 

or correctness of the two LCA approaches for general product systems. Meanwhile, it 

will engage with the two approaches in a practical way specific to the building sector 

while still aiming to ensure that the scale of the study and intended application 

harmonise. Therefore, the dissertation acknowledges the building sector as a distinct 

product system with special characteristics compared to most other product systems. 

The building sector’s special characteristics involve the manifold practical risks such 

as fragmented supply chains, construction site logistics and management, numerous 

stakeholders, distributed data ownership, complex information management, unique 

building and people configurations for every project, and buildings long service life. 
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These risks influence the material quantities needed for the LCA during a building 

design process. Therefore, the dissertation perceives the LCA approaches as written 

in Publication 1, which were cited from the ILCD Handbook (2010):  

(i) attributional LCA: “ALCA can answer questions related to a supply 

chain’s optimisation potential or evaluate a specified system’s impact”, 

(ii) consequential LCA: “CLCA can answer questions regarding the impacts 

of imposing a change on a system or the effect of increasing the demand 

for a certain product or service”. 

The ILCD Handbook definitions in Chapters 5 and 6.5 can add to these two 

explanations. However, it requires an interpretative balancing of the two chapters' 

definitions of when to use ALCA or CLCA. Chapter 5 tilts towards CLCA as relevant 

for the context of micro and macro-scale decision support. Conversely, Chapter 6.5 

advises using attributional life cycle inventory modelling for the micro and macro 

scale, except for the foreground systems at the macro scale where long-term marginal 

mixes should be applied, i.e., consequential life cycle inventory modelling. Here, 

interpretative balancing might suggest using the attributional approach for the micro 

scale decision support and the consequential for the macro scale. It is not necessarily 

theoretically correct but could appear practically useful for using LCA in the building 

sector in light of the special characteristics concerning building projects. The 

discussion will engage with the usefulness of this interpretation and possible 

reconsiderations or reinterpretations of it.  

In addition to selecting the LCA approach according to the scale of the decision 

support, the decision support context also needs to comprehend the intended 

application belonging to and explained in Chapter 5 on ‘Goal Definition’ in the ILCD 

Handbook. As mentioned, this chapter tilts toward CLCA involving that 

consequential modelling supports a decision to be made, for example, with the 

formulation “whether a decision is to be supported implies whether the study is 

interested in the potential consequences of this decision meaning that it involves a 

decision to be made” as stated in the ILCD Handbook (2010). Interpreting ‘decision’ 

on this basis with regard to the building sector can be understood to involve strategy 

or strategic decisions. Hence, intended applications focusing on strategy should at 

least involve CLCA. Strategy herein denotes a decision leading to repetitive conduct 

over a (confined) period beyond a single building project. Using CLCA for strategy 

could imply that building design configuration or optimisation involves ALCA 

instead. Accordingly, the ILCD handbook has now been interpreted considering a 

more harmonised relation of scale and intended application of the decision context.   

2.2. LIFE CYCLE ASSESSMENT OF WOOD BUILDINGS 

The building sector has its own standard for LCA in EN 15978 (EN 15978:2011, 

2012), mainly adhering to the building project scale. It includes life cycle stages 
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tailored to the built environment, such as the upfront stages of production stages A1-

A3 and construction stages A4-A5, the use stages of B1-B6, the end-of-life stages C1-

C4, and stage of benefits beyond the system boundary, the D stage. However, using 

LCA for wood and biobased materials in buildings further entails the complexity of 

how to model the biogenic carbon. Studies show that the building sector can harness 

the climate benefits of adopting wood and biobased materials when sourced from 

sustainably managed forests (Arehart et al., 2021; Churkina et al., 2020). Because 

trees sequester carbon through photosynthesis when growing in forests, they can store 

carbon temporarily in buildings when used as building products for the time the timber 

remains in the building. This relationship between sequestration and emissions has 

implications when modelling the potential to delay the biogenic carbon in LCA to 

make buildings a source or sink of carbon (Hoxha et al., 2020).  

Currently, the building LCA standard EN 15978 (2012) considers biogenic carbon by 

the method 0/0, carbon neutral, or the method -1/+1. The latter considers all the 

embodied biogenic carbon negative (sequestration) in the production stages (A1-A3) 

and positive (emissions) in the end-of-life stages (C3-C4). It means the carbon balance 

is neutral over the whole building life cycle (ibid). The -1/+1 approach is used when 

a certain wood product originates from sustainable forestry. It entails the annual 

harvest biomass is less than the annual increment from forest growth. Hence, the 

carbon emission and sequestration remain constant or increase yearly on the landscape 

level of that forest (EN 16485:2014, 2014).  

The -1/+1 biogenic carbon concept was the most widely applied for building LCAs 

(C. E. Andersen et al., 2021). Through this method, many studies indicate a climate 

mitigation effect of using wood in buildings (C. E. Andersen et al., 2021; Mouton et 

al., 2023; Ouellet-Plamondon et al., 2023), and others also evaluate wooden design 

solutions for the most climate-friendly configuration (Dodoo et al., 2022). Since the 

approach leads to carbon neutrality over the life cycle, the climate benefits compared 

to conventional construction mainly arise from lower production GHG emissions. 

What is more to these assessments is the few case buildings that individual studies 

apply, only 13 using the -1/+1 approach (C. E. Andersen et al., 2021), limiting the 

generality of outcomes and conclusions on building the most climate-friendly with 

wood and biobased materials. 

2.3. DECISION SUPPORT IN THE EARLY DESIGN STAGES  

A step towards better decision support for reducing the environmental impacts of 

wood buildings also corresponds to integrating LCA at the different levels of 

development (LOD) through which building projects progress. The earlier in the 

design stage that decisions take place, the more crucial it will affect the environmental 

impacts. However, the design freedom is also greater despite the generally constrained 

time and budget nature of building projects (Basbagill et al., 2013).  



ENVIRONMENTAL ASSESSMENT OF INCREASED USE OF WOOD IN THE BUILDING SECTOR 

38
 

Research increasingly evolves around implementing LCA decisions in different LODs 

supported by digital and BIM-based tools (Teng et al., 2022), which particularly was 

elevated in studies of continuous LCA information by Cavaliere et al. (2019) and 

Palumbo et al. (2020). The main obstacles of BIM and digital building models centre 

on the formats and terminologies around data inputs, quality, and ownership hand-

over for every LOD, alongside the need for enhanced automated processes (Safari & 

Azari Jafari, 2021; Teng et al., 2022). However, an automation process recently 

attempted to integrate a common LCA tool with BIM models (Najjar et al., 2022).  

Although research progresses in integrating LCA in earlier design stage decisions, 

having a BIM model in a building project means that the LOD of that building project 

is possibly already between the basic and detailed design. It likely responds to LOD 

300-400 in the definition of Gomes et al. (2019). Reasonably, using LCA in decision 

support should be improved in the (very) early building design, which is before 

projects have a BIM or digital model. It also becomes important for building projects 

that do not necessitate a digital model, typically smaller projects, such as single-family 

houses.   

2.4. CONSEQUENTIAL LCA IN THE BUILDING SECTOR AND OF 
WOOD BUILDINGS  

The covered body of research in the previous two sections hitherto applied the 

attributional LCA approach. Several literature review studies approve that the 

attributional approach generally applies to most building LCAs (Anand & Amor, 

2017; Buyle et al., 2013; Fauzi et al., 2021; Khasreen et al., 2009; Nwodo & Anumba, 

2019; Sauer & Calmon, 2020). In this context, Publication 1 unveils only 37 studies 

on consequential LCA in the built environment, and of that, eight focus partly or fully 

on wood in buildings, plus one being published after the publication.  

Looking at the CLCA modelling of the empirical studies, most use the four-step 

framework of Weidema et al. (2009) or its predecessor work. Hence, it is the 

framework used to characterise the empirical CLCA studies, and it is suggested that 

it be adhered to when conducting CLCA in the built environment. The framework 

comprises defining the time horizon, market delimitation, and market trend and 

assessing affected suppliers and co-products; recycling and reuse are solved by 

substitution or system expansion.   

Delving into the intended applications of the CLCA studies in Figure 2-1, 27 assess 

empirical consequences, while 13 also examine the influence on CLCA from LCA 

methodological choices and methods specific to consequential LCA modelling. 

CLCA method development was the focus of six studies, and four only analysed 

method aspects. Comparing ALCA and CLCA unfolds as the most examined method 

aspect, but otherwise, the method aspect analysis scatters on several aspects of both 

general LCA and specific consequential methods. It also applies to the studies 
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focusing on wood in buildings. The variety of applied methods stretches from 

literature references and assumptions to statistics in iterative procedures, linear 

regression, and forecasts using material flow analysis (MFA) to the more advanced 

network analysis, economic equilibrium models and forest production models.   

 

Figure 2-1 Purpose of the reviewed CLCA studies on buildings. (a) The focus of intended 
application. (b) Examined method aspects in the method analysis studies. From Publication 1 
(Hansen, Rasmussen, et al., 2023) 

The wood-focused CLCA studies in Publication 1 and in Hansen et al. (2022) lack 

completeness regarding the CLCA framework, so only the more comprehensive 

studies are elaborated on in the following. Nepal et al. (2016) studied increased wood 

in low-rise, non-residential buildings in North America using forest economic 

equilibrium models to assess the market responses to changes in demand and a 

biological model for estimating carbon fluxes. However, it misses out on quantifying 

the iLUC, conducting a full life cycle, and a broader spectrum of the building stock.  

Another study on non-residential buildings in North America uses an MFA to forecast 

the inventory of increased wood implementation (S. Cordier et al., 2019). The 

inventory was applied to assess the environmental consequences of substituting steel 

and concrete structures with various types of wood structures (S. Cordier et al., 2021). 

Eventually, incorporating dynamic timing of biogenic carbon related to the forest 

practice and end-of-life scenarios advanced it, all of which were assessed using a 

process-based background database (Sylvain Cordier et al., 2022). iLUC and the 

inclusion of the residential building stock are absent in these assessments.   

CO2 fluxes of changing grassland for beef production to forest for timber production 

took the focus in an assessment applying different forestry scenarios and ILUC 

(Forster et al., 2019). The study views the change in demand from the land 

management perspective, not a change in demand for more wood from the building 

perspective, yielding more insights into the climate effects of different land 

management scenarios rather than the climate effects of change in demand in the 
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building sector. Despite the advanced modelling, the studies lack a combined forest 

modelling and iLUC assessment for a broader range of the building stock. Further, 

assessing environmental consequences using input-output LCA is abdicated.  

2.5. COMPLEXITIES OF BIOBASED RESOURCE ASSESSMENT 

To evaluate wood and biobased resources in LCA, different advanced modelling has 

been developed to address the regenerative nature concerning biobased resources in 

temporal assessments. The 0/0 and -1/+1 approaches to biogenic carbon avoid 

considering the temporal aspects. Levasseur et al. (2010) created a methodology for 

considering the dynamic timing of GHG emissions. It addresses the effect of every 

GHG emission on the cumulative radiative forcing in relation to when a unit of GHG 

emission occurs and the selected time horizon based on the Bern carbon cycle (IPCC, 

2007). The GHG emissions occurring after 100 years do not result in climate impact 

as it happens beyond the 100-year time horizon of GWP.  

They later elaborated the approach in (Levasseur et al., 2013), where they consider 

biogenic carbon temporarily stored for different scenarios and the carbon 

sequestration in the forest, considering forest modelling of Quebec’s boreal forests. 

The carbon temporal scope largely influences the carbon balance, namely whether the 

temporal assessment considers the harvested tree’s or the replacement tree’s carbon 

sequestration (Hoxha et al., 2020; Levasseur et al., 2013). Guest et al. (2013) 

computed with a similar method factors of the wooden biogenic carbon impact on 

GWP based on the tree rotation period in the forest and storage period in the 

anthroposphere, e.g., as a building product, for GWP with time horizons of 100 and 

500 years. The rotation period denotes a tree's time to grow to maturity and be ready 

for harvest. De Rosa et al. (2016) developed a model incorporating forestry 

management systems considering species type, rotation periods, slash and foliage 

approach, thinning frequency, and different carbon pools.  

Recently, a review stated that the dynamic timing of biogenic carbon and forest 

modelling still sees few applications in building LCA studies (Arehart et al., 2021). 

Essentially, the forestry management and forestry systems affected by the increasing 

use of wood need further assessment. In that regard, one should be aware that the 

climate impact of timing biogenic carbon release and uptake in the forest modelling 

appears susceptible to the allocation procedure. The substitution effect of wood co-

products leads to considerable climate impact whether the substituted product is pulp 

wood or natural gas (De Rosa et al., 2018; Skullestad et al., 2016), whereas the 

common building ALCA usually deals with wooden co-products by an allocation key, 

disregarding the climate impacts of biogenic carbon substitution effects (C. E. 

Andersen et al., 2021).  

The use of wood also comprises the consideration of resource availability and the 

previously mentioned impact categories of land use and terrestrial biodiversity. The 
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European forest cover increased between 1990-2020 (Forest Europe, 2020) while 

global deforestation reached 420 million ha in the same period, i.e., 14 mill. ha on 

average per year, conceived as land use changes, but at a reducing rate of deforestation 

between 2015-2020, amounting to 10 mill. ha per year (FAO, 2022). The afforestation 

and forest expansion moderately counterbalanced it by 5 mill. ha per year in that 

period. Nonetheless, the original global forest cover has declined from 6 to 3.6 billion 

hectares (Krishnaswamy & Hanson, 1999). The transgression of the Planetary 

Boundaries of land-system change and biosphere integrity (biodiversity), more 

severely than climate change, supports these statistics very well (Richardson et al., 

2023).  

As wood can have carbon-mitigating benefits in the right circumstances, the 

availability needs to be considered due to the long rotation period, implying that it 

takes time to increase forestry. Wood supply was assessed as sufficient for the 

construction sector in Europe (Göswein et al., 2021). However, the study only 

includes demand for roofs and exterior walls, not the complete building. Contrarily, 

Pomponi et al. (2020) question the availability of supply in many areas of the world 

and most of Europe. A study in Germany supports this outcome as they found that its 

bioeconomy of roundwood likely exceeds their fair share of the global sustainable 

roundwood supply, conditional to the scenario (Egenolf et al., 2022). An interesting 

discovery by Göswein et al. (2021) comprises the availability of fast-growing 

biobased resources in Europe, particularly straw. It needs further assessment of the 

potential to reduce burden-shifting from climate change to land use by decreasing the 

land use impacts caused by the current construction practice of wood buildings.  

2.6. SUMMARY OF STATE-OF-THE-ART 

First, the recommendations of the ILCD Handbook regarding the use of life cycle 

assessment (LCA) approaches in decision support were discussed. It highlights 

inconsistencies between Chapter 5 'Goal Definition', and Chapter 6.5 'Life cycle 

inventory'. Balancing these guidelines suggests using attributional LCA (ALCA) for 

micro-scale decision support and consequential LCA (CLCA) for macro-scale 

decision support. The text also emphasizes the importance of considering the intended 

application of the decision support, which draws a wafer-thin line between when to 

shift from one LCA approach to another. 

Currently, the building LCA standard (EN 15978) considers biogenic carbon using 

two methods: 0/0 or -1/+1. The latter is used for wood products from sustainable 

forestry and means a carbon-neutral balance during the building's life cycle. However, 

it shows the temporarily stored biogenic carbon in the buildings, which can benefit 

the climate. Building LCAs widely use the carbon-neutral approach, and wood often 

shows climate-mitigating effects due to lower production impacts. However, limited 

case studies use the -1/+1 approach, which limits drawing generalized conclusions. 
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The earlier decision support occurs in the design process, the greater its influence on 

environmental impact. However, information is often limited. Integrating LCA at 

different levels of development (LOD) is crucial for accurately assessing and 

minimizing the environmental impacts of wooden buildings. While research has 

focused on implementing LCA decisions in later LODs (e.g., 300-400) supported by 

digital and BIM-based tools, there is a need to improve decision support in the early 

design stages, especially for projects that don't require a digital model like single-

family houses. Incorporating LCA in the early building design ensures that 

environmental considerations are prioritised from the beginning. 

Many studies on CLCA of wood in construction lack completeness in adhering to the 

CLCA framework and exclude indirect land use change (iLUC). The main framework 

steps include time horizon, market delimitation, market trend, affected supplier 

identification, use of substitution or system expansion for co-products, recycling, and 

reuse. 27 articles are empirical, while 13 investigate consequential. A few studies 

comprehensively model the environmental consequences of increasing wood in the 

building stock scale, but only one in the European context. Despite their thoroughness, 

they lack a combined assessment of forest modelling, iLUC, a broader range of 

building typologies, and the use of an input-output database. 

The European forest cover increased between 1990 and 2020, while global 

deforestation reached 420 million ha. Afforestation and forest expansion partially 

counterbalanced deforestation, with increasing rates in recent years. Wood has 

carbon-mitigating benefits, but its availability in relation to demand must consider the 

long rotation period of trees, thus affecting land use. Wood supply seems sufficient 

for the construction sector in Europe, but concerns exist about availability in many 

parts of the world. In addition, land-system change and biodiversity have transgressed 

their planetary boundaries and pose a significant problem alongside climate change. 

A German study supports this, suggesting their bioeconomy of Roundwood likely 

exceeds their fair share. Compellingly, a study found that fast-growing biobased 

resources like straw have the potential to reduce the land use impacts of current wood 

buildings, at least when considering roofs and exterior walls. 
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CHAPTER 3. METHODS 

The following chapter explains the methods applied in the present dissertation by 

elaborating on the highlighted methods in the reading guide. The connection between 

the methods and the publications are illustrated in Figure 1-1 in Chapter 1. Publication 

1 is only covered by Section 3.1.  

3.1. SYSTEMATIC LITERATURE REVIEW 

Composing a literature review serves different roles where one is clarifying the status 

of the research field relevant to the undertaken work wherein the most relevant 

concepts and methods are set in perspective to position the study and identify research 

gaps that it contributes to fill out (Kamler & Thomson, 2006). The other is the 

systematic literature review aiming at synthesising a comprehensive collection of 

literature where a search protocol and systematic analysis of identified articles ensure 

rigour in data extraction and evaluation (de Almeida Biolchini et al., 2007). The 

ontology presented in the latter was applied in Publication 1 and works as its 

foundation in attempting to cover most of the relevant studies on CLCA on buildings.  

A thorough search protocol involved the keyword areas and synonyms related to it: 

consequences, environmental assessment, approach, and building-related. It was 

presumed to capture most literature relevant to the topic. Because CLCA on buildings 

were expected not to be covered by many studies, we included the rather broad 

inclusion criteria: (i) including a self-stated consequential LCA on a case study of 

either building, building element or building material, (ii) providing sufficient 

explanation on applied methodological aspects and choices. Scopus, Web of Science, 

and Google Scholar were used to retrieve articles. After that, the abstract and 

keywords were used to exclude irrelevant literature, and the eventual group of articles 

were read to ensure they lived up to the inclusion criteria. The final group of studies’ 

bibliography was investigated for further relevant studies (Wohlin, 2014). The review 

yielded 37 articles between 2000 and September 2021, fulfilling the criteria. It 

comprised journal articles, conference articles, and grey literature.  

The data collection included the goal, intended application and division of studies into 

the scales of micro and macro depending on whether the studies are used for decision 

support on policy or building design. Additionally, the information on modelling the 

consequential LCI in the studies was time horizon, market delimitation, market 

volume trend, affected suppliers, constraint supply, and approach to substitution for 

multifunctionality, based on the framework of Weidema et al. (2009). This 

information was used to group empirical, method and method development studies, 

where the empirical micro and macro scale studies were characterised in terms of the 

object of assessment and studied change. LCI modelling aspects were grouped and 
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then recommended for which scale of assessment they most profoundly should be 

used for.  

3.2. MATERIAL FLOW ANALYSIS 

Material flow analysis (MFA) is a method to spatially and temporally track material 

stocks and flows within a defined system boundary, which can be of an existing stock 

or future flows arising from Anthropogenic demand (Laner & Rechberger, 2016). As 

the LCA of building stocks rely on the materials associated with the system, MFA can 

serve a supporting role in this context (ibid) and is already applied in building stock 

LCAs using various scenarios (Heeren & Hellweg, 2019). The resources needed to 

transition to timber construction (Publication 3) and increased use of fast-growing 

materials in wood buildings (Publication 4) require the expected future material 

demand for informing the LCA.  

Various approaches to MFA used in LCA exist where Publications 3 and 4 use the 

bottom-up modelling (Göswein et al., 2019) of existing case studies combined with 

the area forecast of Hoxha et al. (2024). The latter forecasts the area of single-family 

houses, multifamily houses and offices based on historical time series developments 

mimicking a frozen-policy scenario between 2022-2050. Some distinctions exist in 

the MFA's conduction for the two publications. Publication 3 considers the 

replacements of materials during two reference study periods of 60 and 100 years and 

includes all materials in the inventory of the case studies. Publication 4 excludes the 

replacements of materials, considers only the biobased materials for the MFA, and 

uses case studies for the base case scenarios while applying building element 

archetypes for the alternative scenarios.   

3.3. LIFE CYCLE ASSESSMENT 

The LCA used in Publications 2, 3, and 4 differ in their goal, intended application, 

standards, and impact assessment. Commonly, all three studies go through goal and 

intended application steps, life cycle inventory (LCI), life cycle impact assessment 

(LCIA), and interpretation of results. The overall focus in the three publications 

follows. Publication 2 engages with the climate impacts of designing with wood at the 

building project scale relevant for architects and consulting engineers. Publication 3 

involves a change to wood at the building stock scale of Denmark and the 

environmental impacts of the likely exchanges it induces in the economy. Publication 

4 also studies the building stock scale, focusing on fast-growing biobased materials in 

wood buildings, their availability, and their impact on land use. 

3.3.1. GOAL AND INTENDED APPLICATION 

The two-fold goal of Publication 2 is first to assess the climate change impacts of ten 

detailed design Danish wood dwellings. Second, in comparing the climate impacts of 
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the detailed design to the early design stage, the latter was modelled with a simplified 

design tool developed according to the Danish building code. The study intends to 

clarify the material categories and building elements important to predict in the early 

design of wood dwellings more precisely before creating digital models. Also, it is to 

discover the design approaches with lower GHG emissions. Studies on LCA and 

building information models (BIM) integration at various design stages increase 

(Cavalliere et al., 2019; Crippa et al., 2020; K. Kanafani et al., 2022; Obrecht et al., 

2020; Safari & Azari Jafari, 2021; Teng et al., 2022; Zimmermann et al., 2021), 

mainly focusing on the level of developments (LOD) 300-400 (Gomes et al., 2019), 

Publication 2 provides new climate impact insights of the early design stages before 

the BIM models at LOD 100-200, making decision support for design more accessible 

for small and medium sized architectural and construction enterprises (SMACEs).  

Shifting the intended application to the strategic decision of whether or when to build 

with wood in the Danish building sector requires an LCA approach that captures the 

effects in the economy, the CLCA. Publication 3 does that by evaluating the 

environmental consequences of constructing the future expected building stock by 

conventional construction technology and when shifting to increased wood-based 

construction instead. Further, another goal was assessing the methodological and 

building aspects that considerably influence the results. Few studies extend the scope 

beyond the building project scale to assess the consequences of implementing wood 

while concurrently including some sort of biogenic carbon or forest modelling as well 

as land use changes (S. Cordier et al., 2019; Sylvain Cordier et al., 2021, 2022; Forster 

et al., 2019; Nepal et al., 2016). Forster et al. (2019) is the only study in a European 

context, but it takes the perspective of the forest supply for wood buildings and not 

the perspective of demand from the building sector. Therefore, we need building stock 

scale studies in the European context of changes in the economy and forest 

management aspects arising from increased demand for wood in the building sector.  

Publication 3 revealed that nature occupation, i.e., biodiversity, increased for all three 

building typologies in the wood scenario. Combined with the evidence of a 

transgressed PB for Biosphere Integrity (Richardson et al., 2023), even more than the 

climate change PB, the goal of Publication 4 is to assess whether implementing 

materials of fast-growing biobased resources in wood buildings can reduce their land 

use impact, thus potentially indirectly the biodiversity impact. The intention was to 

further analyse Denmark's national availability and what could be needed from 

importing from other producing countries. Göswein et al. (2021) uncovered the 

potential for availability in Europe. Still, they limited the study to roofs and exterior 

walls of dwellings, omitting a more complete consideration of building elements and 

typologies. Therefore, the study intends to contribute to the knowledge of reducing 

land use impact of wood buildings, and simultaneously bringing insights to Danish 

policymaking on the use of the land for resource production.  
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3.3.2. OBJECT OF ASSESSMENT  

Common to Publications 2, 3, and 4 is that they all consider new buildings designed 

with wood minimum to some extent in the structural elements. In Denmark, the 

standards at the building project scale are for the reference study period (RSP) of 50 

years. The reference unit is environmental impact per m2 gross floor area per year. 

Publication 2 adheres to these two standardised measures, and to make the buildings 

comparable, the functional equivalent (FE) was defined as dwellings with a 1 m2 gross 

floor area adhering, with the greatest extent, to the Danish building code of structural, 

fire safety, acoustics, and energy properties for a 50-year RSP. It only focusses on 

climate impact; thus the reference unit translates to global warming potential (GWP) 

per m2 gross floor area per year, i.e., kg CO2-eq/m2/year.  

Publication 3 assesses single-family houses (SFH), multifamily houses (MFH), and 

office buildings (OB) and applies other RSPs than Publication 2, 60 years (RSP60) and 

100 years (RSP100), respectively. The RSP60 align more precisely with the service life 

of SFH and RSP100 with the service life of MFH and OB (R. Andersen & Negendahl, 

2023). Additionally, they are included to understand the effects of the weighting that 

an RSP asserts on the environmental impacts concerning material replacement rates 

and time correction of GWP (see Section 3.3.5). Addressing the goals of Publication 

3, the FE included the needed material demanded in the future expected building stock 

between 2022-2050 in a conventional construction scenario and a change to a wood-

based construction scenario for RSP60 and RSP100. The results were converted to a 

reference unit of environmental impact per m2 gross floor area per year.  

In Publication 4, the same building typologies apply as in Publication 3 to investigate 

the potential to reduce the nature occupation of wood buildings by substituting 

insulation and non-loadbearing wood products with fast-growing biobased materials 

of straw, hemp, and grass. The FE comprises the needed biobased materials in a wood 

construction scenario and three scenarios of increased fast-growing biobased material 

complying quantitatively with the U-value of the Danish building code and 

qualitatively with fire safety and acoustic regulations for the expected future area in 

Denmark between 2022-2050. The study only assesses the biobased materials needed 

to construct the buildings; hence, it does not consider any RSP. As the land use and 

biodiversity crisis is imminent, the largest current potential of reducing these impacts 

pertains to the materials used to construct the building, hence this consideration. 

Further, part of the study intends to design archetypes using fast-growing biobased 

materials complying with the building code in broad terms, which also contributes to 

the research on this topic. 

3.3.3. SYSTEM BOUNDARIES 

Generally, Publications 2, 3, and 4 base their life cycle stages according to EN 15978, 

i.e., life cycle modules, and use the service life of the individual products from 
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Aagaard et al. (2013), developed for the Danish context. The operational energy of 

module B6 is omitted in the three publications since the goals are to assess embodied 

environmental impacts of wood materials, and the FE considers an equivalent energy 

performance for all studied buildings because the obey the building code.  

For Publication 2, the modules involve the production of materials (A1-A3), transport 

to the construction site (A4), the waste part in the construction module (A5), 

replacements of materials during the use phase (B4), and processing and disposal at 

the end-of-life (C3-C4). All the used EPDs are cradle-to-grave, equivalent to the full 

life cycle. Any benefits beyond the system boundaries, module D, equivalent to 

substitution benefits, is not modelled in Publication 2. It aligns with the practice of 

the Danish LCA at the building project scale. Excluding module D is the polluter pays 

principle. But it also ensures methodological consistency of the applied allocation 

procedure since it excludes substitution for co-products for the production stage; thus, 

substitution should also not be used for the end-of-life stage.   

The LCA in Publication 3 considers the building stock scale, which here entails that 

the system boundary of the LCI comprises the affected suppliers that respond to a 

change in demand for construction products, thus not necessarily the direct supply 

chain, and avoid allocation by substitution as recommended by ISO 14044 (DS/EN 

ISO 14044, 2008). It is the consequential LCA approach, where the identification of 

affected suppliers follows the framework of Weidema et al. (2009). Publication 3 

handles co-products by substitution, where the co-products displace marginal 

suppliers of products with equivalent functions on the market. The wood co-products 

like chips and sawdust were considered to substitute pulp wood on the market for 

biomass. The included life cycle modules adhere to EN 15978 terminology, including 

A1-A3, B4, and C3-C4+D. Wood, steel and concrete were assessed regarding their 

geographical market and affected suppliers for demand in Denmark in the two 

construction scenarios. Examining the environmental impact of increased use of wood 

for an entire sector makes it relevant to assess the suppliers that can meet the demand 

and to model the system exchanges related to co-products and end-of-life activities. 

Influential for wood’s climate impact, particularly in long-lived products like 

buildings, is the relationship of biogenic carbon temporarily stored in the buildings 

and sequestration in the forest. Publication 3 reflects the biogenic carbon sequestration 

of a replanted tree at the stem level after harvest instead of the sequestration in the 

harvested tree, which is the more conservative approach (Hoxha et al. (2020), 

Peñaloza et al. (2016), Levasseur et al. (2013)). The biogenic carbon sequestration, 

storage time and release are time-corrected according to GWP with a 100-year time 

horizon (see more in the section below). Recognising the valuation inherent in the 

choice of GWP time horizon is important because it is a weighting of the time the 

GHG emissions occur (Levasseur et al., 2011). The GHG emissions beyond the time 

horizon are not accounted for, thus functioning as a benefit. The 100 years are the 

most often applied and also used by IPCC.  
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The life cycle modules in Publication 4 comprise only the upfront production of the 

materials (A1-A3) needed in the building construction. The analysis only includes the 

wood and biobased materials to examine their relative difference. The scenarios 

comprise a base case of existing detailed design wood buildings, S0, and three 

alternative fast-growing biobased buildings of straw (SC1), hemp (SC2), and grass 

(SC3). SC3 uses only the grass materials for insulation; the remaining materials are 

equivalent to SC1. Further, these four biobased scenarios are analysed for four market 

penetration rates increasing linearly to 2050 from the current 11% in 2022. The rates 

in 2050 are: (A) current market penetration rate (11%), (B) 25%, (C) 50%, (D) 100%. 

The linear increase towards 2050 reflects that implementing novel products is 

expected to take time and is also used to gain insights into resource availability at the 

different implementation rates.  

3.3.4. BUILDING MODEL AND MATERIAL DESCRIPTION 

Compiling the material quantities used in the case buildings required combining data 

from building information models, bill of quantity, project plans, and drawings to 

arrive at complete case studies for the LCA. However, different scopes of building 

elements were used in the publications, as shown below. In addition, the operational 

energy was not considered in any of the studies because the purpose is the embodied 

environmental impacts of building with wood, presuming that the same functional 

equivalent applies to the energy performance in the respective publications. 

Generally, the disaggregation of building elements and materials is inspired by Heeren 

and Fishman (2019), Guven et al. (2022) and Soust-Verdaguer et al. (2023).  

In Publication 2, the considered building elements for the detailed and early design 

stages comprise foundations, slabs, exterior walls, interior walls, floors, roofs, 

windows, and staircases. In addition, the detailed design stage comprises default 

values of technical installations of pipes and ducts, including metal screws and 

fasteners, but excluding solar panels and powered equipment because it was not 

consistent in data across buildings. The simplified design tool used for the early design 

did not provide any quantities of screws and fasteners nor technical installations and 

non-loadbearing interior walls, interior finishings and special wet-room products. 

Stairs and elevators were included if they appeared in the detailed design of buildings.  

The considered building elements in Publication 3 encompass foundations, slabs, 

exterior walls, interior walls, floors, roofs, windows, doors, staircases, technical 

installations such as ducts and pipes, and solar panels.  

Publication 4 studied only the building elements applicable for fast-growing biobased 

materials implementation, comprising interior walls, exterior walls, floors, and roofs. 

It is because it is a relative assessment of land use, availability, and CO2 storage 

between wooden base cases and equivalents with increased integration of fast-
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growing biobased resources. Therefore, only the quantities of biobased materials were 

extracted from the building elements.  

3.3.5. ENVIRONMENTAL DATA AND IMPACT ASSESSMENT 

In Publication 2, LCAbyg (Kai Kanafani et al., 2021) version 5 (Jørgensen et al., 

2021) was applied as the LCA tool, a process LCA, which uses the Ökabaudat 

database for generic processes (Ökobaudat, 2020),. EPDs were included for the most 

prominent products, including main wood products (see more in Publication 2). The 

study considered the impact category GWP with the 100-year time horizon and 

measured by the declared unit CO2-eq/m2/year, where biogenic carbon was accounted 

for by the -1/+1 method according to EN 15804:2019 (2019). It follows the European 

and Danish standard of conducting LCA at the building project scale.  

Publication 3 consequential approach means that the applied LCA tool was 

EXIOABSE v.3.3.16b2 (Merciai & Schmidt, 2018) as the background database. It is 

an input-output (IO) model with hybrid units, entailing that physical products are 

measured in physical units and services in monetary units. An IO database is a top-

down model that captures the trade of products and services in the entire economy 

divided into sectors, equivalent to the unit processes known from process LCA. The 

IO model has higher completeness (Agez et al., 2020; Lenzen, 2000; Rebitzer et al., 

2002), geographical representation at the country level, and better represents markets 

that will be affected by larger scale changes. 

The foreground materials were entered in the sectors for the affected countries, China 

for steel, Sweden for wood, Denmark for concrete, and the remaining materials were 

entered in the relevant Denmark sectors. Stepwise2006 was the used impact 

assessment method (B.P. Weidema et al., 2008; Bo Pedersen Weidema, 2009) 

considering the impact categories GWP (time horizon of 100 years), respiratory 

inorganic substances, aquatic and terrestrial ecotoxicity, nature occupation, 

acidification, aquatic and terrestrial eutrophication, respiratory organic substances, 

photochemical ozone formation (vegetation), and non-renewable energy.  

GHG emissions were discounted according to when they occur during the 100-year 

time horizon (Jannick Høirup Schmidt & Brandao, 2013) based on the Bern carbon 

cycle (IPCC, 2007), meaning GHG emissions beyond the 100 years are excluded. In 

the IO model, iLUC is accounted for wood due to the competition for land that demand 

for wood asserts, using the method of Schmidt et al. (2015). The temporary carbon 

loss occurs due to primary forest conversion to productive forest, which is modelled 

for the countries where the conversion occurs. The iLUC approach was identified as 

the best among six models (De Rosa, Knudsen, et al., 2016).  

The system LCA approach in Publication 4 applies statistics of Danish and European 

recent historical yield of wood and fast-growing biobased resources. The statistical 
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analysis includes the average time series of what is already used by other sectors and 

what is available, i.e., not utilised by any sector. It helped determine the biogenic 

resources immediately available for construction without competing or taking that 

resource from other sectors. The yield factors of the different resources depended on 

the country of production.  

This system consideration in Publication 4 of availability in terms of geographical 

location and quantity is very useful for discovering which resources are of national 

control. But also, the potential for the share of the demand national land can supply to 

the building sector. Further, straw is a dependent by-product, which means the 

demand for cereals drives the quantity. However, when it is not a fully utilised by-

product, the potential demand from the construction sector does not shift impacts 

across sectors when the utilisation remains within the available quantity.  

3.3.6. SENSITIVITY 

Sensitivity analysis is recommended to obtain more robust outcomes and 

interpretations of LCA (EN 15978:2011, 2012; Hauschild et al., 2018). It assesses the 

LCA output’s variation of changing an input parameter in the model, for instance, an 

EPD of a larger impacting material, GWP time horizon, reference study period, or 

allocation procedure. Sensitivity analyses highlight the aspects that might need more 

careful assessment because of the influence it asserts on the outcome (ibid).  

Publication 2 could benefit from a sensitivity analysis of EPDs for the wood products 

to see how much the GWP impact can vary from the early to the detailed design and 

in the detailed design only. Publication 3 provides a sensitivity analysis of affected 

suppliers of steel and concrete, the rotation period of trees, and the exclusion of iLUC 

and forest modelling. That way, it gives insight into their importance. One of the 

suggested approaches to deal with the inherent uncertainty of the forward-looking 

aspect of CLCA is scenario development (Zamagni et al., 2012). It could be based on 

the sensitivity analysis results, yielding a range of likely outcomes. It applies to other 

types of future-oriented LCAs as well. Publication 4 applies a simple scenario 

consideration through four market penetration rates with a linear increase towards 

2050 from the current 11%. The possibility of resource availability and likely 

transition of the sector becomes clearer.  

3.4. CASE STUDIES 

Case studies are useful for understanding how and why related research questions are 

particularly important, but they can also be useful for descriptive investigations (Yin, 

2018), e.g., the climate impact of a certain building typology. Case studies emerge 

suitable for research when desiring to understand a phenomenon in relation to its real 

conditions and context (ibid). It is very relevant for studying the environmental 

impacts of the entity phenomenon wood buildings because of (i) the geographical 
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location specifics related to regulatory clauses, financial and economic conditions, (ii) 

the technical behaviour of wood and biobased materials, (iii) building tradition along 

with client and user requirements. It is also a widely used practice in LCA research 

on buildings (Ruuska, 2018).  

The publications in the dissertation implement a different number of case studies for 

quantitative assessments for a real context investigation of environmental impacts of 

wood buildings with both descriptive and exploratory purposes, i.e., the latter 

comprising the how and why examinations suggested by Yin (2018). The case studies 

originate in Denmark, as this is the geographical focus of the research.   

Publication 2 analyses ten detailed designs of residential housing, which is perceived 

as a greater number of case studies than many LCA studies on buildings. The GWP 

impact of the detailed design was descriptively assessed to uncover where the impact 

arises in the life cycle stages, building elements, and material groups. Despite eight 

buildings being terraced housing, the varying layout and structural systems across the 

cases yield insights into the associated GWP impacts for each design approach.  

However, the larger case study population in Publication 2 does not entail that the 

findings are statistically generalisable on a greater scale. Nonetheless, it provides 

useful knowledge to understand the role of wood buildings and not at least design and 

material levers for reducing climate impacts. Further, the case studies are current 

representations of the real-world context. It remains important to be apprehensive that 

the reality is not imperative for how that context could be, i.e., be aware of the 

verification bias (Flyvbjerg, 2011). It applies also to the case studies in Publications 

3 and 4.  

Publication 3 uses three case buildings for each building typology of single-family 

houses (SFH), multifamily houses (MFH), and office buildings (OB) for conventional 

and wood-based construction, respectively. The random selection of these case studies 

reduced the bias of selecting any buildings with special properties or serving certain 

agendas. Hence, the average case study of each building typology and construction 

technology helped explore the aspects influential to the environmental impacts of 

change from conventional construction to increased wood at the building stock scale.  

The selection of the case buildings in Publication 4 followed the information-oriented 

approach (Flyvbjerg, 2011) to ensure structural materials were of wood to function as 

a base case to establish fast-growing biobased archetypes for the wood buildings. It 

was not fully possible for the SFH case study because all the available buildings 

contained straw to a certain extent. Therefore, a base case archetype for the exterior 

walls were established with paper wool instead of straw insulation.  
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CHAPTER 4. FINDINGS 

This chapter presents findings from Publications 1, 2, 3 and 4 that are relevant to 

address these dissertations sub-research questions. Publication 1 presents the review 

of CLCA focuses and modelling methods used on buildings and wood buildings. The 

other three publications are empirical studies of using wood and fast-growing 

biobased materials, considering different intended applications, LCA and biogenic-

related approaches.  

4.1. WHICH MODELLING METHODS AND FOCUSES ARE 
APPLIED IN CONSEQUENTIAL LCA RELATED TO 
BUILDINGS? 

The general findings of Publication 1 were already presented in the state-of-the-art, 

while the empirical studies are further elaborated in the following. Figure 4-1 

illustrates the relationship between the goal and scope aspects of the empirical studies 

and the consequential life cycle inventory (CLCI) modelling aspects. Thirteen studies 

focus on the micro scale and fifteen on the macro scale, where the studies applying 

more than one CLCI modelling method appear more than once.  

The micro scale studies assess materials and buildings almost equally, with the 

buildings mostly focusing on wood compared to conventional materials. The material 

and few element studies centralise on circularity assessments. A similar number of 

macro scale studies assessing buildings and materials exist. The micro scale studies 

focused on changes in energy supply, increased wood, and circularity. The material 

studies mainly examine increased wood and changes in material production energy 

and building material substitution. 

The market delimitation and trend were not defined or identified in several studies 

and had a similar distribution on the micro and macro scale. Ecoinvent and the 

iterative procedure appear to be the most applied CLCI modelling on the micro scale 

market delimitation where statistics or linear regression are the main approaches for 

identifying the market trend. Literature and Ecoinvent apply most to the affected 

suppliers identification at the micro scale, but the iterative procedure also notably 

appears.  

For the macro scale studies, literature, economic partial equilibrium models, and 

forest production models emerge as the most applied market delimitation approaches. 

The market trend is mostly analysed by linear regression literature, partial equilibrium 

and forest production models. Literature references stand out as the most common 

identification method of the affected suppliers, followed by partial equilibrium and 

forest production models.  
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Figure 4-1 Relationship of the empirical studies’ intended application, object of assessment 
and scale of decision context with CLCI modelling. Based on findings from Publication 1 
(Hansen, Rasmussen, et al., 2023) 

4.1.1. REVIEW OF CONSEQUENTIAL LCA ON WOOD IN BUILDINGS 

Thirteen of the reviewed CLCA studies on buildings focus on wood as a material. The 

studies, which include the empirical, methodological and method development 

studies, are presented in Figure 4-2. It unfolds that all studies declaring a time horizon 

apply a long-term perspective, i.e., the default in the four-step framework. Five studies 

using substitution exclude or have generally lower documentation and consistency of 

modelling of the market, trend, and affected suppliers. The studies with higher 

documentation and consistency of CLCA aspects also tend to use more advanced 

modelling methods. However, the majority of these do not include biogenic carbon 

aspects. On the other hand, the studies with lower or excluded documentation and 

modelling consistency of CLCA tend to include biogenic carbon aspects with more 

advanced modelling.   
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Figure 4-2 CLCA studies including wood as a part of the assessment. The left side covers the 
CLCA modelling aspects, and the right side covers the biogenic carbon aspects. Substitution, 
dLUC, and iLUC are denoted if included. The colours denote the degree of documentation and 
modelling consistency for CLCA aspects and the degree of modelling advancement of the 
biogenic carbon aspects. Based on findings from Publication 1 (Hansen, Rasmussen, et al., 
2023)  

4.2. IN WHAT WAYS DO LCA AND BUILDING DESIGN ASPECTS 
INFLUENCE THE ENVIRONMENTAL IMPACTS OF WOOD 
BUILDINGS IN THE EARLY AND DETAILED DESIGN STAGES? 

4.2.1. CLIMATE IMPACT OF LIFE CYCLE STAGES 

Publication 2 analysed climate impacts in the detailed design of 10 buildings from 

2010-2021. The analysis only covered embodied impacts over the life cycle, hence 

omitting energy use during the use stages. For the buildings, excluding technical 

installations in the bill of quantity, experience data were added from other studies as 

an estimate. The biogenic carbon approach used the -1/+1 consideration, accounting 

for negative (reduction) in the production stages and positive (emission) at the end of 
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life. All the GHG emissions were characterised with regard to the GWP100, but the 

cumulative climate impact is time-independent, meaning that emissions count equally 

for every life cycle stage.  

Figure 4-3 displays that the climate impact of wood buildings is largest at the end-of-

life stages (C3+C4) while concurrently, some buildings have great reductive 

(negative) climate impacts at the production stages (A1-A3). The buildings with 

negative CO2-eq emissions in the production stages show that these reductions are 

more than counterbalanced by emissions at the end of life. For the buildings with 

climate impact in the production stages, the impact arises fairly at a low magnitude 

except building M01 and R07. The construction stages (A4-A5) show very low 

climate impact, and replacements (B4) are larger than the production stage for several 

buildings. The biogenic carbon approach considers in this assessment the biogenic 

carbon to be negative in the production stage and positive at the end of life, hence 

explaining the reasons behind the outcomes above. 

 

Figure 4-3 Life cycle stages’ share of impacts of the detailed (DDS) and early design stage 
(SDS). M=multifamily houses, R=terraced houses. From Publication 2 (Hansen, Hoxha, 
Rasmussen, et al., 2023) 

Based on the simplified design tool, the prediction in the early design stage reveals 

that it is remarkedly precise, although it predicts slightly greater negative CO2-eq 

emissions in the production stages. The picture changes when studying the individual 

buildings. The simplified tool predicts the quantities, so the construction stages and 

replacements lead to quite similar climate impacts for almost every building. 

However, greater divergence occurs for the production and the end-of-life stages. The 
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end-of-life stages appear comparable regarding the climate impact of the detailed and 

early design for the buildings, where the production stages result in positive CO2-eq 

emissions in both design stages. In buildings, R03-R05 and R08, the production stages 

have a negative climate impact in one or both design stages, which results in less 

precise climate impact predictions for the end-of-life stages. Contrarily, the climate 

impact during the entire life cycle for these four buildings does not differ more 

considerably between design stages than the other buildings. The production stage 

associated with climate impact are commonly predicted with low precision, i.e., the 

biogenic carbon-related prediction. Still, it does not greatly influence the total life 

cycle climate impact.    

4.2.2. CLIMATE IMPACT OF BUILDING ELEMENTS 

As demonstrated in 

 

Figure 4-4, the building elements of the foundation and exterior walls contribute mostly 

to the climate impact of wood buildings in the detailed design on average, followed 

by the floors and roofs, sharing similar contributions. The contribution from different 

building elements appears more motley when delving into the individual buildings.  

The buildings M02 and R06 exhibit foundations with lower climate impact than 

exterior walls and floors because these buildings are the tallest among the case 
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buildings by having 3-4 storeys. The buildings with 1-2 storeys, the lowest number of 

 

Figure 4-4 Building elements’ climate impact in the detailed (DDS) and early design stage 

(SDS). M=multifamily houses, R=terraced houses. From Publication 2 (Hansen, Hoxha, 

Rasmussen, et al., 2023) 

storeys, are R02-R05 and R07-R08, and they have the largest contribution from 

foundations when disregarding building R04-R05. Building R04-R05 are constructed 

with footing foundations. They show less contribution from foundations relative to 

their exterior walls and in absolute impact compared to most of the other buildings. 

The contribution from exterior walls seems more constant across the cases and is less 

susceptible to the number of storeys. Roof constructions have a greater overall 

contribution in the buildings with 1-2 storeys except in building R04-R05 despite 

these two having rafter structures like the other 1-2 storey buildings. Floors, in 

general, deviate between buildings and do not follow a trend that relates to structural 

typology neither number of storeys.  

When we look at the average climate impacts in the early design, the predictions of 

foundations and exterior walls were very close to the detailed design. Floors and 

interior walls were predicted to have about half the climate impact in the early design. 

Still, they contribute, by absolute numbers, with less climate impact than foundations 

and exterior walls. The early design predicts roofs with a vaguely greater climate 

impact on average.  

Taking a first sight at the foundations regarding the individual buildings, the climate 

impact is quite precisely predicted in the early design, but the two buildings with 

footing foundations are exempt due to impact underestimation. Building R03 gets a 
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considerable overestimation of the climate impact. It is the only building of CLT 

structures. Exterior walls’ climate impacts are precisely predicted in almost every 

building; the roofs’ climate impact is quite precise in seven cases, but the floors’ 

impacts are underestimated in half of the buildings. The climate impact of the interior 

walls was generally underestimated in all cases, which was expected because the 

simplified design tool only computes the loadbearing interior walls. The absolute 

climate impact of the interior walls has, despite that, a little share of the impact in the 

detailed design. 

4.2.3. CLIMATE IMPACT OF MATERIALS 

The average climate score in Figure 4-5 highlights insulations with the principal share 

of climate impact in the detailed design. Cement- and biobased materials follow with 

similar contributions, and then metals and plastics come afterwards. The other 

materials category also has a significant share but will not be covered further. For 

insulation materials, there are considerable variations between the buildings; for 

example, paper wool insulation in R04-R05 leads to a low impact of this material 

category.  

The average climate impact of biobased materials is mainly driven by two buildings, 

R03 and R08, and is noticeably less in the other buildings. The former buildings are 

of CLT structure, leading to increased wood use in this case. At the same time, the 

latter has similar characteristics as many of the buildings. The main reason appears to 

be the amount of wood cladding employed due to its low service life. The cement- 

Figure 4-5 Material groups’ climate impact in the detailed (DDS) and early design stage (SDS). 

M=multifamily houses, R=terraced houses. From Publication 2 (Hansen, Hoxha, Rasmussen, 

et al., 2023) 
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based materials have less variance in impact, but the two tallest buildings, M02 and 

R06, have the lowest share from this group, indicating a similar trend as the 

foundations. There are great variations between impact from metals, which might be 

because not all buildings include technical installations and joining products like 

screws and mounting brackets.  

4.3. HOW CAN CONSEQUENTIAL LCA AND BIOMASS-RELATED 
MODELLING AFFECT THE ENVIRONMENTAL IMPACT OF A 
CHANGE TO WOOD-BASED CONSTRUCTION? 

4.3.1. TOTAL AND LIFE CYCLE STAGES’                 

Publication 3 evaluates the consequences of a change to wood-based construction by 

assessing the supplier (country) expected to meet the increased demand. The affected 

suppliers were Denmark for concrete, China for steel, and Sweden for wood. The 

study further dealt with co-products of these three materials using substitution where 

the expected marginal product supplying a similar product was displaced. Substitution 

was also the allocation procedure at the end of life. Finally, a model for the expected 

forest regrowth in Sweden were linked to the different wood products and the time 

they locked biogenic carbon in the building. The climate impact of all GHG emissions 

was based on their cumulative impact during the 100-year time horizon of GWP100, 

entailing that the later the emission occurs, the less cumulative impact.  

When we delve into the climate impact from the different life cycle stages presented 

in Figure 4-6, the greatest climate impact occurs during the production stages for the 

conventional and change to wood-based construction. The replacement of materials 

follows, having the second greatest climate impact, while the end-of-life stages lead 

to negative climate impacts (reductions). Nonetheless, the three building typologies 

show differences in the magnitude of climate impact shared among the life cycle 

stages.  

The SFH has slightly larger impacts from the production stages of the wood-based 

construction compared to the conventional. Still, the climate impact of replacement 

increases manifold for wood-based construction. The negative climate impact of the 

end-of-life stages is approximately equivalent to the two construction stages. The 

production stages of MFH exhibit a considerably smaller climate impact in the wood-

based construction, but it also has a vaguely greater impact from replacement. The 

reductions seen for the end-of-life stages emerge quite lower for the wood-based 

construction. Turning now to the OB, the wood-based construction results in larger 

climate impacts from the production stages and vaguely larger from replacements. 

However, they also have the largest reductions at the end of life compared to the 

conventional construction for the RSP60 but not in the RSP100.   
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Figure 4-6 Climate impacts of life cycle stages for conventional and wood construction. The 

label denotes total climate impact, i.e., sum of positive and negative impacts). SFH=single-

family houses, MFH=multifamily houses, OB=office buildings, RSP60=60-year reference study 

period, RSP100=100-year reference study period. From Publication 3 (Hansen, Eliassen, et al., 

2024) 

A comparison of the climate impacts share of life cycle stages of the two RSPs reveals 

that the extension leads to lower impact per m2 gross floor area per year despite the 

imposed need for replacements. The climate impact from replacement in the wood-

based construction decreases mostly for the SFH and slightly for MFH but increases 

faintly for the OB. A closer inspection of Figure 4-6 shows the climate impact 

reductions from the end-of-life stages remarkably decrease when extending the RSP 

from 60 to 100 years. The root cause behind this trend is that GHG emissions at the 

end-of-life stages occurring in year 100 are uncounted within the 100-year time 

horizon of GWP100.   

4.3.2. CLIMATE IMPACT OF MATERIALS 

The subsequent analysis examines the material categories contributing to the climate 

impact in Figure 4-7. It points out mineral based materials and metals as the most 

prominent emitter of GHGs for conventional construction. Surprisingly, biobased 

materials are the greatest climate contributor to wood-based construction. In addition, 

fired clay also contributed noteworthy to the climate impact of SFH in conventional 

construction, and metals do similarly for OB in wood-based construction. Of interest 

here is the reduced climate impact of mineral-based materials in wood-based 

construction for all three building typologies. 
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Figure 4-7 Climate impact of material groups. Change to wood shows the difference in the 

climate impact that the wood-based construction is larger (positive) or lesser (negative) than 

the conventional. (a) RSP=60 years. (b) RSP=100 years. SFH=single-family houses, 

MFH=multifamily houses, OB=office buildings, RSP=reference study period. Adapted from 

Publication 3 (Hansen, Eliassen, et al., 2024) 

Further noticeable is the reduced impact from fired clay for the wood-based SFH. 

Altogether the climate impact reductions for SFH in the wood-based construction do 

not counterbalance the increased biobased impact. On the other hand, the wood-based 

M H’s avoided the climate impact of metals compared to the conventional 

construction, reducing it sufficiently to make wood the better option. The change to 

wood-based construction for OB reveals metals to have the largest climate impact, 

indicating a great quantity of metals employed compared to conventional 

construction. The remaining material categories have little contribution to the climate 

impact, hence making metals, biobased, and mineral based materials the significant 

GHG emission root causes and fired clay can also be included in this depiction for the 

SFH.  

Further, the analysis in the figure reveals that the mineral based materials decrease in 

impact with an extension of the RSP from 60 to 100 years. Contrarily, metals only 

decrease slightly from an extended RSP, indicating replacements offset the more years 

to divide the impact. The biobased materials see a moderate decrease, less significant 

than the mineral based materials, but more considerable than the metals. In the SFH, 

the fired clay experiences, similar to the mineral based materials, a decrease in climate 

impact with an extension of the RSP. The remaining material categories do not change 

much in absolute numbers, and they seem trivial to encounter with their small 

contribution to the climate impact. 
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4.4. WHAT IS THE EFFECT ON LAND USE IMPACT AND 
CARBON STORAGE OF IMPLEMENTING MATERIALS OF 
FAST-GROWING BIOBASED RESOURCES IN WOOD 
BUILDINGS?   

4.4.1. LAND USE-CO2 STORAGE INDICATOR 

Publication 4 explores the potential of substituting non-loadbearing wood and 

insulation products in wood buildings with fast-growing biobased materials of straw, 

hemp, and grass products. New archetypes of floors, exterior walls, interior walls, and 

roofs were developed for SFH, MFH, and OB. The biobased material scenarios were 

scaled up to the building stock of Denmark. The degree of implementation in the 

building stock was considered through four scenarios of market penetration rates. The 

first scenario accounts for the current market penetration rate at 11% in 2050. The 

other three scenarios examine a linear increase of 25%, 50%, and 100% market 

penetration towards 2050, starting at the current rate. They are named A, B, C, D.  

On this basis, production stage land use and carbon storage were derived. It included 

how much of the production can be covered by land in Denmark and what is needed 

from imports. The land use of wood was calculated as the cumulative land needed 

from 2022-2050 because trees have longer rotation periods than this. The land use for 

the fast-growing biobased resources encompassed the year with the greatest demand 

since these resources’ rotation period is one year or shorter. 

Our analysis showed that straw stores the most biogenic CO2 followed by the grass 

scenario, hemp, and finally, the wood scenario (the base case). Further analysis, as 

shown in Figure 4-8, signals that the land use needed for every kg CO2 stored in the 

three building typologies decreased remarkably for implementing fast-growing 

biobased materials. The largest reduction in needed land emerges for the SFH by 

almost reaching the same low demand for land needed for the MFH. The OB will have 

the lowest reduction of land use per stored kg CO2, but it is plausible since it also has 

the lowest substitution rate of implementing fast-growing biobased materials.  

Despite straw appearing with the largest carbon storage potential, it does not lead to 

increased relative land use compared to the two other fast-growing biobased resource 

scenarios. The straw scenario remains with the lowest land needed per kg CO2 storage 

for all three building typologies. The hemp scenario follows for the SFH and the grass 
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scenario. The grass scenario for MFH and OB leads to less land needed than the hemp 

scenario.   

 

Figure 4-8 Land use per stored kg CO2 for the three building typologies for each biobased 

material scenario. SFH=single-family house, MFH=multifamily house, OB=office building. 

SC0=wood, SC1=straw, SC2=hemp, SC3=grass. Market penetration rate in 2050: A=11%, 

B=25%, C=50%, D=100%. From Publication 4 (Hansen, Hoxha, et al., 2024)  

4.4.2. LAND USE AND AVAILABILITY 

Delving into the availability assessment, the land needed for the four biobased 

resources are compared in  

Figure 4-9. It uncovers larger differences among the resources. The needed wood 

cannot be covered by Danish national land in any of the scenarios, but it can be 

covered by the market for Denmark. However, the need for land abroad to supply 

wood drastically reduces in the fast-growing biobased scenarios. The situation 

changes when delving into the supply of straw, indicating that Denmark can cover the 

demand for all straw needed in SC3 for all market penetration rates. In SC1, the 

Denmark supply can cover the market penetration of the current and the 25% rate and 

almost also the 50% without interfering with other demand for straw. The national 

supply of straw can cover the 100% market penetration in theory, nonetheless, 

entailing that it competes with other sectors.  

 

Figure 4-9(c) illustrates hemp is not cultivated in Denmark, so using hemp in the 

buildings will require imports from European countries. The quantities of hemp used 

in SC1 and SC3 can be covered by the market for Denmark in the EU. The hemp 

needed in SC2 can be covered by the market for Denmark available for construction 

for the current market penetration rate without interfering with other sectors while the 
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100% scenario exceeds the market for Denmark by about 7000 ha. The grass is only 

considered in SC3, where the national supply available can cover the demand for all 

market penetration rates.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9 Land use needed (thousand ha) 

for the four biobased resources in the four 

market penetration scenarios. The coloured 

bars shows whether the needed land is in 

Denmark or in the Market for Denmark.  

(a) wood, (b) straw, (c) hemp, (d) grass. 

Market penetration in 2050: A= 11%, B= 

25%, C=50%, D=100%. From Publication 4 

(Hansen, Hoxha, et al., 2024)     
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4.5. SUMMARY OF FINDINGS 

Publication 1 reviews and analyses current literature on CLCA. Publications 2, 3, and 

4 are empirical studies using wood and biobased materials in buildings of various 

scales and LCA approaches.  

Publication 1 analysed 37 articles on CLCA in buildings and discussed the difference 

between ALCA and CLCA in the ILCD Handbook. The study found 13 studies 

focusing on method analysis and 27 on empirical assessments, as mentioned in the 

state-of-the-art. Thirteen articles used CLCA for micro scale decision-making and 

fifteen focused on macro scale. Micro scale studies looked at material-level circularity 

and transitioning from conventional to wood at the building level. Macro scale studies 

focused on circularity, increased use of wood, and changes in energy supply, with 

some also considering material substitution or material production energy. 

CLCI modelling encompasses a wide range of methods, extending from literature, 

Ecoinvent, and iterative procedure to linear regression analysis and economic models. 

It also applies to the studies on wood, where the more transparently documented and 

consistent CLCAs also use more advanced modelling. These studies tend to exclude 

biogenic carbon aspects, while the studies with reduced CLCA framework conformity 

focus more on biogenic carbon modelling.  

Publication 2 compared the GWP impact of ten wooden dwellings in the early and 

detailed design stages. The simplified design tool used in the early stage showed an 

average 12% lower GWP impact than the detailed design. The life cycle stages A1-

A3 and C3-C4 had fluctuations in impact between the two design stages, especially 

for buildings with higher biogenic carbon content.  

Foundations, exterior walls, and floors significantly influence buildings’ GWP score, 

but the early design, in several cases, underestimates it for floors. Insulations, 

biobased materials, and cement-based materials are the main contributing material 

groups to the impact in both design stages. The early design should include metals to 

avoid underestimating wood buildings' total GWP impact. Additionally, using footing 

foundation and paper wool was found to reduce GWP impact, while using CLT for 

low-rise dwellings may increase the climate impact of biobased materials, thus also 

the total. However, this finding originates from only a single case study. 

Publication 3 analysed the environmental effects of changing from conventional to 

wood-based construction in the Danish building stock. The study used CLCA, forest 

modelling, GHG emission discounting, and iLUC analysis. The wood-based scenario 

had the lowest GWP impact for MFH and conventional construction for SFH and OB. 

However, this conclusion was based on only three case studies for each building 

typology. The production stages A1-A3 had the greatest GWP impact across all 

building types and construction scenarios. Replacements (B4) also contributed 
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significantly to the GWP impact in wood-based SFHs. Increasing the RSP from 60 to 

100 years reduced the overall GWP impact in all scenarios.  

Mineral-based materials and metals had the highest GWP impact in conventional 

construction for all building types, while biobased materials had the highest impact in 

the wood-based scenario. The impact of biobased materials was particularly 

significant in SFHs. Avoiding mineral-based materials, metals, and fired clay helped 

counterbalance the biobased impact in wood-based SFHs while avoiding mineral-

based materials was predominant for wooden OBs. The reduced use of metals in 

MFHs made wood-based construction have the least impact, and avoiding mineral-

based materials also helped reduce the impact. 

Publication 4 evaluated the upfront land use and carbon storage of implementing 

more fast-growing biobased materials in wood buildings at four market penetration 

rates. The results showed the fast-growing biobased materials reduce the land use-

CO2 storage indicator by 78-90% for SFH, 68-76% for MFH, and 19-27% for OB.   

The straw scenario leads to the largest indicator reduction for three building 

typologies. The increased implementation of fast-growing biobased materials 

decreases the need for wooded land by 50-61%. The Danish supply can meet the 

demand in the pure straw scenario almost up to a 50% market penetration rate. 

In contrast, it can cover the entire straw consumption in the grass scenario. Danish 

production can fully supply the grass for all market penetration scenarios. Hemp is 

not grown in Denmark and needs imports from abroad. The straw and grass 

implementation can reduce land use impact by 55-60% and 49-53%, respectively. 
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CHAPTER 5. DISCUSSION 

5.1. INSIGHTS OF LCA ON WOOD IN THE BUILDING DESIGN 

The early design climate impact predicted in the life cycle stages A1-A3 and C3-C4 

fluctuated remarkably compared to the detailed design for most of the ten buildings. 

Conversely, the same results for the average across the buildings showed minor 

differences, which does not affect life cycle climate impacts. Communicating that a 

building in the early design may have low or negative emissions in the production 

stage due to negatively counted biogenic carbon can mislead designers, clients, and 

future occupants in individual building projects. The small difference, on average, 

suggests that it will not pertain across the building sector; paying attention to ten case 

buildings is a relatively small sample, though larger than most other LCA research on 

building case studies, e.g., averaging 4.4 case studies per article in Röck et al. (2020).  

Based on the findings, designers should not advise on production-stage biogenic 

carbon reductions in the early design until investigating further the root causes behind 

the early and detailed design deviations. That investigation should involve whether 

the quantity distribution between material categories, the EPDs’ biogenic carbon 

content, or both are the root causes of the fluctuations between the design stages. 

Additionally, it remains necessary to include both the production and end-of-life 

stages of biogenic materials when using the -1/+1 to avoid drawing incorrect 

conclusions.  

The large impacts associated with foundations, exterior walls, and floors should be 

the focus for prediction in the early design decision-making process. Still, new 

materials and design innovations also call for exploration to reduce the impact of these 

building elements. Floors and interior walls have the largest average underestimations 

in the early design, and thus are important to predict accurately in the early design. 

The floors’ lower average climate impact in the early design can partially be attributed 

to a plastic fibre membrane’s share of the impact in one building is 49%, and 

polyurethane (PUR) used in a flooring underlay is 53% in another. More instances 

existed of single materials having a large share of a building element. In particularly 

for floors, which indicates that the choice of unit process or EPD representing a 

product can significantly influence the climate impacts of buildings and their 

elements. In Rasmussen et al. (2021), similar findings appeared for structural wood. 

Therefore, designers need to be aware that quantity prediction is not the only 

determinant for climate impacts, but EPDs appear likewise.  

The detailed design uncovered footing foundation to impact the least among 

foundations. Building designers should aim to implement it for all low-rise buildings 

in the early design, although the applied simplified design tool underestimates the 

early design impacts of footing foundations.  
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The material contribution analysis revealed that insulation is the largest source of 

climate impacts; a great share of it stems from the exterior walls. So reducing the 

impact from insulation reduces the impact of the exterior walls. Buildings using paper 

wool insulation show lower climate impact, making biobased insulation a useful and 

beneficial climate solution to implement. The findings in Publication 4 indicate that 

using crop- or grass-based insulation products simultaneously reduces the burden-

shift to land use impacts, which the wood-sourced paper wool potentially causes.  

Furthermore, Figure 5-1 demonstrates insulation to be the material most climate impact 

responsive to changes in material quantity prediction in the early design. Investigating 

whether this also applies to the insulation of fast-growing biobased resources would 

be useful for building designers to know for more robust early design decision support. 

As cement-based materials are not very sensitive in impact response to larger material 

quantity deviations between design stages, reducing their total climate impact is more 

important. Of which the footing foundation is already a viable solution.  

 

Figure 5-1 The difference of material quantities (ΔQTY) and impact (ΔGWP) when subtracting 

the detailed design from the early design. Black markers represent the average of cases, dotted 

lines are the linear relationship of ΔQTY and ΔGWP, DDS = detailed design stage, SDS = 

early design stage. From Publication 2 (Hansen, Hoxha, Rasmussen, et al., 2023).   

            

            

            

                     

            

    

    

    

    

    

   

   

   

   

                      

 
 
 
  
  
 
  
  

 
  

  
  
 
 
  
  

  
  

 
  
  
  
 

                
                         

                           
                                
                                                       
                                   



CHAPTER 5. DISCUSSION 

71 

The climate impact of biobased materials is also important to consider in the early 

design prediction due to the relatively considerable response to change in quantities. 

Two case buildings emerge with a large deviation in material quantity and impact 

between design stages. Excluding these two buildings would result in the biobased 

materials’ slope in Figure 5-1 being even more inclined, indicating more 

responsiveness to changes in quantities. Nonetheless, the range of climate impact 

deviations reduces. Thus, not changing the overall conclusion that biobased materials 

are important to predict accurately. The two building outliers in the figure indicate 

that CLT is unsuitable for two-storey residential buildings, and wood cladding should 

be avoided because of replacement frequency. The other applications of wood have 

lower climate impact. However, basing these conclusions on single case buildings 

lacks robustness, suggesting further research on these findings.   

Metals, such as technical installations and joint products, were mostly not included in 

the assessed simplified design tool. Although metals do not contribute as much to the 

climate impact as the above-discussed materials, they still need to be predicted in the 

early design because the underestimation is considerable enough to not leave out. The 

metals also exhibit high sensitivity to changes in material quantities, underlining their 

importance for the total climate impact. In some individual buildings, the near 

omission of metals leads to about 0.5-1 kg CO2-eq/m2/year underestimation of total 

embodied impacts. 

Cement-based materials, metals, and insulations undeniably influence wood 

buildings. Other materials and new design solutions need implementation regarding 

these material groups, for instance, footing foundations and biobased insulation 

emerge as opportunities in this dissertation. Can reducing metal assembly quantities 

and the GWP impact be inspired through vernacular joinery technique, such as in 

some traditional Japanese low-rise housing, where the assembly functions without 

nails, screws and mountings? Further, may the increased comfort criteria met through 

increased technical installations be solved by passive strategies or simply reduced?   

5.2. CONSEQUENTIAL AND SYSTEM PERSPECTIVES OF 
LARGER SCALE CHANGES TO BIOBASED CONSTRUCTION 

The effectiveness of which biobased materials substitute cement-based materials, 

metals, and, to some extent, fired clay is important for the climate mitigation effect of 

changing to wood-based construction through the lens of combined consequential and 

forest modelling. Effectiveness entails that the wood needs to replace the right 

materials, the carbon-intensive materials, and requires efficient implementation. In the 

multifamily houses case studies, the combination of right and efficient results in 

reduced climate impacts using wood-based construction. The single-family houses 

case studies show inefficient use of wood products, leading to a larger climate impact 

of wood-based construction. These findings suggest that a break-even point where 

wood is better than conventional materials exists.  
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After the study conclusion, the type of case study and material grouping was found 

prominent in significantly influencing the outcome. Hence, the three buildings used 

for each building typology in Publication 3 need more case studies to make more 

robust conclusions on changing to timber construction. The same applies to 

Publication 4, where it only uses one case building for each building typology.  

In Publication 3, the grouping of biobased materials, such as green roofs and eelgrass, 

and the high aggregation of materials in the background database EXIOBASE limits 

the ultimate conclusions of changing to timber construction. In extension, research 

should set up a more thorough concept of archetypes and material grouping for 

detailing the benefits and pitfalls. However, the assessment discloses the important 

aspects influencing a strategic change to wood-based construction, as presented in 

Table 5-1. It presents that the climate benefits of wood depend on several factors not 

usually accounted for in the attributional LCA at the building project scale. 

Sensitivity Parameter 
Average m2 

Conventional 

(baseline) 

RSP60 

kg CO2-eq/m2/yr 

Average m2 

Conventional 

(baseline) 

RSP100 

kg CO2-eq/m2/yr 

Average m2 

Change to wood 

 

RSP60 

kg CO2-eq/m2/yr 

Average m2 

Change to wood 

 

RSP100 

kg CO2-eq/m2/yr 

Cement from Denmark 7.66 5.58   

Cement from Germany 7.51 5.49   

Difference -0.15 -0.09   

Steel from China 7.66 5.58 +0.81 +0.47 

Steel from Germany 6.75 4.64 +1.19 +0.71 

Difference -0.91 -0.94 +0.38 +0.24 

Rotation period 88 years 7.66 5.58 +0.81 +0.47 

Rotation period, 98 years 7.72 5.63 +1.26 +0.90 

Difference +0.06 +0.05 +0.45 +0.43 

Forestry model 7.66 5.58 +0.81 +0.47 

No forestry model 7.57 5.47 -0.25 -0.49 

Difference -0.09 -0.11 -1.06 -0.97 

Forestry model and iLUC 7.66 5.58 +0.81 +0.47 

No forestry and no iLUC 7.53 5.43 -0.51 -0.76 

Difference -0.13 -0.15 -1.30 -1.23 

Table 5-1 The sensitivity of climate impacts to CLCA and forest modelling aspects. The Average 
m2 is the weighted m2 across the three building typologies of single-family houses, multifamily 
houses and offices. RSP60=60-year reference study period, RSP100=100-year reference study 
period. From Publication 3 (Hansen, Eliassen, et al., 2024) 

If the affected applier of steel shifts from China to Germany, the steel’s climate impact 

decreases, which affects the two construction scenarios as it reduces the climate 

impact of conventional construction and increases the wood-based because the benefit 

of avoiding steel use is less notable. The rotation period in the forest model has an 

even larger influence on wood than the steel supplier. Thus, it is an important 



CHAPTER 5. DISCUSSION 

73 

parameter to investigate more to ensure the most likely outcome of the forest model. 

Excluding the forest model considerably shifts the climate impact in favour of wood, 

and the same applies when excluding iLUC. The evidence of IPCC (2022) that land 

use, land use change, and forestry contribute 11% to the global climate impact, 

although with larger estimated uncertainties, advocates that an LCA should include it 

to enhance decision support.  

In addition to the rotation period in the forest model, the identification of pulpwood 

as the avoided production from wood co-products significantly affects the climate 

impact of wood. It pertains because pulpwood was modelled with a 44-year rotation 

period, leading to larger carbon sequestration than timber wood, which results in a net 

climate impact of the substitution effect. Therefore, it is central to increase 

understanding of the forest model inputs of the pulpwood and consider whether other 

avoided production can likely occur from the wood co-products, e.g., substitution of 

other products or energy sources.  

Assessing the impact of land use in Publication 4 of Denmark also emphasized the 

importance of considering system modelling, including how much is available and 

where, despite not being consequential as such. The reduced need for wood in the fast-

growing biobased scenarios puts less pressure on the wood market for Denmark, and 

a long-term national strategy for increasing wood production could be more feasible.  

The findings also discovered the availability of straw and grass for construction in 

Denmark. The former is a co-product but not fully utilised. However, the non-utilised 

quantities of straw and grass only meet the demand in some market penetration 

scenarios, which a building project scale assessment will not capture. The 

geographical origin of production remains important for the yield, i.e., the forest and 

agricultural management of the different biobased resources, as Publication 3 showed 

for wood.  

To increase the robustness of Publication 4 it will be useful to expand the production 

stage assessment to a full LCA and consider more consequential aspects of 

substitution effects from co-products, iLUC and specific affected suppliers but also 

temporal aspects of biogenic carbon storage. However, the considerable reduction in 

direct land use impact of implementing fast-growing biobased resources will almost 

without doubt reduce the iLUC.  

The findings in this section underline the significance of understanding relevant 

markets, the availability of wood and fast-growing biobased resources for increased 

demand, and the relevant forest management practices and interactions with other 

sectors. It specifically also applies to the Danish context as wood consumption is 

increasing in the construction and energy sectors (Brownell et al., 2023).     
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5.3. BIOMASS-RELATED CHARACTERISTICS AND LCA 

The biomass-related aspects centre on the importance of the biogenic carbon 

approach, temporal aspects, and biomass cultivation management but also the trade-

offs between impact categories of climate change, land use and biodiversity as 

Publication 3 presents. This biogenic carbon approach inherently interrelates with the 

allocation procedure and life cycle stages, which is why it is important for micro and 

macro scale decision support. For the macro scale, the temporal aspects and biomass 

cultivation management also have high importance for the decision support.  

The temporal aspects in Publication 3 relate to buildings as carbon sinks, where longer 

temporal delays of biogenic carbon tilt the balance towards a sink instead of a source. 

It is the situation for wood used in years zero and fifteen. Beyond this, buildings are 

a biogenic carbon source in this dissertation (see Publication 3). The CLCA combined 

with temporal forest or biogenic carbon modelling also increases the climate impact 

in other CLCA studies compared to omitting the temporal biogenic carbon due to 

substitution effects (Hansen et al., 2022), although the avoided production differs 

between the studies.  

In Publication 4, the land use impact also relates to temporal aspects since the rotation 

period of trees and crops resulted in different time paradigms of the needed land for 

resource supply during the period 2022-2050. The analysis did not comprise 

temporally modelling of the stored biogenic carbon by discounting, which could be 

one of the next steps since the shorter rotation time of fast-growing biobased resources 

might need less time to make buildings work as a sink compared to wood.  

The attributional LCAs at the building project scale in Publication 2 do not consider 

temporal biogenic carbon aspects that influence the climate impact over the entire life 

cycle. However, it affects the impact arising from the individual life cycle stages of 

production and end of life. The -1/+1 approach used in these LCAs regards the 

supplying forests carbon neutral at the landscape level, i.e., sustainable forest 

management entailing that yearly fellings are not greater than the yearly growth 

increment, according to EN 16485 (2014).  

The limitation of these LCAs is the exclusion of the impact categories land use 

(midpoint) or biodiversity (endpoint) in the LCAbyg tool, which Publication 3 

highlights as inverse correlated with climate impact for the three studied building 

typologies. As the impact categories in this tool version adhere to EN 15804 (2012), 

it suggests including a land use impact category in the standard to uncover burden 

shifts if a greater focus on biobased materials materialises. Currently, the standard 

includes the resource indicator of the use of renewable primary energy total, which 

was found to increase in four wood dwellings compared to a concrete building in 

Hansen et al. (2023b). Still, it is not clearly perceptible to link it to land use.  
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When sourcing wood from sustainable forestry, the landscape-level approach risks 

that certified timber on occasions are fraudulent, less sustainable than non-certified 

timber, and might not reduce regional deforestation, as found by Norén et al (2016) 

and references therein. It applies to both forests in Europe and the Global South, so 

practitioners need to be aware of and check suppliers when purchasing certified wood. 

In addition, carbon neutrality at the landscape level concerns that it does not promote 

long-lived uses compared to short-lived uses, and that carbon flux neutrality does not 

result in climate neutrality (Cherubini et al., 2011).  

A noteworthy reflection implies that the forest occupies land which cannot be used 

for food production. It shifts the use of agricultural production to other land (iLUC), 

which the landscape approach currently does not cover. The stem-level approach of 

forest modelling in Publication 3 is useful for alternative use scenarios of wood for 

short- and long-lived products and can be used within and across sectors. It provides 

insights into how biogenic carbon delay affects the cumulative climate impact through 

use in long-lived products. 

5.4. LEARNINGS FOR EFFECTIVE LCA AS DECISION SUPPORT 
ON IMPLEMENTING BIOBASED MATERIALS IN BUILDINGS 

The potential burden-shift of climate impacts to land use impacts and biodiversity is 

a significant observation for the building sector. Other studies support this finding 

(Kayo et al., 2019; Mishra et al., 2022; Mouton et al., 2023). Fast-growing biobased 

resources, as discovered in Publication 4, can help reduce the impact of wood 

buildings on land use. Despite room for advancements in the study, this finding 

suggests a promising strategy for reducing land use impacts, including those on iLUC 

and biodiversity. However, other factors like climate change, acidification, and 

ecotoxicity also impact biodiversity, e.g., the Damage to ecosystems in ReCiPe2016 

impact assessment (Huijbregts et al., 2017). 

Turning to the purposes and intended applications, the ALCA method in Publication 

2 is useful for benchmarking and design optimization and configuration of buildings, 

i.e., answering how to implement wood and fast-growing biobased materials in 

buildings. It connects with the accounting context in the ILCD Handbook and 

resonates with the interpretive weighting of the ILCD Handbook in Publication 1 for 

building project scale LCA. 

Nonetheless, based on the insights from the consequential LCA (Publication 3) and 

the system modelling (Publication 4), I will argue that the specific ALCA method in 

Publication 2 has limitations if used for more strategy-oriented intended applications 

of increased use of biobased resources. Strategy here connotes intended applications 

leading to repetitive conduct over time beyond a single building project, in principle, 

ranging from a micro scale decision made by an architectural studio to use more of a 

specific material like straw to a macro scale decision for policymaking of increasing 
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the use of biobased materials. The limitations of using the ALCA for strategic 

applications pertain to the narrower system boundary applied to wood products 

governed by the current LCA standard. It involves that it allocates co-products without 

considering systemic interactions, market reactions, and availability, as well as 

omitting iLUC and forestry practices. Followingly, the generalisation of conclusions 

from the current standard of ALCA should be carefully and cautiously approached.  

The limitations of the applied ALCA method principally impose the use of CLCA for 

strategy-focused intended applications or, at minimum, complement an ALCA. The 

energy sector more often uses CLCA for these applications (Luu et al., 2020). 

However, the scale of the decision context (micro or macro) may affect the benefits 

of balancing practicality and principality when considering the factors complicating 

the building product system mentioned in section 1.2.1. 

Therefore, a pragmatic suggestion might be to use ALCA with system interactions for 

micro scale strategy decision support of biobased materials in the building sector. It 

involves analysing the availability of resources, whether they are co-products or not, 

and if they are fully utilized, using the principles of (Ekvall & Weidema, 2004). 

Additionally, iLUC assessment should be considered for biobased resources due to 

the notable impact of iLUC on global climate, although there is uncertainty in the 

estimates. Although iLUC is inherently consequential, a method was previously 

developed for use in ALCA (Jannick H. Schmidt et al., 2015).  

The discussion above does not discuss how the biogenic carbon approach could apply. 

When disregarding co-product substitution effects, I would advocate that the forest 

modelling is useful for CLCA and the -1/+1 approach for ALCA at the building 

project scale, with or without the explained system interactions. Omitting forest 

modelling in the ALCA is a precautionary principle. This is because the dynamic 

assessment of biogenic carbon results in lower climate impact for wood buildings than 

the -1/+1 approach without modelling the effects of co-product substitution (C. E. 

Andersen et al., 2021). It potentially overestimates the climate benefits of wood by 

undue modelling of biogenic carbon in the LCA due to overlooking the biogenic 

carbon of co-products through allocation instead of substitution. It is an additional 

incautiousness to the already missing iLUC. To address this, the forest modelling or 

timing of biogenic carbon should be combined with co-product substitution effects, 

as in the CLCA, or the ALCA should incorporate substitution effects before applying 

forest modelling. 

5.5. RESPONSIBILITY FOR ENVIRONMENTAL IMPACTS USING 
THE CONSEQUENTIAL AND ATTRIBUTIONAL APPROACH 

Continuing the discussion about attributional and consequential LCA, I take it to a 

different topic, specifically, the taken environmental responsibility of using the two 

LCA approaches. It takes base in Ekvall (2020), to simplify that the environmental 
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impact responsibility of the ALCA links to the direct value chain associated with the 

studied product system through physical flows and contractual obligations. The 

increase in EPDs to represent specific products and their production in the building 

sector makes this definition of ALCA responsibility relevant, inferring that EPD data 

are methodologically comparable and representative with little room for 

interpretation. It might not always be the situation in practice (Konradsen et al., 2023), 

but it is assumed in this discussion. Despite this, applying the attributional approach 

can be argued to be taking responsibility for the direct value chain’s environmental 

impacts. 

Conversely, the consequential approach assesses the affected value chain expected to 

respond to a change in demand induced by one or more buildings. One can term it a 

more indirect value chain, as it is used in this section. Indirect means that a change in 

demand induces changes in the economy with environmental impacts that are not 

necessarily directly linked to the studied product system's physical flows and 

contractual obligations. Applying the consequential approach encompasses taking 

responsibility for the environmental impacts of the indirect value chain due to market 

effects in the economy occurring from a change in demand.  

Arguably, both approaches, hence responsibilities, are necessary because they address 

environmental impacts in two aspects of the economy: the direct value chain in the 

attributional approach, which is likely the constrained value chain, and the 

unconstrained affected indirect value chain in the consequential approach. A notable 

remark holds that the direct value chain can potentially also be the affected value chain 

in some cases. Only applying the consequential approach neglects the environmental 

burdens of the suppliers incapable of scaling their supply. On the other hand, only 

assessing the attributional impacts overlooks all emissions from the suppliers that 

scale up their production due to the increased demand that a building project induces.  

Accordingly, the question of who should take what responsibility and in which 

situation logically arises. Ideally, the responsibility related to both value chains should 

materialise. Essentially, both the constrained and unconstrained value chains have 

environmental impacts and should be improved. First, it is suggested to consider 

whether the intended application is to benchmark or optimise and configure the design 

of a single building project or is a situation of decision support related to strategy. The 

strategic-related situation is anticipated to involve repetitive conduct, whereas the 

building project design is a unique situation that, in principle, will not occur again. 

The boundary between the two approaches’ definition is certainly a wafer-thin line.  

Overall, the consequential approach comes across as appropriate in strategic situations 

because it involves perpetual changes over a (bound) period. The attributional 

approach, i.e., direct value chain responsibility, appears suitable for the single 

building project. It is in a contingency where the data quality and management of 

material quantities in a general design process may have larger complications for the 
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environmental impacts than extending the responsibility to the indirect 

(consequential) value chain. It does not entail that a building project avoids 

influencing the indirect value chain impacts but only holds that it disregards that 

responsibility.  

Figure 5-2 conceptually suggests how the actors in the building sector should take the 

two types of responsibility and connect it to the scale of the decision context. It ties 

together with the discussion in Section 5.4, providing another perspective on the two 

LCA approaches, presuming that the LCA method and data have appropriate 

representativeness and completeness. 

 

Figure 5-2 The responsibility suggested relevant for different actors associated with the 
building sector by connecting it to the intended application and the scale of the decision context. 
Micro can relate to the building project scale and macro to the building stock scale. 

5.6. CONSUMPTION PERSPECTIVES OF ENVIRONMENTAL 
SUSTAINABILITY 

Until this point, the dissertation reported outcomes and discussed implications of 

reducing relative environmental impacts when implementing wood and fast-growing 
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biobased resources. In other words, it predominantly engaged with the supply side of 

the building sector system and less with the consumption side, as the environmental 

sustainability concept illustrates in Figure 5-3. The figure additionally shows that the 

deviation between an environmentally sustainable society and the current state of 

society is affected by both the supply and consumption side, including examples of 

leveraging factors. Environmentally improving the supply side, corresponding to 

efficiency improvements, without addressing consumption causes the improvements 

to be partially or fully counterbalanced by increased resource consumption. An effect 

known as the rebound effect and Jevons’ paradox (Alcott, 2005, and references 

therein), the latter was already discovered in 1865 (Jevons, 1865).  

 

Figure 5-3 A simplified concept of environmental sustainability. Supply and consumption and 
their levers affect the deviation between the current and sustainable society.  

To explain the rebound effect of efficiency gains on the supply side Alcott (2005) 

highlights the recognised I=PAT equation, impact I is a function of Population P, 

Affluence A, and Technology-factor T. Improvements of the technology factor is 

counterbalanced by population growth and increased affluence. Further, he 

emphasises that the right-side variables are interdependent. It entails that the 

efficiency gains of technology factor improvements affect the affluence and 

population, thus driving more consumption in a positive feedback loop with 

increasing environmental impacts. Alcott (2005) reviewed that the rebound effect is 

less than 1% to several hundred per cent. Undoubtedly, the transgression of six of the 

Planetary Boundaries supports this.  

The operationalisation of the climate Planetary Boundary in Hansen et al. (2023a), 

through the absolute environmental sustainability assessment (AESA) concept, 

reveals that newly built wood dwellings in Denmark exceed their climate budget by 

12.7 to 20.4. The climate budget of new dwellings emerged as 1.16 kg CO2/m2/year 

using the sufficiency distributive justice principle and compared to the project 

Reduction Roadmap yielding 0.4 kg CO2/m2/year, using the acquired rights principle. 

In the AESA concept, the budget distribution from global to national and to sector 
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scale can be criticised as it involves deontological normative ethics for just 

distribution, and who is to decide what is fair?  

However, the dwellings’ excessive transgression of the climate budget, also supported 

by Andersen et al. (2020), suggests that even discussing fairness in AESA seems 

oblivious at the current building activity state. Therefore, reducing new building 

consumption appears viable and necessary in addition to supply side improvements. 

Essentially, reducing the annual newly built area will result in a larger budget per m2 

in the AESA because Hansen et al. (2023a) distribute the sector budget on the 

expected future areas based on the current construction patterns. To expand on the 

supply and consumption side, the next section synthesises LCA and environmental 

sustainability into the system thinking concept.  

5.7. REFLECTIONS ON THE CONTRIBUTION TO SYSTEM 
LEVERAGE AND PERSPECTIVES ON INTERVENTIONS 

A deeper understanding of the underlying mechanisms in a system to increase system 

change is lacking in sustainability science (Abson et al., 2017). To elevate the 

environmental sustainability transformation in the building sector, based on the 

empirical knowledge provided by this dissertation, it is imperative to understand and 

relate the findings to the systems with which it inevitably interacts (Fischer & 

Riechers, 2019). In that way, the dissertation engages with and contributes to the 

conversation on using environmental assessment by LCA in decision support using 

established sustainability science theory, specifically by comprehending which levers 

can be activated to increase system change.  

I employ the 12 leverage points developed by Meadows (1999) as the guiding 

heuristic method. Briefly, she presents 12 points on how to intervene in a system, 

where 12 leads to the least leverage and 1 the greatest transformative change. The 

greater the leverage point, the more the inertia in the system against the intervention 

increases and vice versa. Consequently, addressing and intervening in the low 

leverage points is easier than the higher ones. Abson et al. (2017) grouped the leverage 

points into four system characteristics, as replicated below:  

(i) System Intent (deep) 

1. The power to transcend paradigms 

2. The mindset/paradigm out of which the system arises 

3. The goals of the system 

(ii) System Design (deep) 

4. The power to add, change or self-organise system structure 

5. The rules of the system (e.g., incentives and constraints) 

6. The structure of information flows (access to information) 

(iii) System Feedbacks (shallow) 

7. The gain around driving positive feedback loops 
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8. The strength of negative feedback loops 

9. The length of delays, relative to the rate of system change 

(iv) System Parameters (shallow)  

10. The structure of material stocks and flows 

11. The size of buffers and stocks, relative to their flows 

12. Parameters (e.g., subsidies, taxes, standards) 

The first two characterisations were termed deep leverage, and the last two were 

termed shallow leverage (ibid). Further, the leverage points are interchangeable with 

nearby points depending on the system and the considered interventions.  

This section discusses how we can bring this dissertation’s findings to different 

leverage points to increase systemic change and how other levers can support 

transformation. The discussion will first discuss general options for intervention, then 

it treats transformation at two system levels: the building design and the building 

sector. This is an attempt to make it more relevant practice and policymaking. First, I 

address the interventions and leverage points with common denominators for both 

system levels. Then, leverage points specific to each of the two system levels follows.     

I begin with the common parameter in Publications 2-4 of impact per m2 per year and 

denote it as impact intensity (point 12). It makes buildings comparable by working as 

a reference flow, and applicable as a limit value. If the building sector and its actors 

simply aim to material optimise against this parameter, the system leverage remains 

at the lowest point. If we do not attempt to understand and change the material use 

and building design more in-depth and refrain from addressing how to reduce the 

number of built square meters, we may only do slightly better than previously at best. 

It implies that the rebound effect can partially or fully halt the relative improvements. 

Impact intensity or a limit value might be a good starting point. Measuring material 

optimisation for small and medium enterprises, such as a five-person architectural 

studio with limited financial resources and sustainability knowledge, can turn out 

important, although it will still only have shallow leverage. 

The impact intensity can increase leverage by using the insights of Publication 2 of 

applying a footing foundation and using biobased insulation instead of mineral based. 

Hence, it changes the structure of new buildings’ material stocks (point 10). Adding 

the knowledge that wood reduces climate impact if it efficiently substitutes cement-

based materials and metals (Publication 3), the leverage seems to advance to point 

nine. It is because it reduces system change rate of GHG emissions, which has lengthy 

delays of impact on climate change. Here, the increase in wood consumption should 

stay within the increment growth capacity of current forest stocks. It is the case 

because the unchangeable slow growth rate of forests entails delayed response to 

increased use of wood.  
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Further, the impact on land use and nature occupation increases with the use of wood 

compared to conventional materials (Publication 3). Building less is one lever to slow 

down the change rate of wood and reduce the impact on land use. Equally interesting, 

Publication 4 revealed that implementing fast-growing biobased materials as a 

substitute for non-loadbearing wood products can reduce wood consumption and the 

impact on land use. It slows down the change rate of wood and brings the leverage to 

a combination of points eight and seven. Limiting the square meter consumption and 

implementing fast-growing biobased materials support keeping the forest stock closer 

to its goal (point 8) by slowing demand, thus slowing the land use impact (point 7), 

yielding potential positive effects for biodiversity, and reducing the risk of forest 

degradation over time.  

Now follows the discussion of the two system level considerations: The building 

design and building sector. The first supports designers with insights into building 

design system change, with the premise that a building has already decided to be built. 

The building sector system supports all the industry’s actors by insights of system 

change ranging from designers to policymakers. Though most relevant for more 

influential decision makers such as clients with larger portfolios and policymakers.  

5.7.1. THE BUILDING DESIGN AS THE SYSTEM 

Contingent transformative use of biogenic resources in a building design system 

congregates to using wood to efficiently replace structural metals and concrete. It also 

comprises implementing only fast-growing biobased materials for insulation and non-

loadbearing products to reduce climate and land use impact. It raises the system 

leverage to the feedback level because it slows down climate and land use impact. 

Providing information for designers on how to use these products effectively, both 

generally and in product technical descriptions, increases information flow and 

access, potentially elevating the leverage of building design to point six. 

To reach point four of self-reorganising the individual building design system, the 

resource-wise use of materials and building element types needs additional analysis 

of how to reduce square meter consumption. It can comprise providing the desired 

function(s) of buildings with the least possible area. The designer may obtain this 

through multifunctional rooms or sharing some parts of living or office spaces. Using 

reclaimed wood from other buildings and designing for deconstruction might further 

add to the buildings' ability to meet future demanded functions.   

5.7.2. THE BUILDING SECTOR AS THE SYSTEM  

When considering the building design as a system itself, interventions that appear as 

relatively deep leverages may not necessarily have the same transformative change 

when considering the building sector as a system. Returning to the limit value, this 

parameter can drive larger system change as a negative feedback loop at point 8 
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instead of point 12. It requires the building sector to establish an impact tax for 

internalising environmental impacts based on the impact intensity, e.g., CO2-eq tax. 

The tax should be ambitious enough relative to the impact of current buildings to drive 

structural change, e.g., other considerations on housing in Section 82. Otherwise, 

leverage remains at point 12, the likely situation with the current Danish limit value.  

Publication 2 showed the two lowest impacting cases emit about 3.5 kg CO2/m2/year. 

Hansen et al. (2023a) revealed that the climate impact targets of new Danish dwellings 

should be between 0.4-1.16 kg CO2/m2/year relative to the Planetary Boundary. It 

yields a target range for a limit value to aim at. If the building sector constructs less 

new area per year, then the impact per m2 could be slightly larger. An ambitious 

climate tax could be a mitigating solution, but it will most likely meet high industry 

resistance. Starting with a reasonable climate tax and progressively increasing it 

would be beneficial to prepare the sector to adjust while easing resistance.  

While an impact tax can shape behaviour, strong purchasing power may partially 

overcome it. Adding a gradually restrictive rule (point 5) on the number of newly built 

areas per year in the planning law and specifying rules for various building typologies 

move transformation into the deep leverage points. A systemic change that balances 

between system rules and self-organisation (points 5 and 4) would be a political 

regulation of not using more wood or fast-growing biobased materials than the annual 

production, for example, in Europe. Meanwhile, this rule does not cover the indirect 

land use change occurring between sectors. It compels a cross-sectorial re-

organisation of the agricultural sector to a more plant-based production to free up land 

to increase resources for biogenic material supply to the building sector.  

Stepping into even deeper transformation comprises the building sector’s goals and 

mindset paradigms. For instance, environmental goals determine building design 

instead of construction, operational, and investment profits, where profits work as a 

means to stay in the market. Intending sufficiency-thinking to enter all decisions in 

the building sector could work as another goal or mindset change. Thereby, we only 

built what is necessary for people to have a decent life. In a similar arena, more radical 

paradigms involve post-growth principles involving rethinking well-being in the way 

that economic growth and expansion only provide well-being to a certain system state. 

After that, the steady state system promotes well-being in the direction of relational 

and care-based principles, a similar arena of sufficiency.  

5.7.3. SUMMATIONS OF THE SYSTEM LEVERAGE POINTS AND 
INTERVENTIONS 

It becomes clear that the greater the leverage points, the less it involves the findings 

from the LCAs. The LCAs relate the material use and building designs to 

environmental impacts (causality) to outline environmentally resource-wise 

integration of wood and fast-growing biobased materials, i.e., shallow leverage points. 
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The deep leverage points mostly concern the teleological end goals and purposes of a 

system, here the building design and building sector (Fischer & Riechers, 2019). The 

leverage points of a system’s intent can shape the building sector’s environmentally 

sustainable ‘desired’ purpose. In contrast, the environmentally resource-wise means 

to get there is the domain of LCA. Hence, the leverage points bridge causality and 

normativity, which often appear as contradictory perspectives, but both are certainly 

important in understanding and changing systems, as Fisher and Riechers (2019) 

advocate.  

5.8. SUMMARY OF DISCUSSION 

Accurately predicting material quantities and their GWP impact in the early design 

stages at the building project scale is important for biobased materials, insulations, 

and metals. The latter needs inclusion to avoid underestimating the total impacts by 

0.5-1 kg CO2-eq/m2/year. However, the choice of specific products and their unit 

process or EPD can also substantially affect the predicted impact. Exploring new 

design solutions and passive strategies might help reduce the impact of cement-based 

materials and technical installations of metals. 

In assessing a larger scale change from conventional to timber construction, the 

systemic effects related to wood residues, affected steel suppliers and iLUC appear 

important. The same emerges for the rotation period in the forest management 

modelling. It comprehends that immoderate use of wood is not a strategy, thus 

requiring effective use, implying efficiently displacing the carbon-intensive steel and 

concrete materials to be climate beneficial. Wood generally increases biodiversity 

impacts compared to conventional construction, but substituting parts with fast-

growing biobased materials remarkably mitigates the land use impact and likely the 

biodiversity. The crop supply is also greater than wood within Denmark, bringing 

more political control over optimally using the national land and its resources. 

The dissertation showed an inherent relationship between the biogenic carbon 

approach and the allocation procedure regarding wood's climate impact. CLCA's 

substitution, stem-level forest modelling and GHG discounting lead to larger climate 

impacts in the production stage. The -1/+1 landscape approach shows negative 

impacts in the production stage and reflects carbon neutrality for wood sourced from 

sustainable forests. However, the landscape level does not consider trade-offs among 

long- and short-lived wood products or the impact of increased demand for land. 

Meanwhile, it might be a useful pragmatic simplification for building design 

configurations and optimisations.  

For strategic decision support of a repetitive nature, ALCA with system 

considerations, like substitution effects, is applicable for the micro scale context. In 

contrast, CLCA and forest modelling are suggested for the macro scale. Including 

iLUC and impact categories of land use and/or biodiversity is recommended for all 
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strategic decisions. The attributional approach was also discussed regarding the 

responsibility taken for the direct value chain’s environmental impact, while it is the 

affected (indirect) value chain for the consequential approach. These responsibilities 

seem suitable to follow the decision context suggestions above.  

Currently, environmental sustainability mainly addresses supply side improvements. 

Still, the partial or full offsetting of the efficiency gains by rebound effects found in 

other research emphasises the need to consider the consumption side of society. The 

transgression of six PBs and the exceedance of climate budgets for Danish wood 

dwellings by a factor of 12.7 to 20.4 uncovered in the dissertation evidently supports 

it. Hence, reducing new building consumption as a complementary solution to supply 

side levers is imperative. In this context, understanding the role of LCA in elevating 

system leverage is crucial for improved environmental sustainability of the building 

design and sector. The system leverage point framework can usefully connect 

environmental effects derived by LCA and deontological paradigms of the larger 

system. For example, the material-wise building design or land use reducing 

governance for increased biobased building products uncovered by LCA while also 

addressing the purpose and goals of the sector. 
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CHAPTER 6. CONCLUSIONS 

The following section responds to the four sub-research questions and the main 

research question. The main research question attempts to compile the findings from 

the sub-research questions.  

6.1. RESEARCH QUESTION ANSWERS 

SRQ1: Which modelling methods and focuses are applied in consequential LCA 

related to buildings?  

A systematic literature review (SLR) explored the current state-of-the-art using 

consequential LCA (CLCA) on buildings. The review focused on 37 articles, almost 

evenly divided between assessing methodological and empirical aspects. The 13 

empirical studies at the micro scale primarily assessed the circularity of materials and 

a shift towards timber construction for whole buildings. The 15 macro scale empirical 

studies had a wider palette of focuses. It primarily encompassed circularity, increased 

use of wood, and changes in building energy supply; however, it also included 

material production improvements of constituent substitution or energy source. 

The framework of modelling the consequential inventory involves the steps of 

assessing the products' market, market trends, and affected suppliers. The SLR shoed 

that methods range from simple to sophisticated modelling. Notable approaches in the 

studies included literature references, Ecoinvent, iterative procedures, linear 

regression analysis of production data, and economic models. The degree of 

consequential modelling generally decreased when biogenic carbon modelling 

increased in wood-dedicated studies and vice versa. 

Nonetheless, the lack of harmonisation in modelling may not be a significant 

challenge in the building CLCAs as long as they arenot used for benchmarking. The 

CLCAs were in the studies often found with purposes of changing a consudt which 

grapples with predicting future environmental consequences of a change. This 

forward-looking aspect is inherently uncertain. It entails that scenarios or sensitivity 

analysis are more important to incorporate in building CLCA than harmonisation in 

modelling. In addition, conforming to the CLCA framework and transparently 

documenting adherence are crucial because they are lacking in several reviewed 

articles. While consistent inventory modelling is preferable for consistency, relevant 

literature can cover certain steps in the framework if recent studies exist for the 

geographical context.   
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SRQ2: In what ways do LCA and building design aspects influence the 

environmental impacts of wood buildings in the early and detailed design stages? 

Ten Danish detailed design wooden dwellings were assessed using the standard LCA 

approach EN 15978, using the biogenic carbon -1/+1 approach, and then modelled 

with a simplified design tool representing the early design. Results showed that the 

early design stage underestimated the average impact from GWP by 12%. The largest 

fluctuations came from the production (A1-A3) and end-of-life (C3-C4) stages, which 

were also the stages that contrubted most to the buildings’ climate impact. Buildings 

with high biogenic carbon content showed largest inaccuracy of predicted GWP 

impact in these life cycle stages. Therefore, LCA practitioners should be cautious 

about communicating the predicted GWP impact in the production and end-of-life 

stages. However, it had a minor effect on the total impact prediction, which 

practitioners can communicate instead. 

The foundations, walls, and floors had the biggest impact in both design stages. The 

first two elements were well-estimated, while the accuracy of floor predictions needs 

improvement in future simplified design tools for decision support. Biobased 

materials, insulations, and metals are highly responsive to small deviations in quantity 

predictions. Metals were often underestimated, resulting in a reduced total impact of 

0.5-1 kg CO2-eq/m2/year for most cases. Hence, early design tools should include 

default values for metals. Besides material quantities, the choice of building products 

and their EPDs also significantly affect climate impact in the early and detailed design. 

A valuable practical outcome is that footing or piled foundations materialise to 

mitigate the climate impact of wood dwellings. Resultingly, they should be preferred 

where soil conditions allow this sort of foundation. Building terraced houses without 

vertical residence separations moderates the acoustic requirements in floors and 

lessens their climate impact. Additionally, paper wool revealed impact-reducing 

properties for insulation, making biobased insulation worth further investigation.  

SRQ3: How can consequential LCA and biomass-related modelling affect the 

environmental impact of a change to wood-based construction? 

To address this question, a consequential LCA (CLCA) was conducted for a change 

from conventional to wood-based construction for the Danish building stock towards 

2050. It included forest modelling at the stem level, dynamic GHG assessment and 

iLUC. It showed that wood is climate-beneficial for multi-family houses but not for 

single-family houses and office buildings. The substitution of wood residues for 

pulpwood combined with forest modelling negatively affected timber’s GWP impact. 

This is due to the shorter rotation period of pulpwood, which has a greater carbon 

storage effect that is avoided when displaced by the wood residues. Further, iLUC and 

the forest model's rotation period notably influence the wood-based scenario's GWP 

impact.  
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For building design and practice, the study conveys that wood mainly works as a 

climate mitigating material when substituting concrete and steel efficiently. In this 

context, the applied case buildings and material grouping are key in such assessments. 

Steel and wood contributed similarly to the timber offices' GWP score. It means the 

case studies are either not representative or that timber design must considerably 

reduce steel use. Likewise, the single-family houses contained a notable quantity of 

biogenic materials like eel grass and sedum roofs, simplified as wood. Therefore, 

assessing more buildings is needed to clarify this outcome. A significant finding was 

that transitioning to wood construction increased the impact on nature occupation, i.e., 

biodiversity, for all buildings, regardless of their GWP impact trend. This 

environmental trade-off led to the development and investigation of SRQ4.  

SRQ4: What is the effect on land use impact and carbon storage of implementing 

materials of fast-growing biobased resources in wood buildings?  

Three wooden building typologies were compared to developed case studies where 

fast-growing biobased materials of straw, hemp, and grass substituted insulation and 

non-loadbearing wood products. Using four market penetration scenarios, the 

buildings were scaled to the Danish forecasted expected construction activity towards 

2050. The study concentrated the analyses on the production stage (A1-A3) and the 

relative difference between the biobased materials. The assessment of biogenic carbon 

storage showed significant reductions in land needed per stored quantity: 78-90% for 

single-family houses, 68-76% for multifamily houses, and 19-27% for offices. Straw 

materials resulted in the largest decrease.  

Another compelling finding is the significant decrease in the need for forest land, 

ranging from 50% to 61%, depending on the scenario and the fast-growing resource. 

However, the Danish wood supply cannot meet the demand fully in any scenario, 

necessitating imports. The advantage for Denmark lies in its national supply of straw 

available for construction, which can nearly cover a 50% market penetration. In a 

combined scenario with straw and grass, Danish land can supply all the demand even 

at a 100% market penetration rate. Those scenarios reduce the need for land by 55-

60% and 49-53%, respectively. Since Denmark does not cultivate hemp, the use relies 

on imports. Nonetheless, its short rotation makes farming easily initiated. The fast-

growing biobased materials can benefit Denmark by bringing the resources within 

national control. Through optimal land governance, this can lead to environmental 

and economic synergies between the agricultural and building sectors.  

MRQ: How can the attributional and consequential LCA approaches and the 

assessed impact categories advance the understanding of an effective LCA for 

implementing wood and fast-growing biobased resources in the building sector? 

This dissertation considers the more effective LCA for environmental mitigating 

implementation of wood and biobased materials through two interrelated 
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perspectives. It encompasses the intended application with building design and 

strategy on either side and the decision context scale of building project scale (micro) 

and building stock scale (macro).  

The attributional LCA (ALCA) version adhering to the EN 15978 standard was found 

relevant for building design optimisation and configuration. It applies because of the 

detailed information that unit processes and, essentially, EPDs deliver. Ideally, it 

pushes material producers to reduce impacts and make building designers and clients 

abandon high-impacting products, which should elevate system leverage in the long 

term. Further, the decision support on environmental impact in the early design faces 

uncertainty of material quantification, requesting the operational benefit of ALCA.  

ALCA should effectively help mitigate GWP impacts when used for benchmarking 

and decisions on limit values that are ambitious enough to force architects and 

engineers to consider buildings in new uses and designs. Therefore, using the carbon 

neutral -1/+1 biogenic carbon approach for wood sourced from sustainable forestry is 

a useful simplification, as it discloses biogenic carbon flows. However, it is critical to 

convey that these ALCA types should preferably not be used for generalise claims 

that wood buildings are superior or inferior to other constructions. The core reason for 

this suggestion affiliates with the confined system modelling and simplified 

representation of biogenic carbon and cultivation. Also, these ALCAs should include 

more biobased-related impact categories such as land use and biodiversity. Therefore, 

these ALCAs intended application should focus on the implementation of wood and 

biobased materials in buildings. 

Decision support on transitioning to timber construction instead of more conventional 

construction requires examining system interactions in the economy and considering 

an expanded system boundary of biogenic aspects, i.e., biogenic carbon fluxes, 

cultivation management, and relevant impact categories. It advances the 

environmental assessment but could increase the uncertainty and outcome spectrum. 

However, it should also be closer to reflecting the real-world complexities. 

Regardless, this dissertation showed that consequential LCA (CLCA) and forest 

modelling explicitise that wood is not indispensably the key solution for 

environmental mitigation if not implemented effectively. The increased biodiversity 

for shifting to timber buildings emphasises that expanding impact categories for 

biobased products remains imperative, specifically when associated with transgressed 

Planetary Boundaries.  

This CLCA study on the transition to timber involves a strategic intended application 

because its decision will principally support repetitive conduct. The other approach to 

decision support for strategy was a system LCA, primarily attributional. Compared to 

the standard ALCA for building design, the system aspect corresponds to considering 

the geographical availability of resources for different market demands. In addition, 

the rotation of trees and crops was also distinguished. The straw analysis emerges as 
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a consequential aspect by assessing whether it is a fully utilised co-product. In this 

case, the demand for cereals determines the supply of straw. Despite the system LCA 

not being either a full LCA or a complete consequential, it yields insights useful for 

strategic decision support. Ideally, the dissertation recommended applying a systemic 

approach to decision support for strategy regarding biobased materials, including 

relevant biogenic modelling for the building project scale and building stock scale. 

An ALCA with system considerations might be useful for the micro scale, whereas 

the macro scale should use or at least complement it with a CLCA.  

6.2. FUTURE RESEARCH 

It is imperative to increase the adoption of LCA for early design decision support for 

wood dwellings by providing tools for small and medium-sized architectural and 

engineering enterprises. Fundamentally, it is because they may often design 

residential buildings before a BIM model is even developed. Based on the simplified 

design tool assessed in this dissertation, this and future tools should develop default 

values for metal products per m2 involving assembly fasteners and technical 

installations. Also, as for metals, partition walls and wet room products must be 

included so as not to underestimate the total impact, which a default value could 

improve. Further, biobased insulations should investigate whether they can help 

reduce insulations’ impact responsiveness to quantity deviations between the early 

and detailed design impacts instead of the predominantly used mineral insulation in 

the case studies.  

The studied simplified design tool included a few building elements challenging the 

current Danish building code, particularly regarding fire safety surface requirements. 

The elements emerged to reduce climate impacts compared to the detailed design 

stage equivalents, an aspect that future research should investigate more 

systematically. Similarly, using a sand honeycomb solution instead of concrete for 

acoustic purposes in floor separations unfolded promisingly but requires more 

consistent examination before making generalised conclusions. In conclusion, the 

LCA tools need to implement a land use impact category for a more holistic 

environmental assessment of implementing wood in buildings for practitioners.   

The decision to transition to wood and fast-growing biobased materials, and for which 

buildings, requires future research and assessment of more case studies because the 

number of buildings in this dissertation was small. It should involve case studies 

representative of the current construction practice, a business-as-usual study, and a 

best-practice assessment for the effective pathway of increasing biobased material 

use. 

In addition to building related future research, LCA and biobased related future 

research are inevitably critical. Progressing the study on change to timber buildings 

involves expanding scenarios of co-product substitution effects and of which and how 
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many included affected suppliers. In extension, it implicates to specify the 

categorisation of wood products and their tree species, including disaggregating their 

unit processes or sectors in the background database. Forests supplying these wood 

products necessitate a more profound examination of the management used as inputs 

in the forest modelling, notably for the correct rotation period. After addressing the 

action points topics, assessing the effect of using different forest models and the 

influence of climate impact on forest management strategies and output would be 

useful for detailing the sensitivity to these aspects. 

The future progress of the fast-growing biobased material assessment should undergo 

a full LCA and consequential modelling. In addition, it should incorporate biogenic 

carbon storage potential in relation to cultivation, rotation period and timing of 

emissions, likely involving discounting of GHG emissions.   

The wood and fast-growing biobased materials should also be assessed for renovation 

and transformation to comprehend the potential for such applications. Future research 

should also investigate how effective implementation of biobased construction 

performs in an absolute environmental sustainability assessment. It entails including 

more impact categories than climate change and provides a valuable contribution to 

addressing the consumption side of the building sector. So far, the suggestions for 

future research focus on the building sector, however, biobased resources require land, 

a resource that reaches across sectors. Therefore, from an ambitious political 

perspective, a future research recommendation involves assessing policy instruments 

of cross-sectoral synergetic land use at the national and even confederation levels, 

e.g., the EU.  
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Abstract
Purpose The built environment has demonstrated the limited nature of applications of consequential LCA (LCA), whereas 
attributional LCA (ALCA) is applied in most situations. Therefore, this study aims to clarify the contexts in which CLCA 
might be applied and the state of CLCA on buildings by examining the following research questions: (i) How are the goal, 
scope and methodological aspects and associated gaps of CLCA of buildings addressed in the literature? (ii) How can these 
insights guide the applications of CLCA on buildings?
Methods The study employed the Systematic Literature Review methodology, which yielded 37 relevant studies. The study 
examined the sample regarding intended applications, the contexts of micro or meso/macro decision-making support, and the 
consequential life-cycle inventory modelling (CLCI) of time horizons, market delimitations, market volume trends, affected 
suppliers, constrained supplies and substitution. Furthermore, the basis for choosing either an ALCA or a CLCA approach 
was evaluated based on the ILCD Handbook.
Results and discussion Many studies include an empirical assessment, yet with half of those combining it with an evaluation 
of selected methodological aspects, thus CLCA on buildings seems to still be in the earlier exploration phase. In general, the 
empirical CLCAs emphasize the decision-making aspect in the stated application of the study. Furthermore, CLCA studies 
show an almost equal distribution of focus between the micro and meso/macro levels of decision support. This entails that 
CLCA on buildings currently applies to both material- and building-level assessments and policy situations. The inclusion 
of CLCI modelling elements varies: e.g., nine studies only include substitution as the single CLCI element. Additionally, 
modelling methods are described at various levels of detail, and with critical differences in the transparency of documentation. 
This, therefore, suggests that the consistency of included CLCI elements is inadequate, as is how they should be modelled.
Conclusions and recommendations Building on the ILCD Handbook, this study presents a proposal for deciding when to 
select CLCA on buildings. This is a proposal for a simple and clear distinction threshold between the micro and meso/macro 
levels. Additionally, CLCA on buildings need a more harmonized approach to CLCI modelling to increase and improve, 
which the built environment community could achieve by settling on a standard for the inclusion of CLCI elements and 
associated modelling methods.

Keywords Consequential LCA · Consequential modelling · Decision support · Building · Built environment · Construction 
sector · Review

1 Introduction

Buildings contribute extensively to global energy use, 
resource consumption and greenhouse gas (GHG) emis-
sions causing global warming (United Nations Environment 
Programme 2021). Therefore, mitigation of GHG emissions 
has been a crucial focus in the broad ratification of the Paris 
Agreement, whose goal is to stay well below a temperature 
increase of 2° Celsius and preferably under 1.5° Celsius 
(United Nations 2015).
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This goal stimulated the development of EU policies 
regarding the decarbonization of buildings. More recently, 
the Green Deal launched its goals towards 2050, and legisla-
tion on particularly energy use and renovation strategies has 
attracted notice (EU 2010; EED 2012; European Commission 
2020). The major challenge of decarbonization of buildings 
has created a shift to targeting the embodied carbon of build-
ings as well because the reduction in embodied emissions is 
lacking behind the improvements for emission reductions in 
the operational phase (Hoxha et al. 2017; Röck et al. 2020). 
Furthermore, Denmark, the Netherlands and France have intro-
duced requirements of national GHG emissions regulation for 
buildings in a life-cycle perspective, with more legislative ini-
tiatives in preparation internationally (Toth et al. 2021).

Often, assessments of environmental impacts and resource 
use associated with buildings include a life-cycle assessment 
(LCA). LCA quantifies the exchanges with the environments 
from raw material extraction and production to operations and 
end of life, and allows for identifying the impacts and burden-
shifting between stages of the life-cycle (Finnveden et al. 2009). 
LCA has its own international standards (ISO 14040 and 14044), 
and a more detailed consensus guideline in the ILCD Handbook 
(JRC-IEA 2010). Additionally, there are specific standards for 
the application area of buildings (EN 15978 and EN 15804),

LCA has two overall approaches: attributional LCA 
(ALCA) and consequential LCA (CLCA), according to the 
ILCD Handbook (2010). They are often associated with the 
ability to answer different questions. Hence, the defined pur-
pose and related questions determine the appropriate approach 
(Gustavsson et al. 2015). ALCA can answer questions related 
to a supply chain’s optimisation potential or evaluate a speci-
fied system’s impact. CLCA can answer questions regarding 
the impacts of imposing a change on a system or the effect of 
increasing the demand for a certain product or service.

Building LCAs mostly apply the attributional approach 
(Khasreen et al. 2009; Buyle et al. 2013; Anand and Amor 
2017; Nwodo and Anumba 2019; Sauer and Calmon 2020; Fauzi 
et al. 2021), thus leaving application of building CLCA in its 
fairly early stages (Buyle et al. 2013; Röck et al. 2020; Saade 
et al. 2020). Consequently, attributional-based conclusions shape 
most environmental and climate policy decisions on buildings. 
The ALCA-based decision-making might overlook aspects iden-
tified by the consequential approach since the latter considers 
the processes in the system that are affected by a change induced 
in the economy. The attributional approach generally does not 
include these indirect dynamics. A study of a Belgian dwelling 
found that the impact from water during the use phase was 57% 
higher for CLCA than for ALCA because the unconstrained treat-
ment technologies (modelled in CLCA) had a higher impact than 
the average market treatment technology (modelled in ALCA) 
(Buyle et al. 2018a). Also, it is debated whether CLCA can bet-
ter inform certain policy decisions regarding GHG mitigation 
(Brandão et al. 2014; Plevin et al. 2014). Therefore, the CLCA of 

buildings needs more attention if it is to have a role in and provide 
perspectives for the sustainable transition of buildings.

1.1  LCA and consequential framework

This section explains ALCA and CLCA as described in the 
ILCD Handbook (2010), including acknowledgement of 
internal incoherencies, and a description of the frequently 
applied methodological framework for CLCA.

The ILCD Handbook (2010) describes ALCA as an “actual 
or forecasted specific or average supply-chain plus its use and 
end-of-life value chain”, and CLCA as a “generic supply-chain as 
it is theoretically expected in consequence of the analysed deci-
sion”. The chapters on the definition of goals and scope in the 
ILCD Handbook show when to apply which LCA approach. This 
is termed the decision context, which distinguishes whether the 
LCA will be used as support in decision-making or not. When 
the goal and scope of an LCA involve decision-making support, 
either Situation A (micro level) or Situation B (meso/macro level) 
is concerned, otherwise Situation C (accounting) is involved, 
according to Chapter 5, ‘Goal definition’, in the ILCD Hand-
book. The first two decision-making contexts or situations lean 
conceptually more towards CLCA with statements such as “the 
extent of changes that the decision implies in the background 
system and other systems and that are caused via market mecha-
nisms”. Moreover, “whether a decision is to be supported implies 
whether the study is interested in the potential consequences of 
this decision”. The consequential direction follows for micro level 
studies i.e., “cases with only small-scale, non-structural conse-
quences in the background system”, and for meso/macro level 
studies “cases that have large-scale, structural effects”.

When the ILCD Handbook advises on life-cycle inventory 
(LCI) in Chapter 6.5, it depicts attributional modelling as appro-
priate for micro level and accounting studies. However, the same 
applies to meso/macro level studies, with the modification that 
“processes that have been identified as being affected by ‘big’ 
large-scale changes as consequence of the analysed decision 
shall be modelled as the market mix of the long-term marginal 
processes”. This implies some consequential LCI (CLCI) mod-
elling. Overall, this evokes some ambiguity between the goal 
and scope chapters and the chapter on LCI modelling, also con-
cluded by Ekvall et al. (2016). This article interprets Situations 
A and B as consequential because the ILCD Handbook leans 
towards consequential descriptions of these. Therefore, the goal 
and scope determine when it is a CLCA, while the scale (Situ-
ation A or B) influences the CLCI modelling. The remaining 
part of the CLCA approach is analysed against the framework of 
Weidema et al. (2009) due to the incoherence between goal and 
scope and the relevant LCI modelling in the ILCD Handbook.

The CLCA framework has evolved since the early 1990s 
(Weidema 1993, 2003; Weidema et al. 1999, 2009; Ekvall 
and Weidema 2004), complemented by, for instance, theories 
of multifunctionality and system expansion (Ekvall 2000; 
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Weidema 2001). The CLCA framework encompasses the 
market mechanisms of effects due to changes in demand, all 
other demands remaining constant, i.e., the ceteris paribus 
assumption (Zamagni et al. 2012). Despite the framework, 
CLCA lacks a harmonized CLCI modelling method both in 
general (Earles and Halog 2011; Zamagni et al. 2012) and 
for buildings (Almeida et al. 2020).

A few reviews exist on the application of CLCA in gen-
eral, although none about the specific application area of 
construction. Zamagni et al. (2012) conduct a goal and 
scope review of general CLCA and of when to use CLCA, 
although a detailed analysis of CLCI modelling was beyond 
the scope of the study. Earles and Halog (2011) and Almeida 
et al. (2020) review economic models used in CLCI both 
in general and for buildings but refrain from studying all 
aspects of the CLCI according to the stepwise procedures 
(Weidema 2003; Weidema et al. 2009) and the goal and 
scope aspects of the reviewed studies. Therefore, knowledge 
is needed about where building CLCAs currently stand in 
the focus between developments in CLCI modelling devel-
opment, method analysis and empirical studies, as well as 
the level of decision-making support they inform. This is 
followed by understanding the coverage and disclosure of 
CLCI aspects to grasp where harmonization is needed.

This study therefore aims at combined coverage of the 
goals and scope of CLCA on buildings and applied CLCI 
aspects in relation to the four-step procedure of Weidema 
et al. (2009) by conducting a systematic literature review. 
These insights will aid awareness of where the focus of 
building CLCAs lies between analytical and empirical stud-
ies, and the focus and level of decision support alongside the 
comprehensiveness of CLCI modelling. This should ulti-
mately lead to holistic recommendations for CLCA practice 
in the built environment. Thus, this study investigates the 
following research questions:

• How is CLCA on buildings addressed in the literature, in 
terms of the goal, scope and methodological aspects?

• What are the prevailing gaps in CLCA approaches and 
methodology used for environmental assessments of 
buildings on the micro and meso/macro levels as defined 
by the ILCD Handbook?

• How can these insights guide the application of CLCA on 
buildings to increase implementation where it is appropriate?

2  Methodology

The methodology describes the systematic literature review 
process and the execution of data and information extraction 
from the identified studies based on the ILCD Handbook  
and Weidema et al. (2009).

2.1  Systematic collection of literature

This study used a systematic literature review to obtain a 
comprehensive collection of the relevant literature. The 
review followed the structure of a search protocol and a step-
wise systematic approach to achieve transparency and docu-
mentation based on the systematic research ontology pro-
vided by de Almeida Biolchini et al. (2007). This approach 
to the literature review will cover most of the studies relevant 
for mapping and analysing CLCA studies on buildings.

We formed a search protocol of the relevant keywords and 
their synonyms to aid in searches in the chosen search data-
bases. Keywords encompassed four main subjects associated 
with the research questions and were separated into four 
blocks: consequences, environmental assessment, approach, 
and building-related (see Table 1  in the Supplementary 
information). The inclusion criteria for studies were a pub-
lication date from January 2000 to  14th September 2021, 
both months included. We considered all English-language 
journal articles and conference articles, as well as grey liter-
ature in Danish, Swedish and Norwegian due to the authors’ 
ability to read these languages. Two criteria were used as a 
filter in evaluating the literature, both having to be satisfied 
to ensure we collected the desired articles.

1. The study must include a consequential LCA case study 
of a building, a building component or a building mate-
rial that is defined as consequential in the article itself.

2. The study must provide sufficient information on applied 
methodological choices e.g., inventory modelling, multi-
functionality handling and studied consequences.

Table 1  Characterization of decision contexts for the grouping of empirical studies. Adapted from the ILCD Handbook

Decision context Criteria Grouping focus Focus description

Micro level Not mediating 
decision support 
for policy

Material comparison Comparison of materials, material constituents, or material processes

Design strategy Strategies for energy, structural design, circularity, or material use

Meso/macro level Mediating decision 
support for policy

Policy information Comparison of options to reach a policy goal

Policy development Comprehend consequences that a particular policy choice imposes
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Scopus, Web of Science and Google Scholar were chosen 
as relevant search databases. All retrieved studies were fil-
tered by looking at the title, abstract and keywords to include 
only relevant articles. All selected studies were then read to 
confirm their relevance. This resulted in a total of 35 rel-
evant studies. A bibliographic check of the reference list and  
citations of the 35 studies was performed (Wohlin 2014), 
which yielded two additional relevant studies (see Fig. 1).

2.2  Data extraction

The information about goal, intended application, and ques-
tions addressed was extracted from the descriptions in the 
reviewed studies. Intended applications and addressed ques-
tions cover each study’s definition of their aim, purpose, 
goal, or objective, which can include one or more intended 
applications for each study.

Next, the reviewed studies were categorized into four, 
depending on their intended application. The categories 
were (1) method development and case testing, (2) method 

analysis, (3) method and empirical analysis, and (4) empiri-
cal analysis. ‘Empirical’ connotes that a study includes a 
case study examination. Studies were added to the category 
1 of method development and case testing when the study 
proposed a new method to model one or more aspects of 
the CLCI, such as market delimitation, market trend and 
affected suppliers. The studies test their methodological 
developments of the part of the CLCI that their methods 
were developed for in a case study. However, they refrain 
from conducting a CLCA involving the definition of goal 
and scope, thus they are not included in the 28 studies that 
are categorized as empirical analysis. Category 2 of the 
methodological analysis consists of studies scrutinizing 
CLCA and the influence of general LCA methodological 
aspects on the CLCA outcome but where no empirical-based 
intended application was stated. Category 3 of the studies of 
methodology and empirical analysis covered methodological 
analysis and an empirical assessment. The methodological 
analysis comprises both CLCA and general LCA character-
istics. Ultimately, category 4 of the empirical analysis was 
confined to studies examining cases whether the intended 
application was consequentially or non-consequentially 
formulated, but where the authors state they conducted a 
CLCA. For categories 1 to 3 involving method analysis, 
we derived a characterization of the focus of each study, 
which could involve one or more focuses per study, depend-
ing on the intended applications. The characterization of 
the method focus could be general LCA aspects, e.g., end of 
life, temporal aspects, ALCA and CLCA impact comparison, 
or consequentially focused, e.g., retro- and prospective data 
comparison, or the size of the delimited market.

2.2.1  Characterization of decision context

The ILCD Handbook describes how an LCA for decision 
support belongs to the situations of either the micro or meso/
macro levels, which defines the scale of the study. Even 
though the ILCD Handbook depicts attributional modelling 
for the micro level and more consequential modelling for the 
meso/macro level, the reviewed empirical studies of CLCA 
were still grouped into these two decision contexts because 
they did not necessarily base their choice on the ILCD Hand-
book. Studies of methodological development or of meth-
odological aspects of (C)LCA were not considered relevant 
for the grouping of decision contexts. It is because they use 
case studies with the goal not of drawing conclusions about 
the consequences of change induced by the case study, but 
of understanding how the methodological aspects influence 
the CLCA outcome.

The criteria for grouping studies into the two decision 
contexts are presented in Table 1. Examples of meso/
macro level grouping for purposes of policy informa-
tion could be the choice of renewable energy expansion 

Fig. 1  Methodology of searching for and analysis of relevant studies 
including results of number of studies. The query was modified to suit 
rules of each of the three search databases
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or increased insulation for climate impact reductions of 
buildings. For policy development it could be the conse-
quences of increasing the demand for wood for residential 
buildings. Each study was assigned an object of study as 
either material, component or building. Studies analysing a 
building structure were also reported as a building object. 
Subsequently, the empirical studies were grouped by their 
decision support on either the meso/macro or micro levels.

2.2.2  CLCI modelling information

The collection of CLCI modelling information was based 
on the framework of Weidema et al. (2009). It included 
the time horizon, market delimitation, market volume 
trend, affected suppliers, constraints and multifunctional-
ity handled by substitution. In the framework, the scale 
element was considered identical to the decision support 
level where small-scale equals micro level and large-scale 
equals meso/macro level. The time horizon was collected 
if the studies explicitly defined it as short-, medium-, or 
long-term, or had a defined reference period as in the ILCD 
Handbook. Here 0–5 years equal short-term, 5–10 years 
equal medium-term and more than 10 years equal long-
term. Market delimitation, market volume trend, and 
affected suppliers were analysed, if disclosed, regarding 
the methods of modelling or identification used in each 
study. Furthermore, the level of specification i.e., the level 
of documented detail, of this CLCI modelling was evalu-
ated for each study at three levels: low, medium, or high, 
provided the respective study included the CLCI aspect 
(for detailed information, see Table 4 in the Supplementary 
information). A low specification level specifies a CLCI 
aspect but omits the elaboration of modelling and choices, 
e.g., by applying an ecoinvent consequential database 
but overlooking considerations of processes and location 
effects (Prateep Na Talang et al. 2017). A high level is 
shown by describing and displaying the formulas, thresh-
olds and considerations of identifying the market (Buyle 

et al. 2018b). The medium level is often a high-level speci-
fication of some aspects and a low level of the remaining.

3  Results

First, the results of the intended applications are aggregated 
into four focus areas where the intended applications, includ-
ing the methodological aspects, are further disaggregated 
and arranged according to their focus. Subsequently, studies 
are organized around their decision support at the micro or 
meso/macro level, including a description of changes and 
of the object of assessment. The section finally analyses the 
applied time horizon and CLCI methodological aspects.

3.1  Intended applications of CLCA studies

The intended applications of an LCA study set the scene 
for one or more purposes of the study, which will define 
the LCA approach according to the ILCD Handbook. The 
intended applications and formulated questions lead to selec-
tions of whether a study focuses on methodological develop-
ment and case testing, methodological analysis, empirical 
assessment, or a combination, and what is the aim of inter-
preting the results of the LCA conduction. For a study to be 
consequential, the intended applications should include at 
least one formulation with the principle of the consequence 
of a decision. See e.g., Table 2 in the Supplementary infor-
mation for the division of the intended applications of each 
study into non-consequential and consequential.

The focus of the intended applications in Fig. 2(a) reveals 
that most studies, 27, aim at examining an empirical conse-
quence. Half of these studies also analyse the general meth-
odological aspects of LCA, such as the end of life, or ALCA 
and CLCA combined with the empirical assessment of the 
case study. In total, ten studies focus on the non-empirically 
consequential aspects. These studies can be consequential 
but understood as having the purpose of solely examining 

Table 2  Method and empirical gaps in the building CLCA research literature and what those gaps consist of

Study focus Aspect Focus gap Reference examples addressing the gap

Method Market delimitation
Market trend
Affected suppliers

Examination of the effects of choices in modelling on the 
final impacts

(Pizzol and Scotti 2017; Sacchi 2017; 
Buyle et al. 2018b, 2019a, b)

Method Electricity modelling Combined marginal electricity development and global 
warming paths

(Roux et al. 2017)

Method Renovation Sensitivity to CLCI modelling choices

Method Biogenic carbon Biogenic carbon modelling in CLCA of biogenic products (De Rosa et al. 2018)

Empirical Object of assessment CLCA on building component level

Empirical Meso/macro level Renovation policy and circular economy strategies

Empirical Micro and meso/macro level Material strategies and optimal design of building typology 
and configuration
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CLCA method-related aspects. It could be comparing the 
ALCA and CLCA of a particular case, criteria for the inclu-
sion of affected suppliers, or purely studies of methodologi-
cal development for CLCI modelling.

In this review, empirically intended applications involv-
ing decisions converge mainly on (i) comparing options of 
materials, structural configuration, or production processes; 
(ii) increases of a certain material, component, or building 
type; (iii) breakthrough of a technology; (iv) substitution 
of one material for another; (v) choice of increased circu-
lar demand; and (vi) growth of retrofitting. The concept of 
studying a consequence of a decision, could in the intended 
application be explicitly written as “What are the environ-
mental consequences of constructing more hybrid wood 
multi-storey buildings in 10 years?” (Fauzi et al. 2021). 
In several of the reviewed articles, this emerges more as 
an implied part of the intended application, such as “Com-
pare the environmental impact of RC structures and tim-
ber structures” (Skullestad et al. 2016) or “What are the 
potential environmental impacts of an increase in resource 
demand associated with energy efficiency refurbishments?” 
(Ghose et al. 2017). The substance of these intended appli-
cations and questions is that they circle around a decision 
that changes the status quo. This shows that CLCA could be 
applied to studies that include those sets of purposes.

Representation of the methodological aspects across the 
studies displayed in Fig. 2(b) is widespread (Table 3 in the 

Supplementary information shows the representation for 
each study). Nonetheless, comparison of ALCA and CLCA 
appears to be the main methodological focus, examined in 
thirteen studies. Temporal electricity (elec.) variability, end 
of life, and retro- and prospective data comparison follow. 
Among the studies of methodological development most 
articles consider market delimitation and affected suppli-
ers. The two studies comparing future scenarios analyse the 
influence of three trajectories of global warming in build-
ings’ energy consumption and the impact on future dwelling 
stock of two different electricity mixes.

3.2  Decision support level and the focus of studies

Choosing CLCA as the approach, whether the decision support 
is at the micro or meso/macro levels plays an essential role in 
the proceeding approach of the LCA modelling method, and 
in the interpretation of the outcome and conclusions.

3.2.1  Policy characteristics of meso/macro level 
decision-making support

Fifteen studies have meso/macro decision support. Two-
thirds of the studies in Fig. 3 focus on policy development, 
and only a few on policy information. Studies of policy 
development address mainly the implications and effects of 
the environmental impacts of a decision to change the status 

(a) (b)

Fig. 2  a Reviewed studies separated into four aggregated focus areas 
of intended application and formulated questions i.e., method develop-
ment and empirical test, method analysis, method and empirical analy-
sis, and empirical analysis. b  Show the methodological aspects rep-
resented as the number of times they are applied across the reviewed 

studies. Methodological aspects cover both CLCA and general LCA 
aspects that are examined in the studies regarding the impact on the 
CLCA. (The focus of the 28 studies with empirical assessment is elab-
orated in section 3.2)
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quo through projected scenarios. One study examines the 
impact of increased hybrid wood multi-storey residential 
buildings, avoiding an emphasis on a particular policy, but 
analysing the consequences if policy would implement a 
perspective involving increased use of wood (Fauzi et al. 
2021). Policy information studies compare various options 
for obtaining a policy goal. Pedinotti-Castelle et al. (2019) 
illustrate this by evaluating whether retrofitting the residen-
tial sector would improve the environmental and economic 
impacts more than installing new power plants to replace 
fossil-fuel energy sources.

All four policy information studies have buildings as their 
assessment target, while the policy development studies are 

distributed among eight material- and seven building-oriented 
studies. For policy information regarding buildings, the stud-
ied changes converge on circular material options, a choice 
of retrofitting or constructing new buildings, and changes 
in energy use for building design assumptions. One case of 
renovation explores the opportunity to reduce the impacts of 
increased demand for materials from a refurbishment by ana-
lysing strategies of circularity on site and the procurement of 
greener materials (Ghose et al. 2017). Building as an object in 
policy development focuses on the consequences of increased 
construction with wood, the development of energy supplies, 
and the relation between energy and building stock. The 
latter is a national-scale study that ascribes existing energy 

Table 3  CLCI modelling methods, aspects they cover, limitations, and recommendations for the relevant decision support level

CLCI method CLCI aspect Limitations Decision support Reference examples

Ecoinvent Market delimitation
Affected suppliers

Market aggregation or lack of  
representativeness

Micro level (Prateep Na Talang et al. 
2017; Fauzi et al. 2021)

Literature Market delimitation
Affected suppliers

The geographical location needs to 
be very similar

Micro level (Buyle et al. 2018a; Pedinotti-
Castelle et al. 2019)

Assumption Market delimitation
Affected suppliers

Inaccurate when market is not very 
local or well-known

Micro level (Buyle et al. 2014)

Linear regression Market trend
Affected supplier

Development can follow an S-shaped 
curve, not linear

Trade and production data often used 
only as a proxy for competitiveness

Micro level (Buyle et al. 2018b, b)

Iterative procedure Market delimitation
Market trend
Affected suppliers

Production data as only proxy for 
competitiveness

Production and trade data are often 
aggregated at country level

Micro level (Buyle et al. 2018b, b)

Network analysis 
(bottom-up)

Market delimitation
market trend
affected suppliers

Countries as affected suppliers; large 
countries may have considerable 
internal market variations

Micro level (Sacchi 2017)

Network analysis
(top-down)

Market delimitation
Market trend
Affected suppliers

Trade data as the only measure for 
countries belonging to a network 
(market)

Complimented/validated with 
qualitative information regarding 
studied products

Market trend and affected suppliers’ 
identification is less advanced

Micro and meso/
macro level

(Pizzol and Scotti 2017)

Electricity equilibrium 
models

Market delimitation
Market trend
Affected suppliers

Input data of weather data, installed 
renewable capacity, baseload, coal 
share of fossil fuels

Meso/macro level (Roux et al. 2017; Collinge 
et al. 2018)

Economic equilibrium 
models

Market delimitation
Market trend
Affected suppliers

Choice or assumptions of input 
elasticities

Meso/macro level (Nepal et al. 2016)

MFA Market trend Omit resource price and availability 
relationship

Exclude demand from other sectors 
for the same resource

Meso/macro level (Cordier et al. 2019)

Equilibrium and forest 
empirical model

Market delimitation
Market trend
Affected suppliers

Price elasticity assumptions from  
literature notably influence  
outcomes

The base year of timber-use per unit 
and logging slash amount

End of life options not considered

Meso/macro level (Nepal et al. 2016)
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policies and GHG targets. It examines the GHG impact of the 
energy demand of the future dwelling stock associated with 
an increased building area due to population growth, and how 
that demand governs the overall obligation to decarbonize 
(Sandberg and Brattebø 2012).

Studies with material as an assessment target focus 
exclusively on policy development. Six of the eight articles 
appraise various material strategies in Singapore related to 
changes in constituent or material substitution and recycling, 
e.g., concrete production, bricks displacing concrete, and 
the importance of perusing technology for its short-term 
processual aspects and long-term policy guidelines for con-
crete production and the integration of waste products (Kua 
2012, 2015). The remaining two material studies draw con-
sequences for increasing the number of wood products in 
the building industry. Here, the demand for wood in houses 
and low-rise non-residential buildings involved cases that 
explore the net climate-mitigation potential of displacing 
non-biogenic structural materials with structural wood. They 
recommend policy-making directed towards structural wood 
systems due to the reduction potential of climate impacts 
(Nepal et al. 2016; Forster et al. 2019).

3.2.2  Micro level decision-making support

The thirteen studies of micro level decision support focus on 
material comparison (8) or design strategy (5) (see Fig. 4). 
Of the material comparison studies, the majority target 
solely a material as their object of assessment. Two other 
studies compare materials, but in the function of a whole 
building, concentrating on wood displacing conventional 

structural materials. All the material comparison studies 
assess the consequences of circularity processes that pri-
marily involve the comparison of waste or by-products, and 
to a lesser extent forms of energy.

Studies about building design strategies primarily look 
at the consequences of energy use under different circum-
stances, or the nexus between the structural and energy 
design of buildings. For instance, these studies are spe-
cifically energy optimization or renovation through energy 
improvements by means of increased insulation or heat 
pump installation under various energy-transition scenarios. 
The choice of structural configuration and energy consump-
tion involves a decision whether energy design or structural 
design makes the largest contribution to a building’s envi-
ronmental impact. Dodoo et al. (2014) exemplified this in 
an analysis of three structurally different wood systems of 
cross-laminated timber, beam and column, and prefabricated 
modules designed as conventional and low-energy buildings 
respectively. The two studies of component design strate-
gies appraise how choices between circular and conventional 
components affect the environmental impacts of various fre-
quencies in building transformations.

3.3  CLCI methodological aspects

The analysis in Fig. 5 contains an overview of the CLCA 
aspects, if the reviewed studies include them, and the level of 
specification, i.e., how well it is described and documented. 
In an important notice, two of the studies focusing on method 
development avoid the aspects of time horizon and substi-
tution (Vieira and Horvath 2008; Pizzol and Scotti 2017). 

Fig. 3  Network of meso/macro level decision support studies’ rela-
tion with their focus, object of assessment, and aggregated descrip-
tion of the change under study. It includes only studies that involve 

an empirical assessment. Policy information is comparison of alterna-
tives to reach a policy goal. Policy development examines the effects 
of one policy proposal
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This is because the purpose of these studies is to develop 
a method for one or more aspects of the CLCI modelling 
and to apply that method to that aspect of the CLCI, thus 
not conducting a full CLCA. Twenty-four studies include a 
time horizon, mainly practicing a long-term perspective, the 
default and often the case-study situation stated in Weidema 
et al. (2009). Two studies combine average and marginal 
data, and one study only applies average data, which is not 
included in the theoretical concept. Some analyses adopt 
short- and/or medium-term time horizons either separately 
or accompanied by long-term time horizons, which are still 
within the framework. Overall, the studies encompass three 
of the pillars of CLCI modelling i.e., market delimitation, 
21, market volume trend, 14, and affected suppliers, 26. Yet, 
each of these has distinct numbers of appearances and a 
broad spectrum of identification methods (see Fig. 5).

Market volume trends are mostly identified by linear 
regressions, which align with the linear, steady-state descrip-
tion of Weidema et al. (2009). However, the references to 
the literature also feature frequently as a method of identi-
fication. This is also the case for market delimitation and 
affected suppliers, ranging from assumptions and ecoinvent 
as modelling methods to network analysis, iterative proce-
dures, equilibrium models and other market-based models. 
Most studies include substitution, but the studies without 
substitution comprise (i) method development studies with 
only the CLCI modelling as the scope but with the pos-
sibility of using the developed method to identify substi-
tuted affected suppliers (Vieira and Horvath 2008; Pizzol 
and Scotti 2017; Buyle et al. 2018b; Cordier et al. 2019); 
and (ii) energy consumption studies with a pre-confined 

market where substituted suppliers might be inherent in the 
modelling (Sandberg and Brattebø 2012; Roux et al. 2016; 
Frossard et al. 2020).

The method development side comprises different forms 
of network analysis by identifying affected suppliers and mar-
ket delimitation top-down from trade and production volumes 
(Pizzol and Scotti 2017) and by bottom-up market equilibrium 
based on retrospective trading volumes (Sacchi 2017). Oth-
erwise, an electricity system model that captures higher tem-
poral dynamic and marginal aspects of the hourly electricity 
consumption of a house has been developed (Roux et al. 2017; 
Collinge et al. 2018). Cordier et al. (2019) assess changes in 
the supply chains of wood products from increased demand 
derived from their development of material flow analysis 
(MFA) for CLCI modelling.

In general, the level of specification of market delimita-
tion, market trend and affected suppliers diverge from low 
to high, not correlating with how advanced the CLCI model-
ling is. The inclusion of constraints in modelling or in the  
discussion section of the reviewed studies emerges as a shift-
ing between high or low levels of specification. The nine 
studies that only employ substitution as their consequential 
aspect omit constraints. On the other hand, the studies that 
only contain substitution have on most occasions the model-
ling of substitution specified at a high level. (Table 4 in the 
Supplementary information presents the detailed modelling 
method and level of specification for each study.)

Eight studies consider both retrospective and prospec-
tive data, but with various combinations and purposes. One 
purpose is an examination of the retrospective and the pro-
spective data of market trends and affected suppliers (Buyle 

Fig. 4  Network of micro level decision support studies’relation with their focus, object of assessment, and aggregated description ofthe change 
under study. It includes only studies that involve an empirical assessment
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et al. 2018b, 2019a, b). However, in situations with a lack 
of prospective data, they used retrospective data as proxy 
data. Another study used retrospective and prospective data 
as a sensitivity analysis for the electricity mix (Ghose et al. 
2017). Moreover, it was examined whether retrospective data 
for short-term changes and prospective data for long-term 
changes would yield different conclusions regarding affected 

suppliers (Rinne and Syri 2013). An additional application 
used the retrospective data to extrapolate the prospective 
data (Sandberg and Brattebø 2012; Cordier et al. 2019). 
Finally, one study combines retrospective extrapolate data 
with prospective economic and biological modelling for 
increased wood demand (Nepal et al. 2016).

Fig. 5  CLCI aspects of time horizon, modelling methods of market 
delimitation, market volume trend and affected suppliers as how many 
times they are represented across reviewed studies. Finally, level of 

specification is presented for constraints and substitution documentation. 
Elec. equilib. = electricity equilibrium, PM = power market, PE = partial 
equilibrium, MFA = material flow analysis
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4  Discussion

4.1  Consequential approaches and prevailing gaps

The reviewed studies contain a diverse range of intended 
applications. Several studies engage with the methodological 
aspects of either method development, method analysis, or a 
combination of method and empirical analysis. Many of these 
studies emphasize the methodological analysis rather than 
the empirical. Table 2 presents the identified research gaps.

In this review, the meso/macro level decision support 
would be the focus when studies are projected or coupled to 
policy-making, since this leads to large-scale changes. When 
the output of a study remains case-specific without involv-
ing policy, it was characterized as micro level, which results 
in smaller scale changes, i.e., marginal changes, within the 
economy’s existing capacity. One limitation is that this 
review does not consider whether studies involving meso/
macro level decision support base their analysis on marginal 
changes, and hence if they exclude large-scale changes.

4.2  CLCI methodological aspects and limitations

There is a wide range of applied methods in CLCI modelling 
in the reviewed studies, from simple to sophisticated, while 
exhibiting different levels in the transparency of documen-
tation. Table 3 lists the identified modelling methods, the 
covered CLCI aspects and limitations alongside the decision 
support level they are recommended for. Commonly, it is 
important to be conscious about removing constrained sup-
pliers due to, e.g., policies, quotas, or resource availability. 
One limitation of the reviewed studies is the employment of 
retrospective data for defining constrained suppliers, which 
might not reflect resource shortages or policies in general.

Many studies rarely employ all CLCA aspects, nor is 
the modelling process clearly specified. This could be 
upgraded to enhance the general consequential level of the 
cause-effect relationship (Roos and Ahlgren 2018). Fauzi 
et al. (2021) studied various CLCA aspects with alternat-
ing specification levels. They discuss what affects a mar-
ket in general, though the modelling of market delimitation 

is disregarded. They explain thoroughly what determines 
market trend and affected suppliers, while avoiding direct 
modelling by referring to the literature and ecoinvent, 
which can lead to internal inconsistency. The conse-
quential ecoinvent database might lead to inconsistencies 
when used as the reference for the consequential changes 
in a foreground system in cases where the geographical 
aggregation is not representative of the given study. Fur-
ther, they reason for and reference to constraints for one 
affected supplier but not for the remaining foreground 
processes. It is complemented by specifying the recycling 
rates of the substitution processes that nonetheless lack 
the detailed explanation behind their identification. The 
number of included CLCA aspects in the reviewed studies 
increased towards 2019 to an average of 5.4 of 6 CLCA 
aspects (see Fig. 1 in the Supplementary information). The 
range of CLCI modelling methods underlines the lack of 
consistency across studies and internally. Thus, the LCA 
community in the built environment could agree on a 
harmonized CLCI modelling method to increase the con-
sistency of CLCAs. Adequate CLCA aspect applications 
should follow Table 5. A few studies include all CLCA 
aspects, explain determining parameters, and discuss the 
constraints of applying retrospective and prospective data 
(Nepal et al. 2016; Buyle et al. 2019b).

Substitution can appear as a market-based mechanism if it 
considers the substituted processes as the affected processes. 
Yet, the categorization might not be a purely consequen-
tial element due to the ILCD Handbook. DS/EN ISO 14040 
(2008), and DS/EN ISO 14044 (2008) argue it can be used 
for attributional LCA and other types of LCA, respectively 
(attributional and consequential are not terms in the ISO 
standards). Several studies only include substitution along-
side the time horizon, and disregard other market-based 
CLCI modelling. These nine studies are therefore semi-
consequential, as defined by Zamagni et al. (2012). Turk 
et al. (2015) explain substitution in terms of which processes 
are avoided due to recycling using literature references, 
although not adequately specifying whether it involves the 
actual affected (marginal) processes, which makes the sub-
stitution aspect less causally market-based. The remaining 

Table 4  Relevancy guide 
of when to use which LCA 
approach at which decision 
support level

Decision support level Approach Relevancy Comments

Micro level ALCA Building level projects of new, 
renovation, transformation, and 
material producers of less  
market-dominant positions

Based on ILCD  
‘Chapter 6.5’

One building project may 
have a limited influence on 
the overall economy.

Meso/macro level CLCA Policy-making, regulation, 
and building development in 
neighbourhood, city, national, or 
regional context

Based on ILCD ‘Chapter 5’; 
cf. section 1.1

It will reflect the causal 
market aspects of changes 
in the economy
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LCI is not consequential as the modelling originates from 
the associated supply chain and not the affected supply chain 
in the market. Similarly, Sandin et al. (2013) performed a 
consequential LCA model, which neglected the identifica-
tion of marginal suppliers except for including substitution 
to model avoided production by the unconstrained suppli-
ers. Proceeding substitution onwards in CLCA of buildings, 
studies should model avoided processes to be the affected 
suppliers while also completing consequential modelling of 
the remaining foreground system to ensure a more useful 
CLCA study.

4.3  Application and guide of CLCA on buildings

The ILCD Handbook specifies to use ALCA for account-
ing and micro level decision support. For meso/macro level 
decision support, it specifies to combine the use of long-term 
marginal mixes for the large-scale changes and attributional 
modelling for the small-scale changes. However, it shows 
some ambiguity across chapters regarding when to apply 
attributional and consequential approaches, as elaborated in 
section 1.1. Despite the ambiguity, it is a consensus document 
we recommend as the basis for the decision of which LCA 
approach to use. To condense the interpretation for the built 
environment, Table 4 provides a proposed guide of when 
ALCA and CLCA are relevant. Supplementary to the guide 
proposals, the micro level of decision support would benefit 
of an added CLCA, but not suggested as a requirement.

However, a dilemma arises for micro level decision sup-
port if a trend for a certain building or product type increases 
or decreases “independently” in each commenced building 
project. These individual micro level trends may amount 
collectively to a macro level change. It is important for 
consultants to recognize this. But, completing the CLCA 
jointly with the ALCA to improve the conclusions of such 
trends is mainly recommended for the building authorities 

and researchers. To make it easier to differentiate between 
micro or meso/macro level decision support of an LCA, the 
built environment community could agree on and introduce 
a distinctive threshold. This could, for example, be built on 
the most appropriate of either total building area or total 
building project cost. We recommend initiative joint consen-
sus work to establish clear criteria or recommendations for 
defining when a study is at the micro, meso or macro level.

After the choice to conduct a CLCA, instead of follow-
ing the ILCD Handbook, it might act according to the four-
step procedural framework of Weidema et al. (2009), where 
Table 5 presents the minimum level of the CLCA aspects 
we recommend for inclusion. The four-step framework pro-
vides an inherent homogeneous approach to CLCA, and of 
the 24 reviewed studies referring to a CLCA framework, 19 
use the four-step framework or its predecessor’s work and 
theories (Weidema et al. 1999; Weidema 2003; Ekvall and 
Weidema 2004).

Regarding data application, retrospective and prospective 
data considerably influence the environmental impacts of 
building CLCAs (Buyle et al. 2018b, 2019a, b). Therefore, 
considering retrospective and prospective data on market 
delimitation, market trend and affected suppliers in a sensi-
tivity analysis could be a common element in future CLCA 
studies of buildings. This improves the robustness of out-
comes since retrospective data are often more available. How-
ever, they are not necessarily representative of future trends, 
whereas prospective data are inherently uncertain but can 
consider future changes due to their projection aspect (Pizzol 
and Scotti 2017). Using scenario development to demonstrate 
various paths of future possibilities should reduce the inherent 
uncertainty of a prospective approach (Zamagni et al. 2012). 
Developing robust scenarios requires a structured methodo-
logical framework, as in Pesonen et al. (2000). For ALCA 
studies, various scenario applications exist (Lasvaux et al. 
2017; Drouilles et al. 2019; Scherz et al. 2022).

Table 5  Minimum aspects to include in building CLCAs as derived from the four-step procedure framework of Weidema et al. (2009). Then, 
recommendations of what to include as a part of the assessment and a minimum specified level of documentation with examples

Aspect Recommendation (optionally) Specification level

Time horizon Long-term (medium-, short-term) No. of considered years, or as long-, medium-, and/or short-term

Market delimitation Modelled for foreground system Explaining the parameters that determine the market, e.g., trade data and 
minimum threshold for being included in a certain market

Market trend Modelled for foreground system Explaining the parameters that determine market trends, e.g., increasing 
market computed based on linear regressions of trade data

Affected suppliers Modelled for foreground system Explaining parameters that determine affected suppliers e.g., trade data as 
a proxy for competitiveness and as a threshold for being in the affected 
supplier mix

Constrained supply Exclude qualitatively before or after  
modelling (quantitatively)

Discuss if affected suppliers are plausible and include a comparison with 
other literature, policies, or expert involvement

Substitution of 
affected processes

Multifunctional processes, recycling/reuse Explaining the parameters that determine avoided production, e.g., avoided 
chipboard production from increased timber use for CLT
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5  Conclusion

This review has revealed how limited numbers of CLCA 
studies of buildings exist. The analysis shows a lack of 
methodological studies about the influence of CLCI mod-
elling choices. Additional research gaps concern renovation 
approaches and the effects of future climate change path-
ways on CLCA outcomes. Micro level studies feature circu-
lar aspects and wood in buildings as their main subjects. The 
meso/macro level studies report on similar topics, though 
with geographically concentrated circular aspects, and 
accompanied by a focus on energy supply pathways. Ergo, 
wider circular strategies and renovation policies lack focus 
at the meso/macro level, while the premises of component 
design, material strategies and building configurations need 
stressing at both decision support levels. Although studies 
engage a broad spectrum of applications of both methodo-
logical and empirical aspects, the documentation and mod-
elling methods of CLCI lack systematization and differ in 
consistency. Altogether, there is a need for further CLCA 
studies on buildings to provide a more comprehensive basis 
for concluding and generalizing outcomes. Studies also need 
to improve the level of CLCI to augment the quality of, and 
strengthen, the consequential approach and interpretations.

The choice of LCA approach was discussed with ref-
erence to the ILCD Handbook. It concluded that ALCA 
should be applied in micro level decision support, but 
that an additional CLCA may improve the insights into 
decision support because the ILCD Handbook suggests 
that the consequences of small-scale changes should be 
examined. This entails that building LCAs could continu-
ously be conducted with the current standardized LCA 
for micro level studies. Building LCAs for meso/macro 
level decision support should as a minimum conduct it as 
a CLCA. The approach to conduct a CLCA may follow the 
four-step framework of Weidema et al. (2009) because it is 
homogeneous and the most frequently applied framework 
in the reviewed studies.

Meso/macro level decisions would primarily comprise 
policy-making, and building projects on a neighbourhood, 
city, national or regional scale involving policymakers, -advi-
sors, and building development professionals. Micro level 
decisions would often be relevant for designers, advisors, 
and clients in individual building projects. It was proposed to 
agree on a threshold definition that simplifies the micro- and 
meso/macro level distinctions, for example, those character-
ized by the most appropriate measure of the size of the total 
building area or the total costs of the building project.

Appropriate CLCI modelling should be transparently 
documented and balance the decision support level, applica-
bility and level of advancement while accommodating some 
element of the market approach. It ensures a more market 

mechanism-based assessment that captures constrained sup-
pliers and creates the hypothetical affected supply chain. 
These are the principal elements from which CLCA deviates 
from ALCA. In any case, these CLCI aspects fluctuate in 
consistency and specification. Evolving consequential stud-
ies of buildings, we advocate the built environment agree-
ing on a CLCI modelling method to harmonize CLCA of 
buildings. Lastly, retrospective, or prospective data notably 
influence the environmental impacts of CLCA of buildings 
and should preferably be included as a sensitivity analysis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11367- 022- 02126-w.

Funding The authors would like to acknowledge VILLUM Fonden for 
the financial support of the research as a part of grant no. 00029297 
and 37169.

Declarations 

Conflict of interest The authors declare no competing interests.

References

Almeida DTL, Charbuillet C, Heslouin C, Lebert A, Perry N (2020) 
Economic models used in consequential life cycle assessment: 
a literature review. Procedia CIRP 187–191. https:// doi. org/ 10. 
1016/j. procir. 2020. 01. 057

Anand CK, Amor B (2017) Recent developments, future challenges 
and new research directions in LCA of buildings: a critical review. 
Renew Sustain Energy Rev 67:408–416. https:// doi. org/ 10. 1016/j. 
rser. 2016. 09. 058

Brandão M, Clift R, Cowie A, Greenhalgh S (2014) The use of life 
cycle assessment in the support of robust (climate) policy making: 
comment on “using attributional life cycle assessment to estimate 
climate-change mitigation.” J Ind Ecol 18(3):461–463. https:// doi. 
org/ 10. 1111/ jiec. 12152

Buyle M, Braet J, Audenaert A (2013) Life cycle assessment in the con-
struction sector: a review. Renew Sustain Energy Rev 26:379–388. 
https:// doi. org/ 10. 1016/j. rser. 2013. 05. 001

Buyle M, Braet J, Audenaert A (2014) Life cycle assessment of an 
apartment building: comparison of an attributional and conse-
quential approach. Energy Procedia 62:132–140. https:// doi. org/ 
10. 1016/j. egypro. 2014. 12. 374

Buyle M, Braet J, Audenaert A, Debacker W (2018a) Strategies for 
optimizing the environmental profile of dwellings in a Belgian 
context: a consequential versus an attributional approach. J Clean 
Prod 173:235–244. https:// doi. org/ 10. 1016/j. jclep ro. 2016. 08. 114

Buyle M, Galle W, Debacker W, Audenaert A (2019a) Consequential LCA 
of demountable and reusable internal wall assemblies: a case study in 
a Belgian context. IOP Conf Earth Environ Sci. Institute of Physics 
Publishing, Ser. https:// doi. org/ 10. 1088/ 1755- 1315/ 323/1/ 012057

Buyle M, Galle W, Debacker W, Audenaert A (2019b) Sustainability 
assessment of circular building alternatives: consequential LCA and  
LCC for internal wall assemblies as a case study in a Belgian con-
text. J Clean Prod 218:141–156. https:// doi. org/ 10. 1016/j. jclep ro.  
2019. 01. 306

Buyle M, Pizzol M, Audenaert A (2018b) Identifying marginal suppli-
ers of construction materials: consistent modeling and sensitivity 
analysis on a Belgian case. Int J Life Cycle Assess 23(8):1624–
1640. https:// doi. org/ 10. 1007/ s11367- 017- 1389-5



144 The International Journal of Life Cycle Assessment (2023) 28:131–145

1 3

Collinge W, Rickenbacker H, Landis A, Thiel C, Bilec M (2018) Dynamic 
life cycle assessments of a conventional green building and a net 
zero energy building: exploration of static, dynamic, attributional, 
and consequential electricity grid models. Environ Sci Technol 
52(19):11429–11438. https:// doi. org/ 10. 1021/ acs. est. 7b065 35

Cordier S, Robichaud F, Blanchet P, Amor B (2019) Enhancing consist-
ency in consequential life cycle inventory throughmaterial flow 
analysis. IOP Conf Ser Earth Environ Sci. https:// doi. org/ 10. 1088/ 
1755- 1315/ 323/1/ 012056

de Almeida Biolchini JC, Mian PG, Natali ACC, Conte TU, Travassos GH 
(2007) Scientific research ontology to support systematic review in 
software engineering. Adv Eng Informatics 21(2):133–151. https:// 
doi. org/ 10. 1016/j. aei. 2006. 11. 006

De Rosa M, Pizzol M, Schmidt J (2018) How methodological choices 
affect LCA climate impact results: the case of structural timber. 
Int J Life Cycle Assess 23(1):147–158. https:// doi. org/ 10. 1007/ 
s11367- 017- 1312-0

Dodoo A, Gustavsson L, Sathre R (2014) Lifecycle carbon implications 
of conventional and low-energy multi-storey timber building sys-
tems. Energy Build 82:194–210. https:// doi. org/ 10. 1016/j. enbui ld. 
2014. 06. 034

Drouilles J, Aguacil S, Hoxha E et al (2019) Environmental impact 
assessment of Swiss residential archetypes: a comparison of con-
struction and mobility scenarios. Energy Effic 12(6):1661–1689. 
https:// doi. org/ 10. 1007/ s12053- 019- 09811-0

DS/EN ISO 14040 (2008) Environmental management - Life cycle 
assessment - Principles and framework - DS/EN ISO 14040. Dan-
ish Standards, p 20

DS/EN ISO 14044 (2008) Environmental management – Life cycle 
assessment – Requirements and guidelines – DS/EN ISO 14044. 
Danish Standards

Earles JM, Halog A (2011) Consequential life cycle assessment: a 
review. Int J Life Cycle Assess 16(5):445–453. https:// doi. org/ 
10. 1007/ s11367- 011- 0275-9

EED (2012) Directive 2012/27/EU of the European Parliament and of 
the Council of 25 October 2012 on energy efficiency. (November 
2010), pp 1–56

Ekvall T (2000) A market-based approach to allocation at open-loop 
recycling. Resour Conserv Recycl 29(1–2):91–109. https:// doi. 
org/ 10. 1016/ S0921- 3449(99) 00057-9

Ekvall T, Azapagic A, Finnveden G et al (2016) Attributional and con-
sequential LCA in the ILCD handbook. Int J Life Cycle Assess 
21(3):293–296. https:// doi. org/ 10. 1007/ S11367- 015- 1026-0

Ekvall T, Weidema BP (2004) System boundaries and input data in 
consequential life cycle inventory analysis. Int J Life Cycle Assess. 
Springer Verlag, pp 161–171. https:// doi. org/ 10. 1007/ BF029 94190

EU (2010) Labelling and standard product information of the consump-
tion of energy and other resources by energy-related products & 
Energy Performance of buildings. Off J Eur Union 53:40

European Commission (2020) Communication from the Commission 
to the European Parliament, the Council, the European Economic 
and Social Committee and the Committee of the Regions A reno-
vation wave for Europe - greening our buildings, creating jobs, 
improving lives. Off J Eur Unionfficial J Eur Union 26

Fauzi RT, Lavoie P, Tanguy A, Amor B (2021) Life cycle assessment 
and life cycle costing of multistorey building: attributional and con-
sequential perspectives. Build Environ. https:// doi. org/ 10. 1016/j. 
build env. 2021. 107836

Finnveden G, Hauschild MZ, Ekvall T et al (2009) Recent develop-
ments in life cycle assessment. J Environ Manage 91(1):1–21. 
https:// doi. org/ 10. 1016/j. jenvm an. 2009. 06. 018

Forster EJ, Healey JR, Dymond CC et al (2019) Linking construction 
timber carbon storage with land use and forestry management 
practices. IOP Conf Ser Earth Environ Sci 323(1). https:// doi. org/ 
10. 1088/ 1755- 1315/ 323/1/ 012142

Frossard M, Schalbart P, Peuportier B (2020) Dynamic and conse-
quential LCA aspects in multi-objective optimisation for NZEB 
design. IOP Conf Earth Environ Sci. IOP Publishing Ltd., Ser. 
https:// doi. org/ 10. 1088/ 1755- 1315/ 588/3/ 032031

Ghose A, Pizzol M, McLaren SJ (2017) Consequential LCA model-
ling of building refurbishment in New Zealand- an evaluation of 
resource and waste management scenarios. J Clean Prod 165:119–
133. https:// doi. org/ 10. 1016/j. jclep ro. 2017. 07. 099

Gustavsson L, Dodoo A, Sathre R (2015) Climate change effects over the 
lifecycle of a building. Report on methodological issues in deter-
mining the climate change effects over the lifecycle of a building

Hoxha E, Habert G, Lasvaux S, Chevalier J, Le Roy R (2017) Influence 
of construction material uncertainties on residential building LCA 
reliability. J Clean Prod 144:33–47. https:// doi. org/ 10. 1016/j. jclep ro. 
2016. 12. 068

JRC-IEA (2010) International Reference Life Cycle Data System (ILCD) 
handbook - general guide for life cycle assessment - detailed guid-
ance. First Edit Luxembourg: Publications Office of the European 
Union. https:// doi. org/ 10. 2788/ 38479

Khasreen MM, Banfill PFG, Menzies GF (2009) Life-cycle assessment 
and the environmental impact of buildings: A review. Sustainabil-
ity 1(3):674–701. https:// doi. org/ 10. 3390/ su103 0674

Kua HW (2012) Attributional and consequential life cycle inventory 
assessment of recycling copper slag as building material in Sin-
gapore. Trans Inst Meas Control 35(4):510–520. https:// doi. org/ 
10. 1177/ 01423 31212 445262

Kua HW (2015) Integrated policies to promote sustainable use of steel 
slag for construction - a consequential life cycle embodied energy 
and greenhouse gas emission perspective. Energy Build 101:133–
143. https:// doi. org/ 10. 1016/j. enbui ld. 2015. 04. 036

Lasvaux S, Lebert A, Achim F et al (2017) Towards guidance values 
for the environmental performance of buildings: application to the 
statistical analysis of 40 low-energy single family houses’ LCA in 
France. Int J Life Cycle Assess 22(5):657–674. https:// doi. org/ 10. 
1007/ s11367- 016- 1253-z

Nepal P, Skog KE, McKeever DB et al (2016) Carbon mitigation 
impacts of increased softwood lumber and structural panel use 
for nonresidential construction in the United States. For Prod J 
66(1–2):77–87. https:// doi. org/ 10. 13073/ FPJ-D- 15- 00019

Nwodo MN, Anumba CJ (2019) A review of life cycle assessment of build-
ings using a systematic approach. Build Environ 162(March):106290. 
https:// doi. org/ 10. 1016/j. build env. 2019. 106290

Pedinotti-Castelle M, Astudillo MF, Pineau P-O, Amor B (2019) Is 
the environmental opportunity of retrofitting the residential sector 
worth the life cycle cost? A consequential assessment of a typical 
house in Quebec. Renew Sustain Energy Rev 101:428–439. https:// 
doi. org/ 10. 1016/j. rser. 2018. 11. 021

Pesonen HL, Ekvall T, Fleischer G et al (2000) Framework for scenario 
development in LCA. Int J Life Cycle Assess 5(1):21–30. https:// 
doi. org/ 10. 1007/ BF029 78555

Pizzol M, Scotti M (2017) Identifying marginal supplying countries of 
wood products via trade network analysis. Int J Life Cycle Assess 
22(7):1146–1158. https:// doi. org/ 10. 1007/ s11367- 016- 1222-6

Plevin RJ, Delucchi MA, Creutzig F (2014) Using attributional life 
cycle assessment to estimate climate-change mitigation benefits 
misleads policy makers. J Ind Ecol 18(1):73–83. https:// doi. org/ 
10. 1111/ jiec. 12074

Prateep Na Talang R, Pizzol M, Sirivithayapakorn S (2017) Comparative 
life cycle assessment of fired brick production in Thailand. Int J Life 
Cycle Assess 1875–1891. https:// doi. org/ 10. 1007/ s11367- 016- 1197-3

Rinne S, Syri S (2013) Heat pumps versus combined heat and power 
production as CO2 reduction measures in Finland. Energy 57:308–
318. https:// doi. org/ 10. 1016/j. energy. 2013. 05. 033

Röck M, Saade MRM, Balouktsi M et al (2020) Embodied GHG emis-
sions of buildings – the hidden challenge for effective climate 



145The International Journal of Life Cycle Assessment (2023) 28:131–145 

1 3

change mitigation. Appl Energy 258:114107. https:// doi. org/ 10. 
1016/j. apene rgy. 2019. 114107

Roos A, Ahlgren S (2018) Consequential life cycle assessment of bio-
energy systems – a literature review. J Clean Prod 189:358–373. 
https:// doi. org/ 10. 1016/j. jclep ro. 2018. 03. 233

Roux C, Schalbart P, Assoumou E, Peuportier B (2016) Integrating 
climate change and energy mix scenarios in LCA of buildings 
and districts. Appl Energy 184:619–629. https:// doi. org/ 10. 1016/j. 
apene rgy. 2016. 10. 043

Roux C, Schalbart P, Peuportier B (2017) Development of an electric-
ity system model allowing dynamic and marginal approaches in 
LCA—tested in the French context of space heating in buildings. 
Int J Life Cycle Assess 22(8):1177–1190. https:// doi. org/ 10. 1007/ 
s11367- 016- 1229-z

Saade MRM, Guest G, Amor B (2020) Comparative whole build-
ing LCAs: how far are our expectations from the documented 
evidence? Build Environ 167:106449. https:// doi. org/ 10. 1016/j. 
build env. 2019. 106449

Sacchi R (2017) A trade-based method for modelling supply markets 
in consequential LCA exemplified with Portland cement and 
bananas. Int J Life Cycle Assess 23(10):1966–1980. https:// doi. 
org/ 10. 1007/ S11367- 017- 1423-7

Sandberg NH, Brattebø H (2012) Analysis of energy and carbon flows 
in the future Norwegian dwelling stock. Build Res Inf 40(2):123–
139. https:// doi. org/ 10. 1080/ 09613 218. 2012. 655071

Sandin G, Peters GM, Svanström M (2013) Life cycle assessment of 
construction materials: the influence of assumptions in end-of-life 
modelling. Int J Life Cycle Assess 19(4):723–731. https:// doi. org/ 
10. 1007/ s11367- 013- 0686-x

Sauer AS, Calmon JL (2020) Life-cycle assessment applied to build-
ings: gaps in knowledge. Int J Environ Stud 77(5):767–785. 
https:// doi. org/ 10. 1080/ 00207 233. 2019. 17040 36

Scherz M, Hoxha E, Maierhofer D, Kreiner H, Passer A (2022) Strate-
gies to improve building environmental and economic performance: 
an exploratory study on 37 residential building scenarios. Int J Life 
Cycle Assess. https:// doi. org/ 10. 1007/ s11367- 022- 02073-6

Skullestad JL, Bohne RA, Lohne J (2016) High-rise timber buildings 
as a climate change mitigation measure - a comparative LCA of 
structural system alternatives. Energy Procedia. Elsevier Ltd, pp 
112–123. https:// doi. org/ 10. 1016/j. egypro. 2016. 09. 112

Toth Z, Reviewed JV, Jeffries B et al (2021) Whole-life carbon: challenges 
and solutions for highly efficient and climate-neutral buildings. Build 
Perform Inst Eur. Available at: https:// www. bpie. eu/. Accessed 23 
Apr 2022

Turk J, Cotič Z, Mladenovič A, Šajna A (2015) Environmental evalua-
tion of green concretes versus conventional concrete by means of 
LCA. Waste Manag 45:194–205. https:// doi. org/ 10. 1016/j. wasman. 
2015. 06. 035

United Nations (2015) The Paris Agreement. United Nations, Paris. 
https:// doi. org/ 10. 4324/ 97892 76082 569-2

United Nations Environment Programme (2021) Global Status report 
for Buildings and Construction 2021. United Nations Environ Pro-
gram. Available at: https:// globa labc. org/ resou rces/ publi catio ns/ 
2021- global- status- report- build ings- and- const ructi on. Accessed 
24 Aug 2022

Vieira PS, Horvath A (2008) Assessing the end-of-life impacts of 
buildings. Environ Sci Technol 4663–4669. https:// doi. org/ 10. 
1021/ es071 345l

Weidema B (2001) Avoiding co-product allocation in life-cycle assess-
ment. J Ind Ecol 4(3)

Weidema B (2003) Market information in life cycle assessment. Dan-
ish Environ Prot Agency Environ Proj. Available at: http:// www. 
norlca. org/ resou rces/ 780. pdf. Accessed 2 Mar 2022

Weidema BP (1993) Market aspects in product life cycle inventory 
methodology. J Clean Prod 1(3–4):161–166. https:// doi. org/ 10. 
1016/ 0959- 6526(93) 90007-x

Weidema BP, Ekvall T, Heijungs R (2009) Guidelines for application of 
deepened and broadened LCA. Deliverable D18 of work package 
5 of the CALCAS project. Rome

Weidema BP, Frees N, Nielsen A (1999) Marginal production technolo-
gies for life cycle inventories. Int J Life Cycle Assess 4(1):48–56. 
https:// doi. org/ 10. 1007/ BF029 79395

Wohlin C (2014) Guidelines for snowballing in systematic literature 
studies and a replication in software engineering. EASE’14 Proc 
18th Int Conf Eval Assess Softw Eng

Zamagni A, Guinée J, Heijungs R, Masoni P, Raggi A (2012) Lights and 
shadows in consequential LCA. Int J Life Cycle Assess 17:904–
918. https:// doi. org/ 10. 1007/ s11367- 012- 0423-x

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.



APPENDIX B. PUBLICATION 2 

127 

Appendix B. Publication 2 

Publication 2: Enabling rapid prediction of quantities to accelerate LCA for 

decision support in the early building design. Hansen, R. N.; Hoxha, E.; 

Rasmussen, F. N., Ryberg, M. W., Andersen, C. E.; Birgisdóttir, H. In: Journal of 

Building Engineering, 2023. DOI: https://doi.org/10.1016/j.jobe.2023.106974  

  

https://doi.org/10.1016/j.jobe.2023.106974


ø

´

ø

–

’

– –

´



–

–

–

’



–

¨

− +



–

’ 

–

–

− −

− −

–

= =



–

“ ” 

“ ” = = =

+

+

+

+

+

–



− +
−

+

– ’

–



–

–

– ’ 

–

– −
+

–



Δ Δ

Δ

Δ

’ Δ

Δ

Δ

Δ – Δ Δ

’ 

= =



Δ

–



’

’

’

“ ” 

–



−
+



’

¨

’

•
–

•

• –

• ’

• ’

•

•

ø – 

– 

– – 

´ – 



ø

–

–

–

’ –

–

–

–

’

–

¨

–

´ —

–

–

´ – 

ø



–

ø ø

´ —

–

ø ø

–

¨

– – 

´





APPENDIX C. PUBLICATION 3 

143 

Appendix C. Publication 3 

Publication 3: Environmental consequences of shifting to timber construction: the 

case of Denmark. Hansen, R. N.; Eliassen, J. L.; Schmidt, J.; Andersen, C. E.; 

Weidema, B. P.; Birgisdóttir, H.; Hoxha, E. In: Sustainable Production and 

Consumption, 2024. DOI: https://doi.org/10.1016/j.spc.2024.02.014  

https://doi.org/10.1016/j.spc.2024.02.014


ø

´

’ 

’ 

’ 

’

– ◦

journal homepage: www.elsevier.com/locate/spc 



•

•

’

–



’ 

=
= = =



’

− +

’



˜

˜

˜

’

˜

’ 



“

” 

= = =



– 

= = = =
= = – = =

= = = = = ⋅ =

= = = =
=



+

’ 

’ 

= = =
= =



=

=



’ 

’

’ 

’ 

’ 

’ 



’

’

’ 



+

’

’

’ 

– –

–



’

–

´

—

ø

ø ´

’

–

–

–

–

’

ø

–

–

–

˜

–

–

– – 

– 

’

– 

– ’

’

’



’

–

–

’

– 

ø

–

´

–

–

’

–

–

ˇ

–

˜

–

–

– –

˜

’

–

’

–

–

–

—

–

–

ø

˜

–

–

–





 

159 

Appendix D. Publication 4 

Publication 4: Reducing the land use impact of wood buildings with fast-growing 

biobased materials. Hansen, R. N.; Hoxha, E.; Birgisdóttir, H.; Pittau, F. Draft, 

Expected Submitted To: Sustainable Cities and Societies, 2024. 

 



R
A

S
M

U
S N

Ø
D

D
E

G
A

A
R

D
 H

A
N

S
E

N
E

N
V

IR
O

N
M

E
N

TA
L A

S
S

E
S

S
M

E
N

T O
F IN

C
R

E
A

S
E

D
 U

S
E

 O
F W

O
O

D
 IN

 TH
E

 B
U

ILD
IN

G
 S

E
C

TO
R


