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ABSTRACT 

Author: Design for Disassembly in Mid-Rise Timber Buildings: A Lifecycle and Material Flow 
Analysis Approach  
Thesis type: Master’s Thesis 
Tampere University 
Degree Programme: Master’s Degrees Programme in civil Engineering (Structural Engineer-
ing) 
Month Year: June 2026 

 

The construction industry is one of the major contributors to resource consumption, construction 
and demolition waste generation and greenhouse gas emissions worldwide. Although timber 
buildings are increasingly regarded as a more sustainable alternative to conventional concrete 
and steel structures, their environmental performance is strongly dependent on how well materials 
can be recovered and reused at the end of a building’s service life. Design for Disassembly (DfD) 
is a promising strategy to improve circularity by enabling future material recovery, reuse, and 
recycling through reversible accessible building assemblies. 
This thesis investigates the influence of Design for Disassembly on the circularity and environ-
mental performance of mid-rise timber buildings by using a case study of an eight-storey timber 
residential building in Finland. A DfD assessment matrix score was developed to evaluate the 
disassembly potential of timber related floors, walls and roof assemblies based on five criteria 
(connection reversibility, material purity and layering, component standardization, accessibility 
and avoidance of wet trades). The assessment results were used to generate DfD-optimized as-
sembly alternatives and remodeled in Autodesk Revit.   
The environmental impacts of the optimization were evaluated by Life Cycle Assessment (LCA) 
using OneClick LCA according to EN 15804 and EN 15978. Material Flow Analysis (MFA) was 
used to assess the end-of-life (EoL) material recovery routes. Results indicated that as built as-
semblies had a moderate disassembly potential due to the presence of composite systems, 
bonded materials, hidden connections, and wet construction methods. The optimization process 
resulted in better DfD performance in most assemblies using mechanical connections, modular 
coordination, improved accessibility and dry connection techniques. 
The LCA results revealed promising environmental benefits, with the optimized scenario reducing 
the Global Warming Potential (GWP), Acidification Potential (Ap), and Abiotic Depletion Potential 
for Fossil resources (ADPF) by around 87%,71% and 23% respectively, compared to the as-built 
scenario. Moreover, MFA results revealed significant increase in reuse and recycling potential 
and decrease in landfill disposal dependance. Based on the findings, a simplified DfD impact 
scorecard to link DfD design quality, material recovery potential and carbon saving performance 
was developed. The scorecard offers a useful decision support tool to assess the circularity im-
plications of assembly design in the early phases of projects. 
This thesis concludes that DfD can significantly improve both circularity and environmental per-
formance of timber buildings and offer a framework to support the transition to a circular and 
resource-efficient built environment.   
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1. INTRODUCTION 

1.1 Background 

Construction has conventionally adhered to a linear methodology wherein resources are 

procured, converted into building elements, assembled, and subsequently deconstructed 

at the conclusion of their usable lifespan (EoL). While some building regulations stipulate 

a minimum service life of 50 years, research demonstrates that constructions become 

obsolete significantly earlier (Huuhka & Lahdensivu, 2016). As a result, substantial waste 

generation and raw material utilization in the EU stem from construction and demolition 

waste (European Commission, 2018). The construction sector significantly contributes 

to global environmental issues, including climate change, resource depletion, and biodi-

versity loss; it is responsible for roughly 40% of global CO₂ emissions and approximately 

35% of total energy consumption. In Finland alone, the construction sector accounts for 

30% of national emissions, with 15% attributable to building materials (Raivo et al., 

2020).  

Considering these environmental issues, timber has gained heightened interest as a 

construction material due to its renewability and carbon storage ability. Engineered lum-

ber, such as Cross-Laminated Timber (CLT) and Glue-Laminated Timber (Glulam), has 

become an essential substitute for carbon-intensive materials such as steel and concrete 

in mid-rise to high-rise building (Liu et al., 2025). Timber buildings are often associated 

with reduced embodied carbon, as an 18-storey mass timber building can store over 

1,750 tonnes of CO2 within its structure (Rigo, 2024). Mid-rise timber structures, typically 

about eight stories, present a significant potential for transition to a circular economy, as 

they utilize substantial amounts of materials (Attia et al., 2025) which often undergo re-

peated repairs and premature demolition due to changes in user rather than structural 

inadequacies (Harte et al., n.d.).  

However, the environmental benefits of timber are maximized only when its material 

lifecycle transitions from a linear model that requires more energy and materials as well 

as fabrication of new timber building components to a circular one (Ottenhaus et al., 

2025). In Finland alone, about 95% of the wood wate generated between 2018 and 2020 

was recovered for energy (Vuoden, 2020), which releases the captured biogenic carbon 

into the atmosphere and goes against the principles of the waste hierarchy (Regulation 
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(EU), 2023).   The World Bank also predicts that by 2050, the demand for timber will 

have quadrupled due to the increased interest in timber-based buildings on a worldwide 

scale (The World Bank, 2016), raising critical concern over the sustainable and long-

term supply of material, making material circularity an important issue in timber construc-

tion (Andersen, 2022).  

Designing for disassembly (DfD) and reuse offers an excellent approach to address 

these problems, as it enables the systematic disassembling, reusing, and recycling of 

building components at the end-of-life (EoL). It extends the service life of each construc-

tion component beyond just one building use, hence reducing the amount of waste gen-

erated and the demand for virgin materials (Flindall et al., 2023). In timber buildings, DfD 

provides an alternative to keep the embedded carbon in the building components instead 

of releasing it during energy recovery operations (Walsh & Shotton 2021). Nonetheless, 

the material lifespan of timber has mostly stayed linear, with decommissioned timber 

parts frequently being chipped for energy generation, which releases CO₂ that has been 

trapped back into the atmosphere (Walsh & Shotton 2021).  

To statistically quantify the environmental impacts of DfD, rigorous evaluation proce-

dures are essential. Life cycle assessment (LCA) is widely used for assessing the envi-

ronmental impacts of buildings throughout their lifecycle, which includes the extraction 

of raw materials, production, construction, use, and end of life phases (De Wolf et al. 

2020, Grant et al., 2014). Due to the decrease in operational energy requirements re-

sulting from enhanced building efficiency, the importance of environmental impacts as-

sociated with material and EoL stages of a building’s lifecycle has increased (Nwodo & 

Anumba, 2019).  

Material flow analysis (MFA) is an extension of LCA that traces and measure material’s 

flow during the entire lifecycle of the building, helping understand the material’s flows, 

stocks, and circularization. LCA is an assessment of environmental impacts, but MFA 

provides a holistic view of design impacts related to material’s retention, recycling, and 

transition between technological and biological cycles (Duan et.al., 2022). The integra-

tion of DfD principles with LCA and MFA provides a robust framework for evaluating the 

environmental performance and circularity potential of mid-rise timber structures (Nwodo 

& Anumba, 2019).  

1.2 Problem Statement 

The growing use of mid-rise timber buildings offers a significant opportunity to reduce 

the environmental impact of the construction industry. However, the potential benefits of 



3 
 

timber construction are currently limited by mostly linear lifecycles practices, particularly 

at the end of the building’s life. Though DfD appears to offer potentially beneficial practice 

in extending the useful lifecycle of timber components through reuse and recycling, the 

environmental benefits achievable by DfD are not uniformly or adequately considered 

within contemporary assessment approaches (Flindall et al., 2023; Walsh & Shotton, 

2021). 

LCA generally evaluates the environmental performance of buildings; nevertheless, most 

existing LCAs of timber structures adopt a cradle-to-grave system boundary (modules 

A1-C) and provides limited or simplified treatment of end-of-life scenarios. Consequently, 

module D, which accounts for benefits and loads beyond the system boundary-such as 

component reuse, recycling, and substitution effects-is often excluded or insufficiently 

represented (Vandervaeren et al., 2022). This methodological limitation results incom-

plete carbon accounting and an underestimation of the environmental benefits associ-

ated with circular design strategies (Nwodo & Anumba, 2019). 

MFA has the capacity to complement LCA by explicitly tracking material stocks, flows 

and reuse pathways across multiple lifecycle scenarios. However, its integration with 

LCA in the context of DfD is still limited, particularly for mid-rise buildings made of timber. 

Existing studies fail to fully capture how disassembly-oriented design decisions influence 

material circularity and long-term environmental performance (Duan et al., 2022). 

As a result, there is lack of comprehensive assessment frameworks that integrates DfD 

principles with LCA and MFA to evaluate alternative end-of-life scenarios for timber build-

ings. This gap limits the ability of designers, policy makers, and other stakeholders to 

make informed design decisions regarding circular timber construction (Liang et al., 

2021).  

1.3 Aim and Objectives of the study 

Aim 

This research, therefore, aims to evaluate the impact of design for disassembly strate-

gies on the environmental performance and material recovery potential of mid-rise timber 

structures using an integrated life cycle assessment and material flow analysis approach.  

Objectives 

1. To review and synthesize DfD principles for timber mid-rises, focusing on features 

that directly influence disassembly feasibility and material recovery 
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2. To build a lean (key features that influences material and carbon saving) DfD fea-

ture matrix-based on literature and standards. 

3. Apply LCA (A1-D) and MFA to a representative mid-rise timber case study under 

two scenarios:  

a. As-built 

b. One optimized DfD scenario based on matrix score 

4. To develop a simplified DfD impact score card that correlates design scores from 

the matrix with material recovery rates and carbon savings.  

The following research questions will be answered through this research: 

1. What DfD features are most critical for enabling disassembly, material recovery and 

carbon retention in mid-rise timber buildings based on literature and standards, and can 

these features be used to for a lean DfD feature matrix?  

2. How do the life cycle environmental impacts (A1-D) and material flows differ between 

as built mid-rise timber building and a DfD optimized alternative informed by the feature 

matrix? 

3. Can a simplified DfD impact score card effectively correlate design-level disassembly 

scores with end-of-life material recovery rates and embodied carbon savings? 

The result of this research aims to support more accurate carbon accounting for circular 

timber construction and contribute to practical implementation of DfD as a measurable 

strategy for low-carbon and resource-efficient buildings.  

1.4 Limitations and assumption of the study 

This study examines the application of Design for Disassembly (DfD) principles for im-

proving the circularity and environmental performance of timber assemblies, so the as-

sessment focused only on timber-based building assemblies including external walls, 

internal walls, floors and roof systems. These assemblies represent the main timber com-

ponents of the case study and have the most potential for future material recovery.  

The LCA was performed only on the timber-dominated assemblies that are part of the 

case study. This restriction was needed to assess the environmental implications of DfD 

implementation on timber systems without any distortion caused by other structural sys-

tems. The environmental benefits of Module D are derived from assumptions of future 

material substitution based on LCA methodology.  
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Also, the end-of-life (EoL) treatment in the as-built scenario is assumed to be in line with 

conventional demolition practices that are common to the construction industry. The re-

covered materials are directed to recycling, energy recovery through incineration, and 

disposal. While the DfD optimized EoL treatment was assumed to follow a priority order 

of reuse, recycling, energy recovery, and disposal which aligns with circular economy 

principles and previous DfD research (Crowther, 2005; Durmisevic, 2019; Eberhardt et 

al., 2022). 

The recovery rates in the Material Flow Analysis (MFA) are based on literature values, 

technical assumptions and Finnish waste management practices, rather than empirical 

deconstruction data of the case study building itself. The actual levels of recovery will 

depend on demolition practices, availability of labour, market demand and future tech-

nological developments, building maintenance practices, and stakeholder decisions that 

cannot be accurately predicted within the scope of this study. Thus, the recovery and 

carbon-saving ranges in the developed impact scorecard should be interpreted as indic-

ative rather than definitive or precise predictions.  

Fasteners such as screws, bolts, nails, brackets and other connection hardware were 

not part of the material inventory used in the LCA. Project documentation did not contain 

detailed information on the quantity, dimensions, spacings and specifications of fasten-

ers. Also, previous studies have shown that fasteners represent relatively small fraction 

of total mass of buildings and embodied environmental impacts (Akanbi et al., 2018; 

Eberhardt et al., 2019). This omission is therefore not expected to have a major effect 

on the overall comparative assessment.  

In the absence of detailed connections information for each assembly, timber-to-timber 

connections were assumed to be predominantly mechanical (using screws or bolts).   
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2. THEORETICAL BACKGROUND 

2.1 Overview of timber construction   

Timber is one of the oldest building materials used by humans, and it has evolved from 

its conventional use in low-rise buildings to a practical and frequently chosen material for 

contemporary multi-story and high-rise buildings (Stepinac et al., 2020). The inherent 

size of trees and the proneness of timber to pest, moisture and fire have restrained timber 

construction in the past. Conventional methods like light-frame were predominant in 

North America and Scandinavia, where an abundance of forest materials exists (Gonzá-

lez-Tetamal et al., 2022).  

Recently, there has been increased interest in timber construction due to its significant 

environmental benefits and changing building techniques. The adoption of Engineered 

Wood Products (EWPs) in modern timber structures has greatly changed the properties 

of timber (Stepinac et al., 2020). Under pressure, tiny pieces of wood are bonded to form 

products like Glued Laminated timber (Glulam), Laminated Veneer Lumber (LVL), and 

the notable Cross-Laminated Timber (CLT). Large, prefabricated panels of more durable 

and more structurally stable materials are produced by this procedure, which also re-

duces the inherent flaws in solid sawn timber (Zaman et al., 2022). Glulam, which is 

made from bonded wood laminations, and CLT, which stands out for its layered structure 

arranged at right angles and bonded through adhesives, both have strong bending and 

tensile strengths, making them fit for mid-rise, high-rise, and long-span applications. CLT 

is sustainable, lightweight, structurally effective, and has outstanding strength and stiff-

ness in both directions and can be used as load-bearing components of the timber struc-

ture (Svortevik et al. 2020).  

These engineered wood products have made prefabrication and modular construction 

easy, which increases construction efficiency, lowers on-site labour costs, reduces con-

struction time, minimizes waste, and improves quality. They also have a significantly low 

embodied carbon footprint as compared to concrete and steel, and the carbon sink prop-

erties of timber coupled with its renewable nature make it a critical material for achieving 

global net-zero emissions goals by 2050 (Zaman et al., 2022).  
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2.2 Background study into Design for Disassembly  

Recent studies lately have concentrated on design for disassembly, reuse, and adapta-

bility in buildings (Askar et al. 2021, Kuiri & Leardini 2022). According to Fernanda et al., 

2015, DfD is a practice that uses planning and design to simplify deconstruction proce-

dures. This allows dismantling of a building while reusing its resources. It transforms 

traditional trash management and conserves raw materials. Fernanda et al. (2015) also 

used a figure to demonstrate how DfD operates as a Reduce, Reuse, and Recycle (3R) 

mechanism. Composting, burning, and garbage disposal are no longer required with the 

3R procedures, and Fig. 1 below describes each process and its sub-processes.  

 

Fig 1: Waste Management Hierarchy. (Fernanda et al., 2015) 

The waste management hierarchy separates reuse and recycling. Materials can be re-

used for the same or different purposes without going to waste. Recycling reduces the 

refinement level of materials used to create new items (Regulation (EU) 2023).  

Tampere University has also conducted research on the reuse and recycling of construc-

tion materials. The university, in 2018, took a preliminary investigation into the feasibility 

of recycling timber structures. This study offers a complete review of different timber 

structures. It also provides observations on how to disassemble various joints as well as 

the influence of wood-based joint technology. The review recommends disassembling 

glued limited timber structures, veneered timber structures, and solid timber structures 

(Huuhka et al., 2018). The study's findings also revealed that the joint location influences 

the strength and versatility of wood. The best way to maintain the structural qualities of 

wood at the joint is to either reuse the joint exactly as it is or shorten the structure at the 

joint and recreate a similar joint (Huuhka et al., 2018). 

Bogue (2007) addressed DfD guidelines by the following criteria: The product structure 

should include elements such as modularity, standardization, reduced components, and 

variants. 
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Material should have mono-material composition and be recyclable. Connections should 

have reduced connection points, improved accessibility, be visible, be easy to disassem-

ble and adhesives should be used rather than fasteners. Component characteristics 

should have light weight, robust, durable and non-hazardous properties. Disassembly 

conditions, including automation potential, absence of specialized procedures or tools. 

Smith et al. (2012) also provided additional design guidelines for green products that 

permit the disassembly of specific parts for mechanical engineering repair, reuse, recy-

cling, or manufacturing. A significant proportion of these regulations are applicable to 

buildings as well.  

Dismantling in structural engineering refers to the historical practice of repurposing ex-

isting structural elements to construct new facilities. It serves as a remedy to the detri-

mental effect of demolition globally and is crucial for fostering a sustainable ecosystem. 

It is also referred to as reverse construction (Aboginije et al., 2021). Crowther (1999) 

sees DfD as something that naturally makes it possible to reuse materials, parts, and 

buildings. On the other hand, Nordby (2009) uses the phrase “salvaging” to talk about 

DfD that is centred on reuse. Nordby compiles DfD literature to establish criteria for sal-

vageability design, emphasizing the necessity for accessible information, now referred 

to as ‘material passports’ (Helrich & Lang, 2019) or digital twins (Qi et al., 2018). Sanchez 

et al (2020) presents a methodology for the strategic partial disassembly of structures to 

obtain certain components. This approach is especially beneficial for formulating strate-

gies for maintenance and repair.  

In short, DfD is a useful way to design things that will help make the world more circular. 

But, Akinade et al. (2017) says that DfD won’t succeed unless design thinking, regula-

tions, and policies among other things change.   

2.3 Principles of Design for Disassembly (DfD) and frameworks 

DfD is based on the principles of modularity. standardization, and reversibility (Gutiérrez 

et al., 2024). Effective implementation of DfD necessitates addressing design chal-

lenges, such as catering to an uncertain second-hand market. Research has categorized 

DfD principles into various domains, including building materials, system design, human 

factors, and policy (Flindall et al., 2023).  

The first version of a standard for sustainability in buildings and civil engineering projects 

was produced by the International Organization for Standardization (ISO 20887:2020- 

sustainability in buildings and civil engineering work – design for disassembly and adapt-

ability) in 2020. These standard lays out the rules, guidelines, and steps for designing 
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things that can be taken apart and changed. It establishes the basis for incorporating 

DfD into construction methodologies. This standard provides the principles, terminology, 

definition, requirements, and recommendations for DfD, and is designed for stakeholders 

engaged in a project, including designers and regulators. Research frequently employs 

the ideas described in these standards as a framework for formulating specialized design 

matrices and indicator systems pertinent to timber construction (ISO 20887:2020). DfD 

principles according to ISO 20887 are:  

 Ease of access to components and services. 

 Independence. 

 Avoidance of unnecessary treatments and finishes.  

 Supporting reuse (circular economy) business models.  

 Simplicity. 

 Standardization. 

 Safety of disassembly.  

The accessibility of components and services guarantees that disassembly can occur 

without harming adjacent parts. Independence guarantees the preservation of adjacent 

component performance and considers the functionality of connection systems for dis-

assembly and reuse. Simplicity seeks to facilitate the straightforward identification and 

management of disassembled components. Alongside the concepts identified in the ISO 

standards, four methods are enumerated that can enhance these principles. First, priority 

should be accorded to materials or components that can be readily, safely, and econom-

ically replaced, removed and transported. Second, it is recommended that to facilitate 

disassembly by designing lifting or temporary support devices for dismantling phase. 

Third, the planning of component management from installation to disassembly, followed 

by transportation and reinstallation, is underscored. Finally, the storage of spare parts 

enables the substitution of damaged components with new ones in the occurrence of 

failure (ISO 20887:2020). 

The research by Guy and Ciarimboli (2008) looked at how different cultures have influ-

enced the creation of concepts for disassembly. The research identified ten principles 

for disassembly, including:  

 Documenting materials and methods for deconstruction.  

 Selecting materials.  

 Designing accessible connections  
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 Minimizing or eliminating chemicals connection,  

 Utilizing bolted, screwed, and nailed connection,  

 Segregating mechanical, electrical, and plumbing systems,  

 Designing for the worker and the labour of separation,  

 Ensuring simplicity of structure and form,  

 Facilitating interchangeability, and  

 Ensuring safe deconstruction.    

Another study on disassembly with structural timber connections by Pozzi (2019) looked 

at the differences between permitted connections across Europe with particular empha-

sis on their implications on disassembly and component reusability. The study created a 

structured evaluation framework that used three levels of details, from simple to more 

complex criteria, to rate the quality of connections. A weighted scoring system was used 

on key properties so that they could be compared. Highly important properties got a 

weight of two, and necessary properties got a weight of one.  

The analysis examined the relationship between columns, beams, and panels consider-

ing a wide range connection type. These included carpentry connections, fasteners, me-

chanical connectors, and specific bolted and fastened connections (Pozzi, 2019). Me-

chanical solutions such as column shoes, angle plate connections, and proprietary man-

ufacturer developed systems, including UVT-hook connectors were also examined 

(Rothoblass, 2022). Table 1 below show the principles used in this evaluation and their 

explanations. 

Table 2.1: Basic principles for disassembly described by Pozzi (2019) 

S/N The criteria for assessment Definition 

1. Number of elements Evaluate the engineered components of the 

connection, which influence the cost, labour 

duration, and how complicated the joint is. 

Preference is given to simplicity.  

2. Complexity of elements Evaluate the intricacy of the structural sys-

tem, simpler solutions make it easier to reuse. 
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3. Extent of prefabrication Check how much of the connection system is 

prefabricated in a factory setting, as this af-

fects the number of installation phases, la-

bour duration and expenses. it is best to opti-

mize the level of prefabrication for connection 

systems. 

4.  Ease of assembly Evaluate the methods required for assem-

bling the components, considering the need 

for specialized knowledge, the right tools, and 

the right safety gear. Usability is preferred.  

5. Level of freedom Identify the directions in which the connection 

system can move freely and must be secured 

on-site. Consequently, it is preferable to min-

imize the degree of freedom, even though 

connection systems with higher degree may 

be easier to use. 

6. Structural Strength Evaluate the strength of the connection, pri-

oritizing the enhancement the structural 

strength 

7. Finishing The system must be finished with safety and 

accessibility in mind. A hidden connection 

system is preferred.  

8.  Ease of disassembly Disassembly of components should be as 

straight forward as the assembly, and it 

should be made user friendly. 

9.  End-of-waste- process Evaluate the volume of waste produced dur-

ing the disassembly and reassembly process; 

a minimal waste output is desirable 

10. Reusability Consider how often a part may possibly be re-

used, considering things like the possibility of 
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redesign and quality assurance issues. It is 

best to maximize reusability.  

11.  Costs Evaluate the expenses related to the manu-

facturing and acquisition of connecting and 

connected components, prioritize minimal 

costs. 

Each criterion is assessed on a scale of 1 to 4, as decided by the user. Pozzi asserts 

that “Element complexity, reusability, or end-of-cycle waste” may be deemed more sub-

jective, whereas factors such as “structural strength, degree of freedom, or number ele-

ments” are more objective as they can be grounded in empirical data (Pozzi 2019). Pozzi 

(2019) aimed to enhance the disassembly and reuse of timber components while also 

prioritizing the reutilization of timber connection systems, to facilitate the direct reuse of 

timber elements with comparable joint configuration and load conditions. The main prob-

lem with Pozzi’s approach was that the instrument is inherently subjective. This makes 

it difficult to see differences in results when there are no actual data measurable indica-

tors. For instance, when assessing the number of parts (fasteners), score ranges from 1 

(“numerous elements”) to 4 (“limited elements”) without any numerical references. This 

makes it hard for different users to understand the same connections consistently. How-

ever, Pozzi’s framework serves as a good foundation for the proposed instrument be-

cause it focuses on dismantling wooden construction.  

In Italy, Casagrande et al. (2020) researched the structural performance of hybrid timber 

wall systems for emergency housing. They conducted experiments to test the durability 

of the hybrid timber wall structure and its connections. The goal of this unique structure 

was to allow for quick assembly and complete disassembly of the components. It aims 

to connect the structure to each other and to the foundations in a way that makes it easy 

to take them apart and reuse them. The design is straightforward and in the right size. It 

lets you move wall elements between location without special equipment. The charac-

teristics used in the study to evaluate the structural system’s disassembly are  

 Efficiency and simplicity of assembly.  

 Speed and ease of disassembly. 

 Prefabrication. 

 Mass.  

 Rigidity of the connection system.    
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Laasonen and Pajunen (2023) investigated the feasibility of Design for Disassembly in 

load bearing timber structures, with a focus on glued laminated timber (GL) and cross-

laminated timber (CLT) systems. This study reviewed different research studies and the 

ISO 20887:2020 (2020) standard. The system rates eight timber connection details 

based on criteria that ranges from 1 to 4. The criteria considered in this study are:  

 Easy access to components.  

 Easy disassembly. 

 Independence. 

 Simplicity. 

 Standardization.  

Each criterion was evaluated using a four-point ordinal scale reflecting the degree to 

which it satisfied the defined condition. A score of one indicated that the criterion was 

not met or is nearly unlikely to be met, while a score of two shows there is a low chance 

of meeting the criterion. A score of three denote that the criterion is likely to be met, and 

a score of four indicated that the criterion is or almost surely satisfied. This assessment 

approach is inherently subjective, as it is based on qualitative judgement. Laasonen and 

Pajunen (2023) acknowledges that some criteria are more important than others in de-

termining the overall performance, but the methodology does not give them any extra 

weight. As a result, there is no overall performance score. 

Another research (Yan et al., 2022) took place in Australia and focused on the disman-

tling of light timber frame (LTF) connections. LTF is a standardized, lightweight timber 

frame construction method used in Australia. The findings showed that using steel or 

aluminium connections is better than timber connections during disassembly. The con-

nection parts are pre-attached to the elements, such as with screws, and disassembly 

does not require removing the connection from the element. The connections mentioned 

in this study were developed in Europe, but only a few if the studies referenced investi-

gated disassembly. The investigation revealed that aligning connections is a tough chal-

lenge. Natural changes in wood happen due to moisture, makes it more challenging to 

reconnect the connectors and results in complicated disassembly and reinstallation. Ad-

ditionally, the practical structures are longer than the test places. This can lead to greater 

deformations in real world situations, creating more significant issues when reconnect-

ing. The characteristics of disassembly studied include:  

 Standardization.  

 Prefabrication.  
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 Stiffness of connection system.  

 Visibility of connection system. 

 Strength and flexibility of the connection. 

 Feasibility (Yan et al., 2022).  

Most recent research on DfD is the study from Ottenhaus et al. (2025) which contributes 

to DfD in timber construction. The focus of this study was on mechanical connection, 

which are important for recycling mass timber systems. The study addressed a major 

gap in current DfD frameworks which is that there are no clear, measurable, and industry-

related guidelines to help designers choose or create connections that promote circular-

ity, particularly in multi-story and high-rise timber buildings. The research was completed 

using a systematic review of existing work, a survey of 53 professionals from Australia 

and Spain, feedback from real users on the disassembly of 10-story mass-timber building 

at Oregon State University after seismic testing and then the development and validation 

of tools through case studies and benchmarking. The authors came up with 15 evaluation 

criteria based on this synthesis. These were divided into two groups: connection level 

and structure level. Each is given a score 0 to 5, with 0 being the worse and 5 being the 

best. Table 2 below shows the DfD criteria considered for the research under the two 

groups. 

Table 2.2: Basic principles for DfD described by Ottenhaus (2025) 

s/n Criteria for Connection Level Definition 

1 Hazard Risk to workers and the safety of the struc-

ture during disassembly 

2 Access How easy it is to see and get to the con-

nection. 

3 Disassembly Damage Damage to parts or joints that will happen 

during disassembly, such as screws that 

breaks or holes that get bigger.  

4 Disassembly Time The amount of time it takes to disassemble 

joints 
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5 Connection Type The ability to change (for instance, from 

bolted to screwed or glued) 

6 Labour  The number of workers and extra tools 

they need, including cranes and props. 

7 Tools Required The tools required depends on how com-

plicated and specialized they are 

8 Number of Fasteners The total number and types of fasteners 

9 Number of Structural Elements How complicated the node is (for example, 

the intersection of a beam, column, and 

wall) 

10 Degrees of Freedom The number of ways a part can be removed 

after it has been detached. 

11 Training Required Need for specialist knowledge or instruc-

tion  

12 Environmental Exposure The service class and the possibility of cor-

rosion or wood movement that could make 

disassembly harder 

s/n Criteria for Structure Level Definition 

1 Disassembly Plan Written down plans or steps to take things 

apart 

2 Standardization The same sort of connections is used 

throughout the structure 

3 Prefabrication The level of assembly that takes place off-

site 

The total Disassembly potential (DP) is calculated as a weighted average on a 0 to 100 

scale. This allows designers to compare options or assess entire structure. The result 

from the study confirmed that glulam has the highest DP as glulam beam with internal 
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knife plate scored 86 and glulam column with steel plates scored 84. Both had few fas-

teners, great accessibility, and no damage. While a CLT floor half-lap splice with screws 

(DP = 60) has the lowest score because it requires a lot of work to remove screws, which 

causes permanent damage to openings. The author also clarified that even though the 

case study focused on mid-rise buildings, the approach is directly relevant to high-rise 

timber structures, where issues with DfD is more severe. This is because the study 

showed that simple bolted or dowel connections, marked by few fasteners, precise tol-

erances, and easy exposures, offer the best chance for disassembly, and these features 

apply to all timber structures (Ottenhaus et al., 2025).    

2.4 DfD innovations in timber connections 

Connections in timber construction constitute a crucial “motor theme” in research, as 

they are essential for attaining reversibility (Gutiérrez et al. 2024). Sandin et al. (2022) 

confirmed that the basic technological method to achieve DfD in timber connections is to 

replace non-reversible, harmful fasteners, like nails that damage wood when removed, 

with mechanical, reversible joints like screws and bolts. According to Gutiérrez et al. 

(2024), switching from nails to screws on soleplates, for instance, allows the components 

to be recovered damage-free, leading to significantly increased recovery rates. For in-

stance, one of the case studies in the research by Gutiérrez et al. (2024) recorded an 

increased timber recovery from 94.5% to 98.4% with the use of screws and bolts for 

connections. Disassembly using screws is considered more controlled and safer. Using 

wooden nails for connections that are not structural or are secondary, ensures the wood 

substrate remains undamaged, allowing it to hold additional nails in a second use 

(Sandin et al., 2022). This approach considerably increases the recovery rate of long-

length solid timber.   

Liz et al. (2024), noted in their recent study that “plug-and play” systems with connections 

that can be easily pulled apart need to be designed to make it easier for materials to be 

reused in the building industry. Researchers have investigated modernizing traditional 

interlocking systems so that they may be put together and taken apart easily, which is in 

line with the ideas of circular economy (CE). The main reason for employing interlocking 

connections is to replace the ones that are currently with ones that can keep structural 

elements together by having parts work together. These useful technologies are flexible 

and have the right mechanical qualities for many kinds of building (Liz et al., 2024). Liz 

et al. (2024) further reinforced that interlocking technologies, particularly self-locking 

ones, are becoming more popular in the design of connections for both concrete and 

steel modular construction. People are also using the interlocking method in modern 
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buildings with wooden frames. Current solutions for timber-framed buildings generally 

use interlocking methods that can contain metal pieces, which is different from traditional 

interlocking connections that are placed directly to the ends of timber components. Inter-

locking approaches have also been used in recent enhancements to the connections of 

the timber penalized and volumetric buildings. The sophisticated connection methods 

use extra metal connectors that make the connection more stable and stronger. They 

are especially useful for volumetric buildings with big wood panels that are hard to install 

since there isn’t enough room between the pieces (Dodoo et al., 2022). Also, modern 

mass wood buildings made with engineered materials like Glulam and CLT are easier to 

take apart and have fewer structural parts. So, employing interlocking connections in 

mass timber buildings can greatly improve their chances of being reused (Liz et al., 

2024). 

2.4.1 Traditional and modern mass timber connections  

The traditional carpentry joints used in post-and-beam systems allows for disassembly 

(Gutiérrez et al. 2024). In today’s world, these connections which are typically used with 

coach screws, make it easier to disassemble. However, some sections of the joint area 

may need to be removed during recovery, which could cause material loss (carpentry 

joint timber loss) (Sandin et al. 2022). Research on engineered systems shows new ways 

that engineered wood products can be used. This includes prefabricated metal dovetails 

connections for cross-laminated timber (CLT) buildings and connectors for timber-con-

crete composite (TCC) flooring that use deconstructable pieces to get the most out of 

the materials (Sandin et al. 2022).   

2.4.2 Challenges of DfD implementation in timber construction 

Ottenhaus et al. (2023) identified that there is no single method to determine the strength 

and quality of reclaimed wood. And the history of stress, aging and perhaps even dam-

age makes this issue even harder to solve. Most requirements and codes today are for 

new woods only, and there are no formal rules about when and how to use recycled 

wood. Sandin et al. (2022) also confirmed that there are not any clear, explicit, or easy-

to-use design tools or software for architects and engineers to design how to deconstruct 

something during the early design phase. It is also difficult to reuse elements made from 

materials like OSB and bonded materials like CLT panels. These materials might only 

find a way into low-grade recycling or energy recovery (Sandin et al., 2022). Another 

challenge identified by Ottenhaus et al. (2023) is that the effects of moisture, creep, 

shrinkage, and fine tolerances can sometimes cause reversible mechanical connections 
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to become stuck, hence cutting components down becomes the cheaper alternative to 

demounting them as intended.  

2.5 Life cycle assessment (LCA) in timber buildings 

To verify the sustainability of a structure, it is necessary to investigate its effect on the 

economy, the society and the environment over the course of its existence (Concu, 

2020). LCA is a well-known tool used to look at the environmental effects of each stage 

of a timber building’s lifecycle. The International Organization for Standardization 

(ISO14040) sets the standard for Life Cycle Assessment (LCA), which has four main 

stages (ISO 14040; 2006). The life cycle of a building starts with getting the raw materi-

als, making them and moving them to the site. It then goes through construction, opera-

tion and maintenance, and ends with demolition and waste disposal at the end of its 

service life (Anex & Lifset 2014). The European Standard EN 15978 divides the lifecycle 

of buildings into four distinct phases, which are: material production and construction 

(Modules A1-5), service life (Modules B1-7), end-of-life (C1-4), and potential benefits 

and loads beyond the system boundary (Module D), which shows additional environmen-

tal impacts. Figure 2 below shows the lifecycle stages and processes. 

 

Fig 2: Assessment system boundary based on EN15978:2011. Ref: Van den Auwelant 

et al., (2024) 

Since the late 1980s, LCA has been used for analysing various aspects of design and 

performance; however, LCA has become a major research consideration in the last dec-

ade (Robertson et al., 2012). There are many LCA studies that compare various struc-

tural materials such as wood, concrete, steel, and brick. 

The first LCA research was conducted by Cole and Kernan in 1996. They studied life 

cycle energy use in its entirety for a three-storey office building in Vancouver and Toronto 

and compared the wood, concrete, and steel structural system alternatives. Embodied 
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energy was quantified, both initial embodied energy and continued embodied energy 

related to maintenance and operation. Operational energy, hence, turned out to be 

higher contributor toward life cycle energy consumption. The research further estab-

lished that wood framed structures had 5% lower embodied energy than concrete framed 

structure (Cole & Kernan 1996). In 1999, Börjesson & Gustavsson evaluated the primary 

energy consumptions and carbon dioxide emissions related to erecting a multi-storey 

building either with a wooden frame or with a concrete frame. The findings revealed that 

the primary energy input, predominantly in the form of fossil fuel, for the construction of 

concrete frames is approximately 60-80% more than that of wood-framed buildings. It 

would appear from the study that the ability of wood products in offsetting GHG emis-

sions is dependent on the timescale of process variations and in the realization of waste 

after demolition. If all demolished timber is landfilled, the net GHG balance will be posi-

tive, i.e., sources of greenhouse gas outweigh sinks for greenhouse gas. Utilized wood 

from demolition to compensate for fossil fuels may result slightly in positive GHG net 

balance. On the contrary, using some wood from demolition for a new construction, thus 

forgoing fossil fuel replacement, bring about a slightly negative net GHG balance (Bör-

jesson & Gustavsson, 1999). Lenzen and Treloar (2002) reacted to this paper three 

years later, asserting that Börjesson & Gustavsson underestimated their calculation. Ac-

cording to Lenzen and Treloar, the analysis method leads to an underestimation by a 

factor of two of energy consumption and projection of GHG emissions. Still, they recog-

nized that the overall conclusion of Börjesson & Gustavsson, that concrete framed build-

ings are associated with raised emissions, remains valid (Lenzen and Treloar, 2002). 

In recent years, there have been several research comparing the options for building-

material construction, particularly engineered wood materials for mid-rise buildings. In 

2011, Guardigli et al. evaluated the environmental impact for two green buildings in Eu-

rope: one being an innovative wooden construction, and the other being a reinforced 

concrete structure. Their life cycle assessment indicated that the timber building showed 

a lesser overall energy consumption than the concrete structure. However, the study 

also identified that specific engineered wood products, such as Oriented Strand Board 

(OSB), contributed disproportionately to certain environmental and human health impact 

categories, including carcinogenic effects as well as acidification and eutrophication po-

tential. These finding highlights that, while timber structures may offer system-level en-

vironmental advantages, material selection within timber construction can significantly 

influence overall performance (Guardigli et al., 2011). In the same way, Robertson (2011) 

carried out a comparative LCA on two mid-rise buildings: one was constructed in lami-

nated timber, and the other was reinforced concrete. The assessment found that the 
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heavy timber design showed less environmental impact in 10 out of 11 impact categories 

considered. The timber design building was 71% lower in global warming potential. The 

concrete designed building was superior only for the depletion of fossil fuel category, by 

6%, The overall embodied energy in construction materials was calculated for both build-

ing, and the results were quite surprising and contradicted previous studies. The re-

searcher cited comparison of building type and size as a major discrepancy between the 

two studies, in that older studies used lightwood framing, whereas more advanced wood 

products like glulam and CLT were used in this study, and that feedstock energy was 

estimated to be much higher for timber design (Robertson, 2011).  

Recently, the number of tall buildings has increased, however there are not many studies 

that look at these buildings from a life cycle point of view. A study examined the possibility 

of lowering greenhouse gas emissions by replacing tall steel and concrete edifices with 

timber constructions. LCA was used to look at four structures, each with between 3 and 

21 floors. It was found that timber structures have a 34-84% lower influence on climate 

change than reinforced concrete structures, depending on how they are harvested 

(Skullestad et al., 2016). 

2.5.1 Life cycle assessment (LCA) and its integration with DfD 

The incorporation of DfD principles in LCA methodologies is essential to ensure efficient 

resource use and meet the circular economy goals in the construction industry. This in-

tegration is necessary to accurately evaluate the environmental benefits offered by de-

sign strategies that promote material reuse and recovery (Flindall et al., 2023). The inte-

gration of DfD with LCA aims to illustrate and measure the environmental benefits asso-

ciated with design of buildings that facilitate easy disassembly and reuse of components. 

Research (Li et al., 2024) indicates that DfD can substantially lower the global warming 

potential (GWP) of buildings by facilitating material reuse, thereby decreasing the need 

for new virgin raw materials and minimizing waste generation. DfD reuse scenarios can 

facilitate diminish environmental impacts by more than 70% when compared to recycling 

or demolition methods.  LCA has been confirmed as a primary method for assessing the 

potential environmental impacts of circular structures across their entire life cycle. How-

ever, existing LCA calculation methods and research inadequately model material flows 

and stocks in demountable buildings thereby neglecting the potential advantages of de-

signing for easy disassembly and reuse (Flindall et al., 2023). And although LCA analysis 

can encompass the entire life cycle of buildings, offering a thorough understanding of 

their sustainability, most studies often concentrate on the cradle to grave perspective, 
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neglecting the cradle-to-cradle approach and advantages of reuse, recycling, and recov-

ery as outlined in Module D (Cheong et al., 2024). The End of Life (EoL) phase and the 

advantages of reuse are often neglected or inadequately incorporated inro conventional 

LCA studies. This oversight arises from challenges such as data availability, uncertain-

ties regarding future waste management practices and EoL scenarios. Studies suggest 

that structures designed according to circular strategies may incur greater environmental 

and cost burdens during their production or reuse phases. (Brambila et al., 2019).  

The environmental impacts of disassembly structures are increasingly difficult to com-

pare, as existing studies typically assess only a single life cycle of the product and often 

overlook the environmental advantages of reuse. Conducting a LCA across multiple life 

cycles can yield important insights into the environmental performance of these struc-

tures (Van Gulck et al., 2023). Nwodo & Anumba (2019) also confirmed that a major 

challenge is the lack of standardized LCA methodologies, which leads to inconsistencies 

in system boundaries and assumption across studies, which makes comparison difficult. 

According to Tehrani & Froese (2017), the results of LCA studies might change depend-

ing on things like the type and size of buildings, where they are located, the system 

boundaries, the type of wood construction method used (e.g. light frame or mass timber), 

and the type of LCA approach used. The carbon footprint of glulam production is greatly 

influenced by the location of forest resources, the type of energy used, and the method 

used to manage forests in a sustainable way in each area. Europe and North America 

often perform better because they have smaller carbon footprints (28-70 % lower than 

additional materials) due to advanced technology and clean energy adoption.  

2.6 Material flow analysis (MFA) and its integration with DfD 

The integration of MFA and DfD is an important paradigm shift in the construction sector, 

from a linear pattern to a circular economy, which views buildings as temporary storage 

spaces for valuable resources (Tzourmakliotou, 2021). Although DfD is the tool that al-

lows buildings to be disassembled without any demolitions, MFA is the framework that 

allows tracking and controlling material flows through out their cycle (Flindall et al., 2023). 

According to Flindall et al. (2023), the essence of this integration is based on the con-

ception of “material banks.” DfD is essentially the design process that allows “harvesting 

of material banks” by applying reversible mechanical connections rather than “wet bond-

ing”, while MFA functions as the “logistics department” in this circular system.  

The interaction of MFA and DfD is increasingly facilitated by digital tools including Build-

ing Information Modelling (BIM) and Material Passport (DGBC., 2022). Material pass-
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ports act as digital inventories, which secures information regarding the location, condi-

tion, and reusability of construction components.  And Building Information Modelling 

(BIM) acts as an information repository that houses data-rich models that track relations, 

attributes, and quantities throughout the lifecycle (DGBC., 2022). 

In timber construction, the integration of MFA and DfD is important for carbon seques-

tration. Timber stores carbon while in use; however, without DfD and MFA to track its 

flow, wood is typically chipped or incinerated at the end of its first lifecycle, releasing 

carbon back into the cycle (Attia et al., 2025).  

2.7 Relevant timber properties and conditions suitable for reuse 

Structural timber must fulfil specified requirements for its mechanical and physical qual-

ities, including density, strength, and stiffness, to be reused in other buildings. In terms 

of durability and moisture content, it must also be in good shape (Teder et al., 2012).  

Strength is a fundamental mechanical characteristic of recovered structural timber. It 

guarantees the wood’s strength and ability to support weight over time. CLT, glulam, and 

solid timber all have different levels of stiffness because of how they are made and what 

they are made of. Verifying the strength of a timber can helps to figure out the possibilities 

and ways or reuse, making sure it works well and stays strong in different building situ-

ations (Ayanleye et al. 2022).  

Moisture content and thermal performance are closely related, and both have a big effect 

on the durability and cross-section stability of repurposed timber. Timber constantly in 

the sun may crack and will soak up water when it rains thereby keeping it moist. Excess 

moisture can cause change in size, cause warp and make the timber rot, which is a big 

risk for the structure. Managing of moisture is essential to ensure that the structural tim-

ber is in good shape and allows it to last longer when reused (Ayanleye et al. 2022).  

Durability is also an important property of for repurposed structural timber because it tells 

how well it will hold up to rot, bugs, and problems caused by moisture over time. The 

way CLT, glulam, and solid wood are made and treated affects how long they last. Know-

ing how long each type of wood will last helps you choose materials that can handle the 

weather and keep the structure working well for a long time. By Putting durability first in 

reused structural timber, stakeholders can make construction practices more sustainable 

and resilient. This means they won’t need to replace things as often and will use re-

sources more efficiently (Ayanleye et al. 2022). 
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3. METHODOLOGY 

This thesis employs a mixed-methods approach that combines qualitative design as-

sessment with quantitative environmental analysis to evaluate the impact of DfD on ma-

terial recovery and carbon emissions in mid-rise timber buildings.  

3.1 Description of case study 

 

Fig 3: 3D image of the case study from Autodesk Revit 

The case study selected for this thesis is a TOAS (Tampereen Osuustoiminnallinen 

AsuntoSäätiö) Kauppi building located at Kuntokatu 11A. TOAS is a public housing pro-

vider. The building is a multi-residential apartment block with 8 floors, containing repeat-

ing apartment units across levels. The ground floor contains communal spaces like 

sauna, laundry room, club/meeting room, ventilation and utility rooms. The second to 

eight floors are the residential units with balconies.  

Note: See Annex B for 2D floor plans of the case study. 
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3.1.1 Apartment types and spaces in the case study  
Several apartment configurations are repeated:  

 1h + kt = 1 bedroom + kitchen/living room 

 1h + kt + alk = 1 bedroom + kitchen/living + alcove/study 

 OH + RT = Apartment with dining area 

 ET = Separate workspace 

 ALK = Alcove 

 Prsh = Balcony 

 KT = Kitchen 

 KPH = Kitchen + washroom combo 

3.1.2 Sample unit sizes 

 30.5 m2, 31.0 m2, 42.0 m2, 16.0m2, 19.0 m2 – typical for studio/1-bedroom units 

 Balconies: 40 m2, 11.5 m2, etc. 

3.1.3 Structural and construction layer codes 
The drawing for the building uses a coded system to define construction types. Each 

code corresponds to a detailed layer build up (listed in the legend). These are important 

for the analysis of this thesis. 

Table 3.1: Floor structures  

Code Description 

AP1 Ground floor slab: 40 mm screed + 200 

mm hollow core slab + 170 mm EPS insu-

lation + 300 mm drainage gravel. 

AP2 Elevated ground floor over crawl space: 

similar but with 200 mm cast-in-place con-

crete slab 

AP3 Sloped floor (e.g., for drainage in utility 

area) 
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VP1-VP2 Intermediate floor between level, mostly 

wood based (CLT + joists) with acoustic 

insulation and levelling (floating) screed.  

VP7 External floor edge/Balcony floor/Cantile-

vered floor. 200mm timber joist + 40mm 

battens for cladding attachment and a 

floating screed. 

VP4 Uses hollow-core slab instead of CLT for 

structural span 

VP5 200mm cast concrete casted or bonded 

over CLT.  

Table 3.2: Wall structures 

Code Type Key features 

US1 -US2 Timber CLT exterior wall 80 mm CLT + 180 mm in-

sulation + 28 mm façade 

panel 

US3 Concrete sandwich wall 80 mm outer concrete + 

220 mm mineral wool + 

150 mm inner concrete  

US4 Heavy concrete wall with 

Paroc insulation 

 

US5, US6 Concrete sandwich exter-

nal walls 

Includes ceramic tiles, 

waterproofing, and sauna 

panelling 

US7 Gable-end wall at attic Ventilated cavity, no inte-

rior finish 

Interior Partitions 

Code Description 
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VS1, VS3 CLT sandwich with cavity partition wall. Material layers:  

18mm fire rated gypsum board (screwed to CLT) + 

80mm CLT (screwed/bolted to floors above7below) + 

50mm mineral wool insulation (friction fit between CLT 

layers) + 80mm CLT + 18mm fire rated gypsum board.  

VS2, VS15 CLT single panel. Material layers: 18mm fire rated gyp-

sum board (screwed to CLT) + 80mm CLT 

(screwed/bolted) + 18mm fire rated gypsum board. 

VS4 Timber framed service wall. Material layers: 26mm 

(13+13) gypsum board (screwed to timber framing) + 

66mm timber battens (screwed to structure/CLT) + ser-

vice cavity + 15mm fire rated gypsum board (screwed to 

CLT) + 80mm CLT + 18mm fire rated gypsum board 

(screwed to CLT). 

VS 5 Massive CLT wall. Material layer: 100mm CLT (5-layer) 

+ 15mm fire rated gypsum board (screwed to CLT).  

VS6 CLT wall to attic. Material layer: 180mm rigid insulation 

(mineral wool) (mechanically fastened or friction-fit) + 

80mm CLT (screwed/bolted) + 18mm fire rated gypsum 

board (screwed to CLT). It is an internal wall to venti-

lated attic.  

VS7, VS8, VS9 Reinforced concrete walls for stairwells/elevators 

VS10, VS11, VS12, VS13 Mansory partitions with tile finishes (bathrooms, laun-

dry) 

VS14 Timber stud partition. Material layers: 13mm gypsum 

board (screwed to timber studs) + 66x42mm timber 

studs (screwed/nailed to structure) + 13mm gypsum 

board (screwed to timber studs) 

VS16 Timber stud double layer partition. Material layers: 

26mm gypsum board (double layer) (screwed to timber 
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studs) + 66x42mm timber studs + 26mm gypsum board 

(double layer) (screwed to gypsum board). 

Table 3.3: Roof structure 

Code Description 

YP1 Main roof: 400 mm insulation (blown min-

eral wool), CLT deck 

YP2 Alternative roof build-up with 300 mm raft-

ers, 80 mm CLT, 18 mm fire gypsum 

Both roofs include ventilated air gaps and wind barriers, typical for Nordic climate resili-

ence.  

The building uses a hybrid structural system. The primary structure is composed of 

cross-laminated timber (CLT) for walls and floor. Concrete elements are used in stair-

wells, elevator cores, and ground slab for mass and fire safety. The exterior claddings 

are made of horizontal wood panels for aesthetic and weather protection, and the interior 

finishes comprises of gypsum board, tiles in wet area, and wood panelling in sauna. This 

building portrays a typical Finnish construction.  

Note: This thesis is focused on how timber is used in buildings, and how design can 

unlock disassembly and circularity. So non timber elements (concrete, masonry, MEP) 

were excluded from the analysis to focus on the circularity potential of the mass timber 

subsystem, making it consistent with the research objectives. Also, the components in-

cluded in this analysis are external load bearing walls, internal walls, floor slabs and roof 

including their connections.  

3.2 DfD feature matrix 
First, a lean DfD feature matrix was developed based on review of literature and standard 

(ISO 20887), focusing on key features that directly influence disassembly feasibility and 

circularity. Based on the structural specifications of the case study (hybrid concrete/ CLT 

construction), the key DfD barrier in these assemblies are: 

 Adhesives: Screed (plaanovalu) often bonded to CLT making it hard to separate 

 Composite layering: CLT + OSB + insulation + screed fused together 

 Concealed connections: Joist fixed inside cavities; no access 
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 Non-standard depths: Varying CLT thickness (80,100,120 mm) reduce reuse 

compatibility. 

 Wet trades. On-site concrete screed prevents panel reuse.  

Table 3.4 presents the DfD features and criteria used in this study. The criteria were 

selected based on review of international standards (ISO 20887) and peer-reviewed lit-

erature. These featured have been modified and refined to fit the DfD barriers in the 

structural assemblies of the case study.   

Table 3.4: DfD features and criteria selected for this thesis 

s/n DfD fea-

tures 

Definition 

1 Connection 

reversibility 

It is the extent to which components are connected by using non-

destructive, mechanical fasteners like bolts, screws, and dowels 

that allows easy separation without damaging the main structural 

element as compared irreversible methods like adhesives or cast-

in-place concrete (CEN/TS 17943:2023).  Bonded screeds or 

glued joints makes it impossible to reuse and often leads to 

downcycling or incineration. Reversible connection keeps the em-

bodied biogenic carbon in wood and makes it possible for reuse 

in new buildings (Pomponi & Moncaster, 2017).  

2 Material pu-

rity and lay-

ering 

It is the degree to which a structural element is made up of single 

materials or layers that can be easily separated, rather than com-

posite construction where different materials like wood, concrete, 

and plastic membranes are fused together, making it hard to get 

back individual parts (Röck et al. 2020). It is impossible to cleanly 

separate the composite when CLT slabs are laminated with OSB, 

bonded to insulation, or covered with screed (Nancy et al. 2016).  

3 Component 

standardiza-

tion 

It entails using the same sizes, modular grids, and catalogue-

based parts throughout a building so that parts can be swapped 

out and used again in future projects instead of making custom 

parts for each project (CEN/TS 17943:2023). Standardized CLT 

panels (for example, modules that are always 80 mm thick and 
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3.0 m x 1.2 m) can be used again in new buildings, which cuts 

down on emissions from making new ones (Junnila et al., 2021).  

4 Access for 

disassembly 

This entails connections and interfaces that are easy to see and 

get to, so that tools and workers can safely efficiently separate 

parts without having to break them or remove finishes that are in 

the way (Adam et al., 2021). If fixings are hidden behind plaster, 

screed, or ceiling systems, it is hard to take apart even if the con-

nections can be reversed (Adam et al., 2021).    

5 Avoidance 

of wet 

trades on 

structures 

This entails avoiding on-site applied wet processes (e.g., concrete 

screeds, plaster, render) directly onto primary structural timber el-

ements, which bond irreversibly and contaminate surfaces in-

tended for reuse (Hossain et al., 2020). Screeds on CLT floors is 

standard for acoustics, but it permanently bonds to the structure 

making the wood impossible to recover (Hossain et al., 2020).    

In this research, the assemblies are evaluated for disassembly based on the criteria de-

fined in Table 4. Each feature is scored using a 3-point ordinal scale: 

 1 = Poor: Design significantly hinders disassembly or reuse 

 2 = Moderate: Partial disassembly feasibility with limitations 

 3 = Excellent: Design fully supports non-destructive deconstruction and reuse  

Table 3.5: Developed DfD feature matrix  

s/n DfD features 1(Poor) 2 (Moderate) 3 (Excellent) 

1 Connection re-

versibility 

Structural adhe-

sives or cast-in-

place concrete 

(e.g., bonded 

screed on CLT) 

Hybrid: some 

screws/bolts, but 

key joints glued or 

concealed 

Fully mechanical 

(bolts, screws, dow-

els); no structural ad-

hesives; dry assembly 

2 Material purity 

and layering 

Multi/layer com-

position (e.g., 

CLT, OSB, + 

bonded insula-

tion/screed) 

Separable layers 

with minor con-

tamination (e.g., 

removable screed 

over membrane) 

Mono material or fully 

demountable assem-

blies (e.g., exposed 

CLT with loose-fit fin-

ishes) 
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3 Component 

standardiza-

tion 

Fully custom di-

mensions, unique 

per room or floor 

Partial standardi-

zation (e.g., com-

mon spans but 

varying thick-

ness) 

High modularity: uni-

form panel sizes (e.g., 

80 mm CLT through-

out),  

4 Access for dis-

assembly 

Fixings embed 

behind finishes, 

within cavities, or 

under wet trades  

Partial access via 

service voids or 

removable strips 

Full visual and physi-

cal access; labelled 

joints; no obstructions 

5 Avoidance of 

wet trades on 

structures 

≥30 mm struc-

tural screed or 

render directly 

applied to 

CLT/glulam 

<10mm thin non-

structural topping 

or floating layer 

No wet trades on pri-

mary structure; fin-

ishes on independent 

substructure (e.g., bat-

tens) 

The building assemblies were evaluated as components of an interconnected system, 

rather than as isolated elements alone. Therefore, the assessment of connections and 

assess to assembly includes all interfaces such as wall-to floor and wall to roof. So, if 

critical connections are concealed by adjacent systems or finishes, the DfD score re-

duces even if the assembly is mechanically fixed.  

3.3 Lifecycle assessment 
Lifecycle assessment was performed in this study to evaluate the environmental impli-

cation of DfD strategies in timber construction compared to conventional practices. The 

assessment follows ISO 14040 (2006) framework and adheres to EN 15978 (2012) for 

the assessment of the construction works and EN 15804 + A2 for the Environmental 

Product Declaration (EPD) core rules. The Finland apartment building 2025 embodied 

carbon benchmark was used as the benchmark in this assessment.  

The system boundary for this study encompasses the full life cycle from cradle-to-grave, 

including Module D (benefits and loads beyond system boundary), to show the circular 

potential of DfD. The specific modules included are: 

 Production stage (A1-A3): Extraction of raw materials, transport, and produc-

tion (Fasteners, nails, screws, glues and seals are not included in the LCA as-

sessment, but the connection methods in the timber assemblies were considered 

in the circularity assessment to assess the DfD potential) 



31 
 

  Construction stage (A4-A5): Transport to site and construction / installation 

process 

 Use stage (B4-B6): Material replacement, refurbishment and energy consump-

tion. 

 End of life stage (C1-C4): Deconstruction/demolition, waste transport, waste 

processing, and waste disposal. 

 Beyond system boundary (D): Reuse, recovery, and recycling potentials. It re-

ports the benefits and burdens outside the system as an additional information in 

the lifecycle assessment.  

In the absence of measured operational energy data to generate results for B6, it was 

assumed that the reference operational energy consumption was 110 kWh/m2/ year, 

covering electricity and district heating. This value is in line with typical energy perfor-

mance regulations for Finnish homes, where typical operational energy demand for res-

idential building is around 100-120 kWh/m2/ year (Ingéner, n.d, Hu et al. 2022).  

While the results for A1-A5, B4-B5, and C1-C4 were generated by integrating the quan-

tity and material data from Autodesk Revit with the Environmental Product Declaration 

(EPD) database of One Click LCA. The lifecycle assessment of the entire building was 

first calculated, and then an analysis excluding non-timber assemblies when calculated 

which is the focus of this research.  

The functional unit is defined as 1m2 of the Gross Floor Area (GFA) of the case study 

building. This means that the environmental impacts calculated across the building’s 

lifecycle are divided by the total GFA of the building. This allows for normalization of the 

environmental impacts relative to the building utility.  

3.3.1 Software and Data sources 
The LCA was conducted using One Click LCA, a certified software tool compliant with 

EN 15978 and EN 15804 + A2; it is also a web and cloud-based computing tool. This is 

an automated LCA software that assists in calculating and mitigating the environmental 

impact of construction and infrastructure projects, goods, and portfolios (One Click LCA, 

2022). One Click LCA is a plug-in for Autodesk Revit that facilitates the direct importation 

of quantity and material data from the Revit model. The case study in this research was 

designed and modeled in Autodesk Revit, which transmits the material information and 

quantities to the cloud service of One Click LCA and then maps the materials with verified 

EPDs saved in the database. The initial material mapping was done using the software’s 

AI-driven auto-mapping feature. All automated mapping were checked to make sure data 



32 
 

was accurate and unmapped materials were mapped manually. The selection criteria put 

EPDs with geographic proximity to the case study location at the top of the list. Other 

criteria are:  

 Specificity of the material type  

 Compliance with EN 15804 + A2 

Where specific manufacturer EPDs were not available, generic industry-average EPDs 

were used instead. This was noted as a limitation in the data’s specificity.  

3.3.2 Lifecycle impact assessment  
This research is assessing the lifecycle of the case study building and as such is not 

limiting the result to climate change (carbon footprint) alone. This is in line with the study 

from Lund et al. (2025), who confirmed the relevant impact categories to include in build-

ings LCA. The impacts reported are limited to: 

 Global Warming Potential (GWP) [kg CO2-eq]:  This is the most critical indica-

tor in construction LCAs. It measures the contribution of greenhouse gas emis-

sions to climate change i.e. the actual carbon footprint (Intergovernmental Panel 

on Climate Change, 2021).  

 Ozone Depletion Potential (ODP) [kg CFC-11-eq]: This measures the impact 

od substances that degrade the stratospheric ozone layer, which protects living 

organisms from harmful ultraviolet (UV) light (World Meteorological Organization, 

2018).  

 Acidification Potential (AP) [mol H+-eq]: This quantifies the emission of sub-

stances that lead to the formation of acid rain, mainly sulfur dioxide (SO2), nitro-

gen oxide (NOx), and ammonia (NH3). These emissions can acidify soils and wa-

ter bodies (European Environment Agency, 2019).   

 Eutrophication Potential (EP) [kg PO4-eq]: This measures the impact of nutri-

ent enrichment in aquatic and terrestrial ecosystems, primarily due to emissions 

of nitrogen and phosphorus compounds (European Commission, 2010).  

 Abiotic Depletion Potential Fossil (ADPF) [kg Sb-eq]: This assesses the de-

pletion of non-renewable natural resources, such as minerals and fossil fuels. 

The indicator is based on the scarcity and extraction rates of these resources 

(Guinée et al., 2016).  
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The environmental impacts were calculated using the EN15804 +A2 standard. The se-

lected environmental impact provides a detailed evaluation of climate change (carbon 

footprint), atmospheric pollution, ecosystem impacts, and resource depletion, ensuring 

a robust and multi-dimensional environmental assessment in line with LCA standards 

and practices (ISO 14044; EN 15978, Budajová et al., 2025).  

3.3.3 Defining the scenario 
Two scenarios were modelled in this research. The baseline or as built scenario (con-

ventional demolition; where materials are disposed after use either by recycling, incin-

eration or landfill). The benefits of Module D are small in this case. Then the DfD opti-

mized scenario (selective deconstruction) which assumes optimized disassembly ena-

bled by DfD connections and the materials are assumed for reuse at EoL. This scenario 

maximizes Module D benefits through avoided production of virgin materials. 

3.4 Material flow analysis 
The MFA was done to measure the mass flows of materials including primary timber 

elements (load-bearing external walls, internal partitions, and floor slabs) for the case 

study building at the end of its life. The MFA has two main goals: 

 To give a clear picture of where materials go in both conventional demolition and 

DfD scenarios 

 To generate recovery rates inputs for Module D (benefits and loads beyond the 

system boundary) in LCA 

 MFA covers the EoL modules C1-C4 and module D per EN 15978. The functional unit 

is consistent with LCA: 1 m2 of Gross Floor Area (GFA).  

3.4.1 Data collection 
The material quantities were extracted from the Revit, and the following information were 

recorded for each timber assemblies: 

 Total mass (kg) 

 Mass normalized to functional unit (kg/m2) 

 The material composition 

 Connection type (as built or DfD-optimized), which affects the deconstructability 
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3.4.2 Scenario definition 
Two EoL scenarios were modelled in the MFA: 

1. As-built scenario (with conventional demolition): Material flows were apportioned 

based on conventional demolition practices in Finland. This used published 

sources and national waste statistics. According to the Finnish Environment in-

stitute (SYKE, 2024) and Statistics Finland (2024), approximately 54% of the total 

construction and demolition waste (C&DW) in Finland is recovered as material. 

This overall figure, however, hides considerable differences between the material 

types. 

So, to reflect realistic EoL pathways, this study applied material-specific allocation fac-

tors, based on Finnish waste management practices and literature: 

 Mineral materials such as concrete are mainly recycled as secondary ag-

gregates with recycling rates often exceeding 80 to 90 % due to estab-

lished crushing and reuse systems (Dahlbo et al, 2015; SYKE, 2024). 

 Timber and engineered wood products (CLT, OSB, sawn wood) are 

mainly directed to energy recovery (incineration), due to contamination 

from nails, adhesives, and coatings, and the difficulty of sorting demolition 

wood into reusable fractions (Dahlbo et al, 2015; European Commission, 

2015; Kokkonen, 2023). 

 Composite wood products such as OSB and CLT have even lower recy-

cling potential due to their adhesives and mixed composition, which prac-

tically results to near-total energy recovery in practice. 

 The recycling potential of gypsum-based materials is moderate (about 20 

to 30%) if separated cleanly. But much of the material from conventional 

demolition ends up in mixed waste streams (Dahlbo et al, 2015) 

 Insulation materials such as mineral wool and rigid insulation are rarely 

recycled due to contamination and low economic value, so they are 

mostly disposed of (Dahlbo et al, 2015; EU Construction Waste Guide-

lines, 2016)  

These material-specific assumptions are in line with previous Finnish studies. They show 

that over all C&DW recovery rate us high, but high value material recycling is still limited 

for timber and composite material, with energy recovery being the main option.  
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2. DfD scenario: Material flows were distributed based on their technical recovery 

potential enabled by DfD principles. To determine the recovery rates of this sce-

nario, a hybrid approach was employed, which combined empirical literature data 

with technical assessment of individual components: 

 Empirical literature benchmarks: Recovery potential for timber compo-

nents were linked with deconstruction studies in peer-reviewed literature. 

The recovery rates of light-frame timber elements were informed by Di-

yamandoglu and Fortuna’s (2015) research, which showed that careful 

soft-stripping allows for 25% direct reuse of wood framing materials. 

While Passarelli (2022) and Sakaguchi et al. (2017) stated that mass tim-

ber components have greater recovery potential. They showed that large 

structural components maintain their structural integrity than smaller 

wooden parts when taken apart 

 Component specific adjustments: Literature values were adjusted based 

on the physical characteristics of the case study components. External 

walls and floor slabs, which constitute the more structural elements were 

assigned higher reuse rates, ranging between 50% and 60% due to their 

standardized dimensions and compatibility with mechanical connections, 

which is consistent with Piccardo and Huges (2022). Conversely, smaller 

components, including internal partitions and studs, were allocated lower 

reuse rates, ranging from 25% to 40%, and higher recycling rates reflect-

ing higher probability of damage during handling (Sakaguchi et al., 2017).  

 Regional context: All recovery options were validated against the waste 

infrastructure available in Finland, as presented by Niu et al (2021). This 

ensured that all the recycling options considered are possible in Finland. 

For each material, mass flows were distributed across reuse, recycling (module D), en-

ergy recovery (module C3), and disposal (module C4). Material quantities were exported 

from Revit Autodesk to Excel, and the mass flow distribution was calculated using Excel. 

A Sankey diagram visualization was used to show the material flow using SankeyMATIC. 

Finally, a simple DfD impact score card that correlates design scores from the matrix 

with material recovery rates and carbon savings was developed based on the DfD as-

sessment results, MFA recovery rates and LCA results. 
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4. RESULTS 

4.1 DfD assessment for assemblies in the as-built scenario 
The tables below assess the DfD potential of all timber-related assemblies (external load 

bearing walls, internal partition walls, floor slabs, and roof) in the case study (as-built). 

All pure concrete or masonry assemblies (AP, US3-6, VS7-13, etc) are not considered 

in this assessment. The assemblies are assessed based on the DfD metric score pre-

pared in chapter 3. 

Table 4.1: Floor Slabs (VP assemblies) 

Assem-

bly 

Connection 

Reversibility 

Material 

Purity 

Standardiza-

tion 

Access Avoidance 

of wet 

trades 

VP1 2 2 2 2 2 

VP2 2 2 2 2 2 

VP3 3 3 3 3 3 

VP5 1 1 2 1 1 

VP7 2 2 2 2 2 

Justification:  

VP1 and VP2 (CLT + floating screed + joists) 

Connection reversibility – 2 

 Screed is floating (on impact insulation) so it is not bonded however, removal 

requires breaking of the concrete screed. Joists and battens are mechanically 

fixed which is good, but the screed acts as a semi-permanent layer to the sub-

strate below and the OSB board is mechanically integrated with adjacent layers. 

Material purity – 2 

 Multi-layer system: screed + insulation + OSB + timber + CLT. Separation is pos-

sible but not clean in practice, there are potential for damage during disassembly. 

The combination of wet (concrete screed) and dry materials reduces recoverabil-

ity. 
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Standardization – 2 

 Joists (48 x 220 mm) and CLT panel (80mm) are in their standard sizes, however, 

layer build-up (screed + insulation + OSB) is project specific. Also, span variation 

and acoustic requirements lead to non-uniform assemblies.  

Access – 2 

 Access to mechanically fixed layer is restricted by the screed layer which requires 

breaking, also fixings are concealed in the joists and battens zones by overlying 

materials. 

Wet trades – 2 

 The presence of the 40 mm concrete screed is critical here. The screed is directly 

bonded to the CLT, but it is still wet, heavy, and demolition intensive.  

VP3 (Pure CLT slab) 

Connection reversibility – 3 

 CLT panels are typically screwed or bolted which is reversible. 

Material purity – 3 

 Only CLT + gypsum which can be separated cleanly. 

Standardization – 3 

 High modularity typical in CLT systems 

Access – 3  

 There is direct access after removing gypsum 

Wet trades – 3 

 The system is fully dry.  

VP5 (CLT + cast in-situ concrete) (There is no realistic reuse of CLT) 

Connection reversibility – 1 

 Concrete is casted over or with the structure which makes it irreversible. 

Material purity – 1 

 Hybrid structural composite which cannot be separated cleanly. 

Standardization – 2 

 High modularity typical in CLT systems 
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Access – 1 

 There is no access without demolition. 

Wet trades – 1 

 There is a heavy structural concrete which is demotion-intensive 

VP7 (Timber floor + façade interface) 

 Same logic as VP1, with façade layers.  

Table 4.2: External load bearing walls (US assemblies) 

Assem-

bly 

Connection 

Reversibil-

ity 

Material 

Purity 

Standardiza-

tion 

Access Avoidance 

of wet 

trades 

US1 3 2 2 2 2 

US 2 3 2 2 2 3 

US7 2 2 2 2 3 

Justification: 

US1 and US2 (CLT + rigid insulation + timber cladding) 

Connection reversibility – 3 

 All connections are mechanical (Cladding + battens is often screwed). The as-

sembly has a wool-facing joist screwed to CLT frame, which is a perfect descrip-

tion of a reversible connection, though the inner layer of battens is installed di-

rectly against the insulation layer which is mechanically fastened to the CLT 

structure.   

Material purity – 2 

 The assembly has multiple layers (cladding, battens, insulation, CLT, gypsum) 

and they are separable due to mechanical connections. But the disassembly pro-

cess introduces practical challenges, it damages the insulation (Screw holes), the 

cladding (extraction damage), and leave the CLT riddled with fastener penetra-

tions.   

Standardization – 2 

 CLT panels are standard, but façade layers are variable and are cut to fit.  
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Access – 2 

 The cladding must have to be removed to access the insulation layer and the 

internal CLT surface is concealed behind interior gypsum and exterior cladding. 

This limits disassembly efficiency.   

Wet trades – 3 

 No wet trades are present. 

 US7 (Lightweight ventilated timber wall) 

Connection reversibility – 2 

 Mechanical connections are used throughout, but the critical interface between 

the assembly and the primary structure (roof truss) is concealed. Roof truss con-

nections in Finland are often nailed plates or nail-fixed timber joints (Poutanen et 

al., 2023). These are technically removable but not practically reversible without 

damage.    

Material purity – 2 

 Layers are mechanically attached and separable, but the gypsum board is sacri-

ficial (damaged upon removal). There are also multiple layers in the assembly 

(cladding, battens, gypsum) and the assembly is dependent on the roof truss 

structure. 

Standardization – 2 

 The components (claddings, battens and gypsum) are standardized, but the ge-

ometry is customized for sloped/knee wall conditions, and this reduces reuse po-

tential in standard applications. 

Access – 2 

 Access to structural connections is indirect and requires sequential removal of 

finishes (cladding and gypsum). But the layers are mechanically fixed and can be 

dismantled to expose primary connections.   

Wet trades – 3 

 No wet trades are present. 

 

 

 



40 
 

Table 4.3: Roof assemblies (YP assemblies) 

Assem-

bly 

Connection 

Reversibil-

ity 

Material 

Purity 

Standardiza-

tion 

Access Avoidance 

of wet 

trades 

YP1 2 2 2 2 3 

YP 2 2 3 2 2 3 

Justification 

YP1 (CLT roof + insulation + membrane) 

Connection reversibility – 2 

 CLT connections are mechanical and the insulation layers are also mechanically 

reversible, but bitumen is torched-bonded (chemically bonded to OSB) and is 

irreversible.  

Material purity – 2 

 There are several layers (bitumen, OSB, timber trusses, mineral wool (rigid and 

blown), and CLT) in the assembly. While many layers are separable and the 

blown insulation is ideal for recovery, the bonded bitumen-OSB composite and 

the mixed-material trusses prevent a loose-fit classification. The assembly is sep-

arable with effort.    

Standardization – 2 

 The 80mm CLT panels are manufactured to standardized dimensions, the roof 

trusses are also manufactured to standardized profiles using standardized timber 

dimensions. However, the roof trusses are geometry specific. They are fabricated 

to match the exact pitch, span, and overhang of the specific building. This kind of 

truss designed for one roof cannot be directly reused in another building without 

significant modification which is structurally impractical. The OSB sheets are also 

standardized but are cut to fit the truss layout, creating custom dimensions. 

Access – 2 

 The bitumen membranes are the exterior layer and are bonded, so cannot be 

removed intact. Access to the OSB fasteners (screws/nails) from above requires 

destructive removal of membrane. The CLT ceiling is the interior finish and the 
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underside of the structural roof. Thus, the CLT connections to the walls are ac-

cessible from the interior space without removing any other layers. However, the 

connections between the roof trusses and the CLT are buried within the assembly 

(between the CLT and the insulation layers) and would require sequential re-

moval of the insulation.   

Wet trades – 3 

 No wet trades are present i.e. no cast in place concrete, screeds, plaster of struc-

tural adhesives. 

YP2 (CLT roof + insulation + membrane) 

Connection reversibility – 2 

 Primary structural connections (CLT joists, battens) are mechanical. However, 

the bitumen membrane is torch-bonded to the OSB substrate, creating an irre-

versible interface that must be destructively removed to access the mechanical 

connections.    

Material purity – 2 

 There are several material layers like YP1, and while they are mechanically sep-

arable, the membrane-OSB bond cannot be separated. OSB itself is a composite 

material (downcycled stream) and the mineral wool insulation suffers fastener 

penetrations. The material layers are separable with effort but not clean mono-

material recovery. 

Standardization – 2 

 Standard structural components (CLT panels, engineered joists, OSB sheets, 

battens) are used as in YP1. But roof-specific cutting and layered build/up still 

limit full modular reuse.   

Access – 2 

 The ventilated cavity creates a separation layer that improves visual access to 

the interface between the roofing build -up and the structural insulation. However, 

the bitumen membrane must be destructively removed to access the OSB 

screws. The wind barrier board adds another concealed interface, and OSB still 

blocks access to the structural layer. Access requires demolition of the weather-

proofing layer and is also sequential. 
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Wet trades – 3 

 No wet trades are present i.e. no cast in place concrete, screeds, plaster of struc-

tural adhesives. 

Table 4.4: Interior walls assemblies (VS assemblies) 

Assem-

bly 

Connection 

Reversibil-

ity 

Material 

Purity 

Standardiza-

tion 

Access Avoidance of 

wet trades 

VS1 2 2 2 2 3 

VS 2 2 2 2 2 3 

VS3 2 2 2 2 3 

VS4 2 2 2 2 3 

VS5 2 2 2 2 3 

VS6 2 2 2 2 3 

VS14 3 3 2 2 3 

VS15 2 3 2 2 3 

VS16 3 3 2 2 3 

Justification: 

VS1 and VS 3 (CLT sandwich with cavity and mineral wool) 

Connection reversibility – 2 

 Gypsum is screwed to the CLT panel, which is reversible but would leave fastener 

penetration in the CLT surface. The mineral wool also has a reversible connection 

in the assembly (friction-fit). The CLT panels are connected to the floor slabs 

above and below using mechanical fasteners (screws/bolts), however, these con-

nections are concealed behind gypsum finishes and floor finishes.    

Material purity – 2 
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 Layers are mechanically attached and separable. Mineral wool is also removable 

with effort and minor damage. Fastener holes in CLT are usually not a major 

purity issue. So, materials are separable but not high-value reuse friendly.  

Standardization – 2 

 CLT panels are manufactured to standardized widths, gypsum boards are also 

standardized sheet. But there is lack of modular coordination for reuse.  

Access – 2 

 Gypsum finishes are accessible from both sides of the room, and its removal 

exposes the CLT panels and the CLT-to-floor connections. But the floor finishes 

like screed, floating floor etc., may cover the connection points requiring removal 

of those finishes first. But there is no need for destructive demolition of the CLT 

itself.    

Wet trades – 3 

 No wet trades are present. There are no cast-in place concrete, structural screed, 

wet plasters, tile mortars or bonded adhesives.  

VS2 and VS 15 (CLT partition with gypsum) 

Connection reversibility – 2 

 Gypsum is screwed to the CLT panel, which is reversible. The CLT panels are 

connected to the floor slabs using mechanical fasteners (screws/bolts), however, 

these connections are concealed behind gypsum.    

Material purity – 2 

 Layers are mechanically attached and separable cleanly. Although, the gypsum 

board is screwed to the CLT leaving several fastener penetrations in the CLT 

surface it can still be reused where the surfaces are not visible or are concealed.  

Standardization – 2 

 CLT panels are manufactured to standardized widths but cut to project specific 

room heights and weights. Gypsum boards are also standardized sheet that are 

cut to fit site-specific dimensions.  

Access – 2 

 Gypsum finishes are accessible from both sides of the room, and its removal 

exposes the CLT panels and the CLT-to-floor connections. But the floor finishes 

like screed, floating floor etc., may cover the connection points requiring removal 
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of those finishes first. But there is no need for destructive demolition of the CLT 

itself.    

Wet trades – 3 

 No wet trades are present. There are no cast-in place concrete, structural screed, 

wet plasters, tile mortars or bonded adhesives.   

VS 4 

Connection reversibility – 2 

 All connections in the assembly are mechanical, but there are many layers and 

embedded services (electrical wiring, plumbing pipes, and mechanical systems) 

in the service cavity and the timber battens maybe notched or drilled to accom-

modate these services.     

Material purity – 2 

 There are multiple material layers in the assembly. While the structural layers 

(CLT, battens, gypsum) are mechanically separable, the presence of embedded 

services reduces clean separation.  

Standardization – 2 

 CLT panels, timber battens and gypsum boards are standard components. But 

the service cavity and the MEP systems are site-specific and project dependent. 

The assembly is customized to accommodate building services. 

Access – 2 

 CLT is behind many layers of material, and to access the CLT-to-floor connection, 

several layers of material must be removed (double layer of gypsum, timber bat-

tens potentially damaged by service penetrations, detangle to cut MEP systems 

with service cavity and remove 15mm layer of gypsum).     

Wet trades – 3 

 No wet trades are present. There are no cast-in place concrete, structural screed, 

wet plasters, tile mortars or bonded adhesives.  

VS5 (Massive 100mm CLT wall with gypsum) (Given the thickness of the CLT 

100mm, 5-layer it is considered a load bearing wall) 

Connection reversibility – 2 
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 CLT-to-floor connections are mechanical, which is reversible and gypsum is 

screwed to the CLT surface and is also reversible. But as a load bearing wall, 

connections are concealed at structural interfaces (floor slabs).   

Material purity – 2 

 Gypsum is only on one side of the CLT, with the other side exposed or finished. 

The connections are mechanical and thus separable. Separation leaves holes in 

the CLT, and structural connections may introduce additional fastener penetra-

tion (as a load bearing wall) at panel edges. 

Standardization – 2 

 CLT panels are standardized, but panel dimensions are project-specific and 

structural sizing reduces interchangeability.  

Access – 2 

 The gypsum face is accessible and removable, exposing CLT face on one side. 

The CLT side without gypsum provide visual access. But top and bottom connec-

tions to slabs are concealed behind the gypsum at panel edges and behind floor 

finishes. And as a load bearing wall, the removal of this wall requires structural 

shoring before disassembly.  

Wet trades – 3 

 No wet trades are present. CLT is mechanically fastened. Gypsum is dry in-

stalled.  

VS6 (CLT wall to attic with rigid insulation) 

Connection reversibility – 2 

 All connections in the assembly are mechanical, but the concealment of connec-

tions behind insulation on attic side and gypsum on room side and the presence 

of intermediate insulation layers limits reversibility.      

Material purity – 2 

 The presence of rigid insulation reduces the ability to recover high-quality, un-

contaminated and fully independent material streams.  

Standardization – 2 

 CLT panels, rigid insulation boards and gypsum boards are standard compo-

nents. Panel heights are project-specific to floor-to-attic height  
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Access – 2 

 Access is sequential and requires removal of finishes from both sides. For exam-

ples, room side gypsum must be removed to access the CLT and the CLT-to-

floor connection, and the insulation must be removed from the attic side (if it is 

accessible) to access the CLT from that side.  

Wet trades – 3 

 No wet trades are present. All layers are dry installed.  

VS14 (Timber-stud partition with single gypsum on both sides) 

Connection reversibility – 3 

 All connections in the assembly are mechanical. No structural adhesives or bond-

ing and all primary connections can be reversed without altering the structural 

components.  This meets the criteria for fully mechanical, dry, and reversible con-

nections.  

Material purity – 3 

 The system consists of separable material layers like gypsum board and timber 

stud frame. They are separable cleanly depending on the finish or surface treat-

ment.   

Standardization – 2 

 Studs, plates and gypsum boards ae standardized dimensional products. But the 

assembly is site-built with cut-to-fit elements, limiting its reuse as a modular sys-

tem. 

Access – 2 

 The layers are accessible through sequential removal, but the concealment of 

structural connections at the floor and ceiling interfaces prevents direct access. 

Stud connections are hidden behind gypsum boards.  

Wet trades – 3 

 No wet trades are present. All components are dry installed 

VS16 (Timber-stud partition with double gypsum on both sides) 

Connection reversibility – 3 

 Identical to VS14 

Material purity – 3 
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 Identical to VS14.   

Standardization – 2 

 Identical to VS14. 

Access – 2 

 The layers are accessible through sequential removal, because there are double 

layers of gypsum on both sides before the timber studs and their connections can 

be accessed.   

Wet trades – 3 

 Identical to VS14 

4.1.1 DfD value for reversibility from One click LCA building cir-
cularity analysis for as-built scenario.  

The DfD value is determined by the accessibility and types of connections of materials. 

A high DfD value signifies an increased capacity to disassemble materials. The use of 

mechanical and gravitational connections will enhance the DfD value, but the application 

of grid chemical connections on non-load bearing or surface layers will reduce the DfD 

score due to its effect on accessibility (One click LCA, 2022).    

Table 4.5: DfD value for reversibility from One click LCA.  

s/n Result cate-

gory 

DfD potential Mass disassembly 

potential (kg) 

Interpretation 

1 Load-bearing 

layer 

4.16 243928.56 Low DfD potential 

for primary struc-

ture 

2 Non-load bear-

ing layer 

16.66 445791.6 High DfD potential 

for secondary ele-

ments 

3 Product 2.44 51766.94 Low DfD potential 

for individual 

products 
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4 Surface layer 0.75 19337.57 Very low DfD po-

tential for finishes 

5 Total 24.02 760824.66 Weighted average 

across all catego-

ries 

The DfD score from One click LCA is influenced mainly by the type of connection, ac-

cessibility of components and layering complexity. The building has a total DfD score of 

24.02 which represents the combined disassembly potential of all building elements, 

weighted by their material mass. The total mass disassembly potential 760,824.66 kg is 

the mass of materials that can potentially be disassembled, meaning can be recovered 

instead of demolished. It does not mean that all of it is reusable of high quality, it only 

indicates technical disassembly potential.  

4.2 Development of the DfD-optimized scenario 

The DfD-optimized scenario was made by altering the original assemblies to make them 

better at being taken apart, recovering materials, and being reused. This optimization 

methodology directly addresses the primary concerns identified in the as-built assess-

ment, namely the irreversible connections, material mixing, concealed interfaces, and 

the employment of wet building techniques. The redesign is based on five main DfD 

principles. 

 Mechanical connections that can be reversed so that removal does not damage 

the parts. 

 Material purity and separability to facilitate high-value reuse. 

 Standardization and modularity to improve interchangeability of components. 

 Accessible connections to reduce disassembly time and complexity. 

 Avoidance of wet trades and bonded surfaces to eliminate irreversible material 

combination.  

To implement the DfD-optimized scenario, the case study building was remodeled in 

Autodesk Revit using a disassembly-oriented modelling approach. The system compo-

nents were redefined as independent parts which consisted of multiple layers that con-

nected through mechanical systems instead of being shown as a single combined ele-

ment. This allows representation of material separation, connection logic, and disassem-

bly sequencing.  
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4.2.1 Floor slab optimization 

 

Fig 4: Section view VP1&VP2 - As built    Fig 5: VP1&VP2-Optimized section view 

 

    

Fig 6: VP 7- As-built section      Fig 7: VP 7- Optimized section   

   

Fig 8: VP 5- As-built section     Fig 9: VP 5- Optimized section  
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Table 4.6: Design optimization - design changes in floors. 

As-built DfD problem identified Optimized Solution 

VP1&2 are multi-layered 

composite system that 

combines wet and dry con-

struction. They are de-

signed as a floating floor 

over a CLT slab with 

stacked layers.  The lay-

ered materials are:  

1. 15mm timber floor 

tiles  

2. 40mm concrete 

screed  

3. 30 mm acoustic in-

sulation  

4. 18mm OSB board  

5. 20mm timber bat-

tens  

6. 220 mm timber 

joists (2 x 48 x 

220mm) with insula-

tion  

7. 20 mm air gap with 

acoustic rubber  

8.  80 mm CLT slab 

(primary structure). 

1. Wet applied concrete 

screed which creates 

a permanents bond. 

2. Layered materials like 

screed +insulation + 

OSB reduces material 

separability and leads 

to contamination. 

3. Hidden fixings in 

joists and battens un-

derneath layers 

makes disassembly 

difficult. 

VP1&2-O 

1. 40 mm screed is 

replaced with 

25mm gypsum 

dry floor panels  

2. The acoustic in-

sulation is loose-

laid and not 

bonded. 

3. OSB is replaced 

with screwed 

18mm solid tim-

ber board for 

structural deck 

panel. 

4. The floor finish 

uses no adhe-

sive (click-lock 

engineered tim-

ber flooring). 

VP7 is a timber joist-based 

external floor assembly. 

The layered materials are: 

1. 15mm timber floor tiles  

2. 40mm concrete screed 

1. Use of 40mm con-

crete screed is a wet-

applied, bonded 

layer. 

VP7-O 

1. 40mm screed is 

replaced with a 

dry floor system 
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3. 30mm acoustic insula-

tion layer 

4. 18mm OSB board +  

5. 220mm timber joist (2 x 

48 x 220mm) with insula-

tion (100 + 125mm)  

6.  40mm cross battens  

7.  28 mm timber cladding 

2. The combination of 

screed, acoustic insu-

lation and OSB board 

creates a multi-mate-

rial composite build-

up.  

3. Limited access to 

structural and fixing 

systems due to 

screed and OSB 

board. 

(25mm gypsum 

fiber board). 

2. Loose-laid 

acoustic mat not 

glued or bonded 

to ensure inde-

pendence and 

easy removal. 

3. Mechanically 

fixed structural 

deck is used 

(solid timber 

board for im-

proved material 

purity). 

4. Use of uniform 

insulation (to 

align with joist 

depth of 

220mm). 

5. The floor finish 

uses no adhe-

sive (click-lock 

engineered tim-

ber flooring). 

VP5 is a composite struc-

tural floor system that com-

bines timber and concrete 

elements with an integrated 

services zone. The layered 

floor materials: 1. 15mm 

timber floor tiles   

2. 200 mm cast-in place 

concrete slab  

1. Bonded cast-in place 

concrete with CLT re-

sults in permanent 

connection. 

2. Integration of con-

crete with CLT cre-

ates an assembly that 

cannot be separated 

cleanly  

VP5-O 

1.  Concrete slab is 

replaced with 30 

mm gypsum fibre 

panel and 30 mm 

impact sound in-

sulation 
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3. 120mm CLT slab  

4. 15mm fire protection 

gypsum board  

5. 600 mm services zone 

for building services.   

This system relies on a hy-

brid structural concept, 

where concrete and CLT 

act together through bond-

ing or shear connection to 

achieve structural perfor-

mance.  

3. Accessibility for dis-

assembly is restricted 

by the concrete slab.  

4. Concrete is site-spe-

cific even though CLT 

is standardized 

2. The floor finish 

uses no adhe-

sive (click-lock 

engineered tim-

ber flooring). 

4.2.2 External wall optimization 

     

Fig 10: Section view US1&US2 - As built Fig 11: Section view US1&US2 – Optimized section 

     

Fig 12: Section view US7 - As built          Fig 13: Section view US7 – Optimized section 
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Table 4.7: Design optimization - design changes in external walls. 

As-built DfD problem identified Optimized Solution 

US1&2 are multi-layer 

timber envelope system 

composed of:  

1. 28mm horizontal 

timber cladding 

2. 30mm vertical 

battens forming a 

ventilated cavity  

3. Secondary timber 

substructure fixed 

against insulation 

and connected to 

the CLT  

4. 180mm rigid ther-

mal insulation,  

5. 80 mm CLT struc-

tural core,  

6. 18 mm fire-rated 

gypsum board,  

7. 36mm (2x18mm) 

internal gypsum 

finish, 5mm skim 

coat finish.  

1. Fixings are located 

behind cladding and 

within the insulation 

layers. 

2. Internal gypsum lay-

ers are directly ap-

plied to CLT limiting 

independent re-

moval. 

3. CLT panels are 

standard, but insula-

tion boards and fa-

çade layers are most 

likely project specific 

dimensions. 

US1 & 2-O 

1. All components are 

mechanically fixed 

with the use of bolts 

or screws and ad-

justable metal 

brackets between 

cladding battens 

and CLT. 

2. Materials are con-

figured into inde-

pendent functional 

layers: cladding, 

ventilated cavity, 

support brackets, 

insulation boards, 

CLT and internal 

lining. The insula-

tion is installed as 

mechanically fixed 

rigid boards not in-

tegrated with the 

substructure.  

3. Wall components 

aligned to a con-

sistent grid system: 

CLT panel dimen-

sions, insulation 

board sizes and 

batten spacing at 

600 mm c/c,  
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4. Use of painted gyp-

sum board for inter-

nal finish. 

US7 is a lightweight tim-

ber-based façade/parti-

tion assembly that con-

sists of:  

1. 28 mm horizontal 

timber cladding  

2. 30 mm vertical 

battens to form a 

ventilated cavity  

3. 15mm fire-rated 

gypsum board  

4. 48 mm horizontal 

battens.  

It follows a layered con-

struction system, where 

external cladding is sup-

ported by a batten sys-

tem, and the internal lay-

ers are fixed into a sec-

ondary structural frame-

work.  

1. Gypsum board is po-

sitioned within the 

wall build-up con-

cealing structural 

connections. It is not 

acting as a separate 

finish 

2. Horizontal battens 

fixed to the roof 

structure are not di-

rectly accessible.  

US7-O 

1. The 15mm gypsum 

board is relocated 

to the interior face 

of the wall to trans-

form it into a de-

mountable finish 

layer. 

2. Horizontal battens 

(48 x 98) remain 

mechanically fixed 

to the roof struc-

ture. The connec-

tions are not con-

cealed by finishes.  

3. All components are 

fixed using screws 

or bolts, no adhe-

sives or wet applied 

materials used. 

4. Additional 30mm 

internal service bat-

ten layer is intro-

duced to create 

dedicated cavity.  
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4.2.3 Roof optimization 

     

Fig 14: Section view YP1 - As built       Fig 15: Section view YP1 – Optimized section 

     

Fig 16: Section view YP2 - As built       Fig 17: Section view YP2 – Optimized section 

Table 4.8: Design optimization - design changes in roofs. 

As-built DfD problem identified Optimized solution 

YP1 is a lightweight timber 

roof assembly designed as 

a tapered flat roof. The 

structural system consists 

of prefabricated timber roof 

trusses supporting a lay-

ered build-up. The assem-

bly consists of:  

1. 2-layer bitumen 

membrane, torch 

applied and fully 

bonded 

2. 18mm tongue and 

groove OSB roof 

board, fixed to the 

1. The bitumen mem-

brane is torch-

bonded to the OSB, 

forming a perma-

nent composite 

layer. It also cre-

ates inseparable 

waste. 

2. The use of multiple 

insulation types 

(blown + rigid min-

eral wool) compli-

cates clean recov-

ery. 

YP1-O 

1. Torch-applied bitu-

men is replaced 

with mechanically 

fixed single ply 

membrane (e.g. 

EPDM or TPO) 

2. OSB and geometry 

specific roof 

trusses are re-

moved and re-

placed with stand-

ardized CLT pan-

els. 
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supporting struc-

ture 

3. Ventilated air cavi-

ties 

4. Timber roof trusses 

according to struc-

tural design 

5. 400mm blown min-

eral wool insulation 

placed at truss 

depth 

6. 50mm rigid mineral 

wool insulation 

7. 80mm CLT panel 

acting as the inte-

rior structural deck.  

This system is primarily dry 

assembled except for the 

roofing membrane, which 

is chemically bonded to 

OSB substrate.  

3. Roof trusses are 

geometry specific, 

designed for a par-

ticular span and 

slope.  

4. OSB boards are 

also cut to fit. 

3. A tapered, single 

type insulation 

(rigid mineral wool), 

dry-laid is used.   

4. A separable sup-

port layer or protec-

tion layer is intro-

duced.  

5. A service cavity be-

low the structural 

deck is also intro-

duced to expose 

fixings. 

6. All structural con-

nections are me-

chanically fixed 

(bolted or 

screwed). 

YP2 is a roof assembly 

constructed as a ventilated 

timber roof assembly. It 

consists of:  

1. 2-layer bituminous 

membrane, torch 

applied and fully 

bonded. 

2. 18mm tongue and 

groove OSB roof 

board 

1. Bitumen mem-

brane is torch-

bonded to OSB, 

creating a perma-

nent composite. 

This creates an in-

separable bond. 

2. OSB itself is a com-

posite material with 

limited reuse po-

tential, and the ad-

ditional wind barrier 

YP2-O 

1. Torch-applied bitu-

men is replaced 

with mechanically 

fixed single ply 

membrane (e.g. 

EPDM or TPO) 

2. A single type of in-

sulation is used 

(rigid mineral wool) 

and it is loose-laid. 
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3. 98mm battens (98 

x 48mm) forming a 

ventilated cavity 

4. 9mm wind protec-

tion board. 

5. 300mm timber roof 

joists (51 x 

300mm), with min-

eral wool installed 

between the joists. 

6. 80mm CLT panel, 

acting as the inter-

nal structural deck.  

7. 18mm fire-rated 

gypsum board as 

the interior finishes.  

increases material 

heterogeneity.  

3. Timber joists are 

standardized but 

are cut to project-

specific lengths. 

3. Modular panels are 

used for board ma-

terials (CLT, wind 

barrier, finishes). 

4. Standard timber 

joist (51 x 300mm) 

is retained with in-

sulation.   

 

4.2.4 Internal wall optimization 

    

Fig 18: Section view VS1&3 - As built                  Fig 19: Section view VS1&3 – Optimized section 
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Fig 20: Section view VS2&15 - As built       Fig 21: Section view VS2&15 – Optimized section 

      

Fig 22: Section view VS5 - As built                 Fig 23: Section view VS5 – Optimized section 

       

Fig 24: Section view VS6 - As built                 Fig 25: Section view VS6 – Optimized section 
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Table 4.9: Design optimization - design changes in internal walls. 

As-built DfD problem identified Optimized solution 

VS1&3 is a symmetrical 

timber partition. It has sur-

face finishes on both sides 

of 18mm fire-rated gyp-

sum boards. These 

boards are directly fixed to 

80mm CLT panels with 

screws. A 50mm layer of 

mineral wool insulation fits 

between the two CLT pan-

els. This insulation helps 

with sound and heat con-

trol. The CLT panels serve 

as the main structural ele-

ments, and they connect 

to the floor and ceiling 

slabs with screws and 

bolts.  

1. Though the gyp-

sum boards are 

screwed in place, 

they are attached 

directly to the CLT, 

and these creates 

multiple fastener 

holes that damage 

timber surface, 

making it harder to 

reuse.  

2. The mineral wool 

insulation is re-

movable but can 

leave residues on 

timber surfaces. 

3. To reach structural 

connections, the 

gypsum finishes 

and possibly the 

floor layers would 

first be removed, 

making the disas-

sembly process 

less straightfor-

ward.  

VS1&3-O 

1. Gypsum boards 

are fixed to 50mm 

battens so there 

are no penetrations 

in CLT. 

2. Insulation is de-

signed as a remov-

able insulation cas-

sette allowing 

clean extraction 

without damaging 

adjacent materials.  

3. CLT panels are 

mechanically con-

nected to floor/ceil-

ing slabs with 

screws/bolts and 

are accessible af-

ter removing skirt-

ing panels or ac-

cess zones. 

4. The wall uses 

modular coordina-

tion system, where 

panel dimensions, 

cavity depths, and 

lining elements fol-

low consistent grid 

sizes.  

VS2&15 is a simple solid 

timber partition. The main 

structural core is an 80mm 

1. The gypsum 

boards are at-

tached directly to 

VS2&15 – O 
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CLT panel. 18mm fire 

rated gypsum boards are 

directly screw-fixed on 

both sides of the CLT, with 

surface finishes applied as 

specified in the room 

schedule. The CLT panel 

is secured to the floor and 

ceiling slabs with screws 

or bolts.  

the CLT panel. 

This is reversible 

but results in high 

number of fastener 

penetrations which 

damages the tim-

ber surface.  

1. Gypsum boards 

are screwed to ser-

vice cavities, which 

is formed by timber 

battens. This pre-

vents fastener pen-

etrating the CLT.  

2. The structural con-

nections to floor 

and ceiling slabs 

are left as mechan-

ical fixings but they 

are made accessi-

ble by removable 

skirting elements 

or access zones. 

3. The wall uses 

modular coordina-

tion system 

VS4 is a service inte-

grated internal wall con-

sisting of a multilayer dry 

construction system. The 

wall is finished with sur-

face finishes fixed over 

two 13mm gypsum boards 

and then a 66 mm timber 

framing system (2x66x42 

mm battens) allowing a 

concealed service cavity. 

A 15 mm fire rated gyp-

sum board is installed ad-

jacent to the service cavity 

with an 80 mm CLT panel 

as the main load bearing 

element. The reverse side 

1. Gypsum boards 

and framing are 

mechanically con-

nected but the mul-

tiple layered fin-

ishes and hidden 

service zones 

complicate the dis-

assembly se-

quence.  

2. The assembly con-

sists of several in-

terlinked layers like 

two layers of gyp-

sum boards, timber 

framing and con-

cealed service 

VS4-O  

1. The double layered 

gypsum is retained 

for fire and acous-

tic performance but 

redesigned as a 

fully removable 

panel system me-

chanically fixed to 

a removable batten 

subframe.  

2. The service cavity 

is designed as an 

accessible service 

zone with remova-
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of the CLT is finished with 

an 18mm fire rated gyp-

sum board and finished 

per room specification.  

zones. Separation 

is possible, but lay-

ered complexity re-

duces material in-

dependence and 

makes material re-

covery difficult. 

3. Service cavity has 

several finish lay-

ers that needs to 

be removed and 

the CLT structure 

is also hidden. 

ble inspection pan-

els and modular 

framing elements. 

3. A secondary 50 

mm service cavity 

separates the fire 

rated gypsum layer 

from the CLT 

panel, preventing 

fasteners from 

been driven into 

the surface of the 

CLT.  

VS5 is load bearing timber 

wall with 100 mm CLT 5-

ply panel as the main 

structural element. One 

side of the CLT is covered 

with 15 mm fire rated gyp-

sum board and the other 

side is exposed CLT or 

finished as per room 

schedule with fire protec-

tion treatment where 

needed. The CLT panel is 

mechanically fastened to 

the floor and ceiling slabs 

with screws or bolts to 

transfer structural load 

and the gypsum board is 

screwed directly on the 

CLT surface.  

1. Gypsum board us 

directly fixed to the 

CLT panel and the 

multiple fattener 

penetration affects 

the surface quality 

of the timber. 

Structural joints 

also create extra 

penetrations ate 

the panel edges. 

VS5 – O 

1. Gypsum board is 

fixed to a service 

cavity created by 

timber battens (50 

mm); this prevents 

fastener penetra-

tion through CLT 

surface. 

2. Structural connec-

tions between CLT 

and floor and ceil-

ing slabs are re-

tained as mechani-

cal but redesigned 

with exposed or 

accessible bolted 

connections lo-

cated in removable 

access zones.  
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VS6 is an internal wall 

separating a heated room 

from a ventilated attic 

space. The assembly con-

sists of: 

1. 18 mm fire-rated 

gypsum board on 

the room side, 

providing fire pro-

tection and interior 

finish. 

2. 80 mm CLT acting 

as the primary 

structural element. 

3. 180 mm rigid ther-

mal insulation posi-

tioned towards the 

attic side to reduce 

heat loss. 

4. Ventilated attic 

space.   

1. Structural connec-

tions are hidden 

behind the gypsum 

board on the room 

side and insulation 

on the attic side. 

2. Rigid insulation is 

directly fixed 

against the CLT, 

which creates tight 

interfaces that 

complicates clean 

separation. 

VS6-O 

1. A battened cavity 

is added between 

the gypsum board 

and the CLT on the 

room side to allow 

easy access to the 

CLT. 

2. The rigid insulation 

is reorganized into 

mechanically fixed, 

modular cassette 

units to prevent di-

rect bonding 

against the CLT. 

3. All layers are con-

nected using me-

chanical connec-

tions (screws or 

mechanical brack-

ets).  

4. The system is 

aligned to a modu-

lar grid (600 mm). 

VS14&16 are lightweight 

internal partitions de-

signed to separate internal 

spaces. The assembly 

consists of: 

1. Surface finish and 

filler according to 

room specifications 

on both sides 

VS14&16 are inherently 

compatible with DfD prin-

ciples.  

The only limitations are: 

1. While timber studs 

and gypsum 

boards are stand-

ardized materials, 

VS14&16-O 

1. The assembly is 

aligned to a 600 

mm c/c grid coordi-

nating: timber stud 

spacing, gypsum 

board layout, and 

fixing patterns.  

2. The assembly is 

designed such that 
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2. 13 mm gypsum 

boards on both 

sides of the wall 

3. 66 mm timber stud 

frame (66 x 42 

mm) forming the 

structural core.  

The wall is symmetrical 

and constructed using dry-

installed components with 

gypsum boards mechani-

cally fixed to the timber 

stud frame.  

the overall wall di-

mensions are pro-

ject-specific, limit-

ing reuse. 

2. Access to the tim-

ber frame requires 

prior removal of 

gypsum boards, so 

there is no direct 

access.  

 

gypsum boards 

can be removed 

first without dam-

age.  

Assemblies were optimized based on unsatisfied DfD principles, and already DfD-satis-

fied assemblies were left unchanged. 

4.3 Partial reassessment of DfD potential for optimized as-

semblies. 

 A comprehensive reassessment of DfD optimized assemblies was not conducted; in-

stead, a partial evaluation was performed. Only modified DfD principles and assemblies 

are shown; unchanged principles maintain the same score as in the as-built scenario. 

The scoring adheres the same matric score established in chapter 3.  

4.3.1 Floor assemblies 

Table 4.10: Floor Slabs (VP assemblies) 

Assembly DfD principle As-built score Optimized score 

VP1&2 - O Connection reversibility 2 3 

Material purity 2 3 

Access 2 3 

Avoidance of wet trades 2 3 

VP5 -O Connection reversibility 1  3 

Material purity 1 3 

Access 1 3 
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Avoidance of wet trades 1 3 

VP7 -O Connection reversibility 2 3 

Material purity 2 3 

Access 2 3 

Avoidance of wet trades 2 3 

Justification: 

VP1&2-O 

 Connection reversibility – 3 

 The bonded screed was replaced with 25mm dry gypsum panels. All layers are 

mechanically fixed or loose laid with no wet bond. It’s a fully dry assembly.  

Material purity – 3 

 OSB was replaced with solid timber and screed was removed. The optimized 

layers (timber finish, gypsum panel, loose-laid insulation, solid timber deck, CLT) 

are fully demountable.  

Access – 3 

 No screed or blocking access anymore. The fixings to structural deck are ex-

posed after removing dry floor panels. So, there is full visual access.   

Wet trades – 3 

 Since the 40 mm concrete screed has been removed, no wet trades are present 

on the structure anymore. 

VP5-O 

 Connection reversibility – 3 

 The 200mm cast-in place concrete was replaced with 30mm gypsum panels and 

30mm impact insulation. The assembly is now fully mechanical, with no structural 

adhesives. 

Material purity – 3 

 CLT-concrete hybrid system was removed and replaced with CLT+ separable 

gypsum panels + loose insulation. The assembly is now mono-material CLT with 

demountable layers  
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Access – 3 

 Concrete slab no longer blocks access. The CLT connections are exposed after 

the dry floor build-up is removed.   

Wet trades – 3 

 No more wet trades, once the 200mm concrete is removed. 

VP7-O 

The optimization and scoring are like VP1&2 

4.3.2 External wall  

Table 4.11: External walls (US assemblies) 

Assembly DfD principle As-built score Optimized score 

US1 & 2-O 

 

Material purity 2 3 

Standardization 2 3 

Access 2 3 

US7-O Connection reversibility 2 3 

Material purity 2 3 

Access 2 3 

Justification: 

US1&2-O 

Material purity – 3 

 The layers (cladding, cavity, brackets, insulation boards, CLT, painted gypsum) 

are independent and functional. It is fully demountable.  

Standardization – 3 

 Components (CLT panels, insulation boards, batten spacing) are aligned to a 

consistent 600mm grid. This gives high modularity.   

Access – 3 

 Fixings are not concealed behind insulation, and the metal brackets gives direct 

access to connection points. The interior painted gypsum board is removable 

without damage.  
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US7-O 

 Connection reversibility – 3 

 All connections are mechanical. The gypsum board is relocated to the interior 

face, making it accessible.  

Material purity – 3 

 Layers are cleanly separable and the gypsum board is now a demountable finish 

layer not embedded.  

Access – 3 

 Horizontal battens connections are directly accessible, not concealed and the 

gypsum board is moved from within the wall to the interior face. 

4.3.3 Roof assemblies 

Table 4.12: Roof assemblies (YP assemblies) 

Assembly DfD principle As-built score Optimized score 

YP1-O 

 

Connection reversibility 2 3 

Material purity 2 3 

Access 2 3 

YP2-O Connection reversibility 2 3 

Material purity 2 3 

Access 2 3 

Justification: 

YP1-O 

Connection reversibility 

 Touch bonded bitumen was replaced with mechanically fixed single-ply mem-

brane (EPDM/TPO). And all structural connections are bolted/screwed. 

Material purity – 3 

 OSB and geometry specific trusses were removed and replaced with mono-ma-

terial CLT deck (CLT panels + single type rigid mineral wool (dry-laid) + separable 

protection layer).  
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Access – 3 

 Bitumen membrane is no longer bonded and OSB was removed. The service 

cavity below the structural deck exposes fixings and there is full visual access 

from the interior.  

YP2-O 

 Connection reversibility – 3 

 Touch bonded bitumen was replaced with mechanically fixed membrane 

(EPDM/TPO). All connections are mechanical. 

Material purity – 3 

 OSB was removed, wind barrier was retained but now mechanically separable 

and CLT acts as the primary structural deck. The layers are either screwed, 

bolted or loose laid, so no bonded composite and clean separation is possible 

with effort.  

Access – 3 

 Bitumen membrane is no longer bonded. Wind barrier and joist connections are 

accessible after membrane is removed. CLT connections are accessible from 

interior. There is full visual and physical access after sequential removal of outer 

layers. 

4.3.4  Internal walls 

Table 4.13: Internal walls (VS assemblies) 

Assembly DfD principle As-built score Optimized score 

VS1&3 - O Connection reversibility 2 3 

Material purity 2 3 

Standardization 2 3 

Access 2 3 

VS2&15 -O Connection reversibility 2  3 

Material purity 2 3 

Standardization 2 3 

Access 2 3 

VS5 -O Connection reversibility 2 3 
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Material purity 2 3 

Standardization 2 3 

Access 2 3 

VS6-O Connection reversibility 2  3 

Material purity 2 3 

Standardization 2 3 

Access 2 3 

VS14&16-O Standardization 2  3 

Access 2 3 

Justification: 

VS1&3-O 

Connection reversibility - 3 

 The gypsum board is not fixed directly to the CLT but to 50mm battens. CLT 

connections are accessible via removable skirting and insulations are removable 

cassettes. Fully mechanical.  

Material purity – 3 

 Gypsum no longer penetrates CLT and insulation cassette removes cleanly. Fully 

demountable assembly. 

Standardization– 3 

 There is modular coordination. Panel dimensions, cavity depths and lining ele-

ments follow consistent grid sizes (600mm) 

Access - 3 

 CLT-to-floor connections are accessible after removing skirting panels or access 

zones.  

VS2&15-O 

 Connection reversibility – 3 

 Gypsum is screwed to service cavity battens not to the CLT directly. CLT-to-floor 

connections are mechanical and accessible. The assembly is fully mechanical. 

Material purity – 3 
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 Gypsum is separable without damaging the CLT surface and no embedded fas-

teners in CLT.  

Standardization– 3 

 Modular coordination system is applied (600mm grid for battens and panel di-

mensions). 

Access – 3 

 Structural connections are accessible via skirting panels or access zones. Re-

moval of gypsum exposes service cavity and then the CLT.  

VS5-O 

 Connection reversibility – 3 

 Gypsum is screwed to service cavity battens not to the CLT directly. Structural 

connections are mechanical and accessible. The assembly is fully mechanical. 

Material purity – 3 

 Gypsum is separable without damaging the CLT surface and no embedded fas-

teners in CLT. Structural connections are localized at panel edges only. 

Standardization– 3 

 Modular coordination system is applied (for battens, panel dimensions and con-

nection points). 

Access - 3 

 Connections are accessible via access zones. CLT-to-floor connections are ac-

cessible without the need to remove the gypsum board. 

 VS6-O 

 Connection reversibility – 3 

 Gypsum is screwed to service cavity battens not to the CLT directly. Rigid insu-

lation is fixed as modular cassette units. The assembly is fully mechanical. 

Material purity – 3 

 Insulation cassette is removable without residue and CLT can be removed 

cleanly. The system is fully demountable.  

Standardization– 3 
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 The system is aligned to 600mm modular grid. 

Access - 3 

 Gypsum removal exposes CLT on the room side, and on the attic side insulation 

cassette is removable independently.  

VS14&16-O 

Standardization– 3 

 The system is aligned to 600mm c/c grid: timber stud spacing, gypsum board 

layout, and fixing patterns. 

Access - 3 

 Gypsum board is removable first without damage and the timber frame is acces-

sible after finish removal.  

4.4 Lifecycle assessment comparison for the as-built and 
optimized scenarios   

The LCA for this study was done to evaluate the environmental performance of the DfD 

scenario relative to the as-built scenario across five major impact categories. These cat-

egories are chosen in accordance with current LCA practices in building research, 

EN15804 standard for EPDs and building-level LCA reporting standard EN15978 which 

identifies GWP, ODP, AP, EP and ADPF as core environmental (Budajová et al., 2025).  

The LCA was calculated assuming a service life of 50 years for the case study. The as-

built scenario assumed that the building will be demolished using conventional methods, 

while the DfD scenario assumed selective demolition, with reuse and recycling of mate-

rials.   
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Fig 26: LCA chart for as-built scenario and DfD optimized scenario 

Table 4.14: Comparative LCA results- As-built vs. DfD Optimized.  

Impact Category As-built scenario DfD Optimized 

Scenario 

Percentage change 

and difference 

GWP total (car-

bon footprint) (kg 

CO2e) 

100% (3,119,843.89 

kg CO2e) 

12.56% 

(391,946.86 kg 

CO2e) 

-87.44% 

(2,727,897.03 kg 

CO2e) 

ODP (kg CFC 

11e) 

100% (0.36 kg 

CFC11e) 

84.92% (0.3 kg 

CFC11e) 

-15.08% (0.06 kg 

CFC11e) 

AP (mol H+ eq) 100% (28,026.23 

mol H+ eq) 

29.31% (8,214.24 

mol H+ eq) 

-70.69% (19,811.99 

mol H+ eq) 

EP-M (kg N eq) 100% (2,103.61 kg N 

eq) 

91.51% (1,917.39 

kg N eq) 

-8.49% (186.22 kg N 

eq) 

ADPF- for fossil 

resource (MJ) 

100% 

(23,167,508.25 MJ) 

77.38% 

(17,927,732 MJ) 

-22.62% 

(5,239,776.25 MJ) 

The comparative results shown in fig 26 and table 4.14 prove that the DfD-optimized 

scenario reached lower environmental impacts in all the selected categories in compar-

ison with the as-built scenario. The level of improvement, however, is different for various 
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categories, suggesting that DfD strategies affects some environmental mechanisms 

more than others.  

The Global Warming Potential (GWP-total) has the greatest environmental improvement. 

The total impact of the as-built scenario was 3,119,843.89 kg CO2e and the DfD-opti-

mized scenario reduced it to 391,946.86 kg CO2e, which is an 87.44% reduction. This 

large reduction indicates that the DfD optimization strategy was very effective in reducing 

life-cycle greenhouse gas emissions through material efficiency, improved reuse poten-

tial of timber components, reduced waste generation at EoL, and reduced replacement 

burdens over the building life cycle. This agrees with Roberts et al. (2023), who also 

found that DfD can improve future reuse and reduce whole life environmental burdens 

when reuse is realistically modelled.  

 For Ozone Depletion Potential (ODP), the environmental improvement was smaller, but 

still visible. The as-built scenario is 0.36 kg CFC11e and the DfD-optimized scenario 

reduces this to 0.3 kg CFC11e (a 15.08% decrease). The decrease in ODP was relatively 

moderate compared to other GWP-total, this suggests that DfD strategies have less di-

rect impact on ozone depletion than on carbon impact. ODP is primarily linked to emis-

sions from industrial manufacturing processes, chemical production, insulation materials, 

refrigerants and some energy generation systems not simply reversibility or disassembly 

potential (Säynäjoki et al., 2011). ODP is also often small in absolute value in building 

LCAs, but it is still commonly reported in standardized environmental assessment meth-

ods and EDP based studies (Panojevic & Svensson, 2019).  

The Acidification Potential (AP) has the second biggest environmental improvement after 

GWP-total. The Ap result shows a clear reduction with the optimized scenario at about 

29-30% of the as-built scenario. AP, which contributes to soil acidification and ecosystem 

degradation (Hauschild et al., 2018), is mainly due to SO2, NOX and NH3 emissions. The 

large reduction found in the optimized scenario indicates that the DfD approach reduce 

the emissions associated with material extraction, manufacturing, transportation and EoL 

processing significantly. Similar timber LCA studies have shown that CLT and timber-

based systems generally perform well in AP compared to traditional steel and concrete 

systems due to lower manufacturing emissions and reduced dependance on fossil fuels 

(Panojevic & Svensson, 2019).  

The Marine Eutrophication Potential (EP-M) has the least environmental improvement. 

The optimized scenario is only slightly lower than the as-built case, at about 91% of the 

baseline. This indicates that the DfD optimization provides limited improvement in this 
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category. EP-M is mainly due to emissions from material manufacturing, transport, insu-

lation production, adhesives, or waste treatment systems (Hauschild et al., 2018). The 

small reduction indicates that, while DfD strategy improves material circularity and re-

duces embodied impacts, it has limited effect on emissions related to nutrients. This 

aligns with the study from Pomponi & Moncaster (2017), who found that significant de-

creases in GWP were related to relatively small decreases in eutrophication indicators. 

The Abiotic Depletion Potential for Fossil resources (ADPF) also have a significant de-

crease between the two scenarios. The as-built scenario recorded 23,167,508.25 MJ, 

and the DfD-optimized scenario reduced this to 17,927,732 MJ, representing a 22.61% 

reduction. This shows that the optimized assembly requires less fossil-based energy and 

less fossil resource input over the lifecycle. This improvement is closely related to de-

creased virgin material production, better material reuse and reduced processing needs 

related to reversible timber assemblies, indicating that the DfD scenario supports lower 

fossil resource depletion. Previous LCA study by Akanbi et al. (2018) also confirmed that 

circular construction systems designed for future recovery can substantially reduce the 

overall fossil energy demand over several lifecycles.         

Table 4.15: Environmental impact across each life stage 

Life 

stages 

 GWP  

[kg CO2e] 

ODP  

[kg CFC 

11e] 

AP [mol 

H+ eq] 

EP-M 

[kg N 

eq] 

ADPF [MJ] 

A1-A3 As-built -789670.3947 0.276 23560.22 1458.48 14778756.9 

DfD -1466332.226 0.174 6115.93 1422.93 14350917.7 

A4 As-built 8077.10196 

 
 

0.00192 13.35 1.61 223196.56 

DfD 10784.84514 
 

0.00259 18 2.16 307826.75 

A5 As-built 65137.98452 

  

0.0118 2160.52 93.89 987808.59 

DfD 57665.2978 0.0106 354.92 79.84 1039816.88 

B4-B5 As-built 457805.5479 

  

0.0604 2119.55 478.08 6700230.69 

DfD 228341.1054 0.112 1581.26 346.82 1843056.49 
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B6 As-built 691.7570735 

  

0.0000468 4.44 0.998 9255.01 

DfD 444.701675 0.000134 2.95 0.487 4887.25 

C1-C4 As-built 3377801.892 0.00562 168.15 70.55 468260.5 

DfD 1561043.133 0.0034 141.18 65.15 318227.82 

D As-built -492136.25 -0.0148 -3000.94 -705.78 -

6713754.01 

DfD -2811790.91 -0.199 -9895.58 -

2372.89 

-

16147110.1 

Total As-built 3119844 0.3557868 28026.23 2103.61 23167508.3 

DfD 391947 0.302724 8214.24 1917.39 17864732.9 

Per 

square 

me-

ter/year 

As-built 15.37028 0.0000018 0.138075 0.01036 114.1375 

DfD 1.93097 0.0000015 0.0405 0.00945 88.013 

Table 4.15 shows the environmental impacts for the as-built and DfD-optimized scenario 

evaluated across the lifecycle stages defined in EN 15978 (A1-D).  

The results show that the DfD-optimized scenario achieved lower total environmental 

impacts across all the impact categories, but the reduction size differs significantly be-

tween the lifecycle stages and the environmental indicators, showing that DfD affects 

some environmental mechanisms more strongly than others. In GWP for instance, the 

total GWP decreased from 3,119,844 kgCO2e in the as-built scenario to 391,947 kgCO2e 

in the optimized scenario, which is approximately 87% reduction. Similar results were 

obtained by AP (28,026.23 mol H+ eq to 8,214.24 mol H+ eq), and ADPF (23.17 million 

MJ to 17.86 million MJ). ODP and EP-M had lesser reductions.  

The product stage (A1-A3) contributed greatly to the environmental performance in both 

scenarios. Under EN15804+A2 accounting rules, both scenarios recorded negative 

GWP values due to the biogenic carbon storage in timber materials. The DfD-optimized 

scenario showed a greater negative value (-1466332 kgCO2e) than the as-built scenario 

(-789670 kgCO2e), showing better potential for carbon storage and reuse. Similar results 

have been found in timber building LCA studies where reusable timber systems provide 
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significant carbon benefits, achieved prolong use of the material and delayed release of 

carbon (Pomponi & Moncaster,2017). Reductions were also noticed in AP (23,560 mol 

H+ eq to 6,115 mol H+ eq) and ADPF (14.78 million MJ to 14.35 million MJ). But the 

reduction in EP-M between the scenarios at A1-A3 was relatively small. 

The transport stage (A4) showed slightly higher impacts in the optimized scenario, most 

likely due to the additional transportation of prefabricated or reusable components. But 

its contribution to the total impacts was still small comparatively. 

In the construction stage (A5), the optimized scenario showed significant reduction in 

GWP (from 63,137 kgCO2e to 57,665 kgCO2e) and AP (from 2,160 mol H+ eq to 354 mol 

H+ eq) impacts, which suggests that dry construction methods and reversible mechani-

cal connections help to reduce construction waste and installation impacts. The replace-

ment and refurbishment stage (B4-B5) also showed major reductions in the optimized 

scenario, especially for GWP (457,805 kgCO2e to 228,341 kgCO2e) and ADPF (6.7 mil-

lion MJ to 1.6 million MJ), indicating the environmental benefits of reusable and replace-

able assemblies in the building use phase.  

The end-of-life stage (C1-C4) showed the highest positive GWP impacts in both scenar-

ios. But the optimized scenario significantly reduced from about 3.3 million kg CO2e to 

1.5 million kg CO2e. Similar reductions were also noticed in AP, EP-M and ADPF, sug-

gesting that reversible assemblies enhance material recovery and decrease demolition 

and disposal burdens. 

 In module D, both scenarios generated large negative environmental credits. The opti-

mized scenario recorded a GWP credit of about 2.81 million kgCO2e, an AP credit of -9, 

895 mol H+ eq and ADPF credit of about -16.1 million MJ. The credits are the environ-

mental benefits of future reuse, recycling and energy recovery outside the system bound-

ary. These large credits in the optimized scenario confirm the circular economy ad-

vantage of DfD principles and reusable timber construction systems (Roberts et al., 

2023).  

Table 4.16: Environmental impact by Building Parts 

Building 

Parts 

 GWP  

[kg CO2e] 

ODP  

[kg CFC 

11e] 

AP [mol 

H+ eq] 

EP-M [kg 

N eq] 

ADPF [MJ] 
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Floors As-built 469696.12 

(27.76%) 

0.15 

(100%) 

21047.02 

(100%) 

558.47 

(100%) 

5685626.81 

(79.29%) 

DfD 840987.35 

(63.63%) 

0.24 

(100%) 

5940.74 

(100%) 

1483.05 

(100%) 

9228049.08 

(100%) 

External 

walls 

As-built 105221.45 

(6.22%) 

0.08 

(50.9%) 

1028.98 

(4.89%) 

248.91 

(44.57%) 

2810566.64 

(39.2%) 

DfD 0 (0%) 0.02 

(8.86%) 

1072.77 

(18.06) 

171.38 

(11.56%) 

4811082.39 

(52.14%) 

Internal 

walls and 

partitions 

As-built 223247.59 

(13.19%) 

0.02 

(13.64%) 

1131.8 

(5.38%) 

348.65 

(62.43%) 

3519970.47 

(49.09%) 

DfD 0 (0%) 0.00846 

(3.52%) 

514.56 

(8.66%) 

115.12 

(7.76%) 

1111876.82 

(12.05%) 

External 

wall sys-

tems, 

cladding 

and 

shading 

devices 

As-built 11302.64 

(0.67%) 

0.000778 

(0.52%) 

61.56 

(0.29%) 

7.88 

(1.41%) 

118507.55 

(1.65%) 

DfD 14952.33 

(1.135) 

 
 

0.000776 

(0.32%) 

41.51 

(0.7%) 

13.78 

(0.93%) 

171969.91 

(1.86%) 

External 

paints, 

coating 

and ren-

ders 

As-built 187930.13 

(11.11%) 

0.03 

(16.75%) 

931.38 

(4.43%) 

199.28 

(35.68%) 

2910686.36 

(40.59%) 

DfD - - - - - 

Roof As-built 1656476.08 

(97.9%) 

0.03 

(16.98) 

587.53 

(2.79%) 

195.41 

(34.99%) 

942175.32 

(13.14%) 

DfD 25570.55 

(1.93%) 

0.03 

(12.43%) 

495.47 

(8.34%) 

81.05 

(5.47%) 

1945571.35 

(21.08%) 
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Wall and 

ceiling 

finishes 

As-built 465278.11 

(27.5%) 

0.06 

(39.18) 

3233.52 

(15.36%) 

544.01 

(97.41%) 

7170720.09 

(100%) 

DfD 30056.54 

(2.27%) 

0.00121 

(0.5%) 

104.08 

(1.75%) 

30.18 

(2.04%) 

597415.84 

(6.47%) 

Electric-

ity use 

As-built 101.07 

(0.01%) 

0.000030 

(0.02%) 

0.67 (0%) 0.11 

(0.02%) 

1110.74 

(0.02%) 

DfD 101.07 

(0.01%) 

0.000030 

(0.01%) 

0.67 

(0.01%) 

0.11 

(0.01%) 

1110.74 

(0.01%) 

District 

heat use 

As-built 590.69 

(0.03%) 

0.000016 

(0.01%) 

3.77 

(0.02%) 

0.89 

(0.16%) 

8144.27 

(0.11%) 

DfD 343.63 

(0.03%) 

0.000103 

(0.04%) 

2.28 

(0.04%) 

0.38 

(0.03%) 

3776.51 

(0.04%) 

Table 4.16 shows the environmental impact of the as-built and DfD-optimized scenarios 

according to individual building parts. Results show that environmental performance var-

ied across different assemblies, i.e. some building elements contributed more strongly 

to total impacts than others.  

The floor assemblies contribute significantly to the environmental impacts in both cases. 

Floors made the highest contributions to AP impacts and account for approximately 

27.76% of the total GWP in the as-built scenario. In the DfD-optimized scenario, the 

contribution to GWP of the floor increased to 63.63%, mainly explained by the fact that 

several other optimized assemblies had very low or near-zero impacts. Despite this rel-

ative increase, the optimized floor assemblies had significantly lower AP impacts, which 

indicates improved material efficiency and lower emissions related to manufacturing. 

Similar results have been reported in timber building studies where floor systems con-

tribute significantly to the embodied impact due to large quantities of materials (Panojevic 

& Svensson, 2019).      

The external wall assemblies showed significant reductions in environmental impacts 

after optimization. The optimized exterior wall system achieved zero GWP impact as well 

as low ODP and EP-M impacts. This improvement is due to the replacement of irreversi-

ble layers with reusable and mechanically connected assemblies. Prior studies have 

shown that modular timber façade systems can greatly enhance reuse potential and re-

duce embodied environmental impacts (Pomponi & Moncaster, 2017). 



78 
 

Internal walls and partitions also showed significant reductions after optimization. The 

GWP was reduced to 0 and the AP, EP-M and ADPF impacts were reduced considera-

bly. The improvement is likely related to use of dry layered systems, removable finishes, 

and reduced material complexity, which improve future recoverability and reduce waste 

generation during refurbishment and demolition stages. 

The most notable improvement in GWP was noted in the roof assembly, which reduced 

from about 1,656,476 kg CO2e in the as-built scenario to 25,570 kgCO2e in the optimized 

scenario. Such large drop shows that the optimized roof design greatly improved the 

material recoverability and reduced the EoL burdens. DfD focused timber roof systems 

have also shown similar reductions in demolition waste and improved reuse potential 

through reversible membrane and insulation strategies (Akanbu et al., 2018). 

For the wall and ceiling finishes, the as-built scenario contributed heavily to environmen-

tal impacts, especially for ADPF and EP-M. But the optimized scenario achieved very 

large reductions across all impact categories. This reduction may be attributed to the 

reduction of wet-applied finishes and bonded layers. This confirms previous studies 

which have shown that finishes and non-structural layers can contribute to environmental 

burdens due to frequent replacement during building life cycle (Durmisevic, 2019)   

Electricity use and district heating had relatively small impacts compared to material re-

lated building components. The optimized scenario, however, led to slightly lower im-

pacts for the use of district heating, likely due to better thermal performance and lower 

operational demand.  
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Fig 27: Lifecycle impacts by materials in the as-built and optimized scenarios 

Fig 27 shows the environmental impacts from major material categories in the as-built 

and DfD-optimized scenario. The results show that the material contribution to environ-

mental performance changed significantly after optimization.  

In the as-built scenario, paints and surface coatings have the largest contribution in sev-

eral impact categories, particularly in ADPF and EP-M. This suggests the use of finishing 

materials and chemically processed surface treatments as the major driver of fossil re-

source depletion and eco-system related impacts. This aligns with previous LCA studies 

where finishes and coating systems are found to contribute to environmental burdens 

(Durmisevic, 2019). Thermal and acoustic insulation also contributed a lot to the envi-

ronmental impacts in the as-built scenario, especially for ODP and ADPF. Insulation ma-

terials are often linked with high energy demand for manufacturing and impacts of chem-

ical processing, where petroleum-based products or mineral processing are involved 

(Hauschild et al., 2018). Concrete materials show relatively high AP impacts which are 

due to environmental burden of cement production and energy intensive manufacturing 

processes. This is consistent with previous studies which identifies concrete production 

as a dominant contributor to acidification and fossil energy demand in building LCAs 

(Pomponi & Moncaster, 2017). Timber products have less environmental impact in this 

scenario.  

In the DfD-optimized scenario, timber products were the leading material category for a 

few impact indicators. This shows the increased use of reusable timber-based assem-

blies and less reliance on irreversible finishing systems. Timber products, i.e. all timber-

based material contribute to some environmental impacts, but they generally provide 

lower embodied carbon impacts and improved carbon storage potential (Panojevic & 

Svensson, 2019). There is also a major reduction of impacts related to paints, coatings 
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and concrete, meaning that the removal of boned layers and wet applied materials im-

proves environmental performance. This aligns with the study from Akanbi et al. (2018), 

who confirmed that DfD principles promote dry construction, reversible connections and 

simplified material compositions to promote future reuse and material recovery. Also, 

thermal and acoustic insulation still has the largest contribution in the optimized scenario 

especially for ODP, AP, and ADPF. This suggests that while DfD optimization improved 

the reversibility of the assembly, insulation material still has a significant impact on man-

ufacturing and resource depletion, which align with past research from Hauschild et al. 

(2019). The impact of EPD-M in the optimized scenario is relatively small, but polymer-

based manufacturing processes still have impact on fossil resource depletion and ozone 

depletion categories.    

4.5 Material flow analysis in as-built scenario 

The material flow analysis is presented in Sankey diagram in kilograms (kg) for different 

materials in the building assemblies. The EoL treatment route for this scenario are recy-

cling, timber incineration with energy recovery and landfill/waste disposal. The Sankey 

diagram visually represents the mass distribution of materials from the different building 

assemblies into their corresponding EoL pathways developed based on common Finnish 

construction and demolition waste (C&DW) management practices, previous Nordic tim-

ber-building LCA studies, and assumptions aligned with EN 15978 and EN 15804 frame-

works.  Large flow widths indicate larger material quantities, showing the dominant ma-

terials and disposal routes within the system. 

4.5.1 Material flow analysis in floor assemblies 

 

Fig 28: Sankey diagram for the floor assemblies 
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Fig 28 illustrates the material flow for the studied floor assemblies, showing the various 

EoL stages for each material in the assemblies.  

The results show that the largest material streams are from VP1&2 assemblies with a 

total mass of 781,541kg, followed by VP7 with 408,878kg, VP5 with 204,898kg and VP3 

with 18,233kg. The material categories in the assemblies include concrete, timber (which 

includes solid wood, battens, joists, and claddings), engineered wood (which include 

CLT, OSB) and gypsum board. 

A large portion of all the materials flow (869,277 kg) is assigned to recycling. This is the 

largest EoL pathway of the floor assemblies analyzed. This high recycling share is largely 

related to concrete materials, which are the largest material stream across all floor as-

semblies. VP1&2 for instance contain 379,860kg of concrete, while VP7 and VP5 contain 

352,502kg and 176,438kg respectively. Concrete is commonly recycled as crushed ag-

gregate in road bases and other construction applications that are consistent with the 

practices of Finnish and European construction waste management (Dahibo etal., 2015). 

Another major fraction of the material flows are timber and engineered wood products. 

The floor assemblies are made up of engineered wood materials which include CLT pan-

els and OSB boards. VP1&2 assemblies contain 170,943kg of engineered wood and 

225,933kg of timber. VP7 and VP5 also contain substantial quantities of timber-based 

materials. Unlike concrete, timber is mostly incinerated with energy recovery, which gives 

the reason for the large incineration flow of 425,255kg shown in the diagram because 

about 88% of timber material from each floor assembly is directed to incineration for 

energy recovery. Timber waste in Finland is often utilized for bioenergy production due 

to its calorific value and the waste-to-energy infrastructure (Dahibo et al., 2015; Finnish 

Environmental Institute (SYKE) 2024).  

The result also indicates that only a relatively small part of the material streams 

(119,019kg) is disposed of in landfill or waste. These landfill flows are primarily derived 

from mixed contaminated materials like gypsum board residues, insulation material, and 

composite products that are difficult to separate during demolition. 80% of gypsum board 

materials from VP5 and VP3 accounting for 3,529kg respectively are channeled into 

waste, with limited recycling system as compared to concrete. Insulation materials are 

also low in relative recyclability due to contamination and degradation during demolition.  
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4.5.2 Material flow analysis in external wall assemblies 

 

Fig 29: Sankey diagram for the external wall assemblies 

Fig 29 illustrates the distribution of materials from the external wall assemblies (US1, 

US2 and US7) into their respective EoL treatment routes. US 1 and US 2 wall assemblies 

generate a total of 6,230,851kg of materials. The material distribution shows that gypsum 

board + finishes constitute the largest material fraction in the assembly, followed by CLT, 

timber and rigid insulation.   

The timber (which includes solid wood, battens, joists, and claddings) components in 

US1 & 2 account for approximately 1,217,529kg of materials. A greater portion 

(1,071,425 which accounts for 88% of the total timber material mass) of this material flow 

is directed towards incineration with energy recovery. 121,753 kg (10% of the total timber 

material mass) is allocated to recycling, while the smallest portion 24,351kg (2%) is sent 

to landfill. The large mass of timber material incinerated for energy recovery illustrates 

the waste management practices in Finland, where untreated waste is often used for 

bioenergy recovery due to its good energy content and low contamination levels (Dahlbo 

et al., 2015). It is often preferable to incinerate wood than dumping it in a landfill because 

it reduces methane released from garbage rotting in landfills, while recovering energy 

from biomass. But the low recycling rate shows limited reuse or material recovery poten-

tial in their current form often caused by damage during demolition, fastener contamina-

tion and mixed materials.  

CLT materials in US1 & 2 account for 1,217,963kg. Just as in timber materials, the dom-

inant EoL route is incineration, which represents 1,035,269kg (85% of the total CLT), 

recycling accounts for 121,796kg (10% of the total CLT), while landfill accounts for 

60,898kg (5% of the total CLT mass). The predominance of incineration is also in line 

with the current treatment of timber waste in Finland where clean woods are often used 

for energy recovery after demolition (Dahibo et al., 2015). Although CLT is a bio-based 



83 
 

structural material with a large potential for reuse, the results show that only a small part 

was assumed to enter recycling process.  

Gypsum board + finishes in US1 & 2 is the largest material fraction of the assemblies, 

which accounts for approximately 2,579,407kg. The Sankey diagram shows that 

2,063,525kg (70% of the material mass) of this material is directed to landfill, while only 

515,881kg (30%) is recycled. This high landfill fraction shows that gypsum waste remains 

one of the more problematic waste streams in building demolition processes. And if the 

gypsum waste in landfill is not done properly, it may contribute to hydrogen sulphide due 

to anaerobic decomposition (Eurogypsum, 2021).   

Finally, in US1 & 2 assemblies, rigid insulation accounts for 1,215,952kg. About 

972,762kg (80%) is directed towards landfill, while recycling and incineration accounts 

for 121,595kg (10%) each. Many insulation products are composite or polymer-based 

materials that are difficult to recover after demolition due to adhesives, contamination, or 

mechanical degradation in conventional demolition, providing proof for the high landfill 

disposal of insulation, while recycling is possible only in limited clean-stream cases (Eu-

ropean commission, 2024).  

The US7 assembly was much smaller in material mass (251,811kg) than US1&2. A large 

portion of the total mass flow consists of gypsum board and wood products (which in-

cludes solid wood, battens, joists, and claddings).  

Timber materials in US7 account for 125,789kg of the total material mass in US7. Just 

as in US1&2, the dominant EoL pathway for timber is incineration for energy recovery 

accounting for 110,695kg (80%) of the total timber mass, while recycling and landfill ac-

count for 12,578 (10%) and 2,516 (2%) respectively.  

Gypsum board + finishes in US 7 assembly account for approximately 126,022 kg of the 

total material mass in US7. Like US1&2, a large portion (88,215kg about 70%) is land-

filled, while the rest (37,807kg) is recycled. This again shows the limited recoverability of 

gypsum-based finishing materials within conventional multilayer wall systems.   
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4.5.3 Material flow analysis in internal wall assemblies 

 

Fig 30: Sankey diagram for the internal wall assemblies 

Fig 30 presents the Sankey diagram for the internal wall assemblies in the case study 

building, showing the material flow of all materials in the internal assemblies at the EoL 

stage.  

The results show that VS1&3 dominates the overall material stock with a material mass 

of approximately 5,425,404kg, followed by VS4 (4,844,956kg), VS5 (3,865,146kg) and 

VS2&15 (3,688,302kg). VS6 and VS14&16 contribute the smallest material stock.  

The internal wall systems consist mainly of CLT, timber (which includes solid wood, bat-

tens, joists, and claddings), gypsums board with finishes, mineral wool insulation and 

rigid insulation materials. The analysis shows that gypsum boards with finishes are one 

of the material streams in the assemblies. For instance, VS1&3 contains 2,724,577kg of 

gypsum material, VS5 contains 2,576,602kg and VS4 contains 2,423,426kg of gypsum 

material. This shows the significant use of gypsum layers in internal walls for fire protec-

tion and acoustic performance.  

The EoL results show that waste/landfill disposal is the dominant treatment pathway, 

which accounts for approximately 9,561,301kg of material flows. Most of the landfill con-

tribution is associated with gypsum board and finishing materials. Gypsum boards are 

often contaminated during demolition with paints, adhesives, and mechanical damage, 

greatly reducing recyclability. Also, layered wall systems using bonded or composite ma-

terials are difficult to separate effectively, which results in greater waste generation. Sim-

ilar findings have been reported in studies concerning construction and demolition waste 

management, where gypsum-containing assemblies have lower recovery rate (Dahibo 

et al., 2015) 
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Incineration with energy recovery is the second largest EoL pathway at approximately 

5,549,296kg. This flow is mainly due to CLT (85%) and timber elements (88%) from the 

wall assemblies. In Finland, timber materials are often diverted to energy recovery as 

they aid renewable energy generation through waste-to-energy systems (Finnish Envi-

ronment Institute (SYKE), 2024). VS1&3 for instance contributes about 1,351,978kg of 

CLT and 1,348,850kg of mineral wool associated material streams towards the incinera-

tion pathway. 85% of the CLT material goes to incineration and 10% of the mineral wool 

material goes to incineration. Similarly, VS4 supplies over 1 million kg of CLT and timber 

materials for energy recovery.    

The recycling flow is relatively low, which is around 2,817,208 kg. Recycling mainly relies 

on recoverable fractions of gypsum, designate timber elements, and insulation materials 

that can be separated without significant contamination. However, the relatively low re-

cycling share shows the limitations of conventional assemblies and demolition as com-

pared to the circular economy perspective.  

4.5.4 Material flow analysis in roof assemblies 

 

Fig 31: Sankey diagram for the roof assemblies 

Fig 31 is a Sankey diagram that presents the material flow distribution of the analyzed 

roof assemblies YP1 and YP2 at the EoL stage.  

The results show that the dominant roof assembly is YP1 contributing about 45,890 kg. 

The largest material fraction in the assembly is engineered wood with approximately 

27,516 kg. This means that the roof system is strongly timber dominated, which is typical 

for light weight timber roof construction. Of this quantity, about 23,389 kg is sent to be 

incinerated for energy recovery, 2,752 kg are recycled and 1, 376 kg are disposed off as 
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waste/landfill. The dominance of incineration is indicative of current Finnish waste man-

agement practices, whereby wood waste from demolition is commonly used for energy 

recovery due to its calorific value and contamination challenges that affect reuse or re-

cycling (Dahibo et al., 2015).  

This high share of engineered wood sent to incineration also indicate limited DfD perfor-

mance in the original roof assembly. Engineered wood such as CLT or laminated wood 

often contain adhesives and composite layers that reduce material purity. As a result, 

timber is in theory recyclable, but in practice is often thermally recovered. Nonetheless, 

the recycling flow of 2,752 kg still shows some circularity potential in the roof system.  

Mineral wool insulation is the second largest material stream in the YP1 assembly with 

a total mass of approximately 11,981 kg. Major mass of this material, approximately 

9,585 kg (80%), goes to landfill/waste disposal, with only about 1,198 kg being recycled 

and incinerated respectively. This is expected to as mineral wool generally has low re-

cyclability after demolition due to contamination, fasteners and separation difficulties in 

practice. This landfill disposal is still the main EoL scenario for mineral wool in numerous 

construction projects (Dahibo et al., 2015).  

Bitumen based roofing materials account for significant portion of the YP 1 material flow 

with a total mass of 6,393 kg. Approximately 3,196 kg goes for incineration, 1,279 kg for 

recycling, and 1,918 kg for landfill. Bitumen membranes are generally difficult to remove 

cleanly, since they are often touch-bonded. This limits the potential for reuse and reduces 

the reversibility of the roof assembly. The comparatively high share of incineration is 

attributable to the fact the bituminous waste is often treated as combustible construction 

with potential for energy recovery.  

The YP2 roof assembly exhibits similar material flow patterns but with slightly different 

quantities and material composition. The dominant material in YP2 is also engineered 

wood with 26,264 kg. Of this amount, about 22,324 kg is sent to incineration, 2,626 kg is 

recycled and 1,313 kg is disposed of as landfill waste.  

YP2 assembly also contains approximately 1,228 kg of timber (which includes solid 

wood, battens, joists, and claddings) materials. About 1,080 kg of this timber is sent to 

incineration, 123 kg to recycle and only 25 kg to landfill. The lower landfill ratio indicates 

that mechanically fixed timber elements have high recovery potential. This is in line with 

DfD principles, where simple mono-material timber systems generally result in high cir-

cularity and material recovery rates (Crowther, 2005). 

The mineral wool insulation in YP2 is much less than in YP1, with total mass of about 

1,331 kg. Most of this material (about 1,065 kg) is dumped in landfill, with only small 
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amount recycled and incinerated (133 kg respectively). This again shows the poor re-

covery potential of insulation in demolition scenarios.  

YP2 also contains gypsum board (662 kg). Only 132 kg is recycled, while about 530 kg 

is directed to landfills. The high proportion of landfills is mainly due to the difficulty of 

separating gypsum from paint, skim coats, adhesives etc.  

4.6 Material flow analysis in the optimized scenario 
MFA in the optimized scenario assesses the material distribution for each optimized as-

semblies into different EoL pathways, which includes reuse, incineration/energy recov-

ery, and landfill. The MFA are presented visually in Sankey diagrams in kg and the EoL 

distributions for the materials are based empirical studies, assumption derived from ma-

terial characteristics, disassembly potential and Finnish construction waste practice. The 

MFA is used to assess the circularity performance of the optimized floor systems.   

4.6.1 Material flow analysis in optimized floor assemblies 

 

Fig 32: Sankey diagram for the optimized floor assemblies 

Fig 32 shows the MFA for the DfD-optimized floor assemblies VP1&2-O, VP7-O and 

VP5-O. The total material mass evaluated in the optimized floor assemblies was about 

3,974,260 kg, where VP1&2-O had the highest share (3,507,910 kg), followed by VP7-

O (420,358 kg) and VP5-O (45,992 kg). Solid timber (which includes joists, studs, bat-

tens, and timber boards) has the highest material fraction (1,278,076 kg) in VP1&2-O, 

followed by CLT, gypsum panels, and insulation materials. The dominance of timber-

based materials shows that the optimized floor systems are lightweight and bio-based in 

nature. Similar material composition is noted in VP7-O and VP5-O 
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The results also showed that the largest material flow was directed to the reuse pathway 

(approximately 1,778,443 kg), which indicates that a large proportion of the floor assem-

bly material can be recovered and reused after disassembly and the high reuse potential 

is mainly related to mechanically fixed timber components, standardized CLT panels and 

removable floor layers in the optimized floor. This matches the findings from Akanbi et 

al. (2018), who showed that using reversible mechanical connections and modular tim-

ber parts makes it easier to recover components with little damage to the materials.   

A significant portion of materials also ended up in the recycling route (906,422 kg), sug-

gesting that optimized assemblies improve material separation and reduce inter-layer 

contamination. Approximately 329,879 kg, 69,098 kg, and 12,902 kg of gypsum board 

from VP1&2-O, VP7-O and VP5-O respectively are allocated to recycling to enable pro-

cessing into new gypsum boards, Insulation materials also contributed significantly to 

this flow.  Recycling retains some of the material values, but it usually requires additional 

processing energy, and material downgrading compared to direct reuse (Gorgolewski, 

2008) 

A total of 820,821 kg of materials were sent for incineration/energy recovery. This path-

way is primarily related to timber-based materials which may not be suitable for direct 

reuse due to contamination or damage from fasteners. Approximately 600 thousand kg 

of solid timber is incinerated from VP1&2-O and about 64,000 kg from VP7-O. Energy 

recovery from timber offers some environmental benefits through substitution of fossil-

based energy sources, especially in Nordic waste management systems (Dahibo et al., 

2015). 

Waste/landfill pathway has the smallest flow with approximately 338,649 kg consisting 

of waste from damaged gypsum panels, damaged insulations or timber materials during 

demounting.  
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4.6.2 Material flow analysis in optimized external wall assem-
blies 

 

Fig 33: Sankey diagram for the optimized external wall assemblies 

Fig 33 shows the MFA for the optimized external wall assemblies US1&2-O and US7-O. 

The total mass from the optimized external wall assemblies was approximately 

3,660,590 kg, of which US1&2-O wall systems contributed the largest share. Timber 

based material held the largest share with solid timber (studs, joists, cladding, and bat-

tens) having the biggest single material flow from US1&2-O with about 847,160 kg. Other 

important materials were CLT (847,136 kg), rigid insulation (846,277 kg), gypsum-based 

finishes (846,829 kg) and other structural timber components from US7-0.  

From the MFA results, reuse has the largest recovery pathway, with a material flow of 

1,437,991 kg. This indicates that a considerable percentage of the wall components can 

be removed and reused without significant reprocessing. This is linked to the DfD opti-

mization measures such as removable battens, accessible fastening systems and stand-

ardized timber panels. This aligns with the findings from Crowther (2005) and Durmisevic 

(2006). 

The second most important pathway was recycling with approximately 990,486 kg of 

materials. This includes largely insulation materials and gypsum products and some en-

gineered timber components that may not be suitable for reuse after dismantling. Recy-

cling entails high energy demand (Gorgolewski, 2008) and some material degradation 

but it shows better material separation and recoverability.  

Incineration/energy recovery has about 517,231 kg of materials. This pathway was 

mainly associated with timber-based products and finishes that may be subject to wear, 

contamination or fastening damage during the building service life. Dahibo et al. (2015) 

also confirmed that Nordic construction waste management favors incineration than 
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landfills because it allows partial recovery of embodied energy and replaces fossil fuel 

consumption. 

Waste and landfill have the lowest material flow (610,203 kg). This is mainly associated 

with reduced irreversible composite layers and improved separability of building materi-

als. US1&2-O and US7-O have similar trends in circularity, with reuse and recycling 

dominating over landfill disposal.  

4.6.3 Material flow analysis in optimized internal wall assem-
blies 

 

Fig 34: Sankey diagram for the optimized internal wall assemblies 

Fig 34 shows the MFA for the optimized internal wall assemblies. The total mass of ma-

terial of the internal wall assemblies is approximately 11.11 million kg with the main com-

ponents being timber-based and gypsum-based materials. The largest contributions 

come from gypsum panels + finish with about 4.52 million kg (about 40.6% of the total 

mass of all internal assemblies), followed by CLT with about 3.28 million kg (29.6%), 

solid timber 2.16 million (19.4%) and stone wool insulation 1.14 million kg (10.3%). The 

wide use of CLT and timber shows that the optimized wall systems keep a high propor-

tion of bio-based structural materials, consistent with the principles of circular timber con-

struction and low-carbon building strategies (Eberhardt et al., 2019). 

From the EoL distribution, around 3.96 million kg of materials are allocated to reuse and 

around 3.59 million kg of materials are allocated to recycling. The total material flow is 
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about 68% due to reuse and recycling combined and this shows a high potential of cir-

cularity for the optimized assemblies. This is in line with the waste hierarchy of European 

Union, where preparation for reuse and recycling is given priority over energy recovery 

and disposal under the Waste Framework Directive (European Parliament & Council of 

the European Union, 2008). 

High reuse flow is mainly related to CLT and solid timber components in assemblies 

VS1&3-O, VS2&15-O, and VS4-O. This is because of the DfD optimization measures 

applied in the assemblies. Previous studies have shown that DfD-oriented timber sys-

tems can significantly improve the potential for reuse and recovery, as timber panels and 

framing members can be dismantled with less damage to the material than bonded or 

cast-in-place systems (Eberhardt et al., 2019). 

Most of the recycling flows consist of gypsum products, insulation materials and parts of 

timber which cannot be reused directly but still have a potential for recycling. The recov-

ered materials can deliver environmental benefits outside the system boundary under 

Module D of EN15804 and EN15978, where credits for reuse, recycling and energy re-

covery are presented.  

 The circularity in the internal wall assemblies has improved, but the MFA still shows 

about 2.02 million kg of material to landfill/waste, and about 1.53 million kg to incinera-

tion/energy recovery. These flows are mainly associated with gypsum contamination, 

damaged timber elements, insulation residues and composite finishing materials difficult 

to be completely separated during dismantling.  

4.6.4 Material flow analysis in optimized roof assemblies 

 

Fig 35: Sankey diagram for the optimized roof assemblies 
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Fig 35 shows the MFA for the DfD-optimized scenario for the roof assemblies YP1 and 

YP2.  

The results show that the highest percentage is directed at the reuse pathway receiving 

about 21,343 kg of material flow. This shows that the DfD optimization strategy was ef-

fective in improving the recoverability and future usability of the building components. 

The high reuse potential is mainly related to solid timber products (which includes studs, 

joists, battens, and solid timber boards) (14,650 kg from YP1-O and 639 kg from YP2-

O), and CLT (12,019 kg from YP1-O and 1,037 kg from YP2-O) with mechanical con-

nections that can be disassembled with limited damage. Studies have shown that DfD 

strategies significantly improve components reuse and extend the service life of materi-

als in timber construction (Akanbi et al. 2018). 

Also, considerable quantity of material was directed to incineration/energy recovery 

(19,234 kg). This flow mostly comprises of combustible materials from timber-based 

sources which includes solid timber and CLT (9,669 kg from solid timber, 5,008 from CLT 

in YP1-O, but much lesser quantity from YP2-O), insulation products and membranes 

(2,397 kg and 46 kg from EPDM membrane in YP1-O and YP2-O respectively), which 

may not be directly reusable but still offer potential for energy recovery at EoL. Energy 

recovery is often regarded as an alternative EoL option for non-reusable wood-based 

products in Nordic timber construction systems (Pomponi & Moncaster, 2017).  

The recycling pathway was responsible for approximately 10,899 kg of material flow. The 

recyclable materials are mainly metal fixings, selected insulation products, and separa-

ble construction materials of recoverable value after disassembly. The relatively high 

recycling flow shows that the optimized assemblies resulted in better separation of ma-

terials and reduced contamination between layers. 

The landfill pathway received the smallest material flow, approximately 3,666 kg. This 

indicates that optimization significantly reduced waste disposal requirements. This re-

duction is significant since disposal in landfills is generally linked to loss of materials 

value and increased environmental burdens.  

Note: See annex A for full reference-backed table for all material recovery rates in both 

as-built and optimized scenarios.   
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5. DISCUSSION OF FINDINGS 

This chapter focuses on interpreting what the results in chapter 4 mean, comparing them 

with literature, explaining why the trends occurred, and highlighting the implications for 

circular timber construction. Then, the DfD impact score that directly correlates designs 

scores with material recovery rates and carbon saving is developed based on the find-

ings in this study to establish the relationship between DfD potential, material recovery 

potential, and lifecycle carbon saving.  

5.1 Influence of DfD on assembly circularity     

The results indicate that the original as-built timber assemblies showed moderate disas-

sembly potential, but a few of the design characteristics constrained their ability to sup-

port material recovery and future reuse. The main barriers to circularity across the floor, 

wall, and roof assemblies were irreversible connections, composite material configura-

tions, concealed fixings and use of wet construction techniques. These are limitations 

already identified in previous DfD research as major obstacles to material recovery at 

EoL (Crowther, 2005; Durmisevic, 2019; Akanbi et al., 2018). 

The initial limitations were most severe for the floor assemblies. VP1&2 and VP7 used 

concrete screeds with timber and insulation layers, and VP5 used a concrete-CLT hybrid 

system. These assemblies contained significant quantities of renewable timber materi-

als, but the use of wet applied concrete limited the reversibility and separability of the 

materials. This is in line with the study from Durmisevic (2019) who argued that compo-

site systems often hinder high-value reuse because the components cannot be sepa-

rated without significant damage.  

Similar issues were found with the roof assemblies. Torch-bonded bituminous mem-

branes established permanent bonds between roofing and substrate boards. The struc-

tural timber elements were mechanically connected, but access to those connections 

was limited by bonded waterproofing systems. Roofing membranes have also been re-

ported as one of the most problematic elements for DfD implementation, as they often 

create irreversible material interfaces (Akanbi et al., 2018). 

The external wall assemblies showed moderate DfD performance in the as-built sce-

nario. While US1&2 and US7 were predominantly constructed with dry timber-based sys-

tems and mechanical fixings, their circularity potential was restricted by layered configu-

ration, hidden interfaces and limited access to structural connections. In US1&2 the CLT 
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structural core was covered with insulation, battens, cladding and multiple layers of gyp-

sum. Multiple components need to be removed in sequence before access to the struc-

tural connections can be achieved. US7 also has concealed connections within the wall 

build-up and roof interface making it less easy to disassemble. These findings correlate 

with previous studies which indicate that multilayer façade systems tend to decrease the 

efficiency of disassembly, since access to the primary structural elements requires re-

moval of several secondary layers (Crowther, 2005; Durmisevic, 2019).   

The internal wall assemblies typically scored higher than floor and roofs as most compo-

nents were dry-installed and mechanically fixed. However, direct fastening of gypsum 

boards to CLT panels reduces reuse potential due to many fastener penetrations and 

hidden structural connections. The better performance of timber stud walls (VS14&16) 

supports the claim that lightweight, mechanically connected assemblies naturally have 

higher circularity potential than complex layered systems (Crowther, 2005).  

These limitations were successfully addressed during the optimization process by apply-

ing core DfD principles like elimination of wet trades, service cavities, reversible connec-

tions, modular coordination etc. After optimization, most modified assemblies produced 

maximal scores for reversibility, material purity and accessibility. This shows that signif-

icant progress in circularity is possible without radically changing the structural design of 

the building. Rather improvements can be made through redesigning interfaces and con-

nection systems. This result agrees with Durmisevic (2019) who pointed out that the 

future recovery of materials is mainly determined by the connection design and not just 

by the material choice.    

5.2 Environmental benefits of applying DfD     

The LCA results show that the environmental benefits of DfD are not only in the material 

recovery but also directly affect the lifecycle environmental performance. The optimized 

scenario resulted in reductions in all the evaluated impact categories, although the de-

gree of improvement varied across indicators.  

The largest improvement occurred in GWP where the impact decreased by about 87% 

from 3.12 million kg CO2e to 0.39million kg CO2e. This reduction is extremely huge and 

underlines the importance of the preservation of timber components for future reuse in-

stead of considering them as demolition waste. Keeping timber products in the material 

cycle longer means that carbon is stored in the material and emission associated with 

the production of replacement material are avoided. Roberts et al. (2023) have reported 

similar conclusions, showing that realistic timber reuse scenarios can significantly reduce 

whole-life carbon impacts.   
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A significant factor to this reduction was the increase in benefit under Module D. The 

optimized assemblies produced much larger environmental credits because it was as-

sumed that reusable timber components would displace the production of virgin material 

in future construction projects. Such substitution benefits are accounted for as negative 

environmental impacts in the EN 15804+A2, thereby reducing the overall lifecycle bur-

dens. The results thus support the argument that DfD should not be assessed only on 

demolition stage performance, but also on its capacity to generate future environmental 

value via secondary material use.  

There was also a significant decrease of about 71% in AP. This signifies less resource-

demanding material production and less processing at different stages of the lifecycle. 

The decrease shows that the gains from the material efficiency strategies goes beyond 

carbon emissions, considering the strong link between AP and the emission of sulphur 

dioxide and nitrogen oxide from industrial activities (Hauschild et al., 2018).  

In contrast, ODP and EP-M only improved slightly. The 15% and 8.5% reductions in ODP 

and EP-M, respectively indicate that DfD strategies mainly influence carbon-related and 

resource-related impacts than the environmental mechanism related to chemical manu-

facturing or nutrient emissions. Pomponi & Moncaster (2017) reported that improve-

ments in circularity often lead to larger reductions in GWP than in eutrophication-related 

indicators. 

The reduction in ADPF of about 23% also indicates that DfD contributes to a lower use 

of fossil resources. Recycling reduces the need for virgin materials, which in turn requires 

less energy for extraction, processing and manufacturing. This is consistent with Akanbi 

et al. (2018) who found that circular construction systems could considerably lower the 

demand for fossil energy across several lifecycle iterations.    

5.3 Interpretation of lifecycle stage contributions 

The product stage (A1-A3) remained the most influential lifecycle stage in both scenar-

ios. Interestingly, negative GWP values were found for both scenarios due to biogenic 

carbon storage in timber products. Nevertheless, the optimized scenario had a much 

larger benefit of carbon storage. The findings imply that reusable timber systems improve 

the long-term climate advantage of bio-based construction by prolonging the duration of 

carbon storage and lowering future need for replacement materials. 

The transport stage (A4) increased slightly in the optimized scenario. This increase is 

not unexpected as reusable and prefabricated components may require additional logis-

tics and handling. But the total contribution of A4 was very small compared to the benefits 

achieved in other parts of the lifecycle. This finding is consistent with the previous studies 
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that have shown that transportation impacts are usually outweighed by the savings that 

can be achieved through the reuse of materials (Akanbi et al., 2018). 

The construction stage (A5) showed significant reductions, especially in AP and GWP. 

These reductions are due to a replacement of wet construction processes with dry me-

chanical systems. Dry construction produces less waste, reduces the need for pro-

cessing on site and makes future maintenance easier. 

The most important improvements occurred in the replacement stage (B4-B5) and the 

end-of-life stage (C1-C4). The optimized scenario greatly reduced impacts associated 

with replacement and demolition as assemblies were designed to be repaired, upgraded 

and disassembled without destroying major components. This confirms a basic principle 

of circular construction: environmental performance is enhanced when buildings are 

seen as material banks rather than disposable products. 

5.4 Material flow analysis and resource recovery 

The MFA results provide strong indication that DfD greatly enhances material circularity. 

The as-built assemblies were characterized by high proportions of energy and landfill 

disposal, especially for insulation materials, gypsum boards, and bonded roofing sys-

tems. 

Significant masses of engineered wood were sent to recovery in the as-built roof assem-

blies, despite timber being a reusable material. This was due to the assembly configura-

tions that limited the potential for recoverability of structural components intact. The bi-

tuminous roofing membranes further decreased recovery potential by creating composite 

waste streams that were difficult to separate. 

After optimization the material flows were significantly re-directed towards reuse and re-

cycling routes. The use of mechanical connections, modular layouts and separable ma-

terial layers enabled larger parts of timber products and CLT components to remain in 

the technical cycle. This result is in line with the waste hierarchy of the European Waste 

Framework Directive (European Parliament & Council of the European Union, 2008), 

which gives priority to reuse over recycling and energy recovery.  

The MFA results also show important limitations. Optimization efforts did not improve the 

relatively low reuse rate and high landfill proportions of insulation materials and gypsum 

products. This implies that the material properties themselves continue to be an im-

portant determinant of circularity. Although DfD can improve access and separability, it 

cannot fully overcome the technical limitations that are inherent in some materials. For 
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example, Niu et al. (2021) reported similar challenges and stated that insulation products 

are one of the most challenging construction materials to recover at high value.      

Timber materials consistently provided the highest recovery rates for all optimized as-

semblies. This result further supports the suitability of mass timber construction for cir-

cular economy applications. Timber elements can be mechanically connected, prefabri-

cated and standardized, and are especially compatible with DfD principles and future 

reuse scenarios.  

5.5 Development of the simplified DfD impact scorecard 

Based on the MFA and LCA results from this study, the final objective is to develop a 

simplified DfD impact scorecard that establishes a practical relationship between DfD 

scores, material recovery potential and lifecycle carbon savings. This scorecard is de-

veloped using the DfD assessment results, material recovery assumptions adopted in 

the MFA and the environmental impacts obtained from the LCA as-built an DfD-optimzed 

scenarios.  

The DfD assessment used in this study evaluates assemblies based on five principles, 

each on a scale of 1-3, resulting in a maximum achievable assembly score of 15 points.  

Thus: 𝐷𝑓𝐷 𝐼𝑛𝑑𝑒𝑥 =  
்௢௧௔௟ ௦௖௢௥௘

ଵହ
𝑥 100 

Where: 15 is the maximum achievable score. 

Based on the LCA comparative results: the as-build scenario produced 3,119,844 

kgCO2e carbon footprint and the optimized scenario produced 391,947 kgCO2e, result-

ing in 87.4% reduction. The optimized assemblies generally improved from scores rang-

ing from 8 to 12 out of 15 (corresponding to a DfD index ranging from 53-80%) to ap-

proximately 13 to 15 out of 15 (corresponding to DfD index greater than 80%).  Similarly, 

the MFA demonstrated substantially greater diversion of materials towards reuse and 

recycling pathways and lower dependence on landfill disposal. 

Table 5.1: Simplified DfD impact score card linking design quality, material recovery po-

tential and carbon savings.  

Total DfD score DfD index DfD Class  Material recov-

ery potential 

Carbon saving 

potential 

0-6 < 40 Poor Low (< 50%) Low (20%) 
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7-9 41-60 Moderate Moderate (50-

70%) 

Moderate (20-

40%) 

10-12 61-80 Good High (70-85%) High (40-70%) 

13-15 81-100 Excellent Very high (> 

85%) 

Very high (> 

70%) 

Table 5.1 shows the expected carbon saving potential based on relative improvement 

observed in this case study.  

The resulting scorecard shows that improved DfD performance can lead to quantifiable 

environmental benefits. And the scorecard is a useful screening tool for architects and 

engineers at the design stage to estimate the likely circularity and carbon performance 

of assembly. The scorecard is based on a single case study and is indicative rather than 

predictive, but it provides a useful framework for embedding circular economy consider-

ations into the design of timber buildings. 

 

Fig 36: Illustrates the conceptual relationship established in this study.  

The framework shows that DfD design measures influence environmental performance 

through their effect on material recovery. Easier to disassemble assemblies generally 
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allow greater reuse and recycling opportunities and thus lower environmental burdens 

associated with extraction, manufacturing and end-of-life disposal. 

5.6 Implications of this study 

The results of this study are of great importance for future development of timber build-

ings. First, they show that the performance of circularity depends on the choice of mate-

rials and the design of assemblies. Using timber alone does not automatically create a 

circular building, assemblies must be designed for future disassembly, separation, and 

recovery. The scorecard also provides a simple means of assessing the circularity impli-

cations of design choices early in a project.  

Second, the study indicates that relatively simple modifications to design can result in 

significant environmental advantages. For example, replacing bonded membranes with 

mechanically fixed alternatives, introducing service cavities, removing wet screeds and 

adopting modular coordination systems have yielded significant improvements in DfD 

performance and environmental outcomes. 

Finally, the framework supports the integration of DfD assessment, MFA and LCA meth-

odologies. While DfD assesses technical recoverability and MFA measures material 

flows, LCA captures the environmental impacts of these recovery pathways. These 

methods combined give a more complete picture of the performance of circular building.  
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6. CONCLUSIONS 

The results from this study indicate that timber alone does not equal circularity. Assembly 

configuration and connection design are critical in determining future potential for mate-

rial recovery. The disassembly performance of the evaluated assemblies was greatly 

improved by applying DfD principles such as mechanical connections, modular coordi-

nation systems, service cavities and dry connection techniques. And most optimized as-

semblies received higher DfD, indicating great technical potential for future recovery and 

reuse. 

With the implementation of DfD principles in the assemblies, the LCA results show sig-

nificant environmental improvement. The optimized scenario revealed a reduction across 

varios environmental impacts categories, with the most relevant being the reduction of 

the impact in the GWP category with approximately 87% decrease. This indicate that the 

DfD improves lifecycle environmental performance. The largest environmental benefits 

were linked to increased material recovery and improved Module D benefits as DfD en-

ables future reuse and recycling of timber components, thus reducing disposal burdens 

and need for virgin material production.  

Furthermore, the recovery potential of a material depends on its characteristics. This is 

because timber products had the highest potential for recovery because they are com-

patible with reversible mechanical connections and modular construction. By compari-

son, the recovery rates of insulation materials, gypsum products and bonded roofing 

materials were lower and more reliant on landfill disposal. 

Finally, the DfD impact scorecard is a key contribution in the study that links assembly-

level DfD performance to expected material recovery potential and carbon-saving out-

comes. The framework converts technical DfD scores into circularity indicators and pro-

vides a tool to assess the potential sustainability consequences of design choices in the 

early stages of project development. 

6.1 Recommendation for future study 

This study has done significant work in assessing the environmental and circular benefit 

of designing mid-rise timber for disassembly at assembly level and developed an impact 

score card that combined the material recovery potential and carbon saving potential of 

timber assemblies with their DfD scores using a single case study. It is recommended 

that the proposed DfD impact scorecard be validated with other building case studies 

and different construction types. 
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Further research needs to investigate the economic feasibility of DfD implementation, 

including lifecycle costs, deconstruction costs and material recovery values. Empirical 

deconstruction studies should also be done to validate the recovery rates assumed in 

the MFA to enhance the predictive power of the DfD impact scorecard.  

Finally, research should focus on improving the recovery pathways for insulation mate-

rial, gypsum products and roofing systems, which remain among the least recoverable 

materials in timber construction.  
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APPENDIX A 

Baseline scenario material flow assumptions 

Material Cat-
egory 

Recycling Incinera-
tion / en-
ergy re-
covery 

Disposal 
/ waste 

Justification References 

Concrete (in-
cluding 
screed, slabs) 

90% 0% 10% Widely crushed 
and reused as 
secondary ag-
gregate. This is 
a well-estab-
lished system in 
Finland 

Dahibo et al 
(2015); 
Finnish En-
vironment 
Institute 
(SYKE) 
(2024) 

Timber (solid 
wood, bat-
tens, joists 
cladding) 

10% 88% 2% Demolition 
wood primarily 
used for energy 
recovery espe-
cially when con-
taminated 
(nails, coatings 
etc.) 

Dahibo et al 
(2015); 
Kokkonen 
(2023); 
European 
Commission 
(2015) 

Engineered 
wood (CLT, 
OSB) 

10% 85% 5% CLT in conven-
tional demoli-
tion is likely 
damaged and 
contaminated. 
Same with com-
posite boards 
like OSD´B 
which reduced 
recyclability. 

Dahibo et al 
(2015); Eu-
ropean 
Commission 
(2015).  

Gypsum 
board 

30% 0 70% Recycling is 
possible if it is 
clean, but dem-
olition contami-
nation leads to 
disposal. 

Dahibo et al 
(2015); Eu-
ropean 
Commission 
(2015 

Gypsum 
board + finish 

20% 0% 80% Reduced recy-
clability due to 

European 
Commission 
(2015). 
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presence of in-
separable fin-
ish. 

Mineral wool / 
insulation 

10% 0% 90% Low economic 
value and con-
tamination limit 
recovery. 

European 
Commission 
(2015); Da-
hibo et al 
(2015); 

Rigid insula-
tion 
(EPS/XPS 
etc.) 

10% 0% 90% Some energy 
recovery is pos-
sible but is 
mostly dis-
posed due to 
contamination. 

European 
Commission 
(2015) 

Bitumen / 
roofing 
memnbranes 

20% 50% 30% Partial recovery 
is possible but 
is often inciner-
ated or dis-
posed of in con-
ventional demo-
lition. 

European 
Commission 
(2015) 

Acoustic 
rubber 

0% 50% 50% Mixed material; 
often inciner-
ated or land-
filled  

European 
Commission 
(2015 

Wind 
protection 
board 

50% 0% 50% Mineral boards 
may be partly 
recovered, but 
conventional 
demolition con-
tamination justi-
fies conserva-
tive split be-
tween recovery 
and disposal. 

European 
Commission 
(2015 

 

Optimized scenario material flow assumptions 
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Material re-
covery 

Re-
use 

Recy-
cling 

Incinera-
tion / 
energy 
recovery 

Waste 
/ land-
fill 

Justifica-
tion 

Refer-
ence 

CLT panels 
(mechani-
cally fixed) 

60% 10% 25% 5% Reversible 
mechanical 
connections 
allow selec-
tive disman-
tling. But 
some pan-
els remain 
damaged or 
downgraded 
after dis-
mantling 

European 
Commis-
sion 
(2024); 
Akinade 
et al. 
(2017) 

Solid timber 
(battens, 
joists, studs, 
cladding, tim-
ber boards) 

50% 15% 33% 2% Dry assem-
bly allows 
direct reuse. 
But some 
timber still 
becomes 
cut waste. 

Dahibo et 
al (2015); 
European 
Commis-
sion 
(2024)  

Gypsum 
board + fin-
ish 

10% 60% 0% 30% Direct reuse 
is limited be-
cause gyp-
sum is flexi-
ble. 

Dahibo et 
al (2015); 
Eurogyp-
sum. 
(2021) 

Gypsum 
board / dry 
floor panels 

20% 60% 0% 20% Dry floor 
systems are 
removable 
with less 
contamina-
tion, in-
creasing re-
use and re-
cycling po-
tential. 

European 
Commis-
sion 
(2024) 

Mineral wool 
insulation 
(removable) 

40% 20% 0% 40% Removable 
insulation 
systems are 

Dahibo et 
al (2015) 
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recoverable 
compared 
with bonded 
cavity sys-
tems. 

Rigid insula-
tion boards 
(mechani-
cally fixed) 

40% 20% 0% 40% Mechanical 
fixing im-
proves re-
movability. 

European 
Commis-
sion 
(2024) 

Mechanical 
roofing mem-
brane 
(EPDM/TPO) 

5% 30% 50% 15% Mechani-
cally fixed 
are easier to 
separate, 
but direct re-
use is lim-
ited due to 
weather and 
puncture 
damage.  

European 
Commis-
sion 
(2024) 

Acoustic rub-
ber 

10% 20% 40% 30% Loose laid 
acoustic lay-
ers are eas-
ier to sepa-
rate, though 
contamina-
tion limits re-
use. 

European 
Commis-
sion 
(2024) 
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APPENDIX B- Floor Plans of the Case Study 

 

First Floor Plan 
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Floor 2-8 Plan 
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Roof Floor Plan 

 

Roof Plan 


