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Summary 

The transition towards a circular economy in the construction sector has 
become a crucial objective in the pursuit of sustainable development. Given 
that the built environment is responsible for significant environmental impacts; 
including high levels of resource consumption, greenhouse gas (GHG) 
emissions, and waste generation; the integration of circularity principles into 
building design is imperative. This thesis presents a framework for evaluating 
circularity in newly constructed office buildings, aiming to provide architects, 
engineers, and policymakers with an initial framework for assessing and 
enhancing circularity performance. The thesis is structured into three main 
parts (Part I, Part II, and Part III). In Part I, the research investigates the 
regulatory landscape of circular construction by analyzing the role of 
Northwestern European states in integrating circular economy principles into 
building regulations. A systematic review of policies in leading EU countries 
highlights the advancements and challenges in promoting circularity within the 
construction sector. Additionally, this section examines parametric 
approaches for optimizing building construction systems, with a focus on their 
impact on material circularity and carbon footprint. Part II introduces a 
methodological framework for assessing building disassembly potential, a key 
aspect of circular construction. Through a review of disassembly calculation 
criteria and an expert system for evaluating disassembly potential, this 
section provides a structured approach to designing for deconstruction. The 
research employs fieldwork, statistical analysis, and case study evaluations to 
identify key barriers and enablers of building disassembly, ensuring that 
materials can be efficiently recovered and reused at the end of a building’s 
lifecycle. In Part III, the thesis develops and validates a Building Circularity 
Evaluation Framework (BCEF), a multi-indicator system designed to quantify 
circularity in newly constructed office buildings. The BCEF integrates key 
performance indicators, including Global Warming Potential, Land-Use 
footprint, Reused Content, Disassembly Potential, Functional Adaptability, 
and Product-Service Systems. This section applies the framework to three 
case studies; ‘t Centrum Building, Green Office, and ABN AMRO Circl 
Pavilion; demonstrating its applicability in real-world settings. These case 
studies were specifically chosen because they embody circular building 
principles, aligning with the objectives of this Ph.D.  research. The results 
underscore the importance of modular construction, design-for-disassembly 
principles, and material reuse in enhancing circularity performance. 

The following key findings and recommendations emerge from the research: 

• Regulatory Support for Circular Construction: Countries such as 
Denmark, Finland, and the Netherlands have made significant 
progress in integrating circularity into building regulations. 
Policymakers should establish clear and enforceable circularity 
targets that align with carbon neutrality goals, driving systemic 
change in the construction industry. While clear and enforceable 
circularity targets can accelerate uptake, premature or overly 
prescriptive targets risk regulatory lock-in, rebound, or burden-
shifting across life-cycle stages; targets should therefore be adaptive 
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and evidence-based, accompanied by ex-ante/ex-post evaluation 
and periodic review under the EU’s Better Regulation approach, and 
by monitoring to detect unintended consequences. 

• Design for Disassembly and Adaptability: The ability to efficiently 
disassemble buildings at the end of their lifecycle is crucial for 
maximizing product recovery. The research highlights the 
importance of using dry-assembly fastening mechanisms, modular 
design approaches, and standardized building components to 
enhance disassembly potential. 

• Parametric Optimization for Circular Design: By utilizing 
parametric tools and Life Cycle Impact Assessment (LCIA) 
methodologies, architects can optimize construction materials and 
techniques to minimize environmental impact. The research finds 
that bio-based materials, particularly timber, can reduce the carbon 
footprint and other environmental impacts of LCIA while maintaining 
structural integrity and potential for circularity. 

• Implementing a Multi-Indicator Evaluation Framework: The 
BCEF provides a standardized framework for assessing building 
circularity, ensuring that circular economy principles are embedded 
in early-stage design decisions. The framework enables 
stakeholders to quantify circularity performance and identify areas 
for improvement. 

• Case Study Insights: The comparative analysis of three case 
studies reveals that buildings designed with circular principles; such 
as ‘t Centrum, which incorporates modular construction and 
prefabricated timber elements; demonstrate higher circularity 
performance compared to conventional designs. 

The findings of this thesis emphasize that circular construction is not only an 
environmental necessity but also a viable strategy for evaluating material 
waste reduction and GHG emissions, and assessing objectively the resource 
efficiency in newly designed office buildings. Future research should focus on 
refining circularity indicators, expanding datasets for material reuse potential, 
and exploring digital twin technologies for tracking building material flows. 
Ultimately, achieving circularity in the built environment requires collaboration 
among architects, engineers, policymakers, and industry stakeholders to drive 
innovation and systemic change. 
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Abbreviations and nomenclature 

BCEF Building Circularity Evaluation Framework 
BCI Building Circularity Indicators 
BAMB Building as Material Banks 
BIM Building Information Modelling 
CDW Construction and Demolition Waste 
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CEN European Committee for Standardization 
CPR Construction Products Regulation 

DP Disassembly Potential 
DfA Design for Adaptability 
DfD Design for Disassembly 
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DBED Building Environmental Performance Declaration 
EN European Norm 
EPD Environmental Product Declarations 
EU European Union 
FA Functional Adaptation 
GHG Greenhouse Gas 
GRO Sustainability Assessment Tool (Belgium) 
GWP Global Warming Potential 
HVAC Heating, Ventilation, and Air Conditioning 
ISO International Organization for Standardization 
IEA EBC International Energy Agency - Energy in Buildings and 

Communities Programme 
KPI Key Performance Indicator 
LCIA Life Cycle Impact Assessment 
LU Land-Use footprint 
MR Materials and Resources 

MRQ Main Research Question 
MINERGIE-P-ECO Swiss Sustainable Building Certification 
NSC Nordic Sustainable Construction 

PSS Product-Service Systems 

RC Reused Content 
RE2020 French Energy Regulation 2020 
RSP Reference Study Period 

SQ Sub-question 
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1. Introduction 

1.1. Background 

1.1.1. Advancing Circular and Sustainable Design in the Built 
Environment: Embracing Circular Design for Sustainable 
Development 

The built environment should undergo fundamental transformations in 
response to the imperatives of sustainability and a circular economy. The 
construction industry consumes around 40% of raw materials and is 
responsible for 39% of total CO₂ emissions, of which at least 11% comes 
from manufacturing building materials and products [1]. Over the past few 
decades, the focus of sustainable building has been primarily on reducing the 
negative impact of buildings on climate change and the depletion of fossil 
fuels by improving energy efficiency during the use phase. By the end of 
2020, all new buildings in the European Union will need to be nearly zero-
energy as a consequence of the Energy Performance of Buildings Directive 
[2]. However, to address environmental challenges such as climate change, 
scarcity of land and raw materials, biodiversity loss, waste production, and 
water problems, the overall environmental impact of buildings throughout their 
entire life cycle should be considered. In the coming years, a transition 
towards a life cycle impact assessment (LCIA)- based evaluation of the 
environmental impact of buildings is expected, and performance-based 
targets on environmental impact are likely to be established.  

Traditional approaches to sustainability aim to reduce, avoid, minimize or 
prevent the use of non-renewable resources for energy and materials. Within 
this reductionist paradigm, sustainable building involves attempts to do “less 
bad” and reduce the negative building impact by improving the efficiency of, 
for example, energy, materials, and water use. Unfortunately, this “eco-
efficiency” approach has limitations and even some unintended 
consequences. Due to population growth and increased collective wealth, 
improved efficiency often results in accelerated energy and material 
consumption on a global scale [3]. The reductionist approach also fails to 
incorporate the potential of buildings to contribute to positive sustainable 
development and to restore the Earth’s ecological carrying capacity.  

Circular design focuses on creating a positive impact through 
environmentally effective and sustainable buildings, and literature recognizes 
its potential environmental and economic benefits [4], [5], [6]. Instead of doing 
less bad, a positive impact is aimed for. Circular architecture is dominated by 
the ideas of Lyle [4] on Regenerative design, William McDonough and 
Michael Braungart  [7], [8] on Cradle to cradle design and Benyus [9] on 
Biomimicry. It aims to increase, support and optimize the use of renewable 
resources and to become as independent as possible from depleting and 
polluting resources. The linear “take-make-waste” approach is replaced with a 
cyclical one. Circularity involves sustainable resource management, 
maintaining the value of resources and materials for as long as possible, and 
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eliminating or avoiding waste, thereby minimizing the environmental impact of 
material cycles [10].   

Maximizing the generation of renewable resources, without ignoring other 
environmental impacts, and maintaining the quality or value of materials along 
the lifecycle of buildings for as long as possible by facilitating materials 
recovery and reuse will reduce material use and environmental impacts 
associated with our built environment. In the “Roadmap to a Resource 
Efficient Europe” [11] and the “Closing the loop EU action plan for the Circular 
Economy” [12], the European Commission emphasizes the importance of 
sustainable resource management in the built environment and the potential 
for resource savings during building design. Over the past years, circular 
positive development has been garnering increasing influence on the 
evolution of architecture. The progress is dramatic: Energy-plus, earth 
buildings, healthy buildings, positive impact buildings. Well-known examples 
include the Cradle to Cradle certified Municipality Building in Venlo [14], the 
Haarlemmermeer Cradle to Cradle certified Business Office Park [15], and 
EDGE Südkreuz in Berlin, which is Germany’s largest wooden hybrid office 
building, a 100% match for Madaster [13]. Additionally, the Powerhouse 
building in Trondheim, Norway, has achieved BREEAM Outstanding 
certification [14]. 

Despite these inspiring projects, the current state of the majority of 
contemporary designs and realizations suggests an implementation deficit in 
achieving highly sustainable buildings and environments. Many recently 
erected buildings perform little better than the lowest standards imposed by 
building regulations [15]. In addition to critical factors for delivering a 
successful project, the competency of project team participants [19] plays a 
central role, with a particular emphasis on the architect [16]. The design of 
sustainable projects, which had long been “ceded to the specialist 
engineering profession is now, again, coming under the ambit of the architect 
and the urban planner [17]. The accumulation of set goals gives rise to ever-
increasing intricacy in the implementation of sustainable buildings [22], and 
architects are directly faced with this intricate task. A generic and rapidly 
expanding practical approach to sustainable building is the development and 
application of design-supporting tools, which enable the project team to 
identify the effects and interactive relationships between the social, economic, 
and ecological dimensions, and to address these in the planning and/or 
construction process [18]. A vast number and extensive range of design-
supporting tools for sustainability are available, but for architects, the most 
promising kind are early design generative tools, which hold a guiding 
methodology [19]. Uptake in practice remains limited; time/fee pressure at the 
concept stage, steep learning curves, and weak BIM–LCA interoperability 
reduce the perceived near-term benefit. Persistent labor/skills shortages in 
EU construction further curtail the capacity to experiment, motivating the 
development of fast-to-set-up, interoperable, and “architect-friendly” methods 
[20], [21], [22]. 

1.1.2. Towards a circular building sector 

Assessing the circularity of buildings requires, as a first step, a clear definition 
of what circularity entails. To date, there is no universally accepted standard, 
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neither within ISO nor CEN frameworks, that provides a comprehensive 
definition of circularity. Nevertheless, the European literature and several 
sustainability assessment standards, including ISO 14040 [23], ISO 14044 
[24], ISO 21930 [25], EN 15978 [26], EN 15804+A2 [27], prEN 18177:2025 
[28] and the Level(s) framework [29], as well as the Construction Products 
Regulation (CPR) [30], implicitly or explicitly integrate carbon neutrality as a 
fundamental dimension of circularity. Although this interpretation has not been 
formally codified or officially adopted in existing regulations, it reflects a 
growing consensus among European researchers and policymakers that 
achieving carbon neutrality constitutes an essential component of the circular 
economy in the built environment. 

Accordingly, this Ph.D. thesis adopts the European paradigm that 
conceptualizes carbon neutrality as an integral part of building circularity, as 
illustrated in Figure 1.1. This alignment ensures consistency with the current 
European policy direction and facilitates the integration of circularity 
assessment within broader sustainability and climate-neutrality objectives. 

 
Figure 1.1. Integration of carbon neutrality within circularity and sustainability frameworks 

in the European context. 

Efforts to mitigate the environmental impact of buildings in Europe have 
predominantly centered on reducing operational energy consumption. This 
focus has led to the development and implementation of energy-efficient 
buildings [31]. Consequently, the embodied environmental impacts of building 
materials; encompassing production, construction, maintenance, and disposal 
processes; now represent a significant and growing proportion of a building’s 
total life-cycle environmental footprint [32]. For instance, in Denmark, 
embodied greenhouse gas (GHG) emissions from building materials can 
account for more than 70% of the building’s life-cycle aggregated 
environmental impacts. This trend highlights the potential contribution of 
targeted circular/material-efficiency strategies (e.g., design for longevity, 
reuse, high-value recycling) to mitigating embodied GHG emissions over 
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successive life cycles, alongside continued operational efficiency and clean 
energy [33], [34]. 

The circular economy is a restorative and regenerative approach that seeks 
to minimize emissions, resource use, and waste generation through the 
principles of narrowing (efficient resource use), slowing (extending product life 
cycles), and closing (resource cycling) material loops [35]. These principles 
aim to preserve finite natural resource stocks while maintaining the utility and 
value of products and materials for as long as possible [36], [37]. CE is 
operationalized through value retention processes (VRPs), also known as R-
imperatives, which include actions such as refusing, reducing, reusing, 
repairing, refurbishing, recycling, and recovering materials. Certain VRPs 
result in material re-loops, which can be facilitated by design strategies such 
as design for disassembly, adaptability, durability, and the use of low-impact 
materials [38]. Multi-cycling, a critical aspect of CE, emphasizes the 
sequential implementation of multiple re-loop processes rather than focusing 
on isolated loops [39]. Re-loops can create cascading systems, enabling 
building components or materials to be reused in various applications across 
local and global contexts [40]. 

In recycling research, “closed loops” refer to recycling materials into the 
same products, whereas “open loops” involve recycling materials into different 
products [41]. Within the CE framework, these loops are further differentiated 
by their supply chain context: open loops are managed by external parties, 
whereas closed loops are overseen by the original producers [42]. This shift 
from end-of-pipe solutions, where construction and demolition waste is 
managed at the end of a building’s life cycle, to a holistic and preventive 
approach exemplifies the broader CE transition. 

The promotion of CE has recently gained significant traction in international 
policy. At the European level, the European Commission has committed to a 
CE transition, including initiatives to create a circular built environment and 
achieve net-zero-emission buildings by 2050 [43]. Supporting these goals, the 
European Commission has introduced a CE package and action plan [37]. At 
the same time, nearly €1 billion from the Horizon 2020 Research and 
Innovation Programme was allocated between 2018 and 2020 to support CE 
initiatives [44]. Additionally, CE principles have been incorporated into the EU 
Waste Framework Directive [45]. Overall and at the EU level, updates 
focused on the fact that from 2028, all member states will be required to 
report embodied carbon for major projects. This will be extended to all 
projects from 2030, and new limits will also be introduced [46]. For instance, 
Nordic Sustainable Construction [47], a program under the Nordic Council of 
Ministers, published a roadmap, The Nordic Sustainable Construction (NSC) 
example has been selected according to inclusion criteria were: (i) a public 
supranational mandate, (ii) an explicit buildings/construction scope with 
quantified actions or limit-value pathways, and (iii) an open-access, citable 
figure. The NSC programme under the Nordic Council of Ministers met these 
criteria and is framed as a contribution to Nordic Vision 2030 as shown in 
Figure 1.2, that contributes to the Nordic Vision 2030 of becoming a 
sustainable and integrated region by 2030 in terms of sustainable 
construction and housing. 
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Figure 1.2. Timeline of climate declaration and limit values integration (as of June 2024) 

[47]. 

According to Nordic Sustainable Construction [47], Denmark has emerged 
as a leader in the adoption of CE within the built environment. The UK-based 
Ellen MacArthur Foundation’s case study identified Denmark as a potential 
CE leader, with construction and real estate sectors offering the greatest 
opportunities for circularity [48]. This recognition spurred the Danish 
government to establish an advisory board for CE in 2016, which 
subsequently presented 27 sector-specific recommendations in 2017. These 
efforts culminated in Denmark’s CE strategy in 2018, which included the 
introduction of a voluntary sustainable building class in the national building 
code [49]. Concurrently, the country’s first circular social housing project, 
Circle House, was developed between 2017 and 2020. The project aimed to 
achieve 90% recyclability and reuse content of building materials, with no 
value loss, according to Building Social Ecology [50]. Since 1 Jan 2023, all 
new Danish buildings must submit a whole-life carbon LCA, and new 
buildings >1,000 m² must comply with a maximum GWP of 12 kg 
CO₂e/m²·year over 50 years. From July 2025, Denmark tightens and extends 
the cap: an average limit of 7.1 kg CO₂e/m²·year (with typology-specific 
values, e.g., 6.7 → 6.0 → 5.4 for single-family houses in 2025/2027/2029) 
and adds a separate cap for the construction process (A4-A5) of 1.5 kg 
CO₂e/m²·year; scope is expanded to more building types. These 
requirements are in place before EU-wide obligations under the revised 
EPBD [51]. 
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Further advancing its CE agenda, the Danish Climate Council 
recommended implementing a “polluter pays” CO2 tax of DKK 1,500 per ton 
by 2030 to achieve a 70% reduction in CO2 emissions [52]. This policy 
provides a strong incentive to reduce embodied GHG emissions from building 
materials. Additionally, Denmark aims to accelerate the adoption of CE 
through enhanced collaboration between academia and industry, integrating 
theoretical knowledge with practical applications [53]. Notably, following the 
initiation of an industrial Ph.D. program, 15 new industrial Ph.D. projects have 
been funded to develop circular solutions and business models based on 
existing and ongoing CE research and initiatives in the building sector [53]. 
The motivation to implement CE in the European and Danish building sectors 
remains robust. However, achieving this goal necessitates a concerted effort 
and fundamental changes across the entire industry. 

Despite growing interest, the concept of circularity has yet to gain significant 
momentum in regulatory frameworks. As illustrated in Figure 1.3, which 
highlights the most important practical points in the circular economy 
movement, Denmark leads among EU states in incorporating circular 
economy principles into the construction sector. Denmark's regulatory 
landscape is comparatively advanced, characterized by comprehensive 
policies and tools that aim to promote waste reuse and materials separation. 
These measures reflect a systematic approach to embedding circular 
principles in the construction industry [54]. 

Finland ranks second in adopting circular economy principles in the built 
environment. The country employs a multi-stakeholder approach to 
implement its "Circular Economy in the Built Environment" initiative, which is 
integral to achieving its ambitious target of carbon neutrality by 2035 [55]. 
Finland’s collaborative strategies underline its commitment to sustainable 
development in the construction sector [56]. 

Sweden is positioned third, primarily due to its implementation of climate 
legislation that supports the transition toward carbon neutrality by 2045 [57]. 
This legislation, which took effect in January 2022, introduces measures to 
promote circular practices and mitigate the environmental impact of 
construction activities. Sweden’s regulatory advancements signify a critical 
step in aligning national policies with global sustainability goals [54]. 

France occupies the fourth position, distinguished by its focus on carbon 
footprint reduction measures [58]. While these initiatives are commendable, 
the country lags in adopting comprehensive building circularity practices. 
France’s regulatory focus remains more concentrated on emissions reduction 
rather than holistic circular strategies [54]. 

The Netherlands also demonstrates notable progress, ranking alongside 
France. A key regulatory milestone is the mandatory life cycle impact 
assessment (LCIA) requirements for all new constructions [59]. These 
requirements signify a significant commitment to integrating environmental 
considerations into building practices, thereby fostering a more sustainable 
construction sector [54]. 

Belgium’s carbon footprint regulations in construction are regionally driven, 
with Brussels and Flanders leading in LCIA, material passports, and circular 
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economy policies. Brussels' Building as Material Banks (BAMB) initiative 
tracks materials for reuse, while Flanders mandates 70% recycling of 
construction waste by 2030 [60], [61]. However, Belgium lacks a national 
carbon threshold and uniform regulations, requiring harmonization to align 
with EU climate goals [62]. Future policies should expand LCIA mandates and 
enforce carbon limits. Moreover, Belgium developed GRO [63], a 
sustainability assessment tool in Flanders. It aims to enhance the 
sustainability of construction projects through an integrated design process 
that emphasizes circular construction principles. GRO is applicable across 
various project phases; whether new construction, renovations, or 
refurbishments; and enables clients and designers to measure and improve 
sustainability metrics effectively. 

 
Figure 1.3. Ranking of EU leading member states that couple carbon neutrality and 

circularity requirements for new constructions. 

1.1.3. Challenges of implementing the Circular Economy CE in 
the construction sector 

Despite significant efforts in Northwestern European states, the practical 
implementation of circular economy (CE) principles in the building sector 
remains limited in both scale and speed. Numerous challenges hinder this 
process, among which the lack of readily available environmental CE design 
tools, decision-making frameworks, and assessment methodologies is a 
critical barrier. Specifically, three primary issues and knowledge gaps have 
been identified in relation to developing CE tools and assessment approaches 
tailored for the building sector. 

First, the absence of a universally accepted definition of CE in the building 
sector creates ambiguity. The CE concept encompasses various strategies 
[64], which complicates the establishment of uniform guidelines for designing 
circular buildings, components, and materials. This definitional fluidity has led 
to disparate interpretations and practices, as highlighted by Hart et al. (2019) 
[65]. Consequently, this lack of consensus impedes the standardization of CE 
methodologies across the sector. 
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Second, there is limited comprehensive knowledge about where the 
greatest potential exists for reducing the environmental impacts of buildings. 
Identifying and prioritizing these opportunities remains unclear, which 
undermines the strategic application of CE principles. Furthermore, while 
some research exists, the sector still lacks robust methods to quantify the 
environmental effects of CE initiatives [66]. The Life Cycle Impact 
Assessment (LCIA), a well-established tool for evaluating environmental 
impacts in the building sector (EN 15978, 2011) [64], is currently inadequate 
for CE applications. Among the key limitations of LCIA tools are their data-
intensive nature, the lack of relevant data at the design phase, and decision-
makers' insufficient understanding of LCIA processes and outcomes [67], 
[68]. Moreover, conventional LCIA approaches primarily focus on individual 
products and single life cycles, whereas CE emphasizes a systems 
perspective involving multiple and potentially diverse use and life cycles [40], 
[69]. The systems perspective poses additional challenges, particularly in 
determining how environmental benefits and burdens should be allocated 
across multiple use cycles and life cycles, a topic on which no consensus 
exists due to the variety of allocation methods available [70]. 

Third, while some studies demonstrate the environmental benefits of CE in 
the building sector [71], [72], knowledge regarding which specific CE design 
strategies yield optimal environmental performance remains inadequate. For 
instance, studies on specific CE building cases and their broader implications 
are limited [73], [73]. Furthermore, CE strategies do not inherently result in 
reductions of environmental impact, as evidenced by Gallego-Schmid et al. 
(2020) [74]. Without rigorous evaluation, designers may unintentionally adopt 
CE strategies with limited or even counterproductive environmental benefits. 

Finally, these knowledge gaps pose a significant risk: they may lead building 
designers to prioritize less effective CE strategies or focus on optimizing 
building components and materials that hold relatively minor environmental 
significance. Such misaligned efforts could exacerbate environmental 
challenges rather than alleviating them [75]. Addressing these challenges 
through a systematic development of CE-specific tools, methods, and case 
studies is essential for advancing sustainable practices in the building sector. 

1.1.4. Existing frameworks, tools, and platforms, and the 
positioning of the BCEF 

This section provides a concise review of the key European frameworks and 
tools used by designers and clients, thereby situating the Building Circularity 
Evaluation Framework (BCEF) within contemporary practice.  

The most important framework is Level(s), which is the European 
Commission’s common reporting framework for building sustainability [29]. 
Indicator 1.2 prescribes a whole-life Global Warming Potential (GWP) 
assessment aligned to EN 15978 for buildings and EN 15804 for product 
data, to be reported across life-cycle stages (A–C, with D as applicable). 
Level(s) therefore functions primarily as a reporting language rather than a 
design-time decision method [56]. 
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In Belgium, GRO [63] is an inter‑regional public guidance framework jointly 
developed by the Flemish, Walloon, and Brussels–Capital regions. It provides 
structure for sustainable construction across project phases; Analysis (Level 
0), Concept (Level 1), and Design (Level 2); and across thematic domains, 
including circular building [76], [77]. Through actionable checklists, 
performance levels (good, better, excellent), and manuals, GRO supports 
clients and design teams in integrating sustainability throughout project 
development [78]. However, it functions as a process guidance tool rather 
than a quantitative, early‑stage design‑comparison method and does not 
generate analytical performance outputs akin to LCA-based frameworks [76], 
[77]. 

Belgium has also developed the TOTEM Tool [79] to Optimize the Total 
Environmental Impact of Materials, which is the Belgian web-based building 
LCA tool, jointly developed by the three regions and launched in 2018. It 
quantifies environmental impacts for elements and entire buildings throughout 
their life cycle, providing a national database and method consistent with 
European LCA practice [79]. This tool is based on a national LCA method 
called the “Environmental Profile of Buildings” (MMG), which was developed 
[80], [81]. The method is in line with the European Standard EN 15804+A2 
(CEN, 2019, 2021) but is customized for the Belgian context, considering 
specific data and scenarios (transport, energy mix, end-of-life). Since 2018, 
the Belgian MMG LCA method has been available as a web application, 
called TOTEM (Tool to Optimize the Total Environmental Impact of Materials) 
[79]. 

As a certification scheme, BREEAM [82] awards credits for Building LCA 
under Mat 01 – Life Cycle Impacts, which relies on recognized and approved 
LCA tools together with Environmental Product Declaration (EPD) data [83]. 
Its emphasis is placed on documented assessments to support certification 
scoring, rather than on facilitating early-stage option exploration [84], [85]. 

Moreover, LEED (v4/4.1) [86] provides Materials and Resources (MR): 
Building Life-Cycle Impact Reduction credits, including a whole-building LCA 
option with specified reduction thresholds, as well as an Alternative 
Compliance Path (ACP) aligned to European practice [87]. Similar to 
BREEAM, LEED structures evidence for certification purposes but does not 
constitute a design-time evaluation framework in itself [85]. 

Additionally, Madaster [88] is a digital materials cadaster that generates 
material passports from BIM and Bill of Quantities (BoQ) data to document 
material composition, circularity attributes, and potential residual value. The 
platform aims to enable circular construction practices by enhancing the 
transparency of material flows and facilitating reuse and recycling strategies. 
Beyond its practical applications, Madaster is being positioned as a response 
to the emerging European requirements for digital product passports under 
the Circular Economy Action Plan and the Construction Products Regulation 
[37]. However, Madaster functions primarily as an enabling data 
infrastructure, supporting asset managers, designers, and policymakers in 
circularity tracking; it is not itself a design-evaluation method comparable to 
LCA-based frameworks [89], [90]. 
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In Germany, CAALA (Computer-Aided Architectural Life Cycle Assessment) 
[91] has emerged as a digital tool designed to integrate life cycle analysis into 
early design stages. The tool enables architects and planning professionals to 
estimate energy demand, greenhouse gas emissions, and material-related 
lifecycle impacts at a conceptual level, already during preliminary design [92]. 
CAALA’s strength lies in its immediacy and accessibility. By offering real-time 
feedback through simplified parametric interfaces, it facilitates the rapid 
comparison of design alternatives, supporting informed decisions toward 
climate-neutral buildings, especially in retrofit scenarios and early planning 
phases [93]. Its user-friendly interface allows practitioners without deep LCA 
expertise to engage with lifecycle considerations, thereby lowering barriers to 
adoption in architectural workflows [94]. However, CAALA’s reliance on 
generalized datasets and simplified modelling entails certain limitations. 
Early-stage tools, including CAALA, typically employ average or generic data, 
which may introduce uncertainties and limit the precision of results when 
compared to detailed, project-specific LCA tools [93]. The accessible 
interface, while advantageous for usability, also reduces transparency 
regarding methodological assumptions and dataset origins, which can be 
problematic for rigorous analysis [93]. Therefore, CAALA is best positioned as 
an exploratory, design-support tool; effective for initial scenario evaluation but 
not a substitute for comprehensive, full-scope LCA assessments. 

This landscape clarifies both the breadth of available support and the 
persisting gap in integrated, architect-oriented evaluation at the early design 
stages. This thesis addresses this gap by developing a dedicated framework; 
however, the precise positioning of the BCEF in relation to these tools; its 
scope, interoperability, and validation; will be explored in the subsequent 
chapters of the thesis, where its architecture and application are presented 
and empirically examined. 

1.2. Problem statement 

Architects, building designers, and owners seeking sustainable architecture in 
their practices require valuable information to make informed decisions. 
Although design typically represents on the order of ~1% of a building’s 
whole-life expenditure, early design choices (form, envelope, systems 
integration) determine the bulk of lifetime energy demand; established 
approaches (e.g., Passive House/integrative design) can reduce operational 
energy by ~80–90%, thereby cutting a very large share of life-cycle energy 
costs [95]. Currently, to address sustainability issues, most architects follow 
an ad hoc, problem-solving approach at the end of the design process, rather 
than designing from a sustainability perspective. However, it has been shown 
that, during early design phases, 20% of the design decisions taken 
subsequently influence 80% of impacts and life-cycle costs [96], [97]. 
Therefore, as the importance of “front-loading” the design process for 
sustainability is emphasized by many authors (e.g., [18], [99], [100]), 
sustainability principles should be inherently integrated into the architect’s 
design process from the concept development phase onward. 

The main principles of circular design are not new [4], [7], [8], [9], [98], [99]. 
However, up to now, only vague definitions or general and broad principles 
exist. No clear criteria, indicators, or hands-on guide to support architects 
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when designing buildings within an integrated circular paradigm have been 
developed so far [6]. Therefore, several public programmes already provide 
hands-on guidance and tools for practitioners; notably the EU Level(s) [29] 
framework (indicator sheets, templates), Belgium’s GRO [63] guide and the 
national TOTEM [100] LCA tool, and the Dutch Het Nieuwe Normaal / 
Platform CB’23 [101] handbooks (e.g., measuring circularity and material 
passports) but they still need integration and development. A framework for 
circularity development is needed, complemented with practical design 
strategies and measures that are validated for the Belgian context. The 
accurate and specific determination of circular characteristics of buildings can 
help designers to make fundamental choices in the design and construction of 
sustainable architecture.  

The concept of circular design encompasses multiple aspects that 
contribute to positive, sustainable development, including energy, materials, 
biodiversity, water, and transportation. Within this Ph.D., the focus will be on 
materials and construction systems, as creating a positive impact through the 
well-thought-out use of materials and construction systems will be a major 
challenge for architects in the coming years. Other aspects of circular design 
offer promising solutions for positive sustainable development too, but often 
require a multidisciplinary approach and the involvement of several 
stakeholders, which falls beyond the scope of this Ph.D Concerning energy 
and materials, architects need information on how to replace fossil fuel-based 
systems and components with passive or natural/renewable sources on the 
building and grid level. They need to be stimulated to anticipate evolution and 
change, and to incorporate strategies and approaches that enhance the 
building's ability to adapt to various uses over time. In addition, they require 
information on how to incorporate technical and biological materials that can 
be safely converted into reusable nutrients, as well as how to design building 
systems and processes according to their intended use for both building 
occupants and biological and technical metabolisms [102]. 

Currently, architects face several challenges when assessing the 
environmental impact of material choices and the circular nature of building 
construction systems. The most significant issue is the absence of a clear 
evaluation framework that supports architects in designing buildings within a 
circular paradigm. There are three problems related to: 

1. Tedious calculation of material quantities (average 3 weeks for a mid-
size project, 2000 m2) 

2. Cumbersome use of Life Cycle Assessment software for materials. 

3. Complicated evaluation workflow of building materials selection. 

Although several of the aforementioned frameworks and tools have been 
developed, there is currently no practical framework that adopts a 
methodology combining the aspects above, contains design strategies and 
components, is complemented by validated practical measures, and provides 
guidance during the early design stage. Conceptual frameworks for design for 
change already exist (e.g. [103]); however, they do not yet establish a 
connection with circular construction techniques or identify building products 
suitable for their implementation. Existing tools or ratings systems for 
sustainable buildings are mostly post-evaluation tools, although some early 
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design generative tools (databases, checklists) can be found. However, the 
methods and formats used in these early design generative tools are not 
tailored to the specificities of the architect’s design process [15], [19], [104].  
Furthermore, they follow a rather reductionist approach. In contrast, there is a 
need for a framework that contributes to introducing a new design thinking 
paradigm of positive sustainable development through circular design. 
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2. Research framework 

2.1. Aim, Objectives, and Research Questions 

This Ph.D. research aims to inform and guide architectural students and 
practicing architects during the design process for achieving circular design 
outcomes, starting from the early design stage. 

The operational objectives of the research project are formulated as follows: 

1. Development of an evaluation framework (design principles and 
strategies, indicators, metrics, measures, etc.) for circular design. 

2. Providing an overview of and recommendations for circular building 
design. 

3. Apply the evaluation framework to inform architects’ early-stage 
design decisions within a circular design paradigm. 

4. Validation and potential application of the evaluation framework in 
education. 

This Ph.D. research aims to support architectural students and practicing 
architects in their pursuit of circular design. This evaluation framework will 
also serve as a starting point in the pursuit of creative and innovative 
solutions to current environmental challenges by improving indicators in 
accordance with future standards and legislation. 

Regarding innovation and added value, the specific output of this Ph.D. is a 
multi-indicator evaluation framework with a building circularity index to inform 
architects during early design within a circular paradigm, which allows them 
to: 

1. Close the knowledge gap in the practical application of circular design 
in general, and inform architects, producers of building materials, and 
the construction industry about the potential of circular design and 
construction techniques and products suitable for achieving circularity. 

2. Provides insights into future development in education, research, and 
practice, as well as knowledge and know-how related to the circular 
economy. 

Currently, no such framework for circular design exists that collects the 
same indicators. The clear identification of the framework with validated 
design strategies and applications will unlock this barrier to circular design, 
allowing architects to follow an integrated design approach within a circular 
paradigm. Ultimately, the expected outcome visualizations of this research 
will serve as a guide, setting standards for circular building design for 
scientific researchers, students, architects, and other relevant audiences. This 
will provide them with advice on construction techniques and products, as 
well as inform the design of new software for this purpose. 

Accelerating the embracement or uptake of sustainability principles set by 
the EU in the architectural design practice in Belgium is essential. 
Sustainability should be brought to the ideation or concept development 
phase, and the inherent integration of sustainability principles in the 
architect’s design practice should be supported. The circular paradigm holds 
out a prospect of positive, sustainable development and reversing the 
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ecological carrying capacity. It enables various design processes that aim to 
strategically select and optimize resources required for building construction 
and building products within an industrial ecosystem of the circular economy, 
considering the value chain of building resources.  

This Ph.D. research intends to answer the following main research question: 

• MRQ: How can a Building Circularity Evaluation Framework be 
developed and validated to guide early design stage evaluation of 
buildings from a life-cycle thinking approach? 

The main research question can be broken down into several specific Sub-
questions that need to be addressed initially. Those questions explore 
different research gaps that have been identified and addressed in various 
scientific publications. In total, five publications have been published that form 
the chapters of this thesis. The specific research questions are as follows: 

• SQ1: How do carbon neutrality and circularity principles integrate into 
the building regulations of leading Northwestern European states, and 
what policy measures are most effective in promoting sustainable 
construction practices? (Chapter 01) 

• SQ2: How can parametric approaches help to evaluate the 
environmental impact and the building circularity? (Chapter 02) 

• SQ3: What are the most effective criteria and methods for evaluating 
the disassembly potential of buildings to enhance circular construction 
practices? (Chapter 03) 

• SQ4: How can the evaluation of building disassembly potential be 
enhanced to support circularity and decision-making in the early 
design and deconstruction stages? (Chapter 04) 

• SQ5: How can a building circularity evaluation framework be utilized 
to assess and optimize circularity and sustainability in the building 
sector? (Chapter 05 & Chapter 06) 

The focus on newly constructed small- and mid-size office buildings was 
primarily driven by experimental accessibility, data quality, and 
methodological validation needs. The proposed circularity evaluation 
framework (BCEF and DeCon tool) required comprehensive, verifiable 
datasets on material composition, assembly logic, and connection typologies, 
conditions that are only attainable in ongoing or recently completed 
construction projects where full design documentation, BIM models, and site 
access are available. New office projects such as ’t Centrum, ABN AMRO 
Circl, and Green Office provided controlled environments enabling systematic 
measurement of component-level disassembly potential and embodied 
impact through on-site inspection and bill-of-quantities verification. We are 
fully aware of the significant share of vacant office stock across Northwest 
Europe, including Belgium, the Netherlands, and northern France. However, 
such buildings are typically characterized by heterogeneous vintages, 
undocumented alterations, and safety or accessibility restrictions, which 
severely constrain reliable data collection and reproducible analysis. Applying 
the BCEF framework to these existing structures would introduce high 
uncertainty in material inventories, contaminant presence, and past 
renovation layers, undermining methodological consistency and attribution of 
results. Conversely, new small- and mid-scale office buildings represent a 
dominant typology in contemporary construction and are the primary focus of 
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emerging EU whole-life carbon regulations (e.g., NL BENG + MPG, DK LCA 
cap, EPBD Recast 2028). They therefore serve as ideal experimental 
testbeds to validate early-design decision tools under controlled yet policy-
relevant conditions before extending the framework to complex renovation 
scenarios. This typological focus ensured scientific rigor, regulatory 
alignment, and the feasibility of extensive parametric experimentation while 
maintaining the representativeness of market practice. 

2.2. Thesis outline 

As shown in Figure 2.1, this thesis consists of three main parts: Part I, Part II, 
and Part III. Part I focuses on the data collection phase, during which two 
literature review studies were conducted on the principles of carbon neutrality 
and circularity integrated into the building regulations of leading Northwestern 
European states, as well as on the use of parametric approaches that 
evaluate environmental impact and building circularity. In this part, three 
circularity indicators of the framework were identified and validated through a 
case study evaluation. Part II focused on the development of an expert 
system for evaluating the potential for building disassembly, during which two 
studies were conducted. The first was to review the literature on the most 
important criteria and barriers used to evaluate the building disassembly 
potential. The second study was to validate the expert system by evaluating 
the disassembly potential of a new case study. In Part III, a comprehensive 
methodology is introduced, and a multi-indicator framework has been 
developed to evaluate the building's circularity. Each chapter within each 
section comprises a journal or conference publication that directly contributes 
to addressing the main research questions of this study. Furthermore, each 
chapter is structured to examine specific research questions outlined in the 
corresponding publication. 

The chapters in this thesis are correlative and integral. Chapter 01 examines 
the role of Northwestern European states in developing carbon footprint 
regulations and promoting circular building design. By conducting a 
systematic literature review, the paper analyzes policies in Denmark, Finland, 
France, the Netherlands, and Sweden, highlighting best practices for 
integrating carbon neutrality and circularity in the construction sector. The 
findings offer insights into regulatory frameworks that support sustainable 
building practices and provide recommendations for policymakers to enhance 
circular economy principles in national and EU-level regulations. 

Chapter 02 explores the importance of the parametric approach to 
optimizing building construction systems and reducing carbon footprints. 
Using life cycle impact assessment (LCIA) and parametric modeling, four 
construction scenarios; timber, steel, concrete, and hybrid; on `t Centrum 
office building in Belgium have been evaluated. This case study was 
specifically chosen because it embodies circular building principles, aligning 
with the objectives of this Ph.D. research. Findings highlight the 
environmental benefits of using bio-sourced materials, such as timber, and 
emphasize the importance of material reuse and modular construction. The 
results provide insights for sustainable design strategies, informing 
policymakers and industry professionals. 
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Chapter 03 investigates disassembly calculation criteria and methods for 
circular construction, emphasizing the importance of evaluating building 
disassembly potential at various scales. Using a hybrid systematic review, the 
research identifies fragmented criteria and methods for assessing design for 
disassembly (DfD). The findings highlight key metrics and methodologies that 
can inform future European standards for circular construction. The study 
offers valuable insights for researchers and industry professionals, enabling 
informed decision-making to enhance sustainability and resource efficiency in 
the built environment. 

Chapter 04 presents an expert system designed to evaluate the 
disassembly potential of buildings, addressing the lack of standardized tools 
for assessing deconstruction feasibility. By classifying structural connections 
and analyzing disassembly barriers, the system provides decision support 
during the early design and pre-demolition stages. The methodology includes 
standardized inspections of over 2,500 connections in circular buildings, 
statistical analysis, and inventory measures to enhance disassembly 
efficiency. The findings contribute to circular construction practices by 
promoting the recovery and reuse of materials. 

Chapter 05 presents the Building Circularity Evaluation Framework (BCEF), 
designed to assess circularity in newly constructed office buildings. By 
integrating key performance indicators such as Global Warming Potential, 
reused content, disassembly potential, and functional adaptability, the 
framework enables a holistic evaluation of building circularity. The BCEF was 
validated through a case study of the ABN AMRO Circl pavilion in 
Amsterdam, demonstrating its applicability. Findings emphasize the 
importance of standardized circularity assessment methods to enhance 
circularity in the construction sector. 

Chapter 06 presents the implementation of the Building Circularity 
Evaluation Framework (BCEF) through three case studies: `t Centrum 
Building, Green Office, and ABN AMRO Circl Pavilion. The study evaluates 
six key circularity indicators; Global Warming Potential, Land-Use footprint, 
Reused Content, Disassembly Potential, Functional Adaptability, and 
Product-Service Systems; quantifying circularity performance. The findings 
highlight the impact of material selection, construction techniques, and 
disassemblability on sustainability. The research highlights the applicability of 
BCEF for assessing and improving circular building practices. It can also be 
applied to education, where the BCEF can serve as a studio assessment 
aligned with EN 15978 and mappable to EU Level(s) indicators, which are 
supported by free educator/learner training modules. These modules enable 
students to quantify whole-life impacts and compare circular strategies at the 
conceptual stage. 
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Figure 2.1. Thesis outline 
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2.3. Synthesis of methodological approaches 

Chapter 01. This chapter explores the leadership of EU member states in 
developing carbon footprint regulations and their role in promoting circular 
building design. The chapter examines regulatory frameworks and policy 
measures implemented in five leading EU countries; Denmark, Finland, 
France, the Netherlands, and Sweden; to integrate circular economy 
principles with carbon neutrality objectives. By analyzing key performance 
indicators and legislative measures, this chapter highlights best practices that 
facilitate the transition toward sustainable building practices. The findings 
provide a foundation for understanding how regulatory interventions can 
enhance the implementation of circular design strategies, ultimately 
contributing to the methodological framework developed in later chapters.  

Chapter 02. This chapter introduces a parametric approach to optimizing 
building construction systems and minimizing carbon footprints, inspired by 
principles of circularity. Through a case study conducted on an office building 
in Belgium, the research evaluates different construction scenarios; timber, 
steel, concrete, and hybrid; using life cycle impact assessment (LCIA) and 
parametric modeling techniques. The study identifies key parameters 
influencing the environmental impact of building materials, emphasizing the 
potential of biosourced materials and demountable construction systems in 
achieving sustainability goals. The insights gained in this chapter contribute to 
the broader methodological framework by providing evidence-based 
recommendations for integrating circularity into early-stage building design 
decisions. 

Together, these two chapters establish the fundamental theoretical and 
regulatory foundations for this research, equipping the Ph.D. candidate with 
essential knowledge to advance the implementation of circular and 
sustainable construction practices. The findings further support the 
development of robust assessment methods and decision-making 
frameworks, which are applied and expanded upon in subsequent sections of 
the thesis. 

Chapter 03. This chapter examines the calculation criteria and methods for 
disassembly in circular construction. This chapter provides a comprehensive 
framework for evaluating the disassembly potential of buildings at various 
scales, addressing the fragmented and dispersed nature of existing 
assessment methods. By conducting a systematic literature review, the study 
synthesizes key metrics and criteria used in current European regulations and 
industry practices. The findings contribute to the development of standardized 
methodologies for assessing design-for-disassembly (DfD) principles, offering 
valuable insights for researchers and practitioners in circular construction. 
The methodologies presented in this chapter establish a foundation for 
quantifying disassembly potential, which informs the decision-making 
processes in subsequent chapters.  

Chapter 04. This chapter introduces an expert system for evaluating and 
inspecting the potential for building disassembly, addressing the gap in 
standardized decision-support tools for deconstruction feasibility assessment. 
This chapter presents a novel framework that classifies structural connections 
and assesses their impact on disassembly efficiency through standardized 
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inspections of over 2,500 connections in circular buildings. By employing 
statistical analysis and inventory measures, the system provides actionable 
insights for improving disassembly practices. The expert system serves as a 
crucial tool for architects, engineers, and demolition professionals, facilitating 
more effective material recovery and reuse. The methodologies outlined in 
this chapter enhance the implementation of circular economy principles in the 
construction sector. 

Together, these two chapters contribute to the methodological framework for 
circular construction by developing assessment tools and decision-support 
systems for disassembly evaluation. The findings provide a foundation for 
advancing research in circular building design, ensuring resource efficiency, 
and supporting the integration of disassembly principles into regulatory and 
industry practices. 

Chapter 05. This chapter introduces a Building Circularity Evaluation 
Framework (BCEF) developed to assess circularity in newly constructed 
office buildings. This chapter addresses the inconsistencies in existing 
building circularity indicators (BCIs) by proposing a comprehensive and 
standardized evaluation methodology. The BCEF integrates key performance 
indicators (KPIs), including Global Warming Potential, reused content, 
disassembly potential, land-use footprint, functional adaptability, and product-
service systems, to provide a holistic assessment of circularity. To validate 
the framework, the BCEF was applied to the ABN AMRO Circl Pavilion in 
Amsterdam, a case study demonstrating the practical application of circular 
economy principles in office building design. The results highlight the critical 
influence of material choices, construction processes, and service life on 
circularity performance. The findings emphasize the importance of integrating 
design-for-disassembly (DfD) principles, modular construction techniques, 
and service-based business models in the early design stages to enhance 
circularity outcomes. 

This chapter contributes to the broader methodological framework by 
bridging the gap between theoretical circularity concepts and practical 
implementation strategies. By offering a structured and scalable assessment 
framework, the BCEF provides valuable insights for architects, engineers, 
policymakers, and industry professionals seeking to incorporate circular 
economy principles into building design and construction practices. The 
findings reinforce the need for standardized circularity assessment 
methodologies to support the transition toward sustainable, resource-efficient 
built environments. 

Chapter 06. This builds upon the Building Circularity Evaluation Framework 
(BCEF) introduced in Chapter 05 by applying and validating the framework 
through three case studies: `t Centrum Building, Green Office, and ABN 
AMRO Circl Pavilion. This chapter systematically evaluates the circularity 
performance of these buildings using six key indicators: Global Warming 
Potential (GWP), Land-Use footprint (LU), Reused Content (RC), 
Disassembly Potential (DP), Functional Adaptability (FA), and Product-
Service Systems (PSS). The study employs a quantitative methodology to 
assess circularity using Life Cycle Impact Assessment (LCIA), expert 
systems, and industry-standard evaluation tools such as One Click LCA. The 
results indicate significant variations in circularity performance among the 
three case studies, influenced by material selection, structural design, and 
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construction techniques. The analysis highlights the advantages of modular 
construction, prefabrication, and disassembly-oriented design, emphasizing 
their role in improving circularity outcomes. Additionally, the study 
incorporates an inventory and inspection campaign, systematically analyzing 
material composition, reuse potential, and adaptability to future modifications. 
Findings demonstrate that buildings designed for disassembly and 
adaptability achieve superior circularity performance, while heavy reliance on 
concrete and non-disassemblable components negatively impacts 
sustainability metrics. 

Through integrating theoretical and empirical insights, this chapter 
strengthens the methodological framework for evaluating circularity in the 
construction sector. The results reinforce the BCEF’s applicability as a 
standardized framework for assessing, comparing, and enhancing circular 
building practices, thereby supporting the transition toward sustainable 
construction policies and the implementation of a circular economy across the 
industry. 
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3. Journal and conference publications 

Chapter 01. Leadership of EU member States in building carbon 

footprint regulations and their role in promoting circular building design 

– Peer-reviewed conference paper – International Congress 

Abstract: European countries are working towards carbon neutrality of the building sector. 
Regulations and initiatives, including the European Green Deal, aim at promoting circular 
buildings and low carbon design. Therefore, this paper seeks to investigate the role of 
legislation in paving the way towards achieving the circularity of buildings design and 
construction. A systematic literature review is conducted to compare the current regulations 
in different EU member states that address carbon emissions and life cycle thinking to 
achieve circularity. The study aims to demonstrate how the low-carbon emissions regulations 
in leading countries can lead to making the construction sector's circularity. The research is 
focused on five leading EU member states in low carbon buildings, including Denmark, 
Finland, France, the Netherlands, and Sweden. The study compares the performance 
indicators, metrics, and target thresholds found in the five selected states' regulations and 
examines them across a circularity assessment framework developed earlier by the authors. 
This paper provides insights on low emission building regulations state-of-the-art. Moreover, 
it offers a better understanding of the relationship between low-carbon emissions regulations 
and building circularity. The article explains the role of the legislative landscape and its 
impact on circular building design practices. Key findings from the study will assist the 
European Commission to identify policy options to support the uptake of "Circular economy 
principles for buildings design" in European, national and local policies. 

 

Role of Ph.D. candidate: As co-author, the Ph.D. candidate led the conceptualization and 

methodology (Lead), designed the comparative protocol and inclusion/exclusion criteria, 

conducted the investigation and data curation (Lead) across national sources, performed the 

formal analysis (Lead) to derive indicators and policy typologies, created all visualization 

materials (Lead), and drafted the main sections (writing – original draft, Lead). Co-authors 

contributed supervision and writing – review & editing (Equal), with project administration 

support. 

Conference name, organizers, and location: IOP Conference Series: Earth and 

Environmental Science (24-25.03.2021), Crossing Boundaries 2021, Zuyd University, 

Maastricht, Netherlands. 

Citations: Google Scholar: 35 

Reference: Attia, S., Santos, M. C., Al-Obaidy, M., & Baskar, M. (2021). Leadership of EU 

member States in building carbon footprint regulations and their role in promoting circular 

building design. Crossing Boundaries. Maastricht, Netherlands, https://doi.org/10.1088/1755-

1315/855/1/012023 & https://hdl.handle.net/2268/258345 
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Chapter 02. A Parametric Approach to Optimizing Building 

Construction Systems and Carbon Footprint: A Case Study Inspired by 

Circularity Principles - Journal paper 

Abstract: There is a global call for a paradigm shift in the construction industry towards 
carbon neutrality, but a scant effort has been made in practice, especially concerning 
circularity. This paper helps bridge the gap by introducing a parametric approach to optimize 
sustainable construction design. The methodology was tested on a newly constructed office 
building inspired by circularity principles in Westerlo, Belgium. The methodology consists of 
parametric construction-typological analysis, automated through One Click LCA software 
(Life Cycle Assessment) and Microsoft Excel with 21 alternate designs and 630 iterations. 
The parametric variations involved three key performance indicators: construction system, 
materials’ environmental impact, and materials reuse of content. The environmental effects of 
both construction systems (i.e., structural system, foundation type, materials, and envelope 
details) and reused building material content (i.e.,) were evaluated by the parametric analysis 
for four construction systems scenarios. Environmental impact analysis for timber, steel, 
concrete, and hybrid construction systems was conducted, following ISO 14040 and CEN/TC 
350 standards. The focus of the whole life cycle assessment was mainly on carbon neutrality. 
Results indicate that using local bio-sourced materials, including timber, can remarkably 
reduce buildings’ environmental impact. The sensitivity analysis results provide hard 
evidence that the construction material’s weight, materials reuse potential, and construction 
dismantling ability are the most influential factors in carbon-neutral buildings. This paper 
should improve professionals’ understanding of the impact of different structural system 
choices and inform building designers about the circularity potential and carbon footprint of 
construction technologies. 

 

Role of Ph.D. candidate:  As first author, the Ph.D. candidate conceived the study 

(conceptualization, Lead) and specified the modelling and LCA scope (methodology, Lead). I 

implemented the parametric model and assembled datasets (software/resources, Lead), 

executed scenario runs and curated inputs/outputs (investigation/data curation, Lead), 

undertook sensitivity/robustness checks (formal analysis, Lead), prepared figures and 

dashboards (visualization, Lead), and authored the manuscript draft (writing – original draft, 

Lead). Co-authors provided supervision and writing – review & editing (Equal). 

Journal: Sustainability (MDPI) 

Journal impact factor: Current Impact Factor: 3.3 
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Citations:  Google Scholar: 90 

Reference: Al-Obaidy, M., Courard, L., & Attia, S. (13 March 2022). A Parametric Approach 

to Optimizing Building Construction Systems and Carbon Footprint: A Case Study Inspired by 

Circularity Principles. Sustainability, 14(6), 3370. https://doi.org/10.3390/su14063370 & 

https://hdl.handle.net/2268/288904 
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Chapter 03. Disassembly calculation criteria and methods for circular 

construction – Journal paper 

Abstract: Circular economy opportunities occur at every building life cycle stage. The 
consistent evaluation of the disassembly potential of buildings at different scales supports the 
decision-making for the sustainability of construction works. The main limitation in this field is 
the fragmentation and dispersion of criteria and methods for circular construction. The paper 
provides an overview of disassembly evaluation methods using a hybrid systematic review. 
The review is structured into two sections. The first section investigates generic studies 
assessing the disassembly potential of buildings, while the second section focuses on studies 
that address quantitative criteria and methods of disassembly evaluation of buildings. The 
study discusses the state-of-the-art metrics and criteria that can be used in future European 
standards for circular construction. Also, the review helps researchers and building 
professionals to identify the most appropriate methods to evaluate buildings based on the 
principle of design for disassembly. 

 

Role of Ph.D. candidate: As co-author, the Ph.D. candidate co-shaped the research 

questions and coding schema (conceptualization/methodology, Equal), undertook literature 

screening and evidence extraction (investigation/data curation, Equal), synthesised criteria 

into an evaluative scheme (formal analysis, Equal), and produced synthesis tables/figures 

(visualization, Lead). I drafted substantial portions of the text (writing – original draft, Equal) 

and participated in writing – review & editing (Equal); senior authors provided supervision. 
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Gasparri, E. (2024). Disassembly calculation criteria and methods for circular construction. 

Automation in Construction, 165, 105521. https://doi.org/10.1016/j.autcon.2024.105521 & 
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Chapter 04. Expert system for building disassembly potential 

evaluation and inspection – Journal paper 

Abstract: In architectural and construction practices, there is a need for decision support 
systems that include disassembly evaluations in the early design and deconstruction stages 
of buildings. Despite the growth of simulation programs over the past decade, there is a lack 
of ready-to-use applications for evaluating the deconstruction potential of buildings. 
Furthermore, most available tools focus on analyzing the environmental performance of a 
building while ignoring the technical issues of connection disassembly. In this study, an 
expert system was developed to classify the connections in demountable buildings and 
applied to case studies of newly constructed circular buildings to evaluate their disassembly 
potential. Disassembly criteria and barriers were identified by reviewing the literature. The 
fieldwork included the observation of more than 2500 connection systems in these circular 
buildings via standardized inspections. A statistical analysis of the disassembly barriers 
observed during these inspections was conducted, and their ability to dismantle the most 
probable connections was evaluated. The interpretation of these data allowed the creation of 
an inventory of measures to be implemented to ensure the ease and quality of disassembly, 
helping the practicing engineer and the disassembly team in their practice. This proposed 
expert system is considered the first step toward a thorough understanding of the impact of 
design on the disassembly criteria of and barriers to circularity. Its further development will 
contribute to the accurate forecasting of the disassembly potential of buildings and material 
recoverability. 

 

Role of Ph.D. candidate: As first author, the Ph.D. candidate originated the expert-system 

concept and inspection protocol (conceptualization/methodology, Lead), coordinated 

fieldwork and dataset assembly (investigation/data curation/project administration, Lead), 

implemented the scoring prototype (software, Lead), performed statistical analyses and 

validation (formal analysis/validation, Lead), prepared workflows and result graphics 

(visualization, Lead), and wrote the first full draft (writing – original draft, Lead). Co-authors 

contributed supervision and writing – review & editing (Equal). 
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Attia, S. (2025). Expert system for building disassembly potential evaluation and inspection. 

Journal of Building Engineering, 103, 112148. https://doi.org/10.1016/j.jobe.2025.112148 & 

https://hdl.handle.net/2268/328510 
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Chapter 05. BCEF: Early design framework for circular and low-impact 

buildings – Journal paper 

Abstract: The transition to a circular economy in construction demands robust frameworks to 
assess circularity across the building life cycle. Most existing methods lack methodological 
depth, fail to support early design, and overlook strategies for disassembly, reuse, and 
service. This paper presents the Building Circularity Evaluation Framework (BCEF), a multi-
criteria framework integrating six indicators: Global Warming Potential, Land-Use Footprint, 
Reused Content, Disassembly Potential, Functional Adaptation, and Product-Service 
Systems. Aligned with EN 15804+A2, EN 15978, and ISO 20887, BCEF uses digital tools 
(Brightway2, DeCon) for semi-automated scoring. Validation is conducted using the Circl 
Pavilion in the Netherlands; one of the few fully disassemblable buildings. Three scenarios 
with varying circular strategies are modeled to demonstrate BCEF’s ability to quantify trade-
offs, support early-stage decision-making, and benchmark circularity. Results confirm their 
robustness, replicability, and relevance for designers, engineers, and policymakers aiming to 
implement circular construction practices. 

 

Role of Ph.D. candidate: As first author, the Ph.D. candidate developed the framework 

architecture and indicator set (conceptualization, Lead), defined normalisation/weighting and 

scoring logic (methodology, Lead), implemented the computation pipeline and data structures 

(software/resources, Lead), ran case applications and collated evidence (investigation/data 

curation, Lead), tested robustness/sensitivity (formal analysis/validation, Lead), prepared all 

framework diagrams and dashboards (visualization, Lead), and drafted the manuscript 

(writing – original draft, Lead). Co-authors supported supervision and writing – review & 

editing (Equal) 
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Early Design Framework for Circular and Low-Impact Buildings. Results in Engineering, 
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Chapter 06. Implementation of Building Circularity Evaluation 

Framework (BCEF) – Unpublished 

1. BCEF evaluation indicators and tools 

As detailed in Chapter 05, the Building Circularity Evaluation Framework 
(BCEF) integrates multiple indicators to assess the circularity and 
sustainability of buildings. These indicators have been identified based on a 
comprehensive review of existing literature, their prevalence in established 
rating systems, and insights gained through expert consultations conducted 
as part of this Ph.D. research. Drawing upon these sources, six key 
evaluation indicators have been established which will be addressed again for 
further clarification below with their calculation methods: 

1. Global Warming Potential (GWP) Indicator: The Global Warming 
Potential indicator applies the Life Cycle Impact Assessment (LCIA) 
methodology to evaluate the environmental impact of a building throughout 
its entire life cycle. This approach is in accordance with the European 
Standard EN 15978 [26] and the International Standards ISO 14040 [23] 
and ISO 14044 [24]. LCIA is a widely recognized tool for assessing the 
environmental implications of materials, their Global Warming Potential 
(GWP) [105], and the sustainability of entire construction systems [73]. 
Furthermore, Environmental Product Declarations (EPDs), which are 
derived from LCIA, provide quantifiable environmental data for specific 
products in compliance with relevant standards such as EN 15804 [27] for 
construction materials [106]. As shown in Figure 3.1., the LCIA process in 
this study was conducted in accordance with the most recent draft 
requirements of the EU Taxonomy [107] and the European standard 
CEN/TC 350 [108]. The calculation methodology aligns with the 
International Energy Agency's Energy in Buildings and Communities 
Programme (IEA EBC) - Annex 89, which outlines strategies for achieving 
net-zero whole-life carbon buildings [109]. Additionally, it is noteworthy that 
Denmark revised its building regulations in June 2024, stipulating that from 
2025, new office buildings must comply with a carbon footprint limit of 7.5 
kg CO2e/m²/year, along with an additional 1.5 kg CO2e/m²/year for life 
cycle modules A4 and A5 [110]. These revised thresholds serve as a 
benchmark for evaluating case studies within this Ph.D. research. To 
ensure compliance with EN 15978 [26] and alignment with sustainability 
frameworks such as Level(s) [29] and the EU Taxonomy [107], the 
software tool One Click LCA [111] was employed to conduct the carbon 
footprint assessment.  
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Figure 3.1. LCIA modules included in this research according to the Danish 
requirements [110], as defined by EN 15978 [26] 

 
2. Land-use footprint (LU) indicator: This indicator assesses the potential 

environmental impacts of land occupation and transformation over the 
building’s entire life cycle [112]. It captures effects on soil quality and 
ecosystem functions, such as biotic production, erosion resistance, 
mechanical filtration, and groundwater recharge [113], [114], [115]. In line 
with EN 15804+A2 [27] and the Environmental Footprint (EF 3.1) method, 
the LU assessment is based on the LANCA® soil quality model [116], 
which characterizes land-use impacts in terms of changes to ecosystem 
services rather than greenhouse-gas emissions. Land-use related carbon 
fluxes (e.g., deforestation and soil carbon losses) are addressed 
separately under the Climate change – land-use and land-use change 
(LULUC) subcategory [117], [118]. LU values were calculated using the 
ecoinvent 3.10 database within the LCIA workflow implemented in One 
Click LCA, ensuring consistency with EN 15804+A2 requirements. The LU 
score is expressed as a Soil Quality Index in points (Pt) per functional unit, 
here reported as Pt/(m²·year) of gross floor area [117]. 

3. Reused content (RC) indicator: The latest draft of the EU Taxonomy for 
circularity stipulates that at least 90% (by weight) of non-hazardous 
construction and demolition waste (CDW) must be either prepared for 
reuse or recycled [107], [119]. This indicator is designed to assess the 
extent to which recycled or repurposed materials are incorporated into 
construction projects. Enhancing a building’s circularity involves increasing 
the proportion of reused materials, thereby promoting resource efficiency 
and reducing reliance on virgin raw materials. In this Ph.D. research, 
reused content was assessed through a systematic inventory of materials, 
distinguishing between virgin, recycled, and reused components based on 
project-specific data. A dedicated equation has been formulated to 
facilitate a quantitative evaluation of this indicator, which is elaborated in 
Chapter 05. 

4. Disassembly potential (DP)indicator: This indicator assesses the 
disassembly potential of the building at the end of its life cycle to optimize 
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material recovery and reuse. The ability to design buildings for 
disassembly plays a crucial role in advancing circular economy objectives 
by facilitating efficient recycling and repurposing of construction materials. 
As part of this Ph.D. research, the second beta version of the expert 
system, referred to as the DeCon tool [120], was employed to evaluate the 
disassembly potential of buildings. The DeCon tool, developed by the 
Ph.D. candidate, serves as an analytical framework for assessing the 
extent to which buildings can be efficiently deconstructed to support 
sustainable material management. 

5. Functional Adaptation (FA; Design for Flexibility DfF) indicator: This 
indicator evaluates a building’s capacity to accommodate functional 
changes over time, supporting long-term utility and minimizing the need for 
demolition. Despite growing interest in adaptability, its quantitative 
assessment remains an emerging field, with limited empirical data 
available for validation [121]. Adaptability models focus on existing 
buildings, although some frameworks extend to early design stages. In the 
context of the circular economy (CE), adaptability is increasingly 
recognized as a key strategy for sustainable construction, facilitating 
Design for Adaptability (DfA), which underpins various circular design 
approaches such as Design for Disassembly (DfD), multifunctionality, 
spatial transformability, and design reversibility [122], [123]. Structures that 
enable modification or expansion without significant reconstruction 
contribute to circular building concepts. The BCEF framework adopts the 
guidelines outlined in ISO 20887:2020 [124] to assess building 
adaptability. The evaluation considers the extent to which spaces can 
accommodate regular and cosmetic modifications, the flexibility of walls 
and partitions, and the feasibility of vertical and horizontal expansion. 
Vertical adaptability is assessed based on the potential for additional 
floors, while horizontal expansion is determined by the availability of 
adjacent areas for future use. The calculation method of this indicator has 
been detailed in Chapter 05. 

6. Product-service systems (PSS) indicator: Although the concept of 
Product-Service Systems (PSS) is still in its early stages, it is recognized 
as a critical indicator for assessing building circularity within this research. 
The incorporation of PSS components and services in the case study 
underscores the necessity of including this indicator in the evaluation 
framework. To quantify the extent of PSS implementation, this indicator 
was measured as a percentage of the total PSS components and services 
utilized in the building. This study establishes an optimal reference case for 
the quantitative application of PSS, identified as the 't Centrum office 
building [125], a pioneering circular construction project in Belgium. To 
assess the circularity of this building, discussions were conducted with the 
owning company to inventory the PSS elements integrated into the 
structure, as well as additional systems intended for future implementation 
during the building's deconstruction and reconstruction phases. The 
methodology for calculating this indicator is comprehensively detailed in 
Chapter 5 of this Ph.D. research. 

To ensure a balanced evaluation, weights (Wi) were assigned to each 
indicator based on insights derived from expert consultations and an 
extensive literature review. The total sum of these weights is standardized to 
1 (or 100%) to reflect the relative significance of each indicator within the 
framework. The assigned weights are as follows: 
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GWP = 0.25, LU = 0.15, RC = 0.20, DP = 0.15, FA = 0.15, PSS = 0.10. 

To quantify the circularity index, the following equation was developed by 
the doctoral candidate and applied within this research. 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = ��𝑊𝑊𝑖𝑖 . 𝑆𝑆𝑖𝑖

𝑛𝑛

𝑖𝑖=1

�𝑋𝑋100 

 𝑊𝑊𝑖𝑖 = weight of the i indicator. 
 𝑆𝑆𝑖𝑖 = Normalized score of the i indicator. 
 n = Total number of indicators. 

 

As shown in the results (Section 4., Figure 3.6.), to enhance clarity and 
ensure consistency in data presentation, a reading scale was added 
alongside the radar chart. Specific ranges were defined for the indicators of 
Global Warming Potential (GWP), extending from zero to 20 (kg 
CO₂e/m²/year), and Land-Use footprint (LU), extending from zero to 0.5 (kg 
CO₂e/m²). This distinction was necessary due to the quantitative nature of 
these two indicators, which rely on carbon impact and land use metrics, 
thereby requiring a dedicated numerical scale for accurate assessment. For 
the remaining indicators, a standardized percentage-based unit was adopted, 
ranging from zero to 10, which corresponds to a scale of 0-100%. This unified 
range was applied across both the radar chart and the evaluation reading 
scale, facilitating visual comparison between indicators and improving 
interpretability for users and researchers alike. 

2. Case Studies 

In this Ph.D. research, three case studies were employed to implement and 
validate the proposed framework. These case studies were previously 
assessed individually to evaluate and test distinct phases of the framework’s 
development. These case studies were specifically chosen because they 
embody circular building principles, aligning with the objectives of this Ph.D.  
research. Each case study demonstrates a commitment to circular economy 
principles and achieves its intended design objectives. In this research, the 
circularity of each building was assessed holistically to enable a 
comprehensive comparison across the three projects. 

2.1. Case Study 1: `t Centrum Building 

The first case study is `t Centrum Building, which was utilized to validate and 
test the first three indicators of the framework: Global Warming Potential 
(GWP), land-use footprint (LU), and reused content (RC). This case study 
was documented in a published article, corresponding to Chapter 02 of this 
Ph.D. research. 

`t Centrum is an office building located in Kamp C, Westerlo, Belgium [125]. 
It was designed by [126] and constructed by Beneens [127]. The three-story 
building spans 2,200 square meters and is classified as carbon-neutral while 
adhering to circular economy principles. Moreover, it serves as a catalyst for 
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modular and circular buildings in the region. Construction was completed in 
March 2022, with the building designed to be dismantled after five years and 
reassembled in the same location with a different configuration to assess its 
deconstruction capabilities [128]. It is an experimental project; therefore, the 
planned service life of this project is 20 years. The building features a 
modular office arrangement with adaptable workspaces, enabling full 
disassembly at the end of its lifecycle. Constructed using Cross-Laminated 
Timber (CLT), it employs dry-assembly fastening mechanisms for 
connections. The roof, floors, and internal walls are primarily wooden, with 
partitions and flooring tiles installed using dry joints to enhance disassembly 
potential. Project data was collected through technical meetings with the 
project consortium from the early design stages, supplemented by necessary 
drawings, datasets, and 3D scanning analysis. Regular weekly site visits were 
conducted to monitor and evaluate the construction and assembly process 
(see Figure 3.2.). 

 

Figure 3.2. First case study building, 't Centrum [125]. 

2.2. Case Study 2: Green Office Building 

The second case study examines the Green Office Building, which was 
analyzed alongside `t Centrum to validate the disassembly potential indicator 
using the expert system (DeCon) a tool developed as part of this Ph.D.  
research within the multi-indicator framework. This case study was presented 
in a published article, corresponding to Chapter 04.  

Green Office is an office building located in Givisiez, Switzerland. Designed 
by Lutz Architects [129] as an environmentally optimal building with a net-
positive impact, it was constructed in 2005 by Vonlanthen Holzbau AG [130]. 
As a sustainable office building, it provides commercial spaces for companies 
specializing in sustainable development. The three-story structure covers a 
total area of 5,391 square meters and holds the distinction of being the first 
MINERGIE-P-ECO-certified building in Switzerland [131]. The building was 
designed with minimal energy consumption in mind, not only during its 
operational phase but also throughout construction by selecting materials with 
low embodied energy. Each construction material was analyzed and chosen 
based on its environmental impact. In principle, only ecologically friendly 
materials were used, including untreated wood for the facade, natural interior 
coatings, thermal insulation made from waste paper, and entirely natural 
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wood frames. The overall environmental budget of the building is highly 
positive (see Figure 3.3.). 

 

Figure 3.3. Second case study, the Green Office building [129] 

2.3. Case Study 3: ABN AMRO Circl Pavilion 

The third case study is ABN AMRO Circl Pavilion, located in Amsterdam, the 
Netherlands, which was used to validate the comprehensive building 
circularity evauation framework (BCEF). This case study was documented in 
a published article, corresponding to Chapter 05 of this Ph.D. research. 

The ABN AMRO Circl Pavilion [132] is a 3,350 m2 project developed by ABN 
AMRO Investment Bank [133], adjacent to its headquarters in Amsterdam. As 
one of the earliest examples of circular economy-inspired buildings, the 
pavilion is situated at Gustav Mahlerplein in Zuidas, near Zuid Station, directly 
opposite the main ABN AMRO building. Designed by de Architekten Cie [134] 
and constructed by Royal BAM Group [135], the building was completed in 
2017. The project prioritized the use of recycled materials and significantly 
reduced embodied carbon emissions during construction. Notably, Circl 
Pavilion deviated from conventional banking architecture by eliminating 
typical materials such as marble flooring and complex glass and steel 
components. This strategy reduced material consumption by approximately 
one-third (2,425 tons) compared to initial plans [136]. Furthermore, all building 
materials, components, and elements were digitally recorded in a “Digital 
Twin” known as LLMNT [137]. The building also integrates renewable energy 
sources, including solar panels installed on its roof, to minimize greenhouse 
gas emissions during the operational phase (Module B6). This case study is 
of particular significance in this Ph.D. research, as it underwent practical 
evaluation through close monitoring of the deconstruction process. Initially, 
the building was designed with a minimum lifespan of 20 years. However, due 
to the sale of the land by ABN AMRO bank to a new investor, the building 
was dismantled after just seven years to allow for the construction of a 20-
story wooden building on the same site. The deconstruction process was 
originally scheduled to take eight months, but on-site monitoring revealed 
three major challenges that extended the process to 14 months. These 
challenges, discussed in Chapter 05, included difficulty in removing bolts from 
structural joints, issues related to the concrete basement structure, and 
hydrostatic pressure from groundwater during deconstruction (see Figure 
3.4.). 
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Figure 3.4. Third case study, ABN AMRO Circl pavilion [134] 

 

3. Inventory and inspection campaign 

Table 4.1. lists the breakdown of the primary material groups based on their 
weights for each building. These quantities of material were used in the 
evaluation process for each indicator. Figure 3.5. illustrates the weight share 
of each material in the building. 

Table 4.1. Breakdown of primary material groups based on their weight for each 
building. 

Building Material Category 
`t Centrum Green Office Circl Pavilion 

Amount 
[kg] 

Share 
[%] 

Amount 
[kg] 

Share 
[%] 

Amount 
[kg] 

Share 
[%] 

Timber 216,585 49.08 144,241 13.50 912,458 14.13 
Steel 4,800 1.09 13,458 1.26 173,741 2.69 
Galvanized steel 2,210 0.50 ✕ ✕ 7,679 0.12 
Concrete 135,000 30.59 788,650 73.84 5,245,440 81.23 
Gypsum 5,352 1.21 31,545 2.95 ✕ ✕ 
Carton grey boards 8,500 1.93 ✕ ✕ ✕ ✕ 
Aluminium 2,000 0.45 ✕ ✕ 3,900 0.06 
Glass (partitions) 4,500 1.02 5,670 0.53 5,500 0.09 
Glass (windows & doors) 31,352 7.10 3,247 0.30 72,000 1.12 
Wall insulation 5,700 1.29 50,895 4.76 ✕ ✕ 
Floor insulation 3,000 0.68 13,896 1.30 7,400 0.11 
Roof insulation (Pavatex) 820 0.19 ✕ ✕ ✕ ✕ 
Roof insulation (Steico) 6,200 1.41 4200 0.39 9,000 0.14 
Services and cables (copper, 
plastic, etc.) 9500 2.15 6500 0.61 13,200 0.20 

Solar panels 5,800 1.31 5,916 0.55 7,540 0.12 
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Figure 3.5. Weight share of materials in each building. 

 

4. Results 

Through a comprehensive evaluation process, Figure 3.6. visually represents 
the Building Circularity Evaluation Framework (BCEF), offering a radar chart 
comparison of three buildings based on key performance indicators. This 
radar chart elucidates the varying outcomes influenced by project size, 
material quantities, and construction techniques employed across the three 
buildings. Notably, higher values in indicators such as disassembly potential, 
reused content, functional adaptability, and Product-Service Systems (PSS), 
coupled with lower Global Warming Potential (GWP) and land-use footprint 
(LU), correspond to a higher degree of building circularity, and vice versa. 
The evaluation scale further facilitates the interpretation of the radar chart. 
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Figure 3.6. BCEFs radar shows the circularity of the three case studies. 

 

The analysis indicates that the `t Centrum building outperforms the Green 
Office and ABN AMRO Circl Pavilion, respectively. This superiority is 
attributed to material quantities, environmental impact, and construction 
techniques. Specifically, the `t Centrum building achieved up to 76% on the 
BCEF index, while the Green Office and ABN AMRO Circl Pavilion scored 
59% and 57%, respectively, as detailed below: 

• Global Warming Potential (GWP): A significant factor influencing 
these results is the quantity of concrete and the type of foundation 
technique employed in each building. The `t Centrum building utilized 
innovative separate concrete blocks with the URBCON foundation 
technique, producing concrete foundations from slag provided by 
ResourceFull [138]. In total, 22,500 kg of secondary raw materials 
were used, resulting in a reduction of 13,000 kg of CO₂ emissions 
compared to traditional foundations. In contrast, the Green Office 
incorporated a substantial amount of concrete in the ground floor 
construction, with a significant portion situated underground due to the 
land slope. This concrete is inaccessible or irretrievable without 
complete demolition, constituting a design flaw when aiming for 
disassemblable buildings. Similarly, the ABN AMRO Circl Pavilion's 
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foundation type significantly impacted its circularity outcome, 
according to the BCEF index. Extensive concrete use in the basement 
increased greenhouse gas emissions.  

• Land-Use footprint (LU): ABN AMRO Circl Pavilion scored a 
footprint of 0.09 Pt/(m²·year). In comparison, `t Centrum and Green 
Office scored a footprint of 0.03 and 0.02 Pt/(m²·year), respectively. 
This analysis underscores the substantial differences among the three 
buildings, highlighting the progressive reduction in land-use impacts 
achieved by lowering material quantities relative to the building area 
used. 

• Reused Content: Both the `t Centrum and Green Office buildings 
were constructed from virgin materials that are reusable, except for 
some wooden elements in the `t Centrum's facade, sourced from 
Hangar 26 in the Port of Antwerp post-dismantling, constituting 3% of 
the reused content. The ABN AMRO Circl Pavilion features reused 
materials such as insulation, glass partitions, cable trays, and others 
detailed in Chapter 05.       

• Disassemblability: According to results obtained using the expert 
system (DeCon) [120] developed in Chapter 04, the `t Centrum 
building achieved a disassembly potential of up to 92%, including the 
disassembly of concrete foundation blocks. In contrast, the Green 
Office and ABN AMRO Circl Pavilion achieved disassembly potentials 
of 72% and 67%, respectively. This disparity stems from the non-
disassemblable concrete in the Green Office and Circl Pavilion, 
necessitating destruction at the end of the building's life. Additionally, 
disassembly barriers in some Green Office connections were 
addressed in Chapter 4, and similar issues in the ABN AMRO Circl 
Pavilion were observed during disassembly monitoring, as detailed in 
Chapter 05.  

• Functional Adaptability: This indicator was assessed per the 
principles and guidelines outlined in ISO 20887:2020 [124]. Although 
all three buildings are generally designed according to Design for 
Adaptability (DfA) principles, the Green Office and ABN AMRO Circl 
Pavilion exhibited lower adaptability scores of 70% and 65%, 
respectively. This is attributed to the use of massive concrete 
structures in basement construction. The absence of plans to 
dismantle internal concrete walls renders adaptation or modification 
technically unfeasible and economically impractical. This section of 
the building exemplifies construction practices misaligned with circular 
economy principles. Conversely, the `t Centrum building achieved an 
overall adaptability score of 75%, higher than that of the Green Office 
and Circl Pavilion. This improvement is due to the disassemblable 
nature of all utilized products and components, enhancing the 
building's functional adaptability and expansion capacity. The `t 
Centrum building recorded versatility and convertibility scores of 80%, 
owing to open and flexible spaces supporting functional adaptability. 
The Green Office and ABN AMRO Circl Pavilion scored 70% and 
65%, respectively, in these indicators, due to non-disassemblable 
internal concrete walls at the basement level. The `t Centrum building 
demonstrated a vertical expansion potential of 80%, allowing for the 
addition of one or two extra floors without substantial modifications to 
the building's foundations. The Green Office and ABN AMRO Circl 
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Pavilion scored 60% and 70%, respectively, on the vertical expansion 
index. Neither the Green Office nor the ABN AMRO Circl Pavilion 
achieved significant horizontal expansion results, both recording 0%. 
This is due to the absence of additional spaces available for future 
expansion, as the buildings were constructed within the plot's 
boundary. In contrast, the `t Centrum building achieved an 80% 
horizontal expansion rate, owing to additional spaces available for 
future expansion as planned. 

• Product-Service Systems (PSS): The implemented services in the 
building as a Product-Service System (PSS) were inventoried and 
evaluated according to the optimal reference case adopted in this 
Ph.D. research, the `t Centrum building, which includes all categories 
of building service systems (PSS) as detailed in Chapter 05. 
According to the results, the `t Centrum building scored full marks for 
utilizing all categories of Product-Service System (PSS) (Furniture, 
System, Partition & Finish, Shell, and Core), regardless of their 
number and quantities. The ABN AMRO Circl Pavilion was rated at 
14% on the BCEF radar. The Green Office did not score any notable 
points due to the absence of a Product-Service System (PSS). This 
modest result reflects both the emerging state of the PSS scale and 
the inherent challenges in evaluating circularity within complex 
systems. 

5. Conclusion 

Through the application of the Building Circularity Evaluation Framework 
(BCEF) and the analysis of six key performance indicators across the three 
evaluated buildings, as illustrated in Figure 3.6., it was determined that the 
Green Office and ABN AMRO Circl Pavilion exhibited the lowest circularity 
scores compared to `t Centrum. This discrepancy is primarily attributed to the 
extensive use of concrete in the basement levels of these buildings, which 
significantly contributes to high greenhouse gas emissions and negatively 
impacts the land-use footprint index. 

Furthermore, the Green Office and ABN AMRO Circl Pavilion demonstrated 
lower scores in both disassembly potential and functional adaptability 
compared to `t Centrum. These results highlight the influence of material 
selection and construction techniques on building circularity. The reduced 
material consumption and the integration of prefabricated components 
designed for disassembly substantially enhanced the circularity index, as 
evidenced by the superior performance of the `t Centrum building. 

The findings further confirmed that the utilization of materials and 
components with extended lifespans in building services and energy systems 
positively impacts circularity. This is achieved by minimizing the frequency of 
component replacements throughout the building’s lifecycle and increasing 
the potential for reuse. 

Additionally, the evaluation of three building design and material selection 
strategies indicated that prioritizing the design and use of easily disassembled 
and reusable materials leads to a higher circularity index. These insights 
emphasize the importance of integrating circular economy principles into 
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architectural design to enhance sustainability and reduce environmental 
impact. 
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4. Discussion  

The findings of Chapters 01 to 06 have been detailed in each publication. 
This section further discusses the findings, the connections between the 
chapters, and their implications. Figure 4.1. illustrates the connections 
between the various chapters, highlighting the interrelatedness of the topics 
covered. 

 
Figure 4.1. Connections among the chapters of the thesis. 

Chapter 01 establishes the policy and regulatory foundations for circular 
construction by analyzing how five leading EU member states; Denmark, 
Finland, France, the Netherlands, and Sweden; integrate carbon footprint 
reduction and circular economy principles into their building policies. The 
systematic review highlights how progressive regulatory frameworks, such as 
mandatory life-cycle carbon assessments and circularity requirements, create 
incentives for sustainable building practices. The key takeaway from this 
chapter is that policy-driven interventions have a significant influence on 
material choices, construction practices, and waste reduction strategies. By 
establishing key performance indicators (KPIs) based on existing EU policies, 
the chapter provides a crucial reference for developing the BCEF framework 
in subsequent chapters. The alignment between carbon neutrality and 
building circularity forms a critical foundation for assessing disassembly 
potential, material reuse, and design flexibility, which are explored in 
subsequent chapters. The policy analysis supports circularity targets; 
however, if set prematurely or designed too rigidly, they may lead to the lock-
in of sub-optimal technologies, the narrowing of indicator sets, or the 
displacement of impacts across geographies or life-cycle stages. To mitigate 
these risks, outcome-based and technology-neutral targets should be 
adopted, periodic reviews or sunset clauses should be incorporated, and ex 
ante and ex post impact assessments should be mandated. In this way, 
unintended consequences can be identified and policy coherence across 
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waste and energy domains can be maintained. This approach is consistent 
with EU Better Regulation guidance and OECD recommendations on circular-
economy policy design [139], [140]. This chapter is directly connected to the 
evaluation framework BCEF through: 

• Identifies regulatory benchmarks for circularity assessment. 
• Links carbon neutrality goals to circular building strategies. 
• Establishes KPIs that inform the development of the BCEF 

framework. 

Chapter 02 builds on Chapter 1 by providing an empirical analysis of how 
material selection and structural design impact carbon footprint and circularity 
potential. Through a parametric life cycle impact assessment (LCIA), various 
structural systems; namely, timber, steel, concrete, and hybrid; are evaluated 
for their environmental impact and adaptability. The calculations in this 
chapter are based on a 20-year calculation period, which is the planned 
service life of the building. In addition to performing calculations according to 
the European standard EN 15978 [26], which excludes biogenic carbon and 
module D from the results and considers them beyond the building LCIA, the 
results in this chapter are presented with and without biogenic and module for 
comparison purposes. This comprehensive analytical approach was adopted 
because the timber used in construction is sourced from sustainably 
managed forests, and the majority of building components are expected to 
undergo reuse at regular five-year intervals throughout the 20-year 
experimental period. A major finding of this chapter is that timber and hybrid 
systems demonstrate superior carbon reduction potential, supporting circular 
construction goals. The parametric methodology enables real-time 
performance optimization, allowing for a data-driven approach to selecting 
materials that align with both sustainability and disassembly potential. This 
chapter is integral to the BCEF framework as it introduces quantitative 
methods for evaluating material circularity. It bridges the gap between policy-
driven circularity goals (Chapter 1) and technical assessment methods 
(Chapters 3 and 4), ensuring that regulatory mandates translate into practical 
design solutions. This chapter is directly connected to the evaluation 
framework BCEF through: 

• Establishes material performance metrics for BCEF. 
• Demonstrates how parametric modeling can optimize circularity 

indicators. 
• Provides empirical support for the disassembly and reuse strategies 

discussed in later chapters. 

Chapter 03 introduces the concept of Design for Disassembly (DfD) as a 
core principle of circular construction. It systematically reviews existing 
disassembly assessment methods, identifying key metrics such as connection 
reversibility, modularity, and ease of component separation. The study finds 
that current disassembly evaluation tools lack standardization, making it 
difficult to quantify and compare circularity potential across different buildings. 
To address this gap, the chapter proposes a set of disassembly criteria, which 
later serve as core indicators in the BCEF framework. By linking disassembly 
potential to material selection and construction methods (as explored in 
Chapter 02), this chapter provides a scientific basis for assessing end-of-life 
material recovery. It also lays the groundwork for decision-support tools, 
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which are further developed in Chapter 04. This chapter is directly connected 
to the evaluation framework BCEF through: 

• Defines standardized disassembly metrics for BCEF. 
• Establishes quantitative methods for evaluating the feasibility of 

building deconstruction. 
• Bridges material selection (Chapter 2) with disassembly optimization 

(Chapter 4). 

Chapter 04 takes the disassembly concepts from Chapter 3 and 
operationalizes them into a decision-support system for evaluating building 
disassembly potential. The expert system classifies over 2,500 structural 
connections, assessing dismantling feasibility through standardized 
inspections. A key contribution of this chapter is the integration of statistical 
analysis to categorize disassembly barriers. The study identifies the most 
critical factors that influence reusability and material recovery, providing 
practical guidelines for architects, engineers, and demolition teams. This 
chapter enhances the BCEF framework by offering a practical tool for 
quantifying circularity in real-world applications. By integrating expert-driven 
assessments, the BCEF framework ensures its applicability beyond 
theoretical models, thereby supporting its industry adoption. This chapter is 
directly connected to the evaluation framework BCEF through: 

• Translates disassembly theory (Chapter 3) into practical evaluation 
tools. 

• Establishes connection classification systems to enhance BCEF’s 
assessment accuracy. 

• Provides decision-support mechanisms for optimizing material 
recovery. 

Chapter 05 consolidates insights from the previous chapters into the 
Building Circularity Evaluation Framework (BCEF). BCEF is a multi-indicator 
tool that evaluates building circularity using six core metrics: 

• Global Warming Potential (GWP) – Tracks embodied and 
operational carbon emissions. 

• Reused Content (RC) – Measures the percentage of reclaimed 
materials. 

• Land-use footprint (LU) – Assesses the impact on ecosystems. 
• Disassembly Potential (DP) – Quantifies the feasibility of component 

reuse. 
• Functional Adaptability (FA) – Evaluates long-term building flexibility. 
• Product-Service Systems (PSS) – Assesses integration of service-

based construction models. 

The framework was validated through a case study of the ABN AMRO Circl 
Pavilion in Amsterdam, demonstrating its applicability for industry 
professionals. The sensitivity analysis further refines BCEF, ensuring 
reliability and robustness. BCEF is the culmination of the thesis, integrating 
policy analysis (Chapter 1), material optimization (Chapter 2), disassembly 
criteria (Chapter 3), and expert system evaluation (Chapter 4) into a 
comprehensive assessment tool. This chapter is directly connected to the 
evaluation framework BCEF through: 
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• Synthesizes insights from all previous chapters into a unified 
framework. 

• Provides a standardized approach for measuring building circularity. 
• Demonstrates practical applicability through case studies. 

Chapter 6 plays a crucial role in this Ph.D. research by translating the 
theoretical and methodological foundation established in previous chapters 
into practical application. This chapter focuses on the implementation and 
validation of the BCEF framework through three carefully selected case 
studies: ’t Centrum Building (Belgium), Green Office Building (Switzerland), 
and ABN AMRO Circl Pavilion (Netherlands). By applying the BCEF 
indicators; Global Warming Potential (GWP), Land-Use footprint (LU), 
Reused Content (RC), Disassembly Potential (DP), Functional Adaptation 
(FA), and Product-Service Systems (PSS); this chapter provides empirical 
evidence of the framework’s applicability and reliability in assessing building 
circularity. The chapter's main contribution lies in its ability to demonstrate the 
practical relevance of BCEF by quantitatively evaluating circularity 
performance across different construction methodologies, material choices, 
and design principles. The calculations in this chapter were made in 
accordance with the EU Taxonomy [112], and the service life of the buildings 
was assumed to be 50 years. Findings indicate that ’t Centrum outperforms 
the other case studies in terms of disassembly potential, material reuse, and 
adaptability, due to its modular construction and reliance on dry assembly 
techniques. In contrast, the extensive use of concrete in the Green Office and 
ABN AMRO Circl Pavilion negatively impacts their circularity scores, 
particularly regarding carbon footprint and land-use impact. 

This chapter is a critical extension of Chapter 5, where BCEF was 
formulated, and it serves as the practical validation of the entire research 
framework. It directly builds upon Chapter 1’s policy analysis by assessing 
compliance with emerging circular economy standards, and it integrates 
insights from Chapter 2’s parametric analysis by evaluating the impact of 
material choices on life-cycle sustainability. Moreover, the contributions of 
Chapter 3 and Chapter 4 to disassembly criteria and expert evaluation 
systems are applied here to measure disassembly potential and functional 
adaptability, ensuring that BCEF is robust and adaptable across different 
building types. This chapter is directly connected to the evaluation framework 
BCEF and the overall Ph.D. research through: 

• Empirical validation of BCEF through real-world case studies. 
• Reinforces policy insights (Chapter 1) by aligning BCEF with EU 

circular economy regulations. 
• Applies parametric analysis (Chapter 2) to assess material impacts 

on circularity. 
• Uses disassembly criteria and expert systems (Chapters 3 and 4) to 

evaluate building adaptability. 
• Finalizes BCEF’s development by demonstrating its effectiveness in 

practical applications. 

Thus, Chapter 6 completes the thesis by confirming the feasibility and 
industry applicability of BCEF, ensuring that it can serve as a decision-
support tool for architects, engineers, and policymakers aiming to implement 
circular construction principles. 
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Finally, the six chapters of this thesis are deeply interconnected, each 
contributing a specific dimension to the development of BCEF. 

• Chapter 01 provides the regulatory context. 
• Chapter 02 introduces parametric optimization for circular materials. 
• Chapter 03 defines quantitative disassembly criteria. 
• Chapter 04 develops an expert system for practical evaluation. 
• Chapter 05 integrates these elements into a holistic assessment tool. 
• Chapter 06 implements the BCEF on three case studies. 

Here, it is necessary to point out that the HVAC calculation and integration 
refer to “passive energy storage capacity,” which denotes passive thermal 
storage within the building fabric (thermal mass). In ISO 52016-1 [141], areal 
heat capacity is an explicit input, so high-mass assemblies (e.g., concrete) 
are modeled with greater effective heat capacity than light assemblies (e.g., 
timber); thermal mass mainly shifts loads and can modestly reduce annual 
heating/cooling while lowering peaks, depending on climate, internal gains, 
and control (e.g., night ventilation/precooling). Accordingly, our modelling (i) 
assigns mass-consistent heat-capacity values in the ISO 52016-1 setup, (ii) 
holds envelope U-values constant across variants to isolate mass effects, and 
(iii) reports any change in B6 (operational energy) and peak loads [142].  

HVAC replacements beyond 50 years (sensitivity). Replacements are 
counted in B4 using reference service lives from ISO 15686-8 and the 
ASHRAE Service Life Database. If the reference study period (RSP) is 
extended from 50 to 75 years, equipment with RSL = 20 years increases from 
2 to 3 replacements (≈ +50% B4 for that item), while B6 scales with the longer 
RSP; results are normalized back to per m²·year for comparability. 
Conclusions remain unchanged, but the embodied share from HVAC 
replacements rises in proportion to RSP [143], [144]. 

Together, these contributions bridge policy, technical assessment, and 
practical implementation, making BCEF a scientifically rigorous and industry-
applicable framework. This research significantly advances the field of circular 
construction by providing a standardized, multi-criteria framework for 
evaluating and enhancing the circularity of buildings. 

As shown in Table 4.1, BCEF is a design-stage evaluation framework. It 
preserves Level(s)/EN 15978-consistent GWP reporting while adding 
operational circularity indicators; reused content (RC), disassembly potential 
(DP), functional adaptability (FA), and product–service systems (PSS); to 
support rapid, evidence-based option ranking in concept and schematic 
design. BCEF can (i) plug into GRO as a quantification layer at decision 
gates, (ii) use or cross-check with TOTEM when detailed LCA comparisons 
are required, (iii) generate evidence that later supports BREEAM/LEED 
credits, and (iv) exchange BoM/passport fields with Madaster when projects 
maintain a materials registry. and (v) complement CAALA by enriching its 
real-time LCA outputs with standardized circularity KPIs. 
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Table 4.1. Comparison of the principal European references, along with the position 
and the complementary role of BCEF in the early design stage. 

Framework, 
Tool, 

Platform 
Core purpose & 

scope 
Treatment of LCA / 

circularity How BCEF adds 

EU Level(s) 
v1.2, 2020 
EU 

Common EU reporting 
framework with macro-
objectives and 
indicators for building 
sustainability. 

Indicator 1.2 requires 
whole-life GWP aligned to 
EN 15978/EN 15804 
across A–C (+D as 
applicable). 

Retains Level(s)-consistent 
GWP, and adds early-design 
circularity KPIs (RC, DP, FA, 
PSS) for rapid option ranking. 

GRO 
v2025 
Belgium 

Public guide with 
project-phase criteria 
(Analysis–Concept–
Design) including a 
Circular Building theme. 

Actionable guidance and 
checklists for circular 
practice; not a quantitative 
early-design method. 

Serves as a quantification layer 
at GRO decision gates (BCEF 
KPIs + quick LCA feedback). 

TOTEM  
v2021 
Belgium 

National building LCA 
tool to compare design 
options using a Belgian 
dataset. 

Computes life-cycle 
impacts for elements and 
whole buildings; supports 
option comparison in 
design. 

BCEF keeps EN 15978-
consistent GWP and can be 
cross-checked in detail with 
TOTEM; BCEF adds unified 
circularity KPIs at concept stage. 

BREEAM 
v6.0, 2019 
UK 

Third-party certification 
with credit structure. 

Mat 01 – Building LCA 
using recognised tools 
and EPDs; evidence for 
scoring. 

BCEF generates early evidence 
and extends beyond Mat 01 by 
explicitly scoring reuse, 
disassembly, adaptability, PSS 
alongside GWP. 

LEED  
v4/4.1, 2019/2020 
USA 

Third-party certification 
(MR credits). 

MR: Building Life-Cycle 
Impact Reduction (incl. 
whole-building LCA 
option; EU ACP 
available). 

BCEF provides an architect-
friendly dashboard to compare 
concepts and track 
RC/DP/FA/PSS that complement 
LEED documentation. 

Madaster 
v2023 
Netherlands 

Materials cadastre / 
material passports from 
BIM/BoQ with circularity 
& residual-value fields. 

Digital passports and 
inventories to enable 
reuse and data 
compliance; not an 
evaluation method. 

BCEF can consume/export 
passport fields (BoM, RC) while 
supplying the early-design 
evaluation Madaster lacks. 

CAALA  
v2022 
Germany 

Early-stage building 
LCA tool providing real-
time feedback on 
energy, carbon, and 
costs through simplified 
parametric modelling. 

Uses generalized datasets 
to estimate life-cycle 
impacts during preliminary 
design; supports option 
comparison but lacks 
detailed circularity 
indicators. 

 

BCEF complements CAALA by 
adding standardized circularity 
KPIs (RC, DP, FA, PSS) and 
project-specific scoring. It 
strengthens CAALA’s exploratory 
use with quantifiable circularity 
evidence and compatibility with 
certification/reporting systems. 
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5. Conclusions 

This Ph.D. thesis has systematically explored the evaluation of building 
circularity through a comprehensive framework, addressing a critical gap in 
sustainable construction practices. By integrating established sustainability 
metrics, life cycle assessment methodologies, and emerging principles of the 
circular economy, this thesis has developed a robust Building Circularity 
Evaluation Framework (BCEF). This framework offers a structured approach 
for evaluating the circularity potential of newly constructed office buildings, 
ensuring alignment with international standards, such as CEN/TC 350 [145] 
and ISO 20887 [124]. Through an extensive review of existing literature, 
empirical validation using case studies, and a systematic application of key 
performance indicators (KPIs), this research advances the knowledge 
necessary for transitioning to circular construction practices. 

The findings demonstrate that integrating circularity principles at the early 
design stage significantly enhances resource efficiency, minimizes embodied 
carbon emissions, and extends the functional lifespan of buildings. Key 
evaluation indicators; such as global warming potential, land-use footprint, 
disassembly potential, and reused content; have been systematically 
quantified, providing measurable insights into circular construction 
performance. The research highlights that adaptable design, dry reversible 
connections, and modular construction techniques contribute to higher 
circularity scores, reinforcing the necessity for policy interventions to 
standardize and incentivize these practices. 

In conclusion, this Ph.D. underscores the urgent need for a paradigm shift in 
the construction industry toward circularity-driven design and evaluation 
methodologies. The BCEF framework serves as a foundational tool for 
policymakers, designers, and sustainability practitioners, offering a 
scientifically validated approach to measuring and enhancing circularity in 
building projects. By fostering interdisciplinary collaboration and advancing 
regulatory frameworks, the insights from this research can contribute to a 
more sustainable and resilient built environment, aligning with global climate 
goals and resource conservation strategies. 

5.1. Revisiting the research sub-questions 

This Ph.D. thesis is structured into six chapters, each corresponding to a 
peer-reviewed journal article or conference paper, with the exception of 
Chapter 6, which remains unpublished and focuses on applying the 
developed framework to various case studies. Each chapter is designed to 
address a specific research sub-question, contributing to the overarching 
research inquiry. Collectively, these chapters provide a comprehensive and 
systematic response to the main research question, ensuring a structured 
progression of findings. The organization of the dissertation into six distinct 
chapters enables a coherent presentation of the research while also allowing 
readers to engage with individual studies in a targeted manner. This structure 
not only enhances clarity but also facilitates accessibility for researchers 
interested in specific aspects of the research. 
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SQ1: How do carbon neutrality and circularity principles integrate into the 
building regulations of leading Northwestern European states, and what policy 
measures are most effective in promoting sustainable construction practices? 
(Chapter 01) 

The findings derived from Chapter 01 provide a comprehensive analysis of 
how carbon neutrality and circularity principles are embedded within the 
regulatory frameworks of leading Northwestern European states. This 
investigation was conducted through a systematic literature review and expert 
interviews, focusing on five key nations; Denmark, Finland, France, the 
Netherlands, and Sweden; recognized for their leadership in sustainable 
building policies. The study highlights the role of legislative measures, 
performance metrics, and target thresholds in shaping the transition towards 
a more circular and low-carbon built environment. 

The results indicate that while carbon neutrality is increasingly incorporated 
into building regulations across the EU, the integration of circularity principles 
remains fragmented. Denmark and Finland emerge as frontrunners in this 
domain, implementing stringent life cycle impact assessment (LCIA) 
requirements and promoting environmental product declarations (EPDs) as a 
prerequisite for building permits. France’s RE2020 regulation sets ambitious 
operational and embodied carbon thresholds, whereas the Netherlands 
mandates the use of a Building Environmental Performance Declaration 
(DBED) for new constructions. Sweden, while emphasizing carbon neutrality, 
also integrates circularity principles through regulatory incentives for material 
reuse and deconstruction strategies. 

Key policy measures identified as effective in fostering sustainable 
construction practices include mandatory LCIA-based assessments, carbon 
emission thresholds for building materials, and public procurement policies 
that prioritize circular and bio-based materials. However, the study reveals a 
critical gap in harmonizing carbon reduction strategies with circularity 
objectives. While some nations have successfully coupled these agendas, 
others maintain separate regulatory pathways, thereby limiting the potential 
for a fully integrated sustainability framework. 

In conclusion, the answer to SQ1 underscores the importance of aligning 
carbon neutrality and circularity within regulatory frameworks to achieve a 
truly sustainable construction sector. Future research should focus on 
developing standardized metrics that bridge these two paradigms, facilitating 
their widespread adoption across the EU. Additionally, increasing the 
enforcement of circular economy principles in building codes, alongside 
carbon reduction mandates, will be essential in ensuring long-term 
environmental and economic benefits. 

SQ2: How can parametric approaches help to evaluate the environmental 
impact and the building circularity? (Chapter 02) 

The findings presented in Chapter 02 provide a detailed exploration of how 
parametric modeling can be utilized to assess the environmental impact of 
buildings while incorporating circularity principles. Through the application of 
a parametric approach, this research systematically evaluates different 
construction materials and design configurations to optimize sustainability 
performance in the built environment. 
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The study demonstrates that parametric methods enable rapid assessment 
of multiple design alternatives by automating life cycle impact assessment 
(LCIA) calculations. Using tools such as One Click LCA and BIM-integrated 
workflows, the research tested 21 design variations across 630 iterations to 
identify the most environmentally efficient solutions. The analysis focused on 
key performance indicators, including global warming potential, material reuse 
potential, and adaptability of the construction system. Results indicate that 
parametric modeling can effectively quantify the environmental trade-offs 
between various building materials, including timber, steel, concrete, and 
hybrid construction systems. Timber-based designs emerged as the most 
sustainable option due to their capacity for biogenic carbon storage and high 
reuse potential. 

Moreover, the study highlights that integrating parametric tools with LCIA 
methodologies facilitates informed decision-making at the early design stage, 
allowing architects and engineers to optimize material selection and structural 
configurations. The findings also emphasize the importance of developing 
standardized parametric evaluation frameworks to enhance the comparability 
and reliability of sustainability assessments across different projects. 

In conclusion, the response to SQ2 underscores the transformative potential 
of parametric approaches in advancing environmental impact assessments 
and circularity evaluations. By enabling a data-driven design process, these 
methods provide a scalable and adaptable approach to achieving more 
resource-efficient and sustainable construction practices. Future research 
should focus on refining parametric models to incorporate real-time data on 
material flows, demolition scenarios, and reuse pathways, further aligning 
building design with circular economy objectives. 

SQ3: What are the most effective criteria and methods for evaluating the 
disassembly potential of buildings to enhance circular construction practices? 
(Chapter 03) 

The findings from Chapter 03 provide a detailed investigation into the 
assessment methods and criteria essential for evaluating the disassembly 
potential of buildings within the framework of circular construction. The study 
addresses a key gap in current research by systematically reviewing and 
categorizing existing methodologies that measure the ease of disassembly 
and the potential for material recovery in building deconstruction. 

The analysis highlights that multiple factors, including connection type, 
component accessibility, structural dependencies, and material composition 
influence disassembly potential. The research identifies that dry, reversible 
connections, such as bolted or screwed joints, significantly enhance a 
building’s disassembly potential compared to glued or welded connections, 
which hinder material reuse. Additionally, modular construction and 
prefabricated elements demonstrate a higher potential for disassembly due to 
their standardized design and predictable dismantling sequences. 

To provide a robust assessment framework, the study synthesizes existing 
methodologies, including the Building Circularity Indicator (BCI) and 
Deconstructability Assessment Score (DAS), as well as emerging parametric 
modeling techniques. The evaluation criteria are categorized into technical, 
economic, and environmental dimensions, enabling a holistic assessment of 
disassembly potential at various levels; component, product, and system. The 
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research also underscores the importance of integrating life cycle impact 
assessment (LCIA) tools to quantify the environmental benefits of 
disassembly-based design strategies. 

In conclusion, the response to SQ3 establishes that an effective evaluation 
of disassembly potential must incorporate a combination of qualitative and 
quantitative criteria, supported by standardized assessment methodologies. 
The findings advocate for the adoption of policy measures that incentivize 
design for disassembly (DfD) principles, ensuring that buildings are 
constructed with future adaptability and resource efficiency in mind. Future 
research should focus on refining digital tools, such as BIM-integrated 
assessment models, to enhance the accuracy and scalability of disassembly 
evaluations, ultimately fostering a more circular built environment. 

SQ4: How can the evaluation of building disassembly potential be enhanced 
to support circularity and decision-making in the early design and 
deconstruction stages? (Chapter 04) 

The findings from Chapter 04 present a structured approach to enhancing the 
evaluation of building disassembly potential, thereby reinforcing circular 
construction practices and informed decision-making in both early design and 
deconstruction phases. The study introduces an expert system [120] tailored 
to assess disassembly potential through standardized inspection 
methodologies, ensuring that structural components are designed and 
constructed with future deconstruction and reuse in mind. 

A key contribution of this research is the development of a comprehensive 
framework that integrates technical, environmental, and economic factors into 
disassembly evaluations. The study identifies critical parameters influencing 
disassembly, including connection types, accessibility, material composition, 
and modularity. Through fieldwork and empirical analysis of over 2500 
construction connections, the research systematically categorizes 
disassembly barriers and evaluates their impact on circular construction 
potential. 

The implementation of this expert system in real-world case studies 
demonstrates its effectiveness in quantifying disassembly potential and 
guiding stakeholders in selecting design strategies that maximize material 
recovery. The system employs a decision-support mechanism that utilizes 
predefined criteria and statistical modeling to assess disassembly feasibility at 
multiple levels; component, assembly, and structural systems. The research 
underscores that adopting design-for-disassembly (DfD) principles from the 
outset significantly enhances the ease of material retrieval at end-of-life, 
minimizing demolition waste and contributing to a circular economy. 

In conclusion, the response to SQ4 establishes that integrating systematic 
disassembly evaluation tools into the early design stage and pre-demolition 
assessments is essential for optimizing circularity in the built environment. 
Future research should focus on refining these assessment methodologies by 
integrating digital modeling technologies, such as Building Information 
Modeling (BIM) and Artificial Intelligence (AI)-driven predictive analytics, to 
further enhance accuracy and scalability in disassembly potential evaluations. 
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SQ5: How can a building circularity evaluation framework be utilized to 
assess and optimize circularity and sustainability in the building sector? 
(Chapter 05 & Chapter 06) 

The findings presented in Chapters 05 and 06 provide a detailed investigation 
into the development, validation, and implementation of the Building 
Circularity Evaluation Framework (BCEF), a comprehensive framework 
designed to assess and enhance circularity in the construction sector. The 
framework integrates multiple key performance indicators (KPIs) to evaluate a 
building’s environmental footprint, disassembly potential, material reuse, and 
adaptability, contributing to the optimization of circular economy principles in 
the built environment. Chapters 05 and 06 answer to SQ5 as follows: 

• Chapter 05 outlines the conceptual foundation of the BCEF, detailing 
the selection of six core indicators: Global Warming Potential (GWP), 
Land-Use Footprint (LU), Reused Content (RC), Disassembly 
Potential (DP), Functional Adaptation (FA), and Product-Service 
Systems (PSS). These indicators were identified through a 
systematic literature review, expert consultations, and alignment with 
established sustainability assessment methodologies such as EN 
15978 [26] and ISO 20887 [124]. The framework is designed to 
address the fragmentation in existing circularity evaluation methods 
by providing a standardized and quantifiable approach applicable 
across different building typologies. 

• Chapter 06 builds upon this foundation by implementing BCEF in 
real-world case studies, demonstrating its applicability in evaluating 
office buildings designed for circularity. The results highlight the 
effectiveness of the framework in identifying areas where material 
efficiency, adaptability, and disassembly strategies can be optimized. 
Case studies of circular buildings, such as the `t Centrum, Green 
Office, and ABN AMRO Circl Pavilion, illustrate how BCEF facilitates 
decision-making by quantifying circularity scores and benchmarking 
sustainability performance. The analysis confirms that modular 
construction, dry reversible connections, and increased use of 
reclaimed materials significantly enhance the circularity potential, 
thereby reducing the overall environmental impact. 

In conclusion, the response to SQ5 underscores that the BCEF framework 
provides a systematic and scientifically validated methodology for assessing 
and optimizing circularity in the building sector. By integrating multi-criteria 
assessment tools and digital modeling techniques, BCEF enables 
policymakers, architects, and sustainability practitioners to make data-driven 
decisions at both the design and deconstruction stages. Future research 
should focus on refining the framework by incorporating artificial intelligence-
driven analytics, expanding its application to additional building types, and 
enhancing regulatory integration to promote widespread adoption of circular 
construction principles. 

5.2. Revisiting the main research question 

MRQ: How can a Building Circularity Evaluation Framework be developed 
and validated to guide early design stage evaluation of buildings from a life-
cycle thinking approach? 
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The main research question has been addressed through the systematic 
development of a Building Circularity Evaluation Framework (BCEF), which 
integrates key sustainability and circularity indicators to assess building 
construction in its early design stages. This research has been structured into 
three major parts: Part II Policy and Theoretical Foundation (Chapter 01 and 
Chapter 02), Part II Disassembly and Circularity Assessment Methods 
(Chapter 03 and Chapter 04), and Part III Development and Implementation 
of the BCEF (Chapter 05 and Chapter 06). Each phase contributes distinct 
insights and methodologies that collectively establish a robust framework for 
evaluating circular construction from a life cycle perspective. 

• Policy and Theoretical Foundation: Part I (Chapters 01 and 02) 
focuses on the regulatory and parametric foundations for circular 
building construction. Chapter 01 examines the extent to which carbon 
neutrality and circularity principles are incorporated into the building 
regulations of leading Northwestern European states, highlighting the 
role of policy measures in promoting circularity in construction. This 
analysis confirms that while carbon-focused regulations are well-
integrated, circularity remains inconsistently applied, necessitating 
further policy alignment to ensure consistent application. 
Chapter 02 explores parametric modeling approaches to assess 
building circularity and environmental impacts. The findings 
demonstrate that parametric design tools, when integrated with Life 
Cycle Impact Assessment (LCIA) methodologies, enable the 
optimization of material selection and building configurations for 
enhanced circular performance. The study also establishes that key 
variables, such as material reuse potential, construction typology, and 
adaptability, play a decisive role in determining a building’s 
environmental footprint. 

• Disassembly and Circularity Assessment Methods: Part II 
(Chapters 03 and 04) provides methodological advancements for 
evaluating a building’s disassembly potential; a critical component of 
circular design. Chapter 03 identifies the most effective criteria and 
methods for assessing disassembly potential, emphasizing connection 
types, accessibility, modularity, and material composition. This 
research introduces a structured methodology for quantifying 
disassembly feasibility, ensuring that circularity metrics are integrated 
into early design decision-making. 
Building on these findings, Chapter 04 presents an expert system for 
evaluating disassembly potential. This system classifies building 
connections based on their reversibility and ease of deconstruction, 
offering a structured inspection framework for architects and 
engineers. The expert system is validated through an extensive 
dataset of construction connections, providing practical insights into 
optimizing building designs for material reuse and adaptation. 

• Development and Implementation of the BCEF: Part III (Chapters 
05 and 06) introduces and applies the Building Circularity Evaluation 
Framework (BCEF) as a comprehensive framework for assessing 
circular construction. Chapter 05 details the development of the 
BCEF, identifying six key performance indicators: Global Warming 
Potential (GWP), Land-Use footprint (LU), Reused Content (RC), 
Disassembly Potential (DP), Functional Adaptation (FA), and Product-



       

187 | A circularity evaluation framework for newly constructed office building 
design | Conclusions 

 

Service Systems (PSS). These indicators provide a standardized 
means of quantifying a building’s circular performance. 
Chapter 06 extends the BCEF by implementing it in real-world case 
studies. The analysis confirms that modular construction, reversible 
connections, and adaptable spaces significantly enhance circularity 
potential. The results validate the BCEF’s applicability in guiding 
design teams towards data-driven decisions that optimize material 
efficiency, reduce environmental impact, and align with circular 
economy principles. 

The response to the main research question establishes that circular 
building construction can be effectively evaluated in early design stages 
through a life cycle thinking approach that integrates policy, parametric 
modeling, disassembly assessments, and circularity evaluation frameworks. 
The BCEF serves as a comprehensive and scientifically validated framework 
for assessing circularity across different building typologies, providing 
valuable insights for architects, policymakers, and sustainability practitioners. 

5.3. Thesis contribution 

This thesis aims to fill specific knowledge gaps between academic 
knowledge, industry application, and policy formulation. The BCEF provides a 
scientifically validated framework for evaluating circular construction, enabling 
architects, policymakers, construction professionals, and sustainability 
consultants to make data-driven decisions that enhance resource efficiency 
and environmental performance. This thesis makes significant contributions to 
the field of circular building construction by developing a comprehensive 
Building Circularity Evaluation Framework (BCEF) that enables the 
assessment and optimization of circularity in the early design stages. 
Significantly contributes. By integrating life cycle thinking, parametric 
modeling, disassembly assessment, and sustainability metrics, this Ph.D. The 
thesis provides a structured and scientifically validated approach for 
evaluating circular construction practices. This thesis solves the three 
problems faced by architects in the early design stage that were mentioned 
previously in the introduction: (i) Material quantities; Chapter 02 
operationalizes a parametric approach that yields repeatable, rule-based 
quantity take-offs for construction systems, replacing ad-hoc manual take-offs 
and enabling rapid scenario testing. This workflow is demonstrated again in 
the case-study implementation. (ii) Cumbersome LCA at concept stage; 
Chapters 05–06 consolidate a light-touch early-design LCA within the BCEF; 
centered on a GWP indicator using EPD-based data structures; so designers 
can compare options without full specialist software modelling. (iii) 
Complicated evaluation workflow; The BCEF unifies six KPIs (GWP, land-use 
footprint, reused content, disassembly potential, functional adaptability, and 
PSS) and integrates the disassembly expert system from Chapters 03–04 into 
a single decision-support workflow, which the three case studies validate as 
usable for option ranking and design feedback in early phases. The key 
contributions of this thesis are summarized as follows: 

• Advancing Policy and Regulatory Frameworks for Circular 
Construction: The thesis provides a comparative analysis of building 
regulations in leading Northwestern European states, focusing on the 
integration of carbon neutrality and circularity principles (Chapter 01). 
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By systematically reviewing policy frameworks in Denmark, Finland, 
France, the Netherlands, and Sweden, the study identifies best 
practices and regulatory gaps, offering policy recommendations to 
align circularity and carbon reduction goals. These findings contribute 
to a deeper understanding of how regulatory interventions shape the 
adoption of circular economy principles in the built environment. 

• Development of a Parametric Evaluation Approach for Circularity 
Assessment: This thesis introduces an innovative parametric 
modeling approach to evaluate the environmental impact and 
circularity potential of buildings (Chapter 02). By integrating Life Cycle 
Impact Assessment (LCIA) with parametric design tools, the study 
quantifies key sustainability metrics, including global warming 
potential, material reuse potential, and construction system 
adaptability. The study demonstrates how parametric analysis enables 
rapid optimization of material selection and structural configurations, 
ensuring early-stage decision-making that supports circularity 
objectives. 

• Establishing Criteria and Methods for Evaluating Disassembly 
Potential: A key contribution of this thesis is the systematic 
identification and quantification of disassembly potential, a critical 
factor in circular construction (Chapter 03). Through a hybrid 
systematic review, the study consolidates disassembly assessment 
criteria, emphasizing connection types, accessibility, modularity, and 
material composition. The research develops a standardized 
methodology for evaluating the ease of deconstruction, providing a 
foundation for future European standards on design-for-disassembly 
(DfD) principles. 

• Expert System for Disassembly Potential Evaluation: Building 
upon the findings of Chapter 03, this thesis develops an expert system 
for assessing building disassembly potential (Chapter 04). The system 
classifies structural connections and evaluates their dismantling 
feasibility through standardized inspections of over 2,500 construction 
connections. By employing statistical analysis and decision-support 
mechanisms, the expert system enhances circular construction 
practices by facilitating material recovery and reuse strategies. This 
research provides architects, engineers, and demolition professionals 
with a decision-support tool for optimizing disassembly-friendly 
building designs. 

• Formulation and Validation of the Building Circularity Evaluation 
Framework (BCEF): The central contribution of this thesis is the 
development of the BCEF, a robust multi-indicator framework for 
evaluating circularity in building design (Chapter 05). The framework 
integrates six key performance indicators (Global Warming Potential 
(GWP), Land-Use footprint (LU), Reused Content (RC), Disassembly 
Potential (DP), Functional Adaptation (FA), and Product-Service 
Systems (PSS)), ensuring a comprehensive and standardized 
methodology for assessing circular construction. BCEF bridges the 
gap between theoretical circularity concepts and practical 
implementation strategies, offering valuable insights for policymakers, 
sustainability consultants, and design professionals. Where BCEF can 
(i) plug into GRO as a quantification layer at decision gates, (ii) use or 
cross-check with TOTEM when detailed LCA comparisons are 
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required, (iii) generate evidence that later supports BREEAM/LEED 
credits, and (iv) exchange BoM/passport fields with Madaster when 
projects maintain a materials registry. 

• Implementation and Validation of BCEF in Real-World Case 
Studies: This thesis applies and validates BCEF in real-world building 
projects, demonstrating its effectiveness in quantifying circularity 
performance and optimizing sustainability outcomes. Case studies 
include the 't Centrum Building, Green Office, and ABN AMRO Circl 
Pavilion, providing empirical evidence of the framework’s applicability. 
Findings confirm that modular construction, reversible connections, 
and adaptable spaces significantly enhance circularity potential. This 
thesis establishes BCEF as a standardized framework for 
benchmarking and improving circular building practices, facilitating its 
adoption across industry and policy landscapes. 

This thesis lays the foundation for a paradigm shift in circular construction 
assessment, providing a holistic, scalable, and practical evaluation framework 
for enhancing circular economy principles in the built environment. By 
integrating policy insights, parametric evaluation, disassembly assessment, 
and circularity optimization, the findings contribute to academic scholarship, 
industry practice, and regulatory frameworks, facilitating a transition towards a 
sustainable and low-carbon built environment. 

5.4. Limitations 

While this Ph.D. research presents a comprehensive framework for 
evaluating circular building construction, it is important to acknowledge certain 
limitations that may have influenced the findings and their broader 
applicability. The key limitations of this Ph.D. thesis can be summarized as 
follows: 

• Scope of Regulatory Analysis: The policy analysis in Chapter 01 
focused on five leading Northwestern European states; Denmark, 
Finland, France, the Netherlands, and Sweden; to evaluate the 
integration of carbon neutrality and circularity principles in building 
regulations. While this selection provided valuable insights, it may not 
fully represent the diversity of regulatory approaches across all EU 
nations or international contexts. Future studies should expand the 
geographic scope to include other EU countries, North America, and 
Asia to ensure a more globally comprehensive regulatory analysis. 

• Parametric Modeling Constraints: The parametric modeling 
approach in Chapter 02 enabled quantitative assessment of material 
choices and design strategies for enhancing circularity. However, 
several constraints exist: 

o The study relied on predefined parametric rules, which may not 
fully capture the complexity of real-world construction 
scenarios. 

o Material reuse and end-of-life strategies were modeled using 
assumed recovery rates, rather than real-world deconstruction 
case studies. 

o The framework does not yet integrate real-time data from 
digital twin technologies or AI-driven optimizations, which could 
improve model accuracy in future research. 
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• Generalizability of Disassembly Assessment Methods: Chapters 3 
and 4 focused on evaluating disassembly potential using standardized 
criteria, such as connection types, material compositions, and 
modularity. However, the developed expert system was tested on a 
limited dataset of 2500 construction connections, primarily from office 
buildings. While these results provide a strong foundation, they may 
not be directly transferable to other building typologies, such as high-
rise buildings, residential complexes, or industrial facilities. 

• Challenges in Standardizing Circularity Evaluation: The Building 
Circularity Evaluation Framework (BCEF), proposed in Chapters 5 and 
6, integrates six key performance indicators (KPIs) to assess the 
circularity potential. However, several limitations were identified in its 
application: 

o Variability in data availability: The GWP evaluation in BCEF 
relies on Environmental Product Declarations (EPDs) and Life 
Cycle Impact Assessment (LCIA) databases, which vary in 
coverage and accuracy across regions. In the database, 
certain Environmental Product Declarations (EPDs) are 
published in accordance with the EN 15804+A2 [27] standard, 
whereas others adhere to the earlier EN 15804+A1 [146] 
standard. This coexistence is primarily due to the substantial 
number of construction material manufacturers who have not 
yet updated their EPDs to reflect the latest standard in the 
database. Two significant factors contribute to this scenario. 
Firstly, existing EPDs have a validity period extending up to 
five years; thus, manufacturers often wait until the expiration of 
the current declarations before undertaking updates. Secondly, 
the financial implications and resource requirements 
associated with prematurely issuing an updated EPD based on 
the newer EN 15804+A2 standard further discourage 
immediate revision. 

o Additionally, the lack of data updates is influenced by limited 
regulatory and market pressures, as well as insufficient 
awareness regarding the importance of maintaining up-to-date 
information. Notably, One Click LCA [111] offers functionality 
to integrate and analyze results from both standards 
seamlessly. This platform automatically updates comparative 
assessments whenever a new or revised EPD for the same 
product is issued or revised in alignment with the EN 
15804+A2 standard, thereby facilitating efficient transitions 
between EPD versions and ensuring accurate, up-to-date 
environmental assessments. 

o Lack of uniform benchmarking: Current circularity scoring 
metrics lack standardized thresholds for what constitutes 
"high" or "low" circularity performance. This limits comparability 
between projects. 

o Applicability to building renovations: The BCEF was developed 
for newly constructed office buildings, and its applicability to 
renovation projects remains untested. 

• Limited Consideration of Socioeconomic and Market Barriers: 
Although this Ph.D. research primarily focuses on technical and 
environmental aspects, it does not thoroughly examine the economic 
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feasibility, market readiness, and industry adoption challenges 
associated with circular building practices. Factors such as cost 
premiums for circular materials, supply chain disruptions, and 
resistance to policy changes could significantly impact the scalability 
of circular construction, requiring further investigation. 

• Case Study Limitations: The implementation of BCEF in Chapter 06 
was tested on a limited number of office building case studies. While 
these case studies validated the framework’s applicability, the study 
does not account for climatic variations, regional construction 
practices, or cultural differences that may influence circularity 
outcomes in different geographic contexts. Expanding the case 
studies to diverse building types and climates would strengthen the 
robustness of the findings. 

• Data Constraints and Uncertainty in Future Scenarios: Certain 
methodological choices introduce data constraints and uncertainty: 

o Life cycle impact assessments (LCIA) are dependent on 
assumptions about material degradation, recycling rates, and 
demolition practices, which may evolve. 

o Future regulatory shifts (e.g., stricter carbon taxation, new 
circularity mandates) could alter the effectiveness of current 
circular design strategies. 

Despite these limitations, this research provides a foundational framework for 
evaluating the circular construction of buildings. The framework follows a 
systematic approach to integrating circular economy principles into the early 
design stages. Future advancements in data availability, standardization, and 
regulatory integration will be essential in ensuring the widespread adoption of 
circular economy principles in the construction sector. 

5.5. Suggestions for future work 

This Ph.D. thesis presents a comprehensive evaluation framework for circular 
building construction, with a focus on early design assessment informed by 
life cycle thinking principles. This thesis introduces the Building Circularity 
Evaluation Framework (BCEF), validated through multiple case studies, and 
demonstrates its applicability in assessing the potential for building circularity 
and sustainability performance. However, like any research, this work has its 
limitations and opens up avenues for further exploration. Building upon the 
findings of this Ph.D. thesis, several key areas require further investigation to 
enhance the applicability, reliability, and scalability of circularity assessment 
methods, as follows: 

• Expanding the Application of BCEF to Different Building 
Typologies: The current research focuses on newly constructed 
office buildings. Future research should extend BCEF applications to 
residential, industrial, and mixed-use buildings to test its adaptability 
across diverse construction types and urban contexts. 

• Integration of Digital Twin Technologies for Real-Time Circularity 
Assessment: Digital Twin technology and Artificial Intelligence (AI)-
driven analytics could enhance real-time circularity monitoring. Future 
studies should explore how these technologies can be integrated with 
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BCEF to improve predictive modeling for material flow tracking, 
adaptive reuse planning, and deconstruction feasibility assessments. 

• Harmonizing Regulatory Frameworks for Circular Building 
Design: The research identifies gaps in regulatory alignment in the 
Northwestern European states. Further research should analyze 
policy evolution and develop harmonized regulatory frameworks that 
incentivize circularity-based building codes, material passports, and 
Extended Producer Responsibility (EPR) schemes. 

• Developing Economic Feasibility Models for Circular 
Construction: One of the major barriers to circularity implementation 
is economic viability. Future studies should develop cost-benefit 
models that compare traditional and circular construction approaches, 
considering material costs, operational savings, and long-term 
sustainability benefits. 

• Refining Disassembly Assessment Methodologies: This Ph.D. 
thesis introduces an expert system for evaluating disassembly 
potential. Future studies should refine these methodologies by 
incorporating real-world demolition scenarios, material traceability 
mechanisms, and building component reuse databases. 

• Advancing Multi-Criteria Decision Analysis for Circularity 
Optimization: The BCEF framework currently assesses multiple Key 
Performance Indicators (KPIs). Future research should enhance its 
multi-criteria decision analysis capabilities, integrating weighted 
scoring models, stakeholder preference evaluations, and dynamic 
performance trade-offs. 

• Exploring the Role of User Behavior and Social Acceptance in 
Circular Building Adoption: Circular construction adoption is not 
solely a technical or regulatory challenge; it also involves stakeholder 
engagement and market acceptance. Future research should 
investigate how architects, contractors, and occupants perceive 
circular design and what incentives can drive behavioral shifts toward 
sustainable building choices. 

• Incorporating Circular Economy Principles into Building 
Information Modeling (BIM): BIM-based workflows should be further 
developed to embed circularity parameters, allowing for automated 
material tracking, circularity benchmarking, and end-of-life scenario 
simulations. 

This Ph.D. thesis has laid the groundwork for a structured, scientifically 
validated approach to evaluating circular building construction. By addressing 
policy gaps, enhancing assessment methodologies, and integrating digital 
innovations, the findings contribute to bridging the gap between academic 
research, industry application, and regulatory frameworks. Future 
advancements in technology, policy harmonization, and economic modeling 
will be crucial in ensuring the scalability and adoption of circular economy 
principles in the construction sector. 
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A circularity evaluation framework for newly constructed 
office building design 

Muheeb Al-Obaidy 

 

The concept of circularity is gaining traction in the construction sector. The evaluation of 
building circularity potential remains inconsistent due to the lack of standardized 
Building Circularity Indicators BCIs. Existing BCI methodologies vary significantly in 
their definitions, scopes, Key Performance Indicators KPIs, and technical approaches, 
leading to limited continuity and hindering progress toward standardization. This Ph.D. 
thesis addresses these gaps by proposing a comprehensive and innovative Building 
Circularity Evaluation Framework BCEF. The BCEF integrates key advancements in 
the field, incorporating the most critical KPIs identified through an extensive literature 
review. BCEF was developed from a life cycle perspective; the framework tracks 
material flows from their origins to disposal or waste processing, ensuring a holistic 
evaluation. This framework complements established sustainability tools, such as Life 
Cycle Impact Assessment LCIA, by integrating an expert system to assess disassembly 
potential. The BCEF was validated through three case studies. Analysis of the three 
case studies revealed that resource-intensive construction processes and extended 
service life significantly influence circularity performance. Based on the findings, 
recommendations for enhancing building circularity are provided. Methodologically, the 
results demonstrate that the BCEF is a multi-indicator framework capable of evaluating 
building circularity at the whole-building level. A sensitivity analysis was conducted to 
enhance the validity, reliability, and applicability of the findings. The BCEF’s practical 
applications make it a valuable framework for contractors, consultants, and 
policymakers to assess circularity in early project stages. It also offers a foundation for 
researchers to further refine and standardize BCIs. 
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