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Abstract. Achieving net-zero carbon performance in the built environment re-
quires the integration of digital technologies, circular economy (CE) principles,
and life-cycle-based decision-making. Despite advances in low-carbon materials
and digital tools, the absence of holistic and adaptable frameworks often results
in fragmented solutions with limited long-term impact. This paper presents a
flexible life-cycle framework for digital and circular net-zero construction, de-
veloped through a structured synthesis of life-cycle assessment (LCA), circular
design strategies, and digital information management approaches.

The framework supports consistent decision-making across the full asset life
cycle, including design, construction, operation, adaptation, and end-of-life
phases. It systematically maps life-cycle stages to key digital tools and circular
decision points. Digital technologies—such as Building Information Modelling
(BIM), life-cycle data environments, and decision-support systems—are posi-
tioned as integrative mechanisms enabling transparent assessment of carbon per-
formance, material flows, and circular potential. This structure facilitates sce-
nario-based comparison of alternative strategies under varying technological and
regulatory conditions.

A key feature of the framework is its flexibility in accommodating evolving
net-zero targets, policy requirements, and emerging technologies. Rather than
prescribing fixed solutions, it supports adaptive pathways for renovation, reuse,
repurposing, and long-term resilience. The framework is qualitatively assessed
through consistency checks with established net-zero and CE principles, while
empirical validation remains a direction for future research.

By aligning life cycle thinking with digital and circular strategies, this study
provides a scalable methodological foundation and transferable insights for ad-
vancing net-zero construction.
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1 Introduction

The global construction sector accounts for approximately 38—40% of global energy-
related CO- emissions, including both operational and embodied carbon [1, 2]. As op-
erational efficiency improves, embodied carbon is increasingly dominant—represent-
ing up to 50-75% of total life-cycle emissions in high-performance buildings—de-
manding a shift toward whole-life carbon assessment [3, 4]. Achieving the 1.5°C cli-
mate target therefore requires a systemic transformation across the entire building life



cycle [5, 6]. Despite advances in low-carbon materials, circular design strategies, and
digital technologies, current approaches remain fragmented [7, 8]. LCA is often applied
retrospectively rather than as a proactive decision-support tool [9, 10]. CE principles
remain inadequately connected to carbon accounting frameworks [11, 12]. Digital plat-
forms provide data management capabilities without embedded sustainability decision
logic [13, 14]. This fragmentation stems from a lack of coherent frameworks that inte-
grate LCA, CE strategies, and digital technologies into a unified decision-making logic
[15, 16]. Against this background, this study develops a flexible life-cycle framework
for digital and circular net-zero construction, guided by four research questions: RQ1:
How can LCA, CE, and digital technologies be integrated into a unified life-cycle
framework?; RQ2: What are the key circular decision points and their operationaliza-
tion mechanisms?; RQ3: How can the framework adapt to diverse contexts and evolv-
ing regulations?; RQ4: What are its theoretical and practical contributions?

This paper makes three main contributions. First, it proposes an integrated life-cycle
framework that explicitly combines LCA, CE, and digital technologies across the full
building life cycle, rather than treating them as separate or partially connected domains.
Second, it operationalizes circularity through phase-specific decision points linked to
EN 15978 modules, enabling circular strategies to be evaluated together with whole-
life carbon performance. Third, it introduces a flexible, technology-agnostic workflow
that supports scenario-based reasoning and adaptation to different project contexts, reg-
ulatory requirements, and levels of digital maturity.

2 Theoretical Background

2.1 Net-Zero Construction: Definitions and Frameworks

Net-zero building definitions have evolved from early operational energy concepts to-
ward whole-life carbon accounting [6, 17]. Landmark studies confirm that operation-
ally net-zero buildings can still carry substantial life-cycle carbon burdens: Jain and
Rawal [18] found 866 tCO:e over 60 years for an Indian net-zero energy building; Thiel
et al. [19] reported a 10% higher global warming potential for a US net-zero building
due to its photovoltaic system. EN 15978 provides the primary standard for whole-life
carbon assessment, defining modules A1-AS5 (product and construction), BI-B7 (use
stage), C1-C4 (end-of-life), and D (beyond system boundary) [20]. ISO 14040/14044
governs the underlying LCA methodology [21]. Policy frameworks, including the EU
Taxonomy and national net-zero strategies, are increasingly mandating whole-life car-
bon requirements [22]. Key ambiguities persist regarding temporal boundaries, bio-
genic carbon treatment, and the role of carbon offsets versus on-site reductions [23, 13].

2.2 LCA in Construction

LCA has become the principal method for evaluating environmental impacts of build-
ings across their lifespan [24]. The balance between embodied and operational carbon
varies significantly by building type: Wang et al. [4] found that the production stage



accounted for 75.62% of emissions in a Chinese nearly-zero-energy building; Hu [25]
reported 23% embodied carbon for a retrofit zero-energy building. Significant reduc-
tions are achievable—Kamel et al. [1] showed biobased materials achieving negative
embodied carbon (—0.64 to —0.54 kg CO2eq/m?a); Besana and Tirelli [7] demonstrated
a 91% embodied carbon reduction through building reuse.

Persistent challenges include data availability for region-specific materials, retro-
spective rather than prospective application, and uncertainty in end-of-life scenarios [5,
26]. Dynamic models highlight the need for scenario-based approaches: Xin et al. [9]
showed that Beijing’s carbon peak by 2025 requires both renewable energy expansion
and large-scale retrofit programs.

2.3 CE in the Built Environment

CE paradigm emphasizes closed-loop material flows, waste minimization, and value
retention as an alternative to the linear model [27]. In construction, key strategies in-
clude design for disassembly (DfD), material passports, and urban mining [28, 29].
Eberhardt et al. [30] found DfD saves 15-21% in CO: emissions; Hai et al. [31] showed
skeleton-infill design reduces embodied carbon by 45-55%. Secondary materials can
substantially reduce embodied carbon, with business model innovations and public pol-
icies as critical enablers [32]. Barriers to adoption include regulatory systems aligned
with linear processes, limited economic incentives, and fragmented supply chains [33,
34].

2.4  Digital Technologies for Sustainable Construction

BIM has emerged as the primary platform for integrating design, construction, and sus-
tainability data [35, 36]. BIM—LCA workflows enable early-stage embodied carbon as-
sessment: Alotaibi et al. [2] demonstrated a BIM-based method reducing baseline car-
bon from 414 to 135 kg CO2e/m?/year through combined strategies. Digital twins ex-
tend BIM into the operational phase, linking models with real-time sensor data for pre-
dictive maintenance and adaptive management [37, 38]. Decision support systems
(DSS) transform data into actionable insights, enabling scenario-based multi-criteria
evaluation [39]. Material passports provide digital records enabling circular material
flows and future reuse [40, 29]. Key challenges remain interoperability between plat-
forms, data quality, and the digital maturity gap across the sector [8, 41].

2.5 Integrated Frameworks: State of the Art and Research Gaps

Recent studies increasingly highlight the need for integrated frameworks combining
LCA, CE, and digital technologies [42, 43]. BIM-LCA integration has been widely
explored [16, 44]. CE-LCA linkages have been demonstrated through approaches such
as the Carbon Circularity Indicator [45]. Digital twin applications show promise for
operational carbon monitoring [38, 37]. However, comprehensive frameworks integrat-
ing all three dimensions across the full life cycle remain scarce [46, 47]. Critical gaps
include lack of flexibility for diverse building typologies and evolving net-zero



definitions; insufficient connection between digital platforms and circular decision-
making; and limited whole-life perspective in existing tools [48, 49]. To better position
the proposed framework within the existing body of research, Table 1 summarizes the
main characteristics and limitations of representative approaches identified in literature.

Table 1. Positioning of the proposed framework against existing approaches

Approach LCA | CE glgl.[tal f;:l'el'fe ﬁ(‘::v‘s“’“ worke | prexibility
BIM-LCA models | Yes Limited Yes Partial Limited Medium
CE-LCA ap- Yes Yes Lim- Partial Limited Medium
proaches ited

Digital twin sus- Partial | Limited Yes Mainly Medium High
tainability models operation

Proposed frame- Yes Yes Yes Yes Yes High
work

3 Methodology

The methodology approach is grounded in systematic literature review principles and
conceptual framework development methodologies [50, 51]. The unit of analysis com-
prises peer-reviewed literature, international standards, and policy documents related
to LCA, CE, and digital technologies in construction. Sources were selected based on
relevance to whole-life carbon assessment, circular strategies, and digital integration,
with emphasis on recent studies and established standards (e.g., EN 15978, ISO
14040/14044). In addition, insights from ADiCu project activities, including market
analysis and stakeholder interactions, informed the identification of key decision points
and practical constraints, particularly regarding the integration of CE principles and
BIM-enabled workflows [52]. Validation is conducted through qualitative consistency
assessment. The framework development is based on a structured literature synthesis
across five domains: LCA and whole-life carbon, net-zero standards and policy, CE
strategies, digital technologies, and integrated decision-support frameworks. The syn-
thesis involved identifying key concepts, mapping interrelations, conducting gap anal-
ysis, and extracting design principles.

4 The Proposed Framework

4.1 Framework Overview and Principles

The proposed framework integrates LCA, CE strategies, and digital technologies into
a coherent structure for net-zero construction decision-making. It is organized around
four core principles: integration (carbon assessment, circular strategies, and digital tools
treated as interdependent); transparency (data-driven, traceable decision-making across
all phases); flexibility (adaptable to evolving targets, regulations, and technologies);
and whole-life perspective (covering all modules A1-D per EN 15978).



The conceptual architecture of the framework is illustrated in Fig. 1, presenting three
interrelated layers that structure the system.
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Fig. 1. Conceptual Architecture of the Integrated Life-Cycle Framework

The outer layer represents the building life cycle, structured into five phases: de-
sign, construction, operation, adaptation, and end-of-life. The middle layer defines the
digital integration backbone, including BIM, digital twins, life-cycle data environ-
ments, material passports, and decision-support systems. The inner core introduces
circular decision logic, linking carbon performance assessment, material flow optimi-
zation, circularity indicators, and adaptive pathways for long-term resilience.

Fig. 2 presents the proposed framework as a life-cycle decision workflow integrating
BIM, LCA, and circular economy principles. Digital technologies support data integra-
tion, performance monitoring, and scenario analysis, while circular decision points
guide key decisions across design, construction, operation, and end-of-life stages.
Through scenario comparison and continuous feedback, the framework enables adap-
tive decision-making and supports integrated net-zero and circular construction across
the building life cycle.
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Fig. 2. Integrated BIM-LCA—Circular Framework Overview Diagram



4.2  Framework Components: Phase Mapping, Digital Layer, and Circular
Logic

The five life-cycle phases map directly to EN 15978 assessment modules: the design
phase establishes the baseline for modules A1-AS5 (product and construction stages);
the construction phase monitors A4—A5 execution; the operation and maintenance
phase tracks modules B1-B7 (use stage); the adaptation phase informs renovation sce-
narios within module B5; and the end-of-life phase covers modules C1-C4 (decon-
struction, transport, waste processing, disposal) and Module D (benefits and loads be-
yond the system boundary). This explicit module assignment ensures consistency with
standardized LCA reporting and enables comparative benchmarking across projects.
The digital integration layer relies on interoperability standards to maintain data conti-
nuity across tools and phases. BIM serves as the central data backbone, maintaining a
structured, updatable model of the asset throughout its life cycle [35, 36]. Life-cycle
data environment ensures seamless exchange between BIM, LCA tools, and material
databases via open standards such as IFC and ISO 19650 [38]. Digital twins extend the
BIM model into the operational phase, integrating real-time sensor data for perfor-
mance monitoring and predictive analytics [37]. Material passports provide persistent
digital records of material composition, enabling informed decisions at adaptation and
end-of-life stages [29, 40]. DSS synthesize data from all layers to enable scenario-based
reasoning and multi-criteria comparison of design and operational strategies [39]. The
framework is designed to be technology-agnostic, allowing substitution of specific dig-
ital tools as capabilities evolve while maintaining the underlying assessment logic. This
ensures long-term applicability and resilience across diverse project contexts and levels
of digital maturity.

4.3  Alignment with Net-Zero Principles, CE, and Digital Integration
Principles

The framework’s consistency with established principles was assessed across three di-
mensions. Against net-zero construction principles, the framework adopts a whole-life
carbon perspective covering all EN 15978 modules (A1-D), addresses both embodied
and operational carbon, and supports scenario-based comparison of decarbonization
strategies. Against CE principles [27], circular decision points operationalize the three
CE principles—designing out waste, keeping materials in use, and regenerating natural
systems—across all life-cycle phases. Material passports and end-of-life recovery loops
directly support closed-loop material flows. Against digital integration requirements,
the framework relies on open standards for interoperability, positions digital technolo-
gies as enablers rather than prescriptive tools, and maintains data traceability across
phases.



4.4  Framework Applicability, Strengths, and Limitations

The proposed framework is among the first to explicitly integrate life-cycle assessment
(LCA), circular economy (CE) principles, and digital technologies across all EN 15978
life-cycle phases (A—E) through operationalized circular decision points. By combining
life-cycle phase mapping, digital integration, and circular decision-making within a sin-
gle structure, it addresses the fragmentation commonly observed in existing approaches
and provides a high degree of comprehensiveness and operational applicability.

The practical applicability of the framework can be illustrated through the renovation
of an existing public office building. In the planning stage, a BIM model is linked to
material databases and environmental product declarations (EPDs), enabling life-cycle
assessment of the product and construction stages (A1-A5) together with selected op-
erational impacts (B phase). Circularity screening is then used to evaluate alternatives
such as fagade replacement, reuse of existing fagade elements, and the introduction of
material passports. These options are compared using environmental, circularity, cost,
and performance criteria, allowing transparent assessment of trade-offs between em-
bodied carbon reduction, value retention, and technical feasibility. Based on this com-
parison, the preferred solution is selected and documented, while operational monitor-
ing provides feedback for future adaptation and end-of-life planning.

However, as a conceptual framework, empirical validation is still required to confirm
its effectiveness in practice. Its implementation depends on data availability and organ-
izational digital maturity, while full application may be challenging for stakeholders
with limited BIM or LCA capabilities. Further development of uncertainty quantifica-
tion methods would strengthen robustness in scenario-based decision-making.

5 Discussion

5.1 Theoretical Contributions

This study addresses a persistent gap in literature: the absence of frameworks that sim-
ultaneously integrate LCA, CE strategies, and digital technologies across the full build-
ing life cycle. Existing approaches address these dimensions in isolation or in partial
pairings [45, 38, 16], leading to fragmented outcomes confirmed by recent reviews [53,
54]. The framework makes three theoretical contributions. First, it repositions digital
technologies—particularly BIM and digital twins—not merely as data management
tools but as active enablers of circular decision-making and transparent carbon assess-
ment. Second, the introduction of explicit circular decision points provides a structured
mechanism for operationalizing CE principles at each life-cycle phase, bridging the gap
between conceptual CE frameworks and actionable construction practice. Third, the
framework’s flexibility mechanisms—scenario-based reasoning, technology-agnostic
design, and adaptive pathways—address the critical limitation of rigidity identified in
existing integrated frameworks [48, 49].



5.2 Practical Implications and Future Directions

For designers and engineers, the framework provides structured guidance for integrat-
ing LCA and circular strategies from the earliest design stages, supporting informed
material selection, DfD, and scenario comparison before commitments are made. For
contractors and material suppliers, it identifies opportunities to reduce embodied carbon
through procurement decisions and material tracking, with material passports enabling
future reuse. For asset owners and facility managers, the digital twin integration sup-
ports operational optimization and evidence-based adaptation decisions. For policy-
makers, the framework’s alignment with EN 15978, ISO 14040/14044, and the EU
Taxonomy provides a basis for regulatory integration and the development of whole-
life carbon reporting requirements. In comparison with existing approaches, the pro-
posed framework extends BIM-—LCA models by incorporating circular decision points
and adaptive pathways; extends CE-LCA linkages by embedding them within a digital
integration layer; and extends digital twin applications by connecting operational mon-
itoring to whole-life carbon assessment and end-of-life planning.

Future research should focus on: (1) empirical validation through case studies and
pilot implementations across building typologies; (2) development of digital tools that
operationalize the framework’s decision logic; (3) advancement of embodied carbon
databases and material tracking infrastructure; (4) uncertainty quantification methods
for scenario-based reasoning; and (5) integration with emerging policy frameworks to
support large-scale adoption.

6 Conclusion

This paper presents a flexible life-cycle framework that integrates life-cycle assessment
(LCA), circular economy (CE) principles, and digital technologies to support net-zero
construction. By combining life-cycle phase mapping, digital integration, and circular
decision points, the framework provides a structured decision-making approach appli-
cable across the building life cycle.

The framework contributes to existing research by linking environmental assess-
ment, circularity, and digital information management within a single adaptable struc-
ture. It supports phase-specific decision-making while remaining applicable across dif-
ferent building types, project contexts, and levels of digital maturity. The qualitative
assessment indicates alignment with net-zero construction requirements, CE principles,
and digital integration objectives. As the construction sector accelerates its transition
toward sustainability, the proposed framework offers a practical foundation for imple-
menting integrated net-zero and circular construction strategies.

Acknowledgement

This research was conducted within the project ADiCu — Agile Digitalization for Cir-
cular Construction: Unraveling the End of Projects (UIP-2025-02-2415), funded by the
Croatian Science Foundation.



References

10.

12.

. Kamel, E., Pittau, F., Dal Verme, L.M., Scatigna, P., lannaccone, G.: A parametric inte-

grated design approach for life cycle zero-carbon buildings. Sustainability 16(5), 2001
(2024). https://doi.org/10.3390/su16052001

Alotaibi, B.S., Khan, S.A., Abuhussain, M.A., Al-Tamimi, N., Elnaklah, R., Kamal, M.A.:
Life cycle assessment of embodied carbon and strategies for decarbonization of a high-rise
residential building. Buildings 12(8), 1203 (2022). https://doi.org/10.3390/build-
ings12081203

. Arslan, D., Sharples, S., Mohammadpourkarbasi, H., Khan-Fitzgerald, R.: Carbon analysis,

life cycle assessment, and prefabrication: A case study of a high-rise residential built-to-rent
development in the UK. Energies 16(2), 973 (2023). https://doi.org/10.3390/en16020973

. Wang, X., Yang, X., Hou, Q., Tao, J., Dong, J.: Quantitative study on the life-cycle carbon

emissions of a nearly zero energy building in the severe cold zones of China. Sustainability
14(3), 1448 (2022). https://doi.org/10.3390/su14031448

. Robati, M., Daly, D., Kokogiannakis, G.: A method of uncertainty analysis for whole-life

embodied carbon emissions (CO2-¢e) of building materials of a net-zero energy building in
Australia. Journal of  Cleaner Production 225, 541-553 (2019).
https://doi.org/10.1016/J.JCLEPRO.2019.03.339

. Litzkendorf, T., Foliente, G., Balouktsi, M., Wiberg, A.H.: Net-zero buildings: Incorporat-

ing embodied impacts. Building Research and Information 43(1), 62-81 (2015).
https://doi.org/10.1080/09613218.2014.935575

. Besana, D., Tirelli, D.: Reuse and retrofitting strategies for a net zero carbon building in

Milan: An  analytic evaluation.  Sustainability = 14(23), 16115  (2022).
https://doi.org/10.3390/sul42316115

De Wolf, C., Byers, B.S., Deepika, R., Matthew, G., Schwarzkopf, V., Triantafyllidis, E.:
D5 digital circular workflow: Five digital steps towards matchmaking for material reuse in
construction. ETH Zurich (2024). https://doi.org/10.3929/ethz-b-000703271

Xin, L., Li, S., Rene, E.R., Lun, X., Zhang, P., Ma, W.: Prediction of carbon emissions peak
and carbon neutrality based on life cycle CO2 emissions in megacity building sector: Dy-
namic scenario simulations of Beijing. Environmental Research 238, 117160 (2023).
https://doi.org/10.1016/j.envres.2023.117160

Shen, K., Ding, L., Wang, C.C.: Development of a framework to support whole-life-cycle
net-zero-carbon buildings through integration of building information modelling and digital
twins. Buildings 12(10), 1747 (2022). https://doi.org/10.3390/buildings12101747

. Esteve, P., Beckett, C., Pedreschi, R., Bosche, F., Morel, J.C., Charef, R., Habert, G.: De-

veloping an integrated BIM/LCA framework to assess the sustainability of using earthen
architecture. IOP Conference Series: Earth and Environmental Science 1078(1), 012100
(2022). https://doi.org/10.1088/1755-1315/1078/1/012100

Szalay, Z.: A parametric approach for developing embodied environmental benchmark val-
ues for buildings. International Journal of Life Cycle Assessment 29, 1563-1581 (2024).
https://doi.org/10.1007/s11367-024-02322-w

. Ouellet-Plamondon, C., Caballero-Guereca, C.E., Silva-Santana, J., Roberts, M., Gomes,

V., Vogel, J., Schneider-Marin, P., Ries, R.J.: How is net zero whole-life carbon of buildings
assessed and implemented? IOP Conference Series: Earth and Environmental Science
1554(1), 012106 (2025). https://doi.org/10.1088/1755-1315/1554/1/012106

. Ahmadi, M., Pournaghshband, A., Piadeh, F., Reza Hosseini, M.: Circularity-based embod-

ied carbon performance in building design: Index development and circular initiatives.


https://doi.org/10.3390/su16052001
https://doi.org/10.3390/buildings12081203
https://doi.org/10.3390/buildings12081203
https://doi.org/10.3390/en16020973
https://doi.org/10.3390/su14031448
https://doi.org/10.1016/J.JCLEPRO.2019.03.339
https://doi.org/10.1080/09613218.2014.935575
https://doi.org/10.3390/su142316115
https://doi.org/10.3929/ethz-b-000703271
https://doi.org/10.1016/j.envres.2023.117160
https://doi.org/10.3390/buildings12101747
https://doi.org/10.1088/1755-1315/1078/1/012100
https://doi.org/10.1007/s11367-024-02322-w
https://doi.org/10.1088/1755-1315/1554/1/012106

10

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Journal of Cleaner Production 518, 145909 (2025). https://doi.org/10.1016/.jcle-
pro.2025.145909

Hasselsteen, L., Damgaard, A., Otovic, A.P., Birgisdottir, H., Kanafani, K.: Tracing resource
flows and reducing environmental impacts during construction: Assessment framework for
on-site waste efficiency. Journal of Cleaner Production 521, 146243 (2025).
https://doi.org/10.1016/j.jclepro.2025.146243

Usman, S.: A digital framework for BIM-LCA integration to support whole life carbon as-
sessment and net-zero construction in the UK. Zenodo (2026). https://doi.org/10.5281/ze-
nodo.18402686

Caballero-Giiereca, C.E., Alaux, N., Truger, B., Ruschi, M., Saade, M., Vogel, J.: Harmo-
nizing whole life carbon net-zero pathways for new buildings. A four-phase framework. IOP
Conference Series: Earth and Environmental Science 1554(1), 012110 (2025).
https://doi.org/10.1088/1755-1315/1554/1/012110

Jain, M., Rawal, R.: Emissions from a net-zero building in India: Life cycle assessment.
Buildings & Cities 3(1), 398-416 (2022). https://doi.org/10.5334/bc.194

Thiel, C.L., Campion, N., Landis, A.E., Jones, A.K., Schaefer, L.A., Bilec, M.M.: A mate-
rials life cycle assessment of a net-zero energy building. Energies 6(2), 1125-1141 (2013).
https://doi.org/10.3390/EN6021125

European Committee for Standardization: EN 15978:2011 Sustainability of construction
works — Assessment of environmental performance of buildings — Calculation method.
CEN (2011).

International Organization for Standardization: ISO 14040:2006 Environmental manage-
ment — Life cycle assessment — Principles and framework. ISO (2006).

European Commission: Regulation (EU) 2020/852 of the European Parliament and of the
Council on the establishment of a framework to facilitate sustainable investment (EU Tax-
onomy Regulation). Official Journal of the European Union (2020).

Dicko, A.H., Roux, C., Peuportier, B.: Achieving net zero carbon performance in a French
apartment building? Energies 16(22), (2023). https://doi.org/10.3390/en16227608

Giorgi, S., Lavagna, M., Campioli, A.: Circular economy and regeneration of building stock:
Policy improvements, stakeholder networking and life cycle tools. In: Della Torre, S., Cat-
taneo, S., Lenzi, C., Zanelli, A. (eds) Regeneration of the Built Environment from a Circular
Economy Perspective. Research for Development. Springer, Cham. (2020)
https://doi.org/10.1007/978-3-030-33256-3_27

Hu, M.: An evaluation of the retrofit net zero building performances: Life cycle energy,
emissions and cost. Building Research and Information 51(2), 179-191 (2022).
https://doi.org/10.1080/09613218.2022.2142497

Tabatabaee, S., Weil, B., Aksamija, A.: Negative life-cycle emissions growth rate through
retrofit of existing institutional buildings: Energy analysis and life cycle assessment of a
case study of university dormitory renovation. Architectural Research Centers Consortium
(ARCC) Conference (2015).

Ellen MacArthur Foundation: Towards a circular economy: Business rationale for an accel-
erated transition. Ellen MacArthur Foundation. (2015).

Santos, P., Cervantes, G.C., Zaragoza-Benzal, A., Byrne, A., Karaca, F., Ferrandez, D., Sal-
les, A., Braganga, L.: Circular material usage strategies and principles in buildings: A re-
view. Buildings 14(1), 281 (2024). https://doi.org/10.3390/buildings14010281

Firoozi, A.A., Firoozi, A.A.: Circular economy for sustainable construction material man-
agement. Journal of Civil Engineering and Urbanism 12(4), (2022).
https://doi.org/10.54203/jceu.2022.10


https://doi.org/10.1016/j.jclepro.2025.145909
https://doi.org/10.1016/j.jclepro.2025.145909
https://doi.org/10.1016/j.jclepro.2025.146243
https://doi.org/10.5281/zenodo.18402686
https://doi.org/10.5281/zenodo.18402686
https://doi.org/10.1088/1755-1315/1554/1/012110
https://doi.org/10.5334/bc.194
https://doi.org/10.3390/EN6021125
https://doi.org/10.3390/en16227608
https://doi.org/10.1007/978-3-030-33256-3_27
https://doi.org/10.1080/09613218.2022.2142497
https://doi.org/10.3390/buildings14010281
https://doi.org/10.54203/jceu.2022.10

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

11

Eberhardt, L.C.M., Birgisdottir, H., Birkved, M.: Life cycle assessment of a Danish office
building designed for disassembly. Building Research and Information 47(6), 666—680
(2019). https://doi.org/10.1080/09613218.2018.1517458

Hai, R., Du, R. Shao, Y., Che, L., Yan, R., Zheng, Q., Chen, Y., Jin M.: Quantitative analysis
of life-cycle embodied carbon in residential buildings under different design patterns. Build-
ings 15(24), 4477 (2025). https://doi.org/10.3390/buildings 15244477

NuBholz, J.L.K., Rasmussen, F.N., Milios, L.: Circular building materials: Carbon saving
potential and the role of business model innovation and public policy. Resources, Conser-
vation and Recycling 141, 308-316 (2019).
https://doi.org/10.1016/J.RESCONREC.2018.10.036

Kanther, MS.: Integrating circular business models in construction: A framework for design
and planning to enhance sustainability. International Journal of Sustainable Innovation in
Engineering 3(1), (2025). https://doi.org/10.56830/ijsie202502

Berg, B.: Managing circular building projects. Doctoral dissertation, University of Twente
(2019). https://doi.org/10.3990/1.9789036547703

Carvalho, J.P., Braganca, L., Mateus, R.: Optimising building sustainability assessment us-
ing BIM. Automation in Construction 102, 170-182 (2019).
https://doi.org/10.1016/J.AUTCON.2019.02.021

Eleftheriadis, S., Mumovic, D., Greening, P.: Life cycle energy efficiency in building struc-
tures: A review of current developments and future outlooks based on BIM capabilities.
Renewable  and  Sustainable  Energy  Reviews 67,  811-825 (2017).
https://doi.org/10.1016/J.RSER.2016.09.028

Elghaish, F., Matarneh, S., Reza Hosseini, M., Terez, A., Mahamadu, A.-M., Taghikhah, F.:
Predictive digital twin technologies for achieving net zero carbon emissions: A critical re-
view and future research agenda. Smart and Sustainable Built Environment 15(2), 680-709
(2026). https://doi.org/10.1108/sasbe-03-2024-0096

Boje, C., Hahn Menacho, A.J., Marvuglia, A., Benetto, E., Kubicki, S., Shaubroeck, T.,
Navarette Gutiérrez, T.: A framework using BIM and digital twins in facilitating LCSA for
buildings. Journal of  Building Engineering 76, 107232 (2023).
https://doi.org/10.1016/j.jobe.2023.107232

Massafra, A., Costantino, C., Predari, G., Gulli, R.: Building information modeling and
building performance simulation-based decision support systems for improved built heritage
operation. Sustainability 15(14), 11240 (2023). https://doi.org/10.3390/su151411240
Toprakli, A.Y.: Enabling circularity in Turkish construction: a case of BIM and material
passports. Smart and Sustainable Built Environment (2024).
https://doi.org/10.1108/SASBE-05-2024-0199

Cascone, S.: Digital technologies and sustainability assessment: A critical review on the
integration methods between BIM and LEED. Sustainability 15(6), 5548 (2023).
https://doi.org/10.3390/sul15065548

Andisheh, K., ShahMohammadi, A., Coyle, T.: A practical framework for the design of low-
carbon and circular building structures. Sustainability 17(12), 5337 (2025).
https://doi.org/10.3390/sul7125337

Habe, B.T.: Explainable digital twins for circular construction: A systematic review of real-
time decision-making and urban retrofitting frameworks. Journal of Building Engineering,
114668 (2025). https://doi.org/10.1016/j.jobe.2025.114668

Henriques Alves Ferreira, M. T., Aguiar Costa, A., Dinis Silvestre, J.: Integrated sustaina-
bility assessment using BIM. Acta Polytechnica CTU Proceedings 38, 116123 (2022).
https://doi.org/10.14311/app.2022.38.0116


https://doi.org/10.1080/09613218.2018.1517458
https://doi.org/10.3390/buildings15244477
https://doi.org/10.1016/J.RESCONREC.2018.10.036
https://doi.org/10.56830/ijsie202502
https://doi.org/10.3990/1.9789036547703
https://doi.org/10.1016/J.AUTCON.2019.02.021
https://doi.org/10.1016/J.RSER.2016.09.028
https://doi.org/10.1108/sasbe-03-2024-0096
https://doi.org/10.1016/j.jobe.2023.107232
https://doi.org/10.3390/su151411240
https://doi.org/10.1108/SASBE-05-2024-0199
https://doi.org/10.3390/su15065548
https://doi.org/10.3390/su17125337
https://doi.org/10.1016/j.jobe.2025.114668
https://doi.org/10.14311/app.2022.38.0116

12

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Fernandes, J., Ferrdo, P.: Bridging circular economy and embodied carbon: A quantitative
assessment method for building refurbishment design. Developments in the Built Environ-
ment 21, 100801 (2025). https://doi.org/10.1016/j.dibe.2025.100801

Barbosa, R., Almeida, M.: Holistic approaches to sustainable renovations: Life cycle & pass-
ports. IOP Conference Series: Earth and Environmental Science 1546(1), 012083 (2025).
https://doi.org/10.1088/1755-1315/1546/1/012083

Jorgensen, B.N., Ma, Z.: Towards energy efficient buildings by digital transformation of the
building lifecycle. Energy Informatics 7, 81 (2024). https://doi.org/10.1186/s42162-024-
00405-4

Zhang, Z., Wei, Z., Court, S., Yang, L., Wang, S., Thirunavukarasu, A., Zhao, Y.: A review
of digital twin technologies for enhanced sustainability in the construction industry. Build-
ings 14(4), 1113 (2024). https://doi.org/10.3390/buildings14041113

Gongalves, J.D.S., Lam, W.C., Ritzen, M.: The role of digital building logbooks for a circu-
lar built environment. In: De Wolf, C., Cetin, S., Bocken, N.M.P. (eds) A Circular Built
Environment in the Digital Age. Circular Economy and Sustainability. Springer, Cham.
(2024) https://doi.org/10.1007/978-3-031-39675-5_13

Jabareen, Y.: Building a conceptual framework: Philosophy, definitions, and procedure. In-
ternational Journal of Qualitative Methods 8(4), 49—62 (2009).

Torraco, R.J.: Writing integrative literature reviews: Guidelines and examples. Human Re-
source Development Review 4(3), 356-367 (2005).
https://doi.org/10.1177/1534484305278283

Nahod, M.-M.: Unlocking circularity in construction via agile methods and BIM. Sustaina-
bility 17(16), 7497 (2025). https://doi.org/10.3390/sul 7167497

Bjerke, A.J.F., Amoudi, O.: Towards Net-Zero Construction Projects by Applying BIM-
Enabled Circular Economy. In: Kioumarsi, M., Shafei, B. (eds) The 1st International Con-
ference on Net-Zero Built Environment. NTZR 2024. Lecture Notes in Civil Engineering,
vol 237. Springer, Cham (2025). https://doi.org/10.1007/978-3-031-69626-8 133
Manpreet Singh, Er., Dhir, V., Simran, E.: Life-cycle assessment and digital twin modeling
for resilient and eco-friendly construction practices: A comprehensive review. International
Research Journal of Innovations in Engineering and Technology 9(9), 14 (2025).
https://doi.org/10.47001/irjiet/2025.909014


https://doi.org/10.1016/j.dibe.2025.100801
https://doi.org/10.1088/1755-1315/1546/1/012083
https://doi.org/10.1186/s42162-024-00405-4
https://doi.org/10.1186/s42162-024-00405-4
https://doi.org/10.3390/buildings14041113
https://doi.org/10.1007/978-3-031-39675-5_13
https://doi.org/10.1177/1534484305278283
https://doi.org/10.3390/su17167497
https://doi.org/10.1007/978-3-031-69626-8_133
https://doi.org/10.47001/irjiet/2025.909014

