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Abstract

Sustainability targets in contemporary construction projects are increasingly defined
through embodied carbon limits, circular material obligations, waste diversion bench-
marks, and energy performance requirements. However, a persistent gap remains between
the establishment of these commitments during policy and design stages and their effective
verification throughout project delivery and post-handover operation. Although Building
Information Modelling (BIM), digital twins, and associated digital monitoring systems
are widely discussed in sustainable construction research, their collective role in enabling
continuous sustainability compliance assurance within construction management remains
insufficiently synthesised. This study addresses this gap through a PRISMA-guided sys-
tematic review and structured comparative thematic synthesis of 117 peer-reviewed studies
published between 2016 and 2026. A structured analytical coding matrix, MMAT-informed
methodological quality appraisal, and descriptive evidence mapping were used to evaluate
dominant digital technologies, sustainability compliance domains, lifecycle verification
gaps, and study validation approaches. The findings indicate that current research remains
concentrated around BIM-enabled design modelling and isolated operational analytics,
with comparatively limited attention to integrated multi-stage sustainability verification
during procurement, construction, commissioning, and operation. Four recurring sus-
tainability compliance domains requiring stronger construction management control are
identified, including embodied carbon verification, material reuse traceability, waste diver-
sion monitoring, and energy performance validation. In response, the study proposes a
Digital Sustainability Compliance Framework that conceptually integrates sustainability
targets, PMBOK-aligned project control functions, BIM information models, digital twins,
sensor systems, and centralised construction data platforms within a continuous lifecycle
verification architecture. The study repositions digital technologies as governance-oriented
infrastructures for more transparent, auditable, and continuously monitored sustainability
compliance assurance while highlighting the need for future empirical validation.

Keywords: Building Information Modelling (BIM); construction management; digital
sustainability compliance; digital twins; lifecycle verification

1. Introduction

The building and construction sector is central to global sustainability transitions due
to its substantial contribution to energy use, material consumption, and greenhouse gas
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(GHG) emissions. Recent estimates indicate that buildings account for approximately 40%
of global energy-related carbon emissions when both operational and embodied impacts
are considered [1,2]. In response, governments, industry organisations, and environmental
certification systems have introduced increasingly stringent sustainability targets focused
on embodied carbon reduction, circular material use, construction waste minimisation,
and improved building energy performance [3-5]. Achieving these targets, however,
requires more than the establishment of environmental benchmarks at policy or design
stages. It requires reliable mechanisms capable of verifying whether such commitments are
consistently maintained throughout project delivery and building operation.

Digital technologies have emerged as an important enabler of sustainability perfor-
mance within the built environment. Building Information Modelling (BIM), digital twins,
Internet of Things (IoT) sensing, and integrated construction data systems are increasingly
used to support lifecycle assessment, material quantification, operational energy analytics,
and environmental reporting [6-12]. BIM-based sustainability tools have enabled more
automated embodied carbon estimation and environmental simulation during design,
while digital twins have been proposed as platforms for real-time synchronisation of phys-
ical building performance with digital asset models [13—15]. These developments have
significantly improved the analytical capacity of project teams to model, predict, and assess
sustainability-related outcomes.

Despite these advances, an important research gap remains between sustainability
modelling and sustainability compliance verification during active construction delivery
and post-handover performance assurance. Much of the existing literature continues to
focus on digital sustainability applications as isolated technical functions, particularly
design-stage lifecycle assessment, embodied carbon estimation, or operational energy ana-
lytics [16-18]. While these applications are valuable for sustainability analysis, they do not
necessarily ensure that sustainability obligations established within procurement require-
ments, contractual commitments, certification systems, or client sustainability plans are
effectively implemented and continuously verified during construction activities. Conse-
quently, sustainability targets defined in planning documentation may not always translate
into measurable project outcomes.

This reflects a broader governance problem within sustainable construction. In prac-
tice, contractors and project managers are increasingly required to demonstrate compliance
with embodied carbon limits, recycled material obligations, landfill diversion rates, and
energy performance benchmarks; however, these obligations are frequently monitored
through fragmented documentation systems, manual reporting, supplier declarations, and
retrospective audits rather than integrated real-time digital verification [19-22]. Sustainabil-
ity information is often dispersed across procurement records, subcontractor submissions,
waste reports, commissioning documents, and operational monitoring platforms, limiting
transparency and reducing the ability of project teams to detect non-compliance before
sustainability deviations become embedded within completed works.

From a construction management perspective, this indicates that sustainability verifica-
tion should not be treated solely as an environmental reporting exercise, but as an emerging
project control function. Construction management provides the procedural mechanisms
through which project objectives are translated into procurement decisions, contractor coor-
dination, quality assurance, resource control, documentation management, commissioning,
and handover [23-25]. While cost, time, quality, and safety are typically supported by
mature monitoring systems, sustainability indicators often remain externalised as post
hoc reporting obligations rather than embedded within routine project controls [26]. Yet
embodied carbon thresholds directly influence procurement substitutions, material reuse
targets require supply chain traceability, waste diversion obligations depend on logistics
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documentation, and energy performance commitments extend into commissioning and
operational validation [27]. Sustainability assurance therefore increasingly intersects with
mainstream project governance activities.

This governance challenge can be interpreted through the Project Management Body
of Knowledge (PMBOK), which identifies integration, procurement, quality, communi-
cations, resource, risk, and stakeholder management as the principal domains through
which project objectives are controlled throughout delivery [28]. Sustainability obligations
intersect with each of these knowledge areas, suggesting that environmental compliance
monitoring is progressively becoming a formal construction management responsibility
rather than an external certification task. Accordingly, stronger sustainability outcomes may
depend not only on improved environmental targets, but also on the digital information
infrastructures capable of embedding these targets within day-to-day project monitoring
and verification systems.

Digital information systems offer a potential pathway for addressing this disconnect.
BIM models contain detailed information on material quantities, component specifications,
and construction sequencing, while digital twins and sensor-based platforms enable synchro-
nisation of live construction or operational data with the digital project environment [29-33].
When linked with procurement databases, supplier certifications, logistics records, commis-
sioning outputs, and building performance monitoring systems, these digital environments
provide the technical basis for continuous comparison between sustainability targets and
actual project delivery conditions. Rather than functioning solely as modelling or simulation
tools, digital technologies can therefore be repositioned as governance-oriented infrastructures
for transparent and auditable sustainability compliance assurance.

While previous studies have proposed BIM-enabled lifecycle assessment models, digi-
tal twin architectures for building performance monitoring, and material passport systems
for circular resource management, these existing frameworks generally remain fragmented
in both lifecycle scope and management integration [34-36]. Most are developed around
isolated technical applications such as carbon calculation, facility analytics, or material
inventorying, rather than as unified construction management systems capable of linking
sustainability obligations with procurement verification, construction execution, commis-
sioning, and operational accountability. A clearer synthesis is therefore needed regarding
how current digital technologies can collectively support sustainability compliance as a
continuous lifecycle management function [37,38].

Accordingly, this study undertakes a PRISMA-guided systematic review and struc-
tured comparative thematic synthesis of 117 peer-reviewed studies published between 2016
and 2026. The review examines the dominant digital technologies currently applied to sus-
tainability monitoring, the principal construction management verification gaps recurring
across project lifecycle stages, and the convergent digital monitoring capabilities reported
in the literature. Based on this synthesis, the study proposes a Digital Sustainability Com-
pliance Framework that conceptually integrates sustainability targets, PMBOK-aligned con-
struction management controls, BIM information models, digital twins, sensor systems, and
centralised construction data platforms within a unified lifecycle verification architecture.

Research Questions and Analytical Propositions

To guide the systematic review and framework synthesis, the study was structured
around three research questions:

RQ1: What digital technologies are currently reported in the literature for supporting
sustainability compliance monitoring and verification in construction management?

RQ2: Which sustainability compliance indicators and project lifecycle stages remain
most affected by fragmented verification practices and limited digital traceability?
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RQ3: How can the recurring digital monitoring capabilities identified across the
reviewed literature be conceptually integrated into a unified construction management
framework for lifecycle sustainability compliance assurance?

The review proceeds from the analytical proposition that although BIM, digital twins,
and sensor-based monitoring systems are frequently discussed as isolated sustainability
technologies, their broader contribution may lie in their integration as a continuous digital
governance architecture capable of embedding sustainability verification within routine
project delivery controls. The systematic review and comparative thematic synthesis were
therefore designed not only to map existing digital applications, but also to evaluate the
extent to which the literature supports this governance-oriented proposition.

2. Research Methodology

This study adopts a PRISMA-guided systematic review combined with comparative
thematic synthesis to examine the role of digital technologies in sustainability compliance
verification within construction management. The objective of the review is not only to
identify the dominant digital systems discussed in the literature, but also to systematically
evaluate how existing studies address sustainability monitoring, compliance verification
limitations, and construction management applicability across project delivery stages.
The review protocol was prospectively registered on the Open Science Framework (OSF)
(Supplementary Materials https://osf.io/fk6b5 (accessed on 8 April 2026)). Literature
identification, screening, and reporting were undertaken in accordance with the PRISMA
2020 framework to ensure transparency in study selection [39]. However, given the het-
erogeneous nature of the included studies (conceptual papers, digital framework studies,
empirical case studies, applied BIM investigations, and sustainability monitoring research),
the post-selection analysis was conducted using a structured comparative coding and
appraisal procedure rather than a meta-analytic synthesis. Figure 1 presents the PRISMA-
guided flow diagram illustrating the literature selection process adopted in this study. The
review process consisted of three main stages: identification, screening, and inclusion.

[ Identification of studies via databases }

]

=
S Reports identified from Report§ removed before
§ Databases: _| screening:
s Scopus (n = 163) > Duplicate records removed
H Science Direct (n =7311) (n=235)
e} Web of Science (n =196)
Reports screened (Journal Reports excluded after further
Articles, scholarly and peer- review of abstract
review papers) =
(n=7438) (n=6327)
2
s Reports sought for retrieval Report full text not retrieved
§ (n=1108) » (n=284)
I3
’ }
o Reports excluded:
Reports assessed for eligibility > Non-English publications (n =
(n=824) 25)
Books and conference
papers (n = 58)
l Unrelated (n = 624)
E Reports included in review
3 (n=117)
o
=

Figure 1. PRISMA Methodology.
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2.1. Literature Identification and Screening

Relevant peer-reviewed studies were identified through searches conducted in Scopus,
Web of Science, and ScienceDirect, selected for their strong coverage of the construction
management, sustainability, and digital engineering literature. Searches were undertaken
across titles, abstracts, and keywords using combinations of the following terms:

e “Digital construction technologies”

e “BIM” OR “digital twin”

e  “Sustainability compliance” OR “sustainability monitoring”

e “Construction management”

e  “Embodied carbon” OR “material reuse” OR “waste diversion” OR “energy performance”

The search focused on studies published between 2016 and 2026 to capture the recent
acceleration of BIM-enabled sustainability and digital twin research. Duplicate records
were removed, followed by title and abstract screening against predefined eligibility criteria.
Studies were excluded if they were unrelated to the built environment, did not address
digital technologies, lacked sustainability verification relevance, were non-peer-reviewed
or inaccessible, or provided insufficient methodological detail for analytical extraction.
Following full-text eligibility assessment, a final dataset of 117 studies was retained for
structured synthesis.

2.2. Structured Analytical Coding Procedure

Following eligibility confirmation, each included study was subjected to a structured
data extraction and analytical coding procedure using a comparative review matrix. For
each paper, the following variables were systematically recorded:

Publication year and study type;

Primary sustainability compliance domain addressed;

Dominant digital technology investigated;

Lifecycle stage emphasis (design, procurement, construction, commissioning, operation);
Construction management relevance;

Reported sustainability verification limitation;

Proposed digital monitoring or compliance mechanism.

This coding procedure enabled cross-comparison of studies according to both tech-
nological orientation and construction management applicability, while also allowing
recurring sustainability verification patterns to be traced across the full evidence base.
The coded dataset was then thematically synthesised to identify dominant sustainability
compliance domains, recurring construction management verification deficiencies, and
convergent digital monitoring opportunities that collectively informed the development of
the proposed Digital Sustainability Compliance Framework.

2.3. Methodological Quality Appraisal and Interpretive Weighting

In addition to thematic coding, the methodological quality and analytical relevance of
the included studies were appraised using an MMAT-informed mixed evidence assessment
protocol adapted to the heterogeneous nature of construction management review sources.
Rather than relying solely on inclusion/exclusion screening, each paper was evaluated
against six appraisal dimensions:

Clarity of research objective;

Adequacy of methodological description;
Reliability of data sources;

Direct construction management applicability;

Specificity of digital technology application;
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e  Relevance to sustainability compliance verification.

Each criterion was assessed on a three-point scale (high, moderate, low), enabling
the studies to be comparatively weighted according to both methodological rigour and
analytical usefulness to the present review. Studies demonstrating stronger methodological
transparency and direct relevance to construction management sustainability verification
were given greater interpretive weighting during the framework synthesis, while lower-
rigour conceptual discussions were used primarily to provide contextual support. A
summary of the appraisal outcomes is presented in Table 1.

Table 1. Methodological quality appraisal summary of included studies using MMAT-informed
review criteria (n = 117).

Appraisal Criterion

High/Moderate
Satisfactory Studies (%)

Review Weighting

Assessment Purpose Implication

Explicit digital sustainability or

Clear research objective . . 91% retained for full synthesis
construction management aim
Adequate methodological Sufficiently described o stronger evidentiary
o 84% o
transparency empirical/conceptual method weighting
Empirical evidence, structured Horitised in analvtical
Reliable data/source basis review basis, or validated 79% p com arisony
framework logic P
Construction management Direct relevance to project o prioritised for framework
S . 76%
applicability delivery/control systems development
Digital technology BIM, DT, IoT, data systems 88%% retained for technology
specificity clearly operationalised ? synthesis
o e Explicit monitoring/ o .
Sustainability verification compliance /assurance 73% prioritised in compliance

relevance

. . domain coding
discussion

2.4. Descriptive Evidence Mapping

To strengthen analytical transparency, a simple quantitative descriptive analysis was
undertaken to map the distribution of the 117 included studies across the principal coded
variables. For each category within the review matrix, including digital technology type,
sustainability compliance domain, lifecycle stage emphasis, and study validation approach,
absolute study frequencies (n) were first calculated. Relative proportions were then com-
puted as percentages of the total reviewed dataset to provide a descriptive overview of
where current digital sustainability compliance research is most heavily concentrated and
where significant gaps remain.

2.5. Comparative Thematic Synthesis

The final stage of the methodology involved comparative thematic synthesis of the
coded and appraised dataset. Rather than narratively summarising studies in isolation, the
review sought to identify recurring sustainability verification deficiencies, common con-
struction management control problems, and convergent digital monitoring opportunities
repeatedly reported across the literature. Through this process, four dominant sustain-
ability compliance domains requiring stronger lifecycle verification emerged consistently:
embodied carbon compliance, material reuse traceability, waste diversion monitoring, and
energy performance validation.

To account for differences in methodological robustness across the reviewed evidence
base, the thematic synthesis was also informed by the MMAT appraisal weighting bands.
Studies categorised as having higher appraisal relevance were given stronger interpretive
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influence during recurring theme identification and framework development, while mod-

erate and lower appraisal studies were used primarily for triangulation and contextual

comparison. This combined descriptive and weighted thematic procedure enabled the

review to move beyond a purely narrative interpretation by providing both measurable

evidence distributions and analytically prioritised conceptual pattern extraction. Unless

otherwise indicated, all tables and conceptual figures presented in this paper were devel-

oped by the authors from the coded review dataset, descriptive evidence mapping, and

comparative thematic synthesis.

3. Descriptive Profile of the Reviewed Literature

To strengthen analytical transparency and provide a clearer overview of the evidence

base, the 117 included studies were quantitatively mapped across four principal variables:

dominant digital technology investigated, targeted sustainability compliance domain,

project lifecycle stage emphasis, and study validation approach. This descriptive profiling

provides an objective overview of where current digital sustainability compliance research

is concentrated and where major analytical gaps remain, as summarised in Table 2.

Table 2. Synthesis of reviewed studies across sustainability verification domains, construction

management challenges, and digital technology applications.

Primary Common Reported Compliance
Sustainability Construction Current _eported, Relevant Digital nprial
. e Limitation in . Verification
Domain Management Verification Literature Technologies Ovbportunit
Issue Method PP y
. Static . Continuous
Procurement Design-stage BIM-linked
assessments . carbon
management, LCA reports, embodied o
. . become traceability
Embodied supplier approval, EPD . carbon databases, I
. . inaccurate when against live
carbon material documentation, procurement
I . procurement . . procurement and
substitutions, supplier data integration, .
. changes occur . . installed material
change control declarations . ) digital twins
during delivery records
Resource . Real-time
o Supplier Fragmented e
coordination, e . . verification of
certifications, sourcing BIM material
procurement : . reused /recycled
a1 recycled content evidence and passports, digital .
. traceability, ) .. 1 o1 material
Material reuse declarations, limited visibility procurement .
subcontractor compliance
X manual of actual records, supply
compliance, . . . across
. sustainability installed reused  chain databases
supply chain . . procurement and
. submissions materials . .
documentation installation
Site logistics, Retrospective Continuous
. . . BIM waste .
environmental Weighbridge and fragmented . comparison
. O forecasting,
quality dockets, waste reporting limits . between
Waste : digital waste .
. . management, contractor corrective . predicted waste
diversion . . . tracking systems, .
contractor reports, recycling intervention . . generation and
. ” . logistics-enabled o
reporting, waste certificates during .. . actual diversion
. . digital twins
documentation construction outcomes
Commissionin Design-stage . Continuous
5 CoIENSIag Persistent BIM-IoT S
assurance, systems simulation, ) ) validation of
o o performance gap integration,
verification, periodic g . measured energy
Energy oL between building digital
post-handover commissioning . performance
performance ) modelled and twins, sensor . .
reporting, reports, . against design
. measured analytics SR
operational post-occupancy sustainability
e . outcomes platforms
accountability audits targets
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3.1. Distribution by Digital Technology Type

Of the 117 included studies, BIM-based investigations represented the largest category
(n = 46; 39.3%), reflecting the maturity of BIM as the dominant digital information platform
in sustainability-related construction research. Digital twin studies accounted for 24 papers
(20.5%), while IoT and sensor-based monitoring applications represented 18 papers (15.4%).
Integrated construction data platform studies accounted for 12 papers (10.3%), while the
remaining studies addressed mixed digital ecosystems, blockchain traceability, Al-enabled
analytics, or broader digital compliance architectures (n = 17; 14.5%). This distribution
indicates that while BIM remains the foundational digital technology in the literature,
recent studies increasingly emphasise synchronised monitoring environments beyond
static modelling applications.

3.2. Distribution by Sustainability Compliance Domain

Embodied carbon verification was the most frequently addressed sustainability in-
dicator within the reviewed literature (n = 34; 29.1%), followed by energy performance
validation (n = 29; 24.8%), material reuse and circularity verification (n = 27; 23.1%), and
waste diversion monitoring (n = 18; 15.4%). A smaller subset of studies addressed broader
multi-indicator sustainability reporting systems (n = 9; 7.6%). This pattern demonstrates
that existing digital sustainability research remains concentrated around carbon and energy
performance, while operational construction waste and circular material verification remain
comparatively underdeveloped.

3.3. Distribution by Project Lifecycle Stage

The coded dataset also revealed a strong lifecycle imbalance. Design and pre-
construction-focused studies constituted the largest proportion of the literature (n = 41;
35.0%), primarily through BIM-enabled modelling and lifecycle assessment applications.
Construction execution stage studies accounted for 33 papers (28.2%), while post-handover
operational validation studies represented 26 papers (22.2%). Only 17 studies (14.5%)
explicitly addressed integrated multi-stage lifecycle verification spanning procurement,
construction, and operation. This confirms that much of the current literature remains frag-
mented across individual lifecycle stages rather than providing continuous sustainability
assurance pathways.

3.4. Distribution by Study Validation Approach

In terms of validation method, empirical case studies represented 38 papers (32.5%),
simulation or digital modelling studies represented 31 papers (26.5%), conceptual frame-
work studies represented 24 papers (20.5%), comparative review studies represented
13 papers (11.1%), and pilot digital prototype or sensor demonstration studies represented
11 papers (9.4%). The relatively high proportion of simulation and conceptual studies
indicates that despite strong technological development, the literature still contains lim-
ited real-world project validation of integrated digital sustainability compliance systems.
Collectively, the descriptive mapping demonstrates that the current evidence base is techno-
logically promising but methodologically uneven, lifecycle-discontinuous, and still limited
in integrated empirical verification. Figure 2 further visualises the concentration of studies
across the four principal analytical variables.
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Validation methods
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Digital Twin
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Figure 2. Quantitative distribution of studies.

4. Current Digital Technology Trajectories in Construction
Sustainability Verification

Recent construction management research demonstrates a clear acceleration in the
adoption of BIM, digital twins, IoT sensing, and integrated data environments as the
technological basis for more data-driven project delivery [40,41]. While these systems
have traditionally been developed to improve coordination efficiency, visualisation, and
operational analytics, they also establish the digital information infrastructure necessary
for stronger project-wide sustainability verification. BIM provides structured material,
quantity, and specification datasets [42]. Digital twins extend these static models through
synchronisation with live construction and operational data; and integrated digital re-
porting platforms enable continuous aggregation of procurement, logistics, sensor, and
compliance information

—

43]. Collectively, these technologies indicate an industry shift
away from isolated modelling applications toward more centralised digital governance
systems capable of supporting lifecycle sustainability monitoring [44,45].

More recently, digital twins have emerged as an extension of BIM-enabled informa-
tion systems by linking static digital models with real-time operational and construction
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data [46]. Through the integration of sensors, IoT devices, automated reporting systems,
and analytics platforms, digital twins enable continuous synchronisation between phys-
ical construction activities and digital project records [47]. This allows project managers
to move beyond periodic reporting toward dynamic monitoring of project performance
indicators [48]. Although BIM and digital twins are widely discussed in relation to vi-
sualisation, design optimisation, and operational analytics, their strategic significance
within construction management is their ability to function as project information-control
systems [49]. Construction delivery increasingly depends on digital environments for
procurement verification, quality inspections, subcontractor reporting, material traceabil-
ity, and compliance documentation. This evolution creates the technical foundation for
embedding sustainability indicators within the same digital workflows used to control
traditional project objectives such as cost, time, quality, and risk [50]. Consequently, digital
technologies should be viewed not only as modelling tools, but as governance infrastruc-
tures capable of supporting integrated sustainability compliance verification throughout
project delivery [51,52].

5. Construction Management Verification Domains for Digital
Sustainability Compliance

The descriptive evidence mapping and comparative synthesis indicate that the prin-
cipal limitation in current digital sustainability research is not the absence of technical
modelling capability, but the absence of integrated mechanisms for verifying whether
sustainability commitments remain compliant as construction delivery evolves. Across the
reviewed studies, BIM, digital twins, IoT sensing, and digital reporting platforms are fre-
quently used to estimate, simulate, document, or monitor sustainability indicators [53-55].
However, these applications are commonly developed around isolated lifecycle functions
rather than continuous project-wide compliance assurance [56-58].

A consistent pattern emerging from the literature is that sustainability obligations
become most vulnerable at the point where environmental targets intersect with active con-
struction management decisions [59,60]. Procurement substitutions can alter embodied car-
bon assumptions, decentralised supplier sourcing can weaken circular material verification,
fragmented logistics reporting can undermine waste diversion evidence, and commission-
ing or operational drift can compromise intended energy performance outcomes [61-64].
In each case, sustainability targets are initially established, but the mechanisms for continu-
ously validating whether those targets are maintained remain weak [65,66].

Comparative thematic synthesis of the reviewed studies revealed four recurring sus-
tainability compliance domains in which this verification problem is most pronounced:
(i) embodied carbon compliance, (ii) material reuse traceability, (iii) waste diversion moni-
toring, and (iv) energy performance validation. These domains collectively represent the
most persistent points at which sustainability commitments intersect with procurement
management, documentation control, resource coordination, contractor reporting, com-
missioning assurance, and lifecycle operational accountability. The following subsections
examine each domain in greater detail.

5.1. Embodied Carbon Verification

Within construction management practice, embodied carbon limits primarily affect
procurement control, supplier verification, material substitution decisions, and change
management during project delivery [67]. While embodied carbon assessments are com-
monly undertaken during design using lifecycle assessment tools, maintaining compliance
with these targets during construction is substantially more difficult. Variations in supplier
availability, procurement substitutions, construction sequencing, and contractor-driven
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material changes can significantly alter the carbon profile of a project relative to its original
design assumptions [68,69]. Current verification processes remain largely dependent on
static documentation, environmental product declarations, supplier certifications, and
periodic sustainability reporting [70]. These approaches provide only fragmented visi-
bility of whether installed materials continue to align with project carbon benchmarks.
In large projects involving multiple subcontractors and distributed supply chains, the
manual tracking of embodied carbon data becomes administratively intensive and often
reactive rather than preventative [71]. Recent studies suggest that embodied emissions
can represent between 20% and 50% of the total lifecycle carbon footprint of new build-
ings, particularly in highly energy-efficient developments where operational emissions are
substantially reduced [72]. Recognising this growing impact, governments and industry
organisations have begun to introduce policy frameworks and assessment tools aimed
at reducing embodied carbon within the construction sector [73,74]. In the Australian
context, several policy initiatives are encouraging or requiring the measurement and re-
duction of embodied carbon in buildings and infrastructure projects. For example, the
Australian Government Department of Climate Change, Energy, the Environment and
Water has identified embodied emissions in construction materials such as steel, concrete,
and aluminium as a key component of national decarbonisation pathways within the built
environment sector [75]. These national climate strategies emphasise the importance of
improving material efficiency and supporting low-carbon construction materials as part of
broader net-zero transition policies.

Digital systems provide a more robust construction management solution by enabling
continuous traceability of material information throughout procurement and installation
workflows [76]. BIM models already contain detailed component quantities, specifications,
and classifications that can be linked to embodied carbon databases and environmental
declarations. When integrated with procurement platforms, supplier records, and delivery
verification systems, these digital models can dynamically update project carbon profiles
as material selections change during construction [77]. The addition of digital twin envi-
ronments further strengthens this capability by synchronising real-time procurement and
installation data with the digital model, allowing project teams to identify carbon deviations
before they become embedded within completed works [65,78]. Embodied carbon limits
represent a clear example of sustainability compliance requiring integration within formal
construction management controls rather than isolated design-stage assessment. Digital
monitoring environments enable embodied carbon to be treated as an actively managed
project performance variable subject to procurement verification, corrective action, and
continuous reporting throughout construction delivery [79].

5.2. Material Reuse Traceability

Material reuse verification intersects with procurement traceability, resource coor-
dination, subcontractor compliance, and supply chain documentation management [63].
Circular economy targets increasingly require projects to demonstrate the use of recycled,
reclaimed, or reusable materials; however, verifying these commitments during active
construction remains difficult due to fragmented supplier information and inconsistent
material certification practices [80,81]. Traditional verification methods typically rely on
procurement records, supplier declarations, and post-installation sustainability submis-
sions. While these documents may provide nominal evidence of recycled content or reused
material sourcing, they often do not provide continuous visibility of whether project-level
circular economy targets are being maintained as procurement decisions evolve. Ma-
terial substitutions, undocumented sourcing changes, and decentralised subcontractor
purchasing can reduce the reliability of conventional reporting mechanisms [82,83].
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Digital information systems offer a more effective approach by creating traceable
digital inventories of project materials linked directly to BIM objects, supplier certifications,
and procurement transactions [84]. Within such environments, material passports and
digital product records can be embedded into the construction information model, allowing
project teams to verify the origin, composition, and reuse characteristics of installed com-
ponents [85]. When synchronised with digital twin or construction data platforms, these
records can provide real-time confirmation that delivered and installed materials remain
aligned with project sustainability obligations [86]. This shifts material reuse verification
from a retrospective documentation exercise toward an active construction management
monitoring process. By embedding circular material targets within procurement and sup-
ply chain control systems, digital construction environments improve accountability and
provide stronger assurance that material reuse commitments are achieved during project
delivery rather than only reported after completion.

5.3. Waste Diversion Monitoring

Waste diversion targets are closely associated with construction site logistics man-
agement, environmental quality assurance, contractor reporting obligations, and docu-
mentation control [87]. Although many projects establish landfill diversion or recycling
benchmarks within sustainability plans, verifying these outcomes during active construc-
tion remains challenging due to the episodic and fragmented nature of waste reporting [88].
Reducing waste generation and improving recycling rates within construction projects is
therefore a critical component of sustainable construction strategies. Conventional waste
management verification generally depends on weighbridge dockets, contractor declara-
tions, recycling certificates, and periodic environmental audits [89]. While these documents
provide evidence of disposal transactions, they often fail to provide continuous insight
into waste composition, on-site handling practices, or emerging inefficiencies in material
use [90]. As a result, waste diversion performance is commonly assessed retrospectively,
limiting the ability of project teams to intervene during construction when targets begin
to drift.

Digital monitoring platforms provide an opportunity to integrate waste monitoring
into routine construction management workflows [91]. BIM-based quantity take-offs can
establish baseline expectations for material use and predicted waste generation, while
digital logistics systems can capture real-time data on skip movements, waste volumes,
transport destinations, and recycling outcomes [92]. When linked through digital twin or
centralised construction data environments, project managers are able to compare expected
and actual waste performance continuously and identify non-compliant disposal trends at
earlier stages of delivery [93]. Consequently, waste diversion monitoring becomes more
than an environmental reporting obligation. It becomes a measurable site performance
control variable. Embedding digital waste tracking within construction logistics and
reporting systems improves transparency, enables corrective management actions, and
strengthens the reliability of sustainability compliance evidence [94].

5.4. Energy Performance Validation

Energy performance validation extends construction management responsibilities
beyond physical completion toward commissioning assurance, systems verification, and
post-handover performance accountability. Although design-stage energy modelling is
routinely used to demonstrate anticipated compliance with regulatory and certification
benchmarks, significant differences frequently emerge between predicted and actual build-
ing energy performance once projects become operational [95]. While energy modelling
provides valuable insights into expected building performance, numerous studies have
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highlighted discrepancies between predicted and actual energy consumption in build-
ings [96-98]. This performance gap is often driven by commissioning deficiencies, construc-
tion tolerances, equipment substitutions, controls calibration issues, and operational usage
patterns that are not fully captured during design simulation. As a result, demonstrating
that a completed building has achieved its intended sustainability performance requires
verification systems that continue beyond design documentation and practical comple-
tion [99]. Digital twin technologies provide a stronger mechanism for bridging this gap by
linking BIM-based design intent with real-time operational performance data from sensors,
meters, and building management systems [100]. Through continuous synchronisation of
measured energy use, indoor environmental conditions, and equipment behaviour, digital
twins enable project stakeholders to compare actual operational outcomes against mod-
elled benchmarks and identify underperformance at commissioning and early occupancy
stages [101]. Within this context, energy performance validation represents a broader shift
in construction management toward lifecycle accountability rather than handover-based
completion. Digital monitoring systems enable energy efficiency commitments to be treated
as verifiable long-term delivery outcomes, thereby extending sustainability compliance
beyond documentation into measurable operational assurance.

Across these four sustainability compliance domains, a common set of recurring con-
struction management deficiencies becomes evident. These include fragmented procure-
ment documentation, weak supply chain traceability, reliance on retrospective contractor
reporting, discontinuous commissioning evidence, and the absence of synchronised digital
comparison between sustainability targets and verified project activities. Although the spe-
cific sustainability indicators differ, the underlying governance problem remains consistent:
sustainability obligations are established at project inception but are not systematically
embedded within continuous lifecycle monitoring systems.

At the same time, the reviewed literature demonstrates that BIM, digital twins, IoT
sensing, material passport systems, digital logistics tracking, and centralised reporting
platforms offer convergent technical capabilities capable of addressing these deficiencies
when integrated within a unified information environment. This indicates that the key
unresolved issue is not the absence of digital tools, but the absence of a coherent gov-
ernance architecture capable of linking these tools to formal construction management
control processes.

Figure 3 illustrates the analytical progression through which the systematic review
findings informed the conceptual development of the proposed Digital Sustainability
Compliance Framework, while Table 3 consolidates the recurring relationships between
sustainability verification deficiencies, associated construction management challenges,
and the principal digital monitoring opportunities identified across the reviewed literature.

Ve
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Figure 3. Analytical progression from systematic literature review findings to framework development.
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Table 3. Descriptive statistical profile of the 117 reviewed studies across coded analytical variables.

Analytical Variable Category gt:ll?it:ezr(ﬁf Percentage (%)
Digital technology BIM 46 39.3
Digital Twin 24 20.5
IoT/Sensors 18 154
Integrated data platforms 12 10.3
Other/mixed digital systems 17 14.5
Sustainability indicator Embodied carbon 34 29.1
Energy performance 29 24.8
Material reuse 27 23.1
Waste diversion 18 15.4
Multi-indicator reporting 9 7.6
Lifecycle stage Design/ pre-construction 41 35.0
Construction execution 33 28.2
Operation/post-handover 26 222
Multi-stage integrated 17 14.5
Validation method Empirical case study 38 32,5
Simulation/model study 31 26.5
Conceptual framework 24 20.5
Review /comparative study 13 11.1
Pilot prototype/demo 11 9.4

6. Digital Sustainability Compliance Framework

The comparative synthesis undertaken in this review demonstrates that current dig-
ital sustainability studies remain technologically promising but fragmented in lifecycle
scope and management integration [102]. BIM-enabled lifecycle assessment models pre-
dominantly concentrate on design-stage simulation and embodied carbon estimation,
digital twin studies are frequently centred on operational analytics and facility manage-
ment optimisation, while material passport and digital reporting systems often emphasise
isolated documentation functions [103-105]. Comparatively limited attention has been
given to how these technologies can be integrated into a continuous construction man-
agement verification architecture extending from sustainability target definition through
procurement, construction execution, commissioning, and post-handover performance
assurance [106-108].

To address this gap, this study proposes a Digital Sustainability Compliance Frame-
work that conceptually integrates sustainability targets, project-level environmental obliga-
tions, PMBOK-aligned construction management controls, BIM information models, digital
twins, sensor systems, and centralised construction data platforms within a unified lifecy-
cle assurance process. As illustrated in Figure 4, the framework positions sustainability
compliance not as a periodic certification or reporting exercise, but as a continuously moni-
tored project governance function in which target sustainability benchmarks are repeatedly
reconciled against verified procurement decisions, construction records, commissioning
outputs, and measured operational data.

The framework consists of five interrelated stages. First, sustainability objectives
originate from policy frameworks, regulatory standards, certification systems, and client
environmental commitments that define target project outcomes. Second, these objectives
are translated into project-level sustainability obligations embedded within procurement
specifications, contractual clauses, sustainability management plans, and reporting require-
ments. Third, these obligations become aligned with formal construction management
control domains including procurement management, quality assurance, resource coordi-
nation, subcontractor verification, documentation control, and commissioning assurance.
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Fourth, BIM models, digital twins, sensor systems, and integrated data platforms provide
the digital information infrastructure through which these control activities can be con-
tinuously monitored. Finally, sustainability compliance verification is achieved through
repeated digital comparison between target environmental benchmarks, recorded project
delivery activities, and measured operational performance indicators.
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Figure 4. Digital Sustainability Compliance Framework for construction projects.

Rather than relying solely on static design assessments or retrospective sustainability
submissions, the proposed framework establishes a governance-oriented digital verification
pathway through which sustainability indicators may be continuously tracked, variance-
detected, and subjected to corrective intervention throughout project delivery. In this way,
digital technologies are repositioned from isolated analytical tools to integrated lifecycle
accountability infrastructures.

Although BIM-enabled sustainability models, digital twin performance architectures,
and circular material tracking systems have been increasingly discussed in the recent
literature, these approaches generally remain focused in lifecycle scope. To clarify the
contribution of the proposed framework, it is important to benchmark it against the
dominant categories of existing digital sustainability architectures. As summarised in
Table 4, the principal distinction of the proposed framework lies in its explicit integration
of PMBOK-aligned construction management controls with continuous multi-stage digital
sustainability verification.

In order to further clarify the construction management relevance of the identified
sustainability indicators, the principal compliance domains were mapped against PMBOK-
aligned project management knowledge areas and associated digital monitoring systems,
as presented in Table 5.

The comparison demonstrates that most existing digital sustainability architectures
concentrate on isolated analytical functions such as design-stage carbon modelling, op-
erational building analytics, or material inventory documentation. While these studies
provide important technical foundations, they do not fully address the project governance
challenge of verifying whether sustainability commitments are continuously maintained
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as construction delivery evolves. In contrast, the proposed Digital Sustainability Compli-
ance Framework positions sustainability assurance as a lifecycle construction management
control problem in which procurement decisions, contractor activities, commissioning
outputs, and operational performance are continuously reconciled against target envi-
ronmental benchmarks. This broader governance orientation represents the principal
conceptual advancement of the present study. Building on the conceptual framework,
digital sustainability compliance can also be understood operationally as a continuous
project delivery verification loop in which sustainability targets are repeatedly compared
against live construction and operational data. This dynamic monitoring logic is illustrated
in Figure 5.

Table 4. Comparative positioning of existing digital sustainability architectures and the proposed
Digital Sustainability Compliance Framework.

Limitation in Relation

Existing Framework =~ Dominant Digital . . . to Construction
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occur
Material Narrow resource
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material and material . . . ) . limited integration
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passport systems . into project-wide
documentation
management controls
Digital twin Digital twins + IoT + ].Ent?rg}f Olloera.t ton ally focu§ed
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. analytics, building sustainability
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systems monitoring obligations
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Digital construction . .o Construction L rarely treated as
o tracking, logistics ) progress, logistics, . 3
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platforms site control .
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Standalone Manual Compliance Retrospective,
sustainability documentation Periodic project evidence document-heavy, and
reporting/ platforms, audit milestones submission and weak in real-time
certification systems reporting tools certification intervention capability
I . . Lifecycle
. BIM + 1 + D S
Proposed Digital M + digital twins esign — sustainability Addresses fragmented
RS- sensor systems + procurement — .
Sustainability . . governance and monitoring across
. integrated construction — . . .
Compliance . o continuous multiple construction
construction data commissioning — . .
Framework . compliance management functions
platforms operation e
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Table 5. Alignment of sustainability compliance indicators with PMBOK-aligned construction
management domains and digital monitoring systems.

PMBOK-Ali . L
o g MBO 1.gned . . Typical Manual Proposed Digital
Sustainability Construction Project Delivery . cr
. . . Compliance Verification
Indicator Management Control Activity .
. Approach Mechanism
Knowledge Domain
maigoceurfsrllfrgost Supplier selection, LCA BIM carbon-linked
Embodied carbon maia eme’n " material substitutions, documentation, procurement model
thresholds gement procurement approval, EPD reviews, with digital twin
Integration . .
cost trade-offs manual reporting material updates
management
Resource management; Recycled materlal Supph.er BIM material
. Procurement sourcing, declarations, :
Material reuse . passports integrated
management; subcontractor post-construction . . .
targets . L with digital supplier
Stakeholder declarations, supply sustainability
. L o records
management chain coordination submissions
Quality management; Site waste logistics, Waste tickets, Digital waste
Waste diversion Communications contractor reporting, recycling tracking linked to
rates management; disposal certificates, BIM quantities and
Resource management documentation periodic audits logistics monitoring
Quality management; Comrmssmn.l i N . BIM-IoT digital twin
Energy . systems testing, Design simulation 11 .
Integration . with live operational
performance Do operational and post-handover
management; Risk e . performance
benchmarks verification, occupancy audit .
management o comparison
monitoring
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project delivery.
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Hllustrative Hypothetical Application of the Framework

To demonstrate the practical feasibility of the proposed framework, a hypothetical con-
struction delivery scenario involving embodied carbon compliance verification is presented.
Consider a mid-rise commercial building project in which the client sustainability brief
establishes a maximum embodied carbon threshold for structural concrete, reinforcement
steel, and fagade materials during procurement and delivery. At the design stage, the BIM
model contains detailed quantities, specifications, and baseline embodied carbon values
linked to approved environmental product declarations and lifecycle assessment databases.
As procurement progresses, supplier selections, product certifications, and material de-
livery records are digitally linked to the BIM objects representing each major building
component. During construction, if a subcontractor proposes an alternative reinforcement
supplier or modified facade material due to availability or cost pressures, these procure-
ment substitutions are automatically uploaded into the centralised digital construction
data platform. The digital twin environment synchronises these updated material records
with the project BIM model and recalculates the embodied carbon profile of the affected
building systems in real-time.

Simultaneously, delivery logs, procurement approvals, and installation confirmations
provide traceable evidence that the physical materials delivered to site correspond with the
digitally recorded substitutions. The system continuously compares the updated embodied
carbon totals against the client’s approved project threshold. Where the revised material
package causes the project carbon benchmark to be exceeded, the dashboard generates an
automated compliance deviation alert to the project manager and sustainability coordinator.
This provides a corrective action before installation is completed, such as supplier reselec-
tion, material redesign, or carbon offset approval, rather than relying on post-construction
sustainability reporting when deviations are no longer practically reversible. In this way,
the proposed framework demonstrates how BIM data, digital twin synchronisation, pro-
curement records, and site verification inputs can collectively operate as a live construction
management control system for sustainability compliance assurance. The same verification
logic can be extended to material reuse and waste diversion applications, where supplier
certifications, material passport records, skip tracking data, weighbridge logs, and recy-
cling confirmations are similarly integrated into the digital project environment to provide
continuous sustainability performance validation throughout project delivery.

While the proposed Digital Sustainability Compliance Framework establishes the
conceptual architecture for lifecycle sustainability verification, its practical feasibility can
be further demonstrated through an illustrative project delivery scenario. Figure 6 presents
a hypothetical embodied carbon compliance workflow for a mid-rise commercial building
project, showing how BIM-based quantity models, procurement and supplier updates,
digital twin synchronisation, site verification inputs, and live KPI recalculation can be
integrated within a centralised digital data environment. The figure demonstrates how sus-
tainability thresholds can be continuously compared against verified construction activities,
enabling automated compliance alerts and corrective interventions before non-conforming
material decisions become embedded within completed works. This illustrative applica-
tion provides a practical example of how the proposed framework can operate as a live
construction management control system rather than a purely conceptual sustainability
reporting model.

Although illustrated here through embodied carbon verification, the same digital
monitoring logic is transferable to material reuse validation, waste diversion monitoring,
and post-handover energy performance assurance where project sustainability benchmarks
require continuous comparison against live construction and operational data inputs.
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Figure 6. Hypothetical embodied carbon compliance verification workflow using BIM, digital twin
and sensor.

7. Discussion
7.1. Sustainability Compliance as a Construction Management Control Challenge

A principal finding of this review is that the contemporary sustainability challenge
in construction projects is not merely the establishment of environmental targets, but the
absence of integrated control mechanisms capable of verifying whether those targets are
maintained throughout project delivery. Embodied carbon thresholds, circular material
obligations, waste diversion benchmarks, and energy performance commitments are in-
creasingly embedded within procurement specifications, certification systems, and client
sustainability plans; however, unlike conventional project variables such as cost, time,
quality, and safety, these indicators are still frequently monitored through fragmented
documentation, contractor declarations, and retrospective audits rather than continuous
management controls. This creates a persistent implementation gap between sustainability
intent and measurable sustainability outcomes.

The comparative synthesis indicates that sustainability verification is fundamentally a
construction management problem because compliance depends on procurement substi-
tutions, subcontractor coordination, documentation quality, commissioning outputs, and
lifecycle operational accountability. In practice, many sustainability commitments remain
vulnerable to supplier changes, incomplete reporting, weak traceability, and post-design
deviations that conventional audit-based verification methods fail to capture in real-time.
Consequently, sustainability obligations increasingly require the same systematic mon-
itoring logic applied to other project performance domains: target definition, progress
verification, variance detection, corrective action, and auditable compliance assurance.

7.2. Digital Technologies as Construction Governance Infrastructures

The review further demonstrates that BIM, digital twins, IoT sensing, and integrated
data platforms provide the technical foundation necessary to embed sustainability veri-
fication within formal project delivery workflows. Existing studies have predominantly
positioned these technologies as tools for visualisation, design simulation, lifecycle assess-
ment, or operational analytics. However, their more significant strategic contribution lies
in their capacity to function as synchronised project information control systems capable
of integrating procurement records, supplier documentation, material traceability, logis-
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tics movements, commissioning evidence, sensor outputs, and operational performance
data within a unified digital environment. This changes the role of digital systems from
passive analytical platforms to active governance infrastructures. Through synchronised
digital records, project teams can continuously compare planned sustainability targets with
verified project activities rather than relying on delayed sustainability submissions after
key construction decisions have already been made. Such visibility improves transparency,
enables earlier identification of compliance deviations, reduces dependence on manual
reporting, and strengthens the reliability of environmental assurance evidence required
by clients, regulators, and certification bodies. In this sense, the findings suggest that the
future value of digital construction systems may lie as much in project accountability and
information governance as in traditional productivity or visualisation gains.

7.3. Implications of the Digital Sustainability Compliance Framework

The Digital Sustainability Compliance Framework developed in this study provides
a conceptual pathway for integrating sustainability obligations within routine project de-
livery controls. Rather than treating environmental commitments as standalone reporting
or certification exercises, the framework demonstrates how sustainability indicators can
be aligned with procurement verification, quality inspections, resource coordination, sub-
contractor reporting, commissioning assurance, and lifecycle operational monitoring. This
integration is significant because it applies the same managerial control logic traditionally
used for cost, quality, and schedule management to environmental performance obligations
that have historically remained peripheral to mainstream construction governance.

The contribution of the framework lies not in introducing an additional isolated
BIM sustainability model, but in offering a transferable managerial verification logic de-
rived from cross-domain convergence in the reviewed evidence base. Specifically, the
framework advances a lifecycle governance architecture in which sustainability targets are
repeatedly reconciled against procurement decisions, construction records, and measured
operational outcomes through digitally synchronised information systems. In doing so, it
repositions digital sustainability from fragmented technical assessment toward continuous
project accountability. The contribution of the framework therefore lies not in proposing a
technology-specific implementation model, but in establishing a transferable managerial
verification logic through which heterogeneous digital systems can be aligned to continuous
sustainability compliance assurance across project delivery.

7.4. Comparative Contribution to Existing Digital Sustainability Frameworks

An important contribution of this review emerges when the proposed framework
is considered in relation to prior BIM-enabled sustainability architectures, digital twin
performance systems, and circular material tracking models reported in the literature.
Existing studies have made significant advances in automating embodied carbon estima-
tion, enabling digital material inventories, improving operational energy analytics, and
strengthening isolated forms of construction monitoring. However, these approaches are
generally developed as discrete technical applications addressing singular sustainability
functions or isolated lifecycle stages. As a result, they provide valuable analytical tools
but do not fully resolve the broader governance challenge of ensuring that sustainability
commitments remain continuously verified as construction delivery evolves.

The present study suggests that the principal limitation of many existing digital sus-
tainability frameworks is not a lack of technical sophistication, but a lack of integrated
lifecycle governance orientation. Most prior models stop at simulation, documentation, or
post-handover analytics, whereas the proposed Digital Sustainability Compliance Frame-
work extends digital technologies into a continuous assurance architecture linking target
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setting, procurement verification, construction monitoring, deviation detection, correc-
tive intervention, and auditable reporting. This governance-level synthesis represents the
principal conceptual advancement of the study.

7.5. Research Limitations and Future Research

Several limitations of the present study should be acknowledged. First, although
the review adopted a structured PRISMA-guided selection, coding, and methodological
appraisal procedure, the included evidence base remained methodologically heterogeneous,
comprising empirical case studies, simulation studies, conceptual frameworks, pilot digital
demonstrations, and comparative reviews. This diversity strengthened the breadth of
technological insight but limited the feasibility of formal quantitative meta-analysis or
direct statistical comparison across study outcomes.

Second, the descriptive frequencies and thematic synthesis presented in this review
are based on interpretive coding of reported study characteristics rather than standardised
quantitative performance metrics. Accordingly, while recurring digital technology trajecto-
ries and sustainability verification deficiencies could be systematically mapped, the study
does not claim statistically pooled effectiveness of BIM, digital twins, or sensor systems
across all contexts.

Third, the proposed Digital Sustainability Compliance Framework remains a literature-
derived conceptual synthesis and has not yet been empirically validated through live project
deployment. Although the hypothetical application scenario demonstrates operational
plausibility, the framework should be interpreted as a theoretically informed governance
model requiring future case-study testing, pilot implementation, and industry valida-
tion before definitive claims regarding measurable project performance effectiveness can
be established.

Future research should therefore focus on empirical application of the framework
within active construction projects, including comparative evaluation of BIM-based pro-
curement verification, digital waste monitoring, material passport traceability, and digital
twin commissioning validation under real delivery conditions. Such studies would provide
important evidence regarding implementation barriers, interoperability constraints, and
measurable sustainability compliance outcomes.

8. Conclusions

This study examined how digital technologies can support lifecycle sustainability
compliance verification within construction management and developed a conceptually in-
tegrated framework for continuous sustainability assurance. Based on the PRISMA-guided
systematic review, structured evidence mapping, and comparative thematic synthesis of
117 peer-reviewed studies, the three research questions can now be clearly addressed.

In response to RQ1, the review confirms that BIM remains the dominant foundational
digital information platform in sustainability-related construction research, particularly
in relation to design-stage modelling, material quantification, and embodied carbon es-
timation. However, the literature also demonstrates a clear technological progression
toward integrated real-time digital ecosystems involving digital twins, IoT sensing, mate-
rial passport systems, and centralised construction data platforms capable of extending
sustainability verification beyond static modelling into live project monitoring.

In response to RQ?2, the coded evidence shows that sustainability compliance verifica-
tion remains most fragmented across four dominant project delivery domains: embodied
carbon compliance, material reuse traceability, waste diversion monitoring, and energy
performance validation. Across these domains, sustainability commitments are commonly
established during policy and design stages but are not consistently maintained through
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procurement substitutions, subcontractor reporting, commissioning assurance, and post-
handover operational accountability. This reveals that the principal sustainability challenge
is not the absence of environmental targets, but the lack of integrated construction manage-
ment systems capable of continuously validating whether those targets remain compliant
during delivery.

In response to RQ3, the review demonstrates that the recurring digital monitoring
capabilities identified across the literature can be conceptually integrated into a unified life-
cycle governance architecture. Accordingly, this study proposes the Digital Sustainability
Compliance Framework, which aligns sustainability targets, PMBOK-based construction
management controls, BIM information models, digital twins, sensor systems, and cen-
tralised reporting platforms within a continuous digital verification process. Unlike existing
digital sustainability studies that predominantly focus on isolated lifecycle applications,
the proposed framework repositions digital technologies as coordinated governance infras-
tructures capable of enabling auditable sustainability compliance assurance across design,
procurement, construction, commissioning, and operation.

The principal contribution of this study is the governance reorientation of BIM, digital
twins, and associated digital monitoring technologies from fragmented sustainability
assessment tools toward integrated project accountability systems. While the proposed
framework remains literature-derived and requires future empirical validation under live
project conditions, the findings establish a stronger analytical basis for moving sustainability
compliance beyond retrospective reporting toward more continuous, transparent, and data-
informed lifecycle assurance within construction management.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/buildings16112113/s1. This systematic review was prospectively
registered on the Open Science Framework (OSF), registration https://osf.io/fk6b5 accessed on 8
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