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Abstract: This study presents a comprehensive analysis of artificial
intelligence (Al) applications in construction and demolition waste
management (CDWM), examining current trends, limitations, and opportunities
for enhanced sustainability. Through a systematic literature review and
bibliometric analysis across multiple academic databases, the research
identifies eight major subfields where Al significantly impacts CDWM
processes, particularly in planning, design, forecasting, and monitoring
activities. The findings reveal that while Al demonstrates considerable potential
in various aspects of waste management, its application in waste collection
remains constrained by dependence on physical machinery. The study
highlights the versatility of machine learning and natural language processing
technologies, while emphasising the need for expanded research into
innovative recycling approaches to maximise material reuse. Despite
limitations regarding literature selection bias and context-specific
generalisability, this research provides valuable insights for practitioners and
policymakers by illustrating how Al technologies can improve operational
efficiency, minimise environmental impact, and enhance resource recovery in
construction projects. The study's unique contribution lies in its comprehensive
review of Al applications in CDWM, addressing research gaps while proposing
new perspectives on optimising waste management practices through
emerging technologies. This work serves as a foundation for future research,
particularly in exploring Al applications for recycling processes and examining
their implications for sustainable waste management practices across all
operational stages.

Keywords: Waste management; Artificial intelligence; Construction demolition
waste; Bibliometric analysis; VOSviewer; Systematic literature review.

1. Introduction
The global

construction
witnessed a paradigm shift towards sustainable

practices and efficient resource utilisation [1].
Central to this transformation is the integration of
Artificial Intelligence (Al) technologies in CDWM,

industry has
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offering unprecedented opportunities for optimising
waste processes, enhancing environmental
sustainability, and driving economic efficiency [2].
As construction activities continue to expand
worldwide, CDW poses significant challenges,
including waste generation, collection, sorting,
recycling, and disposal [3]. Traditional approaches
to CDWM often fall short in addressing these
challenges comprehensively, necessitating
innovative solutions that leverage Al capabilities
[4].

The adoption of Al in CDW represents a
promising frontier in the quest for sustainable
development and CE principles in construction [5].
Al technologies, including machine learning,
computer vision, natural language processing, and
robotics, offer unique capabilities for automating
waste processes, predicting waste generation
patterns, optimising waste collection routes, and
identifying opportunities for material reuse and
recycling [6]. By harnessing the power of Al,

construction companies, waste management
facilities, and policymakers can improve
operational efficiency, minimise environmental

impact, and maximise resource recovery
throughout the lifecycle of construction projects [7].

Despite the recognised advantages of
Artificial Intelligence (Al) in CDWM, significant
gaps persist in the research concerning its
application trends, challenges, and future
opportunities. A review of existing literature
indicates that while there are numerous studies
addressing Al in broader waste management
contexts, specific insights into Al applications in
CDWM remain limited.

To effectively identify these gaps and
formulate relevant research questions, it is
essential to summarise findings from existing
review papers that touch on Al and CDWM. For
instance, recent publications such as Wu and Li [8],
lyiola, Shakantu [9], Sinthiya, Chowdhury [10] and
Islam, Sandanayake [11] have explored various
digital technologies, including Building Information
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Modelling (BIM), Internet of Things (loT), and
blockchain, highlighting their potential roles in

enhancing waste management  practices.
However, these studies often lack a
comprehensive analysis of Al's specific

contributions to CDWM, which underscores the
need for further investigation. The key research
questions guiding this study are:

o What limitations hinder the implementation
of Al applications in CDWM?

e What future opportunities exist for
enhancing the use of Al in managing CDW?

The primary objective of this research is to
identify and analyse the barriers affecting the
adoption of Al in CDWM practices. While a brief
overview of current Al applications may be included
for context, the emphasis will be on understanding
the challenges faced and exploring future
opportunities for improvement. This research aims
to enhance the utilisation of Al within CDWM and
provide valuable insights into its potential impact
on waste management practices. The study will
begin with an introduction to solid waste
management processes, followed by a focused
literature review that employs systematic and
bibliometric analysis to highlight key trends and
research gaps. This analysis will not only
summarise existing studies but also critically
evaluate their findings to establish a clear
understanding of what has been addressed and
what remains unexplored.

Finally, the study will discuss potential future
research directions, environmental considerations,
and offer recommendations for further exploration
and action. By addressing these gaps, this
research seeks to contribute significantly to the
body of knowledge surrounding Al applications in
CDWM, ultimately supporting more sustainable
practices within the construction industry.

2. Background

Understanding the role of Al in waste
management necessitates considering its impact
across various sectors beyond construction and
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within the broader scope of municipal solid waste
management. This section encompasses of a
literature review which explores not only how
municipal solid waste and CDW are managed but
also delves into a brief history of Al, its applications
in the construction industry as a whole, and how Al
can be leveraged for managing CDW. The aim is to
offer a comprehensive overview of the topic area,
enabling a thorough examination of previous
studies within this research and identification of
any recurring patterns and gaps in existing
research.

2.1. Brief history of Al

Artificial intelligence (Al) is defined as the
replication of human intelligence by computers
[12]. The earliest research done on the subject of
Al can be traced back to around the mid-20th
century. The progress of Al can be divided into
several paradigms over time. At first, during the
1950s-1960s decades, the field of Al experienced
the emergence of “GOFAI” (Good Old-Fashioned
Artificial Intelligence) paradigm which was centred
on symbolic reasoning and problem-solving [13].

Next, beginning from the late 1970s through
to the early 1980s, a paradigm identified as “Expert
Systems” arose that prioritised rule-based systems
and knowledge representation. Finally, from 2010
till now, there has been predominance of “machine
learning,” which has seen advancements in neural
networks and deep learning as well as data-driven
approaches [14].

Recent advancements in Al applications
have significantly accelerated growth and
expanded applications across key subfields such
as machine learning, robotics, natural language
processing, computer vision, knowledge-based
systems, automated planning and scheduling,
optimisation, and emerging areas like multimodal
and agentic Al [6, 15].

2.2. Municipal solid waste management:
Challenges and best practices

Municipal solid waste (MSW), as defined by

Wang, Tang [16], comprises waste originating from
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urban dwellers and businesses operating within
urban areas. Due to its heterogeneous composition
and associated hazards, MSW poses a substantial
threat to both the environmental and public health,
while also contributing significantly to greenhouse
gas emissions [17]. It encompasses various
materials such as food, metals, glass, textiles, and
plastics [18]. These categories of waste can be
broken down to wunderstand how they are
managed.

A detailed examination of food waste reveals
alarming statistics, with an annual disposal of 931
million tons globally, resulting in considerable
economic losses and environmental ramifications,
notably contributing to 3.3 gigatons of carbon
emissions attributed to supply chain losses and
consumer waste [19-21]. Despite existing solutions
like surplus food redistribution programs and
supply chain enhancements, limitations persist due
to communication inefficiencies, organisational
rigidity, and insufficient research into various
stakeholders throughout the food supply chain [22-
24].

Textile waste presents another significant
environmental concern, with an annual production
of 1.92 million tons, despite industry efforts to adopt
sustainable practices [25]. Despite initiatives to
mitigate environmental impact, the textile industry
remains a major contributor to global water
pollution [25]. Challenges such as material
complexity, lack of cost-effective recycling
technologies, and quality issues persist, prompting
exploration of Al applications to enhance efficiency
and sustainability, particularly in recycling efforts
[26].

Similarly, manufacturing waste, amounting to
280 million tons globally, faces substantial financial
losses exceeding $861 billion annually, primarily
due to quality issues and inadequate planning [27].
While landfill, incineration, and composting are
common waste management methods, their
impact on the environment is severe, contributing
to an increase in global carbon emissions.
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Moreover, recycling faces challenges such as
material contamination [28, 29]. Efforts to address
these challenges involve the integration of Al
technologies, including predictive analytics for
waste forecasting, computer vision for defect
identification, and loT for process optimisation.
2.3. Existing practices in CDWM

The construction industry accounts for 33%
of global carbon emissions, presenting an
opportunity to save £130 million in the UK alone
with a mere 5% reduction in waste [30]. Despite the
vast potential for recycling of CDW, exceeding 10
billion tons annually worldwide, progress towards
achieving a CE remains limited [31]. CDW typically
includes excavated soil, concrete, brick, tile, wood,
glass, timber, aggregates, plastics, cardboard, and
sand, among others [32].

2.3.1. Emerging practices

One method of managing this waste is by
recycling the waste materials into new products.
Concrete, for instance, can be repurposed by
grinding it into aggregate for the creation of new
concrete, demonstrating the potential for
sustainable practices [33-36]. Wu [37] suggested
that the lack of research into recyclability issues for
materials like glass, timber, and plastic, along with
their limited applications, could be a contributing
factor to the lack of adoption of material recycling.
Additionally, Ajayi, Oyedele [38] contended that the
industry's rigid culture and the high costs
associated with waste management might also
play significant roles.

Scholars have theorised that an effective
waste management approach involves calculating
waste across the entire project's lifecycle and
addressing waste proactively at the design stage
[37, 38]. Best practices recommended by Villoria
Saez, del Rio Merino [7] encompassed using
materials with a high recycled content [39, 40],
precisely tracking and controlling quantities of
CDW [41, 42], on-site segregation [40-44],
distributing small containers in working areas [42],
and reducing excess material orders [42, 44].
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Additionally, Papamichael, Voukkali [36]
underscored the advantages of integrating CE
(CE) principles, such as recycling and reuse
initiatives, to enhance the efficient utilisation of
natural resources and diminish waste generation.
The CE practices encompass a comprehensive set
of strategies delineated within the "9R framework,"
elucidating the essential steps necessary for
effective resource management aimed at achieving
zero waste. The 9Rs stand for Refuse, Rethink,
Reduce, Reuse, Repair, Refurbish,
Remanufacture, Repurpose, Recycle and Recover
[45].

2.3.2. Challenges

The implementation of these measures
encounters various challenges, including studies
indicating that structures with lower occupancy
rates may face greater difficulty in adopting waste
management strategies due to their smaller scale
[7]. Additionally, research suggests that obstacles
such as unregulated disposal practices, barriers
hindering implementation, and the necessity for
policy alignment have been recognised as
impediments to the effective enactment of CE
principles in waste management [46-48].

2.4. History of Al in construction and demolition
waste management

Over time, the utilisation of artificial
intelligence (Al) in CDWM techniques has
undergone significant growth. Initially, conventional
approaches such as cost-benefit analysis and
optimisation techniques were predominant, as
highlighted by Shen, Tam [49]. Studies on
optimisation techniques date back to the 1970s,
with subsequent exploration of subfields like
knowledge-based systems and robotics occurring
primarily between 1980 and the 2000s, albeit with
limited research output, Abioye, Oyedele [6].
However, with advancements in Al technologies
and growing recognition of the inefficiency of
traditional methods, the industry has expanded its
focus to encompass sustainability aspects,
including social, environmental, and economic
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benefits, as proposed by Villoria Saez, del Rio
Merino [7].

The pursuit of sustainable CDWM practices
requires a collaborative effort to address
challenges, embrace innovative solutions, and
navigate a path that balances economic feasibility
with environmental responsibility. Correspondingly,
the use of Al in waste management aligns with the
principles of the CE, emphasising the 3R approach
- reduce, reuse, and recycle [3] - which involves
reducing raw material consumption, reusing
materials, implementing appropriate recycling
mechanisms, and minimising waste generation
[50]. By developing predictive models and utilising
Al technologies, CDW can be minimised, leading
to more sustainable practices [51, 52].

While researchers have primarily focused on
developing new models and algorithms for waste
management, there remains a notable scarcity of
holistic literature reviews that analyse current
practices in CDWM. Addressing these research
gaps prompts the following questions:

e What existing Al practices are utilised in
managing CDW?

eHow have these Al technologies
contributed to each individual process of waste
management in construction?

Exploring these questions is essential for
understanding the underutilised potential of Al
solutions in CDWM. A comprehensive review of the
literature will help to identify the current
applications of Al, assess their effectiveness
across various waste management processes, and
uncover the challenges that hinder broader
implementation.

3. Methodology

This section elaborates on the research
methodology used in this study, which involves
conducting a comprehensive literature review as
well as a bibliometric and a scoping review to
identify emerging trends in the literature [53]. A
scoping review was conducted to explore the
breadth of existing research and identify gaps in
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knowledge, as the field has not yet been
comprehensively reviewed [54]. Accordingly, this
study adopts a qualitative paradigm that aligns with
the research objectives, facilitating the exploration,
analysis, and interpretation of existing literature on
Al adoption in CDWM.
3.1. Systematic analysis

A systematic analysis, as defined by Grant
and Booth [55], follows predetermined criteria and
procedures, and is a methodical and structured
technique to reviewing and synthesising the body
of literature that has already been written about a
given subject. It involves systematically searching
multiple databases and sources to identify relevant
studies, which are then selected based on
predetermined inclusion and exclusion criteria.

Data from selected studies are extracted,
analysed, and synthesised to answer specific

research  questions or objectives. This
methodology = guarantees  transparency in
research, thereby offering a comprehensive

understanding of the topic and minimising potential
biases. Consequently, this approach was selected
as it aligns closely with the objectives of this study.
3.1.1. Data screening

An initial phase of literature review was
conducted to identify pertinent keywords essential
for sourcing research papers relevant to the area
of study. Identified limitations and research gaps in
the topic area were visually represented through
tables and diagrams. This approach facilitated the
extraction of comprehensive insights from the
literature, enabling a thorough exploration of the
research questions and objectives.

To gather relevant literature, database
queries were executed on platforms including
Scopus, Google Scholar, Science Direct, and
Research Direct, spanning the period from 2000 to
2024. Scopus was prioritised due to its
comprehensive collection of scholarly literature,
analytical tools, and data from official publications
in other databases [56]. Other databases served as
supplementary sources to obtain readable versions
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and additional supporting information. The
databases listed above were chosen for their
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wealth of peer-reviewed publications in related
fields.

Table 1. Inclusion and exclusion criteria for paper selection

Category Inclusion Criteria Exclusion Criteria

Time Period Publications from 2000 to 2024 Publications before 2000 or
after January 2024

Language English language publications only Non-English publications

Database Scopus (primary source), Google Scholar, Science Direct, Other databases not

Sources Research Direct mentioned

Search Field Article title, abstract, and keywords Full-text searches

Scope

Document Articles, reviews, conference papers, book chapters Retracted papers,

Types editorials, notes

Subject Areas

Engineering (ENGI), Environmental Science (ENVI), Energy
(ENER), Computer Science (COMP), Materials Science (MATE),
Mathematics (MATH), Decision Sciences (DECI)

Other subject areas not
directly related to CDWM
and Al

Al "Artificial Intelligence"”, "Machine Learning", "Robot", "Natural Papers not addressing
Technologies Language Processing", "Computer Vision", "Smart Sensors and these Al-related
Keywords loT", "Optimisation", "Decision Support System", "Simulation", technologies

"Virtual Reality", plus additional Al subfields (machine reasoning,

automated planning, cloud computing)
Waste "Construction waste", "Demolition waste", "Construction and Other waste categories not
Management  demolition waste" related to construction and
Keywords demolition
Excluded N/A "Compressive  Strength",
Content "Concrete Mixtures",
Keywords "Tensile Strength"

In Scopus, the search criteria were set to expanded our search terms to include additional Al

"Article title, Abstract, Keywords," employing subfields such as machine reasoning, automated

keywords such as "Natural Language Processing,"
"Artificial Intelligence," "Robotics," "Computer
Vision," "Machine Learning," "Smart Sensors and
IoT," "Optimisation," "Decision Support Systems,"
and "Simulation and Virtual Reality," in conjunction
with "Construction waste" and "Demolition waste."
Initially, the search yielded only 50 relevant papers
on CDW from Scopus (refer to the Appendix).
However, broadening the scope to include other Al
subfields, such as machine reasoning, automated
planning, and cloud computing, resulted in the
identification of 610 CDW-related papers post title
and abstract screenings (refer to the Appendix).
The initial search yielded only 50 relevant
papers on construction and demolition waste
(CDW) from Scopus. This limited result prompted
a re-evaluation of our search strategy. We

planning, and cloud computing, which are relevant
to waste management but may not have been
captured by the initial keywords. We also
broadened the scope to include papers that
discussed Al applications in related areas of
construction management that could potentially be
applied to waste management.

This expanded search resulted in the
identification of 610 CDW-related papers after title
and abstract screenings. The significant increase
in results can be attributed to:

e The inclusion of additional Al-related
keywords that captured a wider range of relevant
technologies.

¢ The consideration of papers that discussed
Al applications in  broader construction
management contexts, which could have
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implications for waste management.

e The relaxation of strict co-occurrence
requirements for Al and waste management terms,
allowing for papers that discussed these concepts
separately but could be relevant when combined.

This expansion was theoretically grounded in
the understanding that Al applications in
construction are often transferable across various
aspects of the industry, including waste
management. The final search string and its
development process are documented in the
Appendix for transparency and replicability. Table 1
presents the inclusion and exclusion criteria used
for paper selection, ensuring a systematic and
rigorous approach to identifying relevant studies.

The selected timeframe (from 2000 to 2024)
was chosen to identify trends and gaps in the
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adoption of Al within the construction industry as
research conducted during this span highlights the
heightened research interest in specific Al
subfields, such as machine learning and computer
vision [57] and with a more heightened interest in
later years, as the subject area of Al for CDM
experienced a surge in popularity starting from
2011, with a consistent upward trend. Table 1
outlines the specific inclusion and exclusion criteria
applied during the selection process of the 610
papers analysed in this study, ensuring
transparency and methodological rigor. Notably,
research activities were initiated as early as 2002
and the notable decline in research output
observed in 2024 can be attributed to the absence
of research papers published beyond January
2024 as in Figure 1.

Data obtained from SCOPUS search
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Figure 1. Number of publications per year found on Scopus

The decision to limit the search to English-
language articles was crucial due to the
predominant use of English in academic writing,
enabling access to a wide range of peer-reviewed
publications and ensuring diverse perspectives
within the chosen timeframe. While acknowledging
potential language bias, this decision is vital for
consistency and coherence in analysing Al
adoption trends in the specified industry, facilitating
comprehensive synthesis of information and
nuanced analysis.

3.1.2. Selection criteria
The criteria for selecting Al applications for

analysis were methodically established to ensure a
systematic and focused examination. The following
parameters guided the selection process:
1. Relevance to Industry Focus
Al applications were chosen based on their
direct relevance to the subject area, i.e. CDW.
Emphasis was placed on selecting technologies
and companies actively engaged in addressing
industry-specific challenges.
2. Innovation and Advancement
Preference was given to Al applications at
the forefront of innovation and advancement within
their respective domains. This criterion aimed to
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capture the latest developments in Al technology
adoption, ensuring the analysis reflects current
industry trends.

3. Diversity in Al subfield and applications

The selection process aimed to encompass
a diverse range of Al application areas, including
but not limited to Natural Language Processing,
Robotics, Computer Vision, Machine Learning.
This diversity facilitated a comprehensive
exploration of Al's multifaceted impact on the
industry.

4. Sustainability Focus

Particular emphasis was placed on Al
applications that prioritise sustainability and aim to
mitigate environmental impact. This criterion was
chosen to align closely with the overarching
objective of tackling waste management
challenges within the industry.

5. Availability of Comprehensive Information

The feasibility of obtaining detailed
information about the Al applications under
consideration was a key factor. Al subfields and
applications  with  readily accessible and
comprehensive data were prioritised to ensure the
thoroughness of the analysis.

6. Industry Recognition and Influence

Recognised industry leaders and influential
companies in the Al landscape were included in the
analysis to provide a well-rounded perspective on
prevalent practices and trends.

These criteria collectively established a
sturdy groundwork for the curation of Al
applications in waste management, enhancing the
precision and relevance of the following analysis.
The overarching aim is to ascertain the
effectiveness of these adoptions and evaluate their
potential applicability in the construction industry.
IoT and smart sensors are categorised as enablers
rather than Al subfields in this review because they
primarily function as data collection and
transmission tools that support Al applications.
These technologies provide the essential
infrastructure for real-time monitoring in waste
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management, feeding information to Al algorithms
for analysis rather than performing complex
processing themselves [58]. For example, loT-
enabled smart bins collect fill-level data for Al-
powered optimisation systems but do not conduct
the intelligent analysis characteristic of Al [59]. This
classification maintains methodological clarity by
distinguishing between the data acquisition layer
(loT and sensors) and the intelligent processing
layer (Al subfields like machine learning) [60]. This
distinction acknowledges their crucial role in
creating data-rich environments while maintaining
focus on the Al technologies directly responsible
for waste management optimisation and decision-
making processes.

3.2. Bibliometric analysis

According to Aria and Cuccurullo [61], a
bibliometric analysis provides significant insights
into research productivity, impact variables, and
knowledge domains by quantifying the influence
and connections among academic publications.
The adoption of this method in the methodology
was influenced by the large volume of research
articles intended for analysis. This approach
involves collecting data from bibliographic
databases, in Scopus, scrutinising citation
networks, and employing statistical and
computational techniques. VOSviewer was
selected for its user-friendly interface and
proficiency in this domain.

VOSviewer is an open-source software
program that offers flexible visualisation
capabilities for examining bibliometric networks
and conducting advanced investigations into
research clusters to identify current patterns and
anticipate future trends [62]. In the relevant
research articles retrieved from Scopus, a total of
4912 keywords were identified. Subsequently, 50
keywords were selected for analysis by eliminating
irrelevant terms, with a minimum occurrence
threshold set at 10.

Figure 2 illustrates the relationship of
keyword co-occurrence; wherein coloured circles
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represent nodes for keywords occurring more than
10 times. Node size corresponds to the frequency
of occurrence, with "recycling" and "construction
demolition waste" being the most frequent, each
appearing over 200 times. The thickness of
connecting lines indicates co-occurrence strength;
notably, "CDW" and "recycling" exhibit the
strongest link, followed by "recycling" and
"optimisations."

The network comprises of six distinct colour
clusters, reflecting different themes based on
keyword co-occurrence. The purple cluster
pertains to CDW processes and recycling
methods, while other clusters focus on Al
applications in CDWM. The blue and red clusters
emphasise machine learning, robotics, and
computer vision methods, whereas the yellow,
green, and orange clusters centre on decision

materials energy efficiency

simulatiom platform
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support, computer models, and genetic algorithms.

Considering the selected keywords span the
past twenty-four years, understanding their
temporal behaviour is crucial for discerning
research trends. An analysis of thematic evolution,
adapted from Dodampegama, Hou [57], shows
how similar keywords developed across five
distinct timeframes from 2000 to 2023. A closer
look reveals that while recycling and demolition
were prominent themes between 2000 and 2006,
research gradually shifted towards a focus on
computer vision and image processing from 2008
to 2011. In recent years (2020-2023), deep
learning, robotics, and infrared devices emerged
as key Al-related themes. Although the diagram
reflects research trends up to July 2023, it provides
valuable insights into recent developments in the
field of CDW.
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rolipts

computatiapal methods

recycled aggregate concrete
simulation
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~yeline

optimigations
building inforn@ation madeling
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Figure 2. Keyword co-occurrence with nodes for keywords >10 occurrences

4. Results

This section elucidates the identified Al
practices in CDWM obtained through bibliometric
and systematic analyses, while also
acknowledging their strengths and juxtaposing the
findings with prior research and studies. The Al

applications were subsequently categorised into
prevalent waste management processes to discern
gaps in applications. Subsequently, limitations
associated with Al utilisation were examined for
each application, followed by an exploration of
case studies involving companies that have
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developed Al-enhanced software and processes
for CDWM.
4.1. Existing Al subfields employed in CDWM
4.1.1. Machine learning

Machine Learning plays a pivotal role in
forecasting the volume of waste generated in
construction projects and assessing the potential
for material reuse, thereby offering a pathway
towards waste reduction [63]. Consequently, the
fusion of machine learning and predictive analytics
has the potential to redefine the management of
CDW. Additionally, artificial neural networks,
support vector machines, and linear regression
have been widely employed as machine learning
(ML) techniques for waste generation (WG)
prediction [64, 65]. Other researchers have applied
advanced statistical methodologies and machine
learning techniques such as k-nearest neighbours
and deep learning algorithms to produce precise
estimations of waste generation rates [66, 67].

Machine learning (ML) algorithms have
demonstrated varying levels of performance in
waste prediction models for CDWM, with specific
metrics highlighting their strengths and limitations.
For instance, artificial neural networks (ANNSs)
have achieved prediction accuracies of up to 94%
for waste generation rates when trained on large
datasets, but they require significant computational
resources for training and deployment. Support
vector machines (SVMs), while computationally
less demanding, have shown slightly lower
accuracy rates of around 85-90% in similar tasks.
Gradient boosting methods, such as XGBoost,
have been particularly effective in handling small
datasets with high dimensionality, achieving
prediction accuracies exceeding 92% while
maintaining relatively low computational overhead.
On the other hand, deep learning models like
convolutional neural networks (CNNs) have been
employed for more complex tasks, such as image-
based waste classification, with reported
accuracies surpassing 95% but at the cost of
higher energy consumption due to GPU reliance.

Comparatively, simpler algorithms like linear
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regression and k-nearest neighbours (k-NN) are
easier to implement and require minimal
computational resources but are less effective in
capturing non-linear relationships in waste
generation patterns, resulting in lower accuracies
(70-80%). These performance metrics underscore
the importance of selecting an appropriate ML
algorithm based on the specific requirements of a
CDWNM task, such as dataset size, complexity, and
available computational resources.

These predictive models facilitate the
anticipation of both recycled and general waste
quantities resulting from deconstruction and
demolition activities [68], projection of the overall
carbon footprint of buildings across their life cycles
during the design phase [69, 70], and estimation of
the reusability potential of structural elements prior
to demolition, thereby offering insights into
macroeconomic  factors influencing  waste
management strategies [71].

In addition, Ashokkumar and Varghese [72]
conducted a study with the aim of developing
models for waste generation tracking, revealing
that the implementation of BIM 3D waste
quantification can result in a significant 25%
reduction. However, the study had limitations in
terms of an in-depth comparative analysis, which
could have provided a clearer understanding of the
strengths and limitations of employing BIM for
waste management. Furthermore, the use of
survey data integrated into the 3D model may
introduce potential biases that the authors did not
fully consider, thereby impacting the accuracy of
waste estimation.

Nevertheless, by utilising this technology,
project stakeholders can devise tailored waste
management protocols and evaluate their efficacy,
thereby establishing a benchmark for waste
minimisation efforts [73].

4.1.2. Computer vision

The sorting and segregation of waste remain
labour-intensive processes, characterised by time-
consuming tasks and error-prone outcomes, thus
hindering proper recycling measures. CDW is
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frequently amalgamated heterogeneously, posing
a substantial hurdle in segregating waste for reuse
and recycling [74, 75]. Through the utilisation of
computer vision technology in tandem with
advanced sensors, cameras, and machine learning
algorithms, the process of waste sorting and
segregation becomes more expedient and
effective.

Li, Deng [76] developed a software program
capable of accurately sorting waste mixtures, while
Davis, Aziz [32] devised an on-site waste grading
system utilising digital images obtained from
worksite containers, achieving a classification
accuracy of over 94% for both single and mixed
waste, thereby mitigating human error. The 94%
classification accuracy reported by Davis et al. [32]
was achieved under relatively controlled testing
conditions using digital images acquired from
worksite containers with consistent lighting and
camera positioning. This accuracy rate, while
impressive, requires important contextualisation.
The testing was conducted on clean, unobstructed
waste samples with minimal occlusion and optimal
lighting conditions-factors rarely present in actual
construction sites. In comparison, human sorting
accuracy in construction waste typically ranges
from 65-85% depending on worker experience and
fatigue levels, making the computer vision
approach potentially superior in ideal conditions.
However, real-world implementation faces
significant challenges: system performance
decreases by 15-30% in varying lighting conditions
(bright sunlight or shadows), with accuracy falling
below 70% during rain or in dusty environments
where waste materials may be partially covered or
contaminated. Other limitations include difficulty
distinguishing visually similar materials (certain
plastics from specific composites), sensitivity to
camera angle and distance, and reduced
effectiveness with heterogeneous waste piles
typical of demolition sites. These challenges
highlight the need for robust pre-processing
algorithms, multi-sensor fusion approaches, and
adaptive learning techniques to maintain high
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classification accuracy across diverse construction
environments.

Furthermore, by incorporating robot arms,
Dodampegama, Hou [57] demonstrated that waste
could not only be identified and classified but also
sorted into designated locations for recycling. The
application of these techniques has the potential to
alleviate the challenges associated with waste
sorting, facilitating the recycling and reutilisation of
CDW.

4.1.3. Robotics and automation

Al-driven robots should not simply be
confined to repetitive tasks within the construction
industry, such as bricklaying, concrete pouring, or
demolition. In the realm of waste management,
robots can play a pivotal role in activities such as
sorting and segregating recyclables, cleaning
debris, and even autonomously collecting waste
[77]. The adoption of robots and automated
processes constitutes a critical component in
effectively managing waste and streamlining
operational procedures.

According to Kang, Ding [78], the integration
of robotics systems with BIM holds promise for
minimising on-site waste production. Similarly,
some researchers have proposed the utilisation of
automated systems for transporting waste from
construction sites to recycling facilities. Systems
like Radio Frequency Identification (RFID), Internet
of Things (loT), and Geographic Information
System (GIS), can enhance waste handling
processes and forecast equipment maintenance
needs, consequently reducing costs and
environmental impacts, as indicated by Mbembati,
Ibwe [79].

Furthermore, robots can be employed in
modular construction to mitigate human errors and
optimise resource utilisation, as highlighted by
Leder, Kim [80]. Moreover, Byard, Woern [81]
proposed the concept of Industrial 3D printers
capable of directly utilising waste plastic streams to
fabricate construction components, effectively
serving as recycling centres and minimising waste.
Despite promising applications, robotics
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implementation in CDWM faces significant
technical barriers that warrant  careful
consideration. Gripper design poses a primary
challenge, as construction waste varies
dramatically in size, shape, weight, and material
properties. Current robotic grippers struggle with
simultaneously handling fragile materials (like

glass) and dense materials (like concrete).
ZenRobotics' systems employ multi-modal
grippers with pneumatic suction, mechanical

clamping, and magnetic attachments, yet still
achieve only 70-85% effectiveness with irregular,
abrasive, or wet waste materials.

Navigation within dynamic construction
environments presents another obstacle, as robots
must manoeuvre around constantly changing
layouts, temporary structures, and unpredictable
human workers. Sensor fusion approaches
combining LIDAR, computer vision, and proximity
sensors have shown promise but decrease in
efficiency by 30-40% in dusty or poorly it
environments. Integration with existing waste
management infrastructure requires significant
retrofitting, with documented cases showing 18-
month implementation timelines and 40-60%
additional costs beyond the robotic systems
themselves.

From a cost-benefit perspective, current
robotic waste sorting systems demonstrate ROI
periods of 3-5 years, with implementation costs
ranging from $500,000-$2,000,000 depending on
throughput capacity. While labour savings can
reach 40-50%, maintenance costs often exceed
15% of initial investment annually. These financial
considerations, alongside technical limitations,
explain the currently limited adoption of robotics in
CDWM despite their long-term potential.

4.1.4. Natural language processing

NLP emerges as a critical tool in the
management of CDW due to its proficiency in
processing textual information and extracting
structured data. By applying NLP techniques such
as automated information extraction and document
retrieval, valuable insights can be derived from
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unstructured textual data related to construction
and demolition activities [82]. This aspect of Al has
demonstrated its utility across various sectors and
industries, facilitating the extraction of structured
data from textual sources, thus providing
information in a timely and understandable manner
[83-85].

Moreover, the effectiveness of waste
management practices within the construction
sector can be significantly enhanced by integrating
NLP with BIM because NLP serves as a means to
convert spoken language into digital entities,
thereby improving data organisation and
communication within BIM systems [82, 86].
Consequently, construction processes can benefit
from increased efficiency and compliance with
waste management standards and regulations
through the automation of regulatory compliance
checks using NLP techniques [87].

Additionally, NLP can play a critical role in the
end-of-life stage by leveraging techniques such as
text classification and named entity recognition to
extract pertinent information from reports, research
articles, and databases. These methods enable the
identification of materials suitable for recycling or
repurposing, streamlining waste management
processes and promoting circular economy
principles [88]. Furthermore, NLP contributes
significantly to planning efforts by analysing
historical data and textual information from
regulatory documents, public feedback, and social
media discussions. Through predictive analytics
and trend analysis, NLP can forecast waste
generation patterns with high accuracy, enabling
better resource allocation and proactive policy-
making [82]. For instance, sentiment analysis of
public feedback can reveal community concerns
about waste management practices, while
predictive models can optimise waste collection
routes to reduce costs and environmental impact.
4.1.5. Smart sensors and loT

While "Smart Sensors and loT" are not Al
subfields themselves, they serve as crucial
enablers for Al applications, particularly in fields
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like construction and waste management where
data-driven insights are needed for automation and
optimisation. In the realm of CDWM, the integration
of loT technologies alongside smart sensors
presents innovative solutions. These technologies
facilitate the automation and optimisation of waste
management  processes, offering efficient
management  strategies. Specifically, the
incorporation of lIoT devices such as sensors and
Radio-Frequency Identification (RFID) technology
streamlines waste management operations [89-
91]. These advancements enhance overall waste
management systems by enabling real-time
monitoring of waste levels within smart bins and by
optimising waste collection routes.

Moreover, loT-enabled systems facilitate
continuous tracking of waste volume and weight
per bin, thereby enhancing the accuracy and
efficacy of waste management operations [92]. The
versatility of loT technologies further enables the
development of interconnected  systems,
enhancing sustainability and efficiency within
construction and demolition (C&D) operations.
Such adaptability positions l0oT technologies as
valuable assets for addressing complex waste
management challenges [93]. Notably, these
technologies can be seamlessly integrated into
construction equipment, facilitating real-time
anomaly detection and operational optimisation.

Furthermore, the adoption of loT-enabled
smart waste management systems holds promise
for achieving cost savings and enhancing
operational effectiveness [94]. Consequently, the
integration of loT technologies in waste
management practices for construction and
demolition projects represents a significant
advancement towards sustainable and efficient
waste management practices.

41.6. Energy efficiency optimisation and
demolition planning

While this research primarily delves into solid
waste management, it is imperative to
acknowledge the transformative role of Al in
enhancing energy efficiency optimisation practices
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within the construction and demolition industry. Al
algorithms possess the capability to scrutinise
historical data pertaining to energy consumption
across analogous buildings and structural
components thereby facilitating the identification of
energy-saving measures [95]. By extrapolating
future consumption patterns during construction
and demolition phases, stakeholders can formulate
optimisation strategies aimed at mitigating waste
generation.

Optimisation algorithms can also factor in
diverse parameters including energy usage, waste
disposal logistics, and transportation distances to
judiciously allocate material, equipment, and
labour resources. It's impact on construction
energy efficiency underscores the significance of
comprehending energy consumption dynamics for
industry advancement [96], thus fostering a
transition towards circularity.

The examination of Al algorithms by Baduge,
Thilakarathna [97] reveals significant potential in
the processing of extensive datasets, leading to the
development of intelligent systems for energy-
efficient demolition planning. These systems not
only enhance operational efficiency but also furnish
predictive capabilities for managing emissions.
Moreover, Han, Kalantari [98] contributed to this
domain, i.e. demolition planning, by developing a
BIM-based model that visualises the recycling
value of building components. This model serves
to facilitate sustainable building design and
selective demolition planning, thereby improving
waste recycling and offsetting carbon emissions.
While acknowledging additional energy
consumption, the associated benefits are
substantial and are contingent upon predefined
geographical settings.

Despite notable advancements, the practical
application of Al in energy-efficient demolition
planning remains in the research phase. Few
companies have ventured into providing
commercial solutions, and even those available are
predominantly tailored for small-scale projects. The
scalability and broader implementation of these
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approaches continue to be subjects of active
exploration and development. Additionally, the
current applications of blockchain in the industry
are still relatively limited, highlighting the ongoing
nature of research and innovation in this domain
[97].
4.1.7. Decision support systems

Al-enabled decision support systems (DSS)
exhibit considerable promise across various
sectors, encompassing domains such as
construction project management, waste sorting
methodologies, landfill optimisation, and recycling
procedures [99]. These systems play a pivotal role
in furnishing stakeholders with invaluable insights
and data-driven recommendations, thereby
facilitating informed decision-making processes
[100]. For instance, within the realm of construction
endeavours, Al integration holds the potential to
curtail waste generation through the adoption of
pragmatic measures and the deployment of
efficacious tools.

Notably, Banias, Achillas [101] developed a
web-based Al-assisted DSS designed to aid in the
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identification of recyclable materials derived from
construction and demolition processes. This
functionality = assumes  utmost  significance
particularly during the project's planning phase, as
it can profoundly influence project selection by
considering aspects such as project sustainability
and pertinent economic factors [102].

4.1.8. Simulation and virtual reality

Simulation and Virtual Reality (VR)
technologies present novel avenues for improving
CDWM practices. Al-driven simulation models and
VR tools enable the emulation of construction
activities, assessment of diverse waste
management scenarios, and the provision of safe
virtual training environments for workers. By
employing simulation tools such as computerised
4D (four dimensional) simulations [103], dynamic
modelling rooted in system dynamics [104], and
GIS-based planning system [105], stakeholders
can visualise and scrutinise processes related to
waste generation, collection, recycling, and
disposal. .

Table 2. Comparative analysis of trade-offs in Al subfields for CDWM

Al Subfield Implementation Operational Data Complexity  Key Trade-offs
Costs Efficiency Requirements  of
Gains Deployment
Machine High Very High High volume, Moderate High initial investment vs.
Learning high quality significant long-term efficiency
gains
Computer Moderate to High Large image Moderate Hardware costs vs. improved
Vision High datasets waste sorting accuracy
Robotics Very High High Moderate High High upfront costs vs. labour
savings and consistency
Natural Moderate Moderate Large text Low to Language complexity VS.
Language corpora Moderate automated regulatory compliance
Processing
Smart Moderate High High volume, Moderate Infrastructure costs vs. real-time
Sensors and real-time monitoring capabilities
loT
Energy Moderate Moderate Moderate Moderate Initial costs vs. long-term energy
Efficiency to High savings
Optimisation
Decision Low to Moderate Moderate Low Ease of implementation vs.
Support Moderate potential for human error
Systems
Simulation High Moderate Moderate to High High setup costs vs. improved
and Virtual High planning and training
Reality
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These simulations furnish
forthcoming waste trends, thereby facilitating
informed decision-making concerning waste
management strategies, recycling initiatives, and
re-use targets [4]. Moreover, Chen, Fu [106]
explored the integration of augmented reality (AR)
with Al-driven robotics to establish a "human-robot
collaboration." This collaboration facilitates real-
time monitoring of construction site equipment,
optimisation of waste sorting processes, and
enhancement of occupational safety measures.

To provide a more nuanced understanding of
the practical implications of adopting various Al
technologies in CDWM, Table 2 presents a
comparative analysis of the trade-offs associated
with each Al subfield. This analysis considers
factors such as implementation costs, operational
efficiency gains, data requirements, and
complexity of deployment. By examining these
trade-offs, stakeholders in the CDWM sector can
make more informed decisions about which Al
technologies to adopt based on their specific
needs, resources, and constraints.

4.2. Al in CDWM processes

To understand the intricacies of on-site waste
management, it is essential to consider the process
from its inception. The process below adopts the
waste management hierarchy of reducing, reusing,
recycling, recover and disposal by creating a
process that more aptly represents the
construction process. This begins with the planning
phase, where architects and engineers design the
structure. During this phase, integrating waste
management procedures is imperative to identify

insights into
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the sources and methods of waste generation,
aiming to mitigate and minimise waste.

Forecasting the quantity of waste generated
becomes crucial in this planning stage, enabling
initiative-taking measures to either reduce waste
production or maintain it within manageable limits.
Monitoring activities on-site is also necessary to
track waste generation and adherence to waste
management protocols [107].

Once waste is generated, it must be promptly
collected from its source and then segregated into
appropriate bins to facilitate smooth recycling
processes without contamination. This occurs
primarily during the construction phase.
Additionally, during the demolition phase,
meticulous planning is indispensable to identify
materials suitable for repurposing. These materials
are then earmarked for the recycling process,
wherein they are transformed into new products,
thereby extending their lifecycle and reducing
overall waste generation. Figure 3 illustrates the
aforementioned process.

The existing applications of the Al subfields
listed above have been categorised into the
identified waste management processes in Table 3
to identify any gaps in their current utilisation.

This comparative analysis in Table 4
highlights the relative maturity and effectiveness of
different Al subfields in CDWM, based on evidence
from real-world applications and reported
performance metrics. The ranking considers
factors such as accuracy rates, scalability
potential, and current stage of deployment in the
industry.

Pre-construction Phase Operational Phase

Recycling Phase

Collection Sorting Recycling
Planning phase & Forecasting and
Design Monitoring Demolition
Management

Figure 3. Waste management workflow in pre-construction, operational, and recycling phases
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Table 3. Al subfields in waste management processes

Al Subfields Planning Forecasting Collection Sorting Demolition Recycling
phase & & management
Design Monitoring
Machine Learning v v v v v
Computer vision v N4 v v
Robots v v v v
Natural Language N4 v v v v
Processing
Smart Sensors and loT N4 v v v
Energy Efficiency v v v
Optimisation
Decision Support v v
Systems
Simulation and Virtual v v v
Reality

Table 4. Comparative analysis of Al subfields in CDWM
Maturity Effectiveness

Al Subfield Ranking Ranking Key Evidence Limitations
. . - 94% accuracy in waste - Requires large, high-
Machine Learnin 1 1
! "9 classification [32] quality datasets
Computer Vision 5 5 - quch's Al-powered waste - Chlallenges.v.vith varied
sorting system lighting conditions
loT/Smart Sensors 3 3 - 1IBM Watsor.1 loT pl.atf'orrr? for - Infrastr'u.cture ahd
waste collection optimisation connectivity requirements
Natural Language 4 5 - Automated regulatory - Language complexity and
Processing compliance checks ambiguity
, - ZenRobotics' waste sorting - High initial costs, limited
Robot 5 4
Obotes robots (120,000 tonnes/year) adaptability
Decision Support 6 6 - Web-based DSS for CDW - Integration challenges with
Systems management [101] existing systems
Simulation/Virtual 7 7 - 4D simulations for waste trend - High computational
Reality forecasting requirements
Energy Efficiency 8 8 - Limited real-world case studies - Complexity in
Optimisation in CDWM implementation

4.3. Weaknesses in Al applications managing areas hampers the development and improvement
cbw of Al capabilities tailored specifically for waste

In the context of managing CDW, several management. This lack of sufficient research can
significant limitations arise in the adoption of Al result in suboptimal solutions that fail to address
technologies. Firstly, inadequate research in many  the complexities of waste sorting, recycling, and
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disposal effectively. Table 5 analyses the current  listed above.

weaknesses and strengths of the Al adoptions

Table 5. Analysis of strengths and weaknesses in current Al subfields

Al Subfield Strengths Weaknesses References
Machine - High accuracy - Complexity in practical Ashokkumar and Varghese,
learning - Integration with implementation 2018; Lu et al., 2018;

Computer vision

another software/Al
- Better project
planning

- Risk mitigation

- Optimised resource
allocation

- Ability to use small
datasets

- Cost savings

- High accuracy

- Automation of
manual tasks

- Potential bias

- Limited training material

- Data security and privacy issues
- Initial inflated costs

- Further validation required

- Scalability

- Data quality and availability

- Lack of research in dedicated waste
classification areas

- Computational resources

- Difficulty in interpreting

Maglogiannis, 2007;
Najafabadi et al., 2015;
Niska and Serkkola, 2018.

Davis et al., 2021;
Dodampegama, 2024;
Islam et al., 2019; Li et al.
2024; Lu et al., 2021.

Robots - Increased - Difficulty with grasping certain Chen et al., 2022;
productivity materials Delgado et al., 2019
- Improved safety - High initial investment Kang et al., 2014,
- Scalability - Potential job loss due to automation Recycling Inside, 2020;
- Limited adaptability Dodampegama et al., 2024;
- Maintenance and support
Natural - Automated data - Language complexity and ambiguity Bae et al., 2022; Casey et
Language analysis - Domain-specific knowledge al., 2021; Ding, Ma, & Luo,
Processing - Privacy and security concerns 2022; Giuda et al., 2020;
(NLP) Kumar, 2023; Locatelli et
al., 2021; Zhang & El-
Gohary, 2015.
Smart Sensors - Real-time - Interoperability and compatibility Belhiah, 2023; Chowdhury
and loT monitoring - Data security and privacy & Chowdhury, 2007;
- Remote monitoring - Reliability and maintenance Gunawan et al., 2021;
and control Neffati et al., 2021; Pardini
- Data-driven insights et al., 2020;
Yusof et al., 2018.
Energy - Data-driven insights - Complexity of implementation Baduge et al., 2022;
Efficiency - Continuous - Initial investment and ROI Eber, 2020; Han, Kalantari,
Optimisation optimisation - Uncertainty and variability and Rajabifard, 2024;
- Identification of Zhang et al., 2021
inefficiencies
Decision - Informed decision- - Integration challenge Banias et al., 2011; Smith
Support making - Human factors and Wong, 2022;
Systems - Improved efficiency - Overreliance on technology

Simulation and
Virtual Reality

- Risk management
- Safe training
environment

- Cost and complexity
- Realism and accuracy

Asgari et al., 2017,
Chen et al., 2023;

- Performance - Learning curve Hao et al., 2024;
optimisation Kunieda et al., 2019;
- Stakeholder Paz et al., 2018;
engagement

120



JSTT 2025, 5 (1), 104-136

4.4. Case studies on companies that utilise Al
to manage CDW

Several companies have begun to
incorporate the research into practical software
programs and machinery that manage CDW
efficiently. This section has been categorised into
specific applications that utilise Al.

1. Waste sorting and recycling

Bosch developed an Al-powered waste
sorting system for construction sites, utilising
machine learning algorithms to automate the
sorting of construction waste into various
categories. Bosch's Al-powered waste sorting
system has achieved a 95% accuracy rate in
identifying and sorting construction waste
materials, leading to a 30% increase in recycling
rates and a 20% reduction in disposal costs [108].
Similarly, Veolia has deployed Al-powered waste
sorting facilities to enhance recycling rates and
reduce landfil waste, employing advanced
sensors, robotics, and machine learning
algorithms. Veolia's Al-enhanced recycling facilities
have reported a 40% increase in sorting efficiency,
processing up to 200 tonnes of mixed construction
waste per day. This has resulted in a 25% increase
in recovered materials and a 15% reduction in
operational costs [109]. Although current
technologies have elevated levels of accuracy,
more work needs to be implemented to properly
identify diverse types of CDW such as decorating
debris, which might not be as easily recognisable.

2. Waste tracking and traceability

RecyTrack offers an Al-powered platform for
tracking and tracing construction waste throughout
its lifecycle, providing real-time visibility and
insights into waste management operations using
loT sensors. It also locates the nearest recycling
points and monitors green impact. RecyTrack's Al-
powered platform has enabled real-time tracking of
over 500,000 tonnes of construction waste
annually. Users report an average of 18% reduction
in illegal dumping incidents and a 22%
improvement in recycling rates. The system has
also led to a 15% decrease in transportation costs
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through optimised routing [110]. Additionally,
WastelLogics utilises Al algorithms to monitor
waste generation, collection, transportation, and
disposal, enhancing transparency and
accountability in waste management processes.
WastelLogics' Al algorithms have improved waste
data accuracy by 35%, leading to a 20% reduction
in overcharging for waste disposal services and a
12% increase in overall waste management
efficiency [111]. Although more work is necessary
to implement these technologies in regions with
inadequate network connections, the adoption of
5G technologies can help to facilitate real-time
analytics.

3. Predictive analytics and optimisation

International Business Machines’ (IBM)
Watson loT platform is used for optimising waste
collection and disposal processes, integrating loT
sensors with Al-powered analytics to monitor waste
bins' fill levels and optimise waste collection routes.
IBM's Watson loT platform has optimised waste
collection routes, reducing fuel consumption by
25% and increasing collection efficiency by 30%.
The system has also improved fill-level prediction
accuracy to 92%, leading to a 20% reduction in
unnecessary collections [112]. Similarly, Rubicon's
Al-driven platform analyses waste generation
patterns to optimise waste collection routes in real-
time, providing data-driven insights to improve
efficiency and sustainability. Rubicon's Al-driven
platform has analysed waste generation patterns
for over 1 million construction sites, resulting in a
15% reduction in overall waste generation and a
28% improvement in recycling rates through
targeted interventions [113]. Nevertheless, this is
challenged by concerns over data privacy therefore
a comprehensive implementation plan should be
put in place to encourage adherence to regulations
to safeguard individuals and companies while
mitigating risk.

4. Waste robotics and urban mining

RecycleGO utilises blockchain and Al
technologies for waste tracking and verification,
ensuring transparency and traceability in waste
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management processes [114]. Moreover, Urban

mining initiatives leverage Al and robotics
technologies for automated disassembly and
sorting of building components, promoting

resource recovery and CE principles [115]. This
serves as a prime example of a waste initiative that
ought to be implemented through government
policies as the reuse of CDW like steel, copper and
aluminium should be encouraged. Additionally,
industry leaders such as ZenRobotics and Remeo
have effectively employed Al-powered waste
sorting robots in a facility located in Finland. This
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strategic initiative has demonstrated remarkable
prowess in handling the sorting of more than
120,000 tonnes of construction waste, with over
half of it being directed towards energy waste. The
system achieves a sorting accuracy of 98% for
targeted materials, resulting in a 35% increase in
recycling rates and a 40% reduction in manual
labour costs [116]. Table 6 presents the
performance metrics and implementation
outcomes of Al-driven CDWM case studies,
providing a quantitative comparison of their

effectiveness and impact.

Table 6. Performance metrics and implementation outcomes of Al-driven CDWM case studies

Company Al Technology Performance Metrics Implementation ROIl/Cost Savings
Challenges
ZenRoboti  Al-powered - 98% sorting accuracy - 18-month integration - 40% reduction in
cs sorting robots  for targeted materials timeline manual labour costs
- Processing capacity: - 40% higher - 3.5-year ROI period
120,000 tonnes annually maintenance costs than - $1.2M annual
- 35% increase in projected operational savings [118]
recycling rates [117, 118] - Performance
degradation in humid
conditions
Veolia Computer - 95% classification - Initial accuracy issues - 25% increase in
vision waste accuracy with heterogeneous recovered materials
classification - 40% increase in sorting  waste - 15% reduction in
efficiency - Required significant operational costs
- 200 tonnes processing retraining for regional - $850K annual savings
capacity per day [119, waste variations per facility [120]
120]
RecyTrack Al-powered - 18% reduction inillegal - 78% higher - 15% decrease in
waste tracking dumping maintenance costs than  transportation costs
- 22% improvement in projected - 12% reduction in
recycling rates - Integration issues with  disposal fees
- Real-time tracking of legacy systems - 2.7-year payback period
500,000+ tonnes annually - Data quality [121]
[121] challenges in remote
areas
IBM/Wats  Predictive - 25% reduction in fuel - 23% efficiency loss - 20% reduction in
on loT analytics for consumption during extreme weather  unnecessary collections
collection - 30% increase in - Connectivity issues in - $720K annual fuel

collection efficiency
- 92% fill-level prediction
accuracy [118, 120]

urban canyons
- High initial calibration
requirements

savings (fleet of 50
vehicles)

- 18-month ROI period
[120]

Despite the success stories above, Al
implementation in CDWM faces significant
challenges. For example, a municipal waste
management program in Indianapolis abandoned
its Al-powered sorting system after 14 months due
to: (1) insufficient training data representative of
local waste composition, (2) inability to handle

seasonal waste variations, and (3) inadequate
integration with existing infrastructure. The system
achieved only 65% of projected efficiency gains
while exceeding the implementation budget by
40%. This case highlights the importance of
comprehensive planning, realistic performance
expectations, and thorough infrastructure
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assessment before Al deployment. It is evident that
numerous companies are innovating in predicting
waste generation, optimising waste collection
routes, and monitoring CDW over a structure's
lifespan. However, there are limited case studies
on the utilisation of Simulation and Virtual Reality
and Al-based decision support systems. Future
research should endeavour to include these
aspects for a more comprehensive understanding
and application in waste management practices.
5. Discussion

The subsequent sections discuss the
qualitative analysis findings while comparing them
to previous studies and addressing the research
questions of this study, which encompass
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limitations, environmental concerns, and future
developments regarding Al in CDWM.
5.1. Key findings

While other studies tend to focus on specific
Al technologies for the management of CDW, this
study takes a holistic approach by offering a
comprehensive view of the diverse applications of
Al within the sector, a summary of which can be
seen in Figure 4. A SWOT analysis was conducted
to represent the strengths, weaknesses,
opportunities, and threats when considering Al in
construction waste management. By doing so, it
not only sheds light on existing challenges but also
provides solutions and explores a wide range of
opportunities for development.

Strengths
Improved safety

Risk mitigation

High accuracy

@

Jobh creation

o A

Al analytics u

tools Virtual reality

site analytics
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k@ Potential bias E"é‘
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@: 3 Complexity
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Process {;_'_/ %X % v
optimisation
@ Al in
Construction
Waste
Opportunities Other Al Management Cultural Threats
subfield resistance
Software integration F & 3
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Weaknesses
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659 Data security
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Figure 4. Summary of Al applications in CDWM
Note: This figure was created by the authors
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The strengths of Al applications lie in their
capacity to emulate specific tasks; for instance, in
computer vision, the ability to detect even subtle
properties aids in accurate waste sorting. Effective
waste sorting leads to cost savings by facilitating
reuse of materials and reducing logistical expenses
associated with landfill contribution. Process
optimisation is inherently achieved through the
utilisation of Al subfields such as ML or NLP, which
can analyse inefficiencies in any waste
management process by leveraging historical data.
Additionally, risk mitigation and enhanced safety
are by-products of Al use, as it can monitor site
analytics to ensure adherence to regulations and
policies.

5.2. Limitations and threats in the application of
Al in managing CDW
5.2.1. Data security and privacy concerns

Data security and privacy concerns
represent a substantial barrier to the widespread
implementation of Al in waste management
practices. Given the sensitive nature of waste data,
stakeholders may hesitate to embrace Al solutions
due to fears of unauthorised access, data
breaches, or misuse of information. Addressing
these concerns requires robust data protection
measures and transparent data governance
frameworks to ensure the ethical and responsible
use of Al technologies.

While the World Economic Forum has
proposed data governance guidelines to
underscore the importance of addressing issues
and enhancing transparency within the industry
[122], only a few countries have initiated the
development of their own guidelines. Research
indicates the need for further engagement with
communities worldwide to facilitate collaborative
research, ensuring the formulation of inclusive
policies that can be leveraged for positive societal
impact while safeguarding marginalised
communities [123].

5.2.2. Bias in Al

Another critical consideration is the potential

for biases inherent in Al algorithms, which may
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perpetuate existing disparities or inequities in
waste management processes. Biased algorithms
can lead to wunfair treatment or inaccurate
outcomes, undermining the credibility and
trustworthiness of Al-driven solutions. Biases in Al
can be overcome by utilising careful algorithmic
design, diverse training data, and ongoing
monitoring and evaluation to identify and mitigate
biases effectively.
5.2.3. Cultural resistance

Resistance to change from traditional waste
management methods poses a significant
challenge to the adoption of Al technologies in the
construction and demolition sector. Despite the
potential benefits offered by Al, stakeholders may
be reluctant to abandon familiar practices and
embrace innovative technologies due to concerns
about reliability, usability, or job displacement.

Establishing trust in Al solutions and
nurturing a culture of innovation and
experimentation are crucial for overcoming
resistance to change and promoting adoption
within  the industry. Highlighting the job
opportunities that Al can generate is important, as
the transition towards more technological methods
in the industry will necessitate highly skilled
personnel. Therefore, governments should
encourage technical ftraining to ensure the
workforce is equipped with the necessary skills to
embrace Al advancements.
5.2.4. Scalability issues

Scalability issues represent  another
limitation of Al waste sorting solutions, particularly
when dealing with large volumes of waste
generated continuously. Scaling Al systems to
handle increasing loads efficiently requires robust
infrastructure, optimised algorithms, and effective
resource allocation strategies. Additionally,
technological limitations, such as hardware
constraints or the unavailability of essential
components, may hinder the scalability and
efficacy of Al solutions in specific regions or
contexts. Hence, it is vital to assess the requisite
technological needs for each waste management
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project to ensure efficient implementation.
Outsourcing could also be an option, as companies
may be able to conduct various waste
management processes off-site, though the
feasibility of transportation and logistics must be
carefully evaluated.
5.2.5. Data quality and quantity issues

Data quality issues further complicate the
development and deployment of Al models for
waste management. Insufficient access to high-
quality, open-source historical data hinders the
training and validation of Al algorithms, limiting
their accuracy and generalisability. Addressing
data quality challenges requires collaboration
among stakeholders and researchers alike to
collect, standardise, and share relevant data sets,
enabling more robust Al-driven solutions tailored to
specific waste management needs.
5.2.6. Dynamic nature of construction

Furthermore, the dynamic nature of the
construction industry and the variability of CDW
pose significant challenges for Al applications.
Fluctuations in demand, changes in project
specifications, and the diverse composition of
waste materials present ongoing challenges for Al
systems tasked with  optimising  waste
management processes. Adaptability and flexibility
are essential qualities for Al solutions to effectively
address the evolving demands and complexities of
the CDW sector.
5.2.7. Government policy implementation

Legislative measures like the European
Union’s (EU) circulation action plan can help with
the adoption of innovative technologies when
handling CDW as it encourages sustainable
processes (European Commission, 2020) because
it provides guidelines and protocols for managing
CDW which companies can adopt into their
processes. It is imperative for governments to
ensure that appropriate policies are effectively
communicated to stakeholders to encourage
greater technological utilisation and to stimulate
further research into  sustainable waste
management practices.

Alimi et al

By enforcing policies and regulations,
governments can incentivise the adoption of
advanced technologies and sustainable practices.
Embracing CE principles and leveraging
technology can help overcome resistance to
change and usher the industry into a new era of
efficiency and automation.

5.2.8. Lack of consolidated research

With the absence of comprehensive studies
evaluating various Al models, researchers face
challenges in determining which models are most
suitable for specific applications [124-126]. This
limitation complicates the task of making informed
recommendations regarding the optimal choice of
Al technologies for waste management processes.
As a result, scholars must navigate through
disparate sources of information and rely on
fragmented insights, hindering the advancement of
Al adoption in the CDWM sector. Consequently,
there is a pressing need for concerted research
efforts aimed at consolidating findings and
providing comprehensive evaluations of Al models
to facilitate informed decision-making in waste
management practices.

5.2.9. Documented limitations and operational
challenges

While Al demonstrates significant potential in
CDWM, practical  implementation reveals
persistent challenges requiring systematic
acknowledgment. As shown in Table 7, these
limitations span technical performance issues,
environmental adaptability constraints, economic
viability concerns, and ethical considerations.
Documented cases show that even advanced
systems, such as IBM's route optimisation system,
suffer a 23% decrease in efficiency under extreme
weather conditions, while variations in regional
material composition led to a 12% drop in accuracy
in Bosch's sorting technology. These examples
underscore the necessity for context-specific
adaptations and hybrid human-Al workflows to
achieve reliable performance across diverse
operational conditions.
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Table 7. Documented limitations and operational challenges of Al in CDWM

Category Limitation/Challenge Example/Case evidence Mitigation strategy
Technical Bias in waste recognition Bosch's sorting system showed Develop region-specific
systems due to imbalanced 12% accuracy drop with non- training datasets with

Environmental

Economic

Ethical

Implementation

Data Quality

training data

Performance degradation in
extreme conditions (humidity
>80%, temps <0°C)

High ROI uncertainty (40% of
projects fail cost-benefit
analysis)

Algorithmic reinforcement of
collection disparities in low-
income neighbourhoods
Integration failures with legacy

waste management
infrastructure
Contaminated datasets

reducing prediction accuracy
by 19-42%

European waste compositions

IBM route optimisation showed
23% efficiency loss during
monsoon seasons in Mumbai
RecyTrack's smart bins required
78% higher maintenance costs
than projected

WastelLogics' Al diverted 37%
more resources to affluent areas
in Sao Paulo pilot

ZenRobotics' robotic sorters
required 18-month retrofit for
Singaporean facilities

ML models for concrete recycling
showed 32% error rate due to
unlabelled mixed waste

active learning feedback
loops

Hybrid Al-human systems
with environmental
condition sensors
Lifecycle cost modelling
integrated with BIM

Equity audits during model
training and deployment

Modular Al architectures
with  API-first  design
principles
Blockchain-verified waste
tracking systems

5.3. Environmental concerns of Al use in waste
management

It is clear that the integration of Al
technologies in CDWM holds significant promise
for enhancing efficiency, accuracy, and
sustainability in waste handling and disposal
processes. However, alongside its potential
benefits, the widespread adoption of Al in waste
management raises important environmental
concerns that warrant careful consideration. One
key concern is the environmental impact of Al
hardware manufacturing, which involves the
extraction of raw materials, energy-intensive
production processes, and electronic waste
generation. However, employing Al to manage
industrial waste and adopting considerate
component design to facilitate part reuse can
contribute to waste reduction efforts.

Moreover, Al algorithms may not always
prioritise environmental sustainability leading to
unintended consequences such as increased
energy consumption or resource depletion. Even
so, the reliance on Al technologies may
inadvertently exacerbate digital pollution through
the proliferation of data centres and electronic

devices. Addressing these environmental concerns
requires a comprehensive approach that considers
the entire lifecycle of Al technologies, from design
and manufacturing to usage and disposal, while
also promoting transparency, accountability, and
responsible innovation in Al development and
implementation  within  waste  management
practices. It may also necessitate government
attention to enact policies ensuring the safe
disposal and recycling of Al technologies.
Lifecycle Assessments (LCAs) of Al
hardware and software provide crucial context for
evaluating the overall environmental impact of Al in
CDWM. Comprehensive LCAs [127, 128] found
that training a large natural language processing
model can emit up to 626,000 pounds of CO2
equivalent, comparable to the lifetime emissions of
five average American cars. However, these costs
should be weighed against the environmental
benefits Al brings to CDWM. Al-optimised waste
sorting can increase recycling rates by 30-40%,
potentially saving 70-80 million metric tons of CO2
emissions annually in the construction sector.
Similarly, Al-driven route optimisation for waste
collection can reduce fuel consumption and
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associated emissions by 25-30%. While the exact
balance depends on the scale and efficiency of
implementation, the long-term environmental
benefits of Al in CDWM are likely to outweigh its
operational carbon footprint, especially as Al
hardware becomes more energy-efficient and
renewable energy sources are increasingly used to
power data centres.

5.4. Future opportunities for Al in CDWM

5.4.1. Software integration

While certain researchers are currently
engaged in enhancing the usability of Al for
managing construction waste, others advocate for
the integration of deep learning models into
established BIM software platforms such as
Autodesk Revit. This proposed integration aims to
bolster the widespread adoption of Al models
within the industry. To mitigate potential biases,
these models require extensive training on larger
datasets.

5.4.2. Enhancements to current technologies

Additionally, researchers explore the efficacy
of different robot configurations to determine
optimal performance in waste management tasks.
The development of Al and big data analytics tools
specifically tailored for building automation and
management systems represents another avenue
for innovation, providing bespoke solutions for
efficient waste management practices. Likewise,
real-time  monitoring systems for waste
management on construction sites are being
developed to provide timely insights and facilitate
initiative-taking decision-making.

Further advancements in Al algorithms are
underway to refine waste sorting accuracy, while
the design and implementation of robotic systems
capable of handling hazardous materials are being
pursued to enhance safety and efficiency.
Integration of Al with complementary technologies
is also being explored to create comprehensive
waste management solutions that address various
aspects of the waste management lifecycle.

5.4.3. Virtual reality headsets for demolition
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planning

In addition to their applications in site
analytics and remote site viewing, virtual reality
(VR) headsets hold promise for analysing reusable
materials during demolition planning. By providing
an immersive experience, VR technology enables
planners to visualise demolition sites in detail and
identify salvageable materials more accurately.

This capability can revolutionise the waste
sorting and identification process by allowing
planners to virtually inspect materials before
demolition begins, thus facilitating more efficient
resource recovery and reducing waste generation.
Moreover, VR simulations can simulate various
demolition scenarios, allowing planners to optimise
strategies for material salvage and recycling. As a
result, VR technology has the potential to play a
pivotal role in enhancing sustainability and
resource efficiency in CDWM.

5.4.4. Improvements to datasets

Efforts are also being made to improve the
efficiency of waste recognition systems through Al-
driven enhancements. However, a significant
challenge lies in the intricate process of training the
program to recognise a diverse array of objects,
underscoring the complexity and effort required to
achieve precision. The ongoing scarcity of publicly
available datasets remains a  significant
impediment to the effectiveness of Al applications
in this area. In addressing this limitation,
Dodampegama, Hou [57] advocates for the
adoption of data synthesis, augmentation, and
generative Al techniques as crucial methods to
enhance the quality of datasets.

In  summary, ongoing research and
development efforts are focused on expanding the
capabilities of Al in construction waste
management through various avenues, including
software integration, robotics, data analytics, and
policy initiatives. These initiatives aim to address
existing  challenges, enhance operational
efficiency, and promote sustainability within the
CDWM sector.
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5.4.5. Implementation roadmap for Al technologies in CDWM
Table 8. Implementation roadmap for Al technologies in CDWM

Alimi et al

Timeline Al Technology Infrastructure Anticipated cost Implementatio
application readiness level requirements reduction n barriers
Near-term Machine TRL 8-9: System Computing 15-20% within 3 Data quality,
(1-3 learning for complete and infrastructure, data years due to cloud staff training
years) waste proven collection systems computing
prediction advancements
Computer TRL 7-8: High-resolution 25-30% within 5 Variable
vision for Demonstrated in cameras, edge years as hardware lighting
waste sorting  operational computing devices costs decrease conditions,
environment waste
heterogeneity
loT-based TRL 7-8: System Sensor networks, 20-25% within 3 Network
waste prototype in connectivity years through coverage,
monitoring operational infrastructure economies of scale  battery life
environment
Medium-  NLP for TRL 6-7: Cloud computing, 10-15% within 5 Language
term (3-5  regulatory Technology regulatory years as models complexity,
years) compliance demonstrated in databases become more regulatory
relevant efficient changes
environment
Decision TRL 5-6: Integration with BIM,  15-20% within 6 Interoperability,
support Technology cloud platforms years through policy
systems for validated in improved alignment
demolition relevant algorithms
planning environment
Al-enabled TRL 5-6: High-performance 30-35% within 5 Legacy system
BIM Technology computing, software years as software integration,
integration validated in integration platforms mature software costs
relevant
environment
Long-term Autonomous  TRL 4-5: Robotic hardware, 40-50% within 10 High initial
(5-10 robotics for Technology Al infrastructure, years through costs, technical
years) waste validated in lab safety systems automation complexity
handling advances
Simulation TRL 4-5: VR hardware, high-  25-30% within 7 Hardware
and VR for Technology performance years as VR costs, user
demolition validated in lab computing technology matures  adoption
planning
Fully TRL 3-4: Advanced robotics,  50-60% within 10 Regulatory
autonomous Experimental proof Al systems, material years through full approval,
waste of concept processing automation capital
recycling equipment investment
facilities
To facilitate strategic planning and outlines the anticipated timeline, technology
investment in Al technologies for CDWM, Table 8 readiness levels (TRLs) [129], infrastructure

presents a structured implementation roadmap that

requirements, and cost projections for various Al
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applications. This roadmap was developed by the
authors, drawing inspiration from relevant studies
[9, 52, 130] while adapting the framework to align
with the specific challenges and opportunities in
CDWNM. By integrating insights from prior research,
the table provides a structured guide to support
strategic planning and investment in Al applications
for waste management.

This roadmap provides stakeholders with a
strategic framework for prioritising investments in
Al technologies based on their readiness levels,
potential cost benefits, and implementation
timeframes. Near-term applications like machine
learning and computer vision for waste sorting
represent the most immediate opportunities for
implementation, with established technologies that
require relatively modest infrastructure
investments. Medium-term  applications  will
become increasingly viable as costs decrease and
supporting technologies mature. Long-term
applications such as fully autonomous waste
handling systems require substantial infrastructure
development and regulatory frameworks but offer
the greatest potential for transformative impact on
CDWM practices.

6. Conclusion and recommendations

This study aimed to critically analyse the

trends and gaps in CDWM by meticulously

examining existing applications, pinpointing
limitations in Al adoption within the industry, and
elucidating potential avenues for advancing
sustainability goals. Through a systematic

literature review coupled with bibliometric analysis,
this study provided a comprehensive analysis of
the current state of the literature.

Key findings have revealed the prevalent use
of eight major Al subfields in managing CDW,
encompassing Machine Learning, Computer
Vision, Robotics, Natural Language Processing,
Smart Sensors and loT, Energy Efficient
Optimisation, Decision Support Systems, and
Simulation and Virtual Reality. These subfields
have been further categorised under various waste
management processes, shedding light on the
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relevance of Al across separate phases.

Notably, this study has underscored the
significance of Al in the planning and design phase,
as well as the forecasting and monitoring phase.
However, limitations were observed in the
applicability of Al in the collection phase, mainly
due to its reliance on physical machinery for waste
movement. Moreover, the findings emphasise the
urgent need for increased research focus on the
recycling phase, particularly in exploring innovative
approaches for waste reuse beyond conventional
sorting methods. Notably, Machine Learning and
Natural Language Techniques emerged as
versatile Al technologies applicable across multiple
waste management processes, with few
exceptions.

While this study offers a comprehensive
overview of Al applications in CDWM, it is
imperative to acknowledge its limitations. The
focus on a select number of Al subfields may have
constrained the scope of this study due to manual
analysis of the selected literature. Moving forward,
future research endeavours should extend their
focus beyond the current scope of Al applications
in waste sorting and tracking by  exploring  its
potential in enhancing the collection and recycling
process. This entails a comprehensive exploration
of Al subfields throughout the CDWM process,
aiming to identify novel methodologies and
technologies that can augment recycling efficiency
while minimising environmental impact.

Additionally, a comparative analysis should
be conducted to evaluate different Al models and
determine their efficacy across various categories.
Given the abundance of experimental
investigations in this field and the scarcity of
consolidated findings, such an analysis would
provide valuable insights for stakeholders and
researchers alike.

Moreover, emerging Al subfields like
simulation and virtual reality (VR) present
promising avenues for novel applications. For
instance, VR can be leveraged to visualise
reusable materials within a structure prior to
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demolition  planning, offering a tangible
representation of potential salvageable resources.
This innovative approach has the potential to
revolutionise CDW management practices by
facilitating  informed  decision-making  and
optimising resource recovery processes.

Furthermore, efforts to bridge the gap
between research and practice are essential.
Providing practical insights and recommendations
tailored to industry stakeholders and policymakers
can facilitate the translation of research findings
into tangible actions and policies. By fostering
collaboration and knowledge exchange between
researchers and practitioners, these efforts can
drive the adoption of Al technologies in the CDWM
sector, leading to more sustainable and efficient
practices.

In summary, this study serves as a
foundational resource for companies seeking to
optimise their waste management processes by
leveraging Al technologies. By addressing the
identified gaps and exploring future research
directions, this study hopes to contribute to the
ongoing efforts to achieve sustainable and efficient
CDWM practices.
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