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Abstract

Without immediate intervention, global warming will have devastating conse-
quences on the environment for future generations; as such, there is an urgent
need to adopt more sustainable economic practices like the Circular Econ-
omy (CE). Although several policies and regulations support this goal, such
as the European Green Deal, Ireland consistently ranks among the poorer-
performing countries in CE adoption. One of the Irish sectors that contributes
the most to this is the construction sector, where the built environment con-
stitutes 30-40% of Greenhouse Gas (GHG) emissions. With this in mind, a
comprehensive synthesis of the diverse range of barriers and enablers to CE
adoption is crucial for developing targeted strategies to improve Ireland’s CE
performance and contribute effectively to the sustainability goals. This study
comprehensively analyses CE and the built environment in Ireland, drawing
from impactful articles, white papers, and reports. This study reveals that key
barriers to CE adoption in Ireland’s built environment include pervasive issues
in material and waste management, leading to a high material footprint, low
Circular Material Use Rate (CMUR), and inadequate recycling of Construction
and Demolition Waste (CDW). Critical policy and regulatory shortcomings were



identified, particularly the insufficient focus on Whole Life Carbon (WLC) assess-
ment and practical support for Design for Disassembly (DfD). Furthermore, the
digitalisation necessary to underpin CE is significantly hampered by a lack of
integrated data frameworks, skills gaps, and clear standards. Crucial enablers
identified involve strategic policy reforms to stimulate secondary material mar-
kets and mandate WLC, the advancement of digital tools such as Building
Information Modelling (BIM) for CE and shared material databases, and fos-
tering widespread adoption of DfD principles alongside targeted decarbonisation
strategies appropriate for the Irish context.
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1 Introduction

1.1 Background and Context

Despite ongoing efforts, Ireland’s economy remains largely structured around a linear
model, following a ”take-make-waste” approach to production and waste manage-
ment. In this model, potentially useful resources are destroyed or sent to landfill at the
End-of-Life (EoL) stage, contributing to the depletion of valuable materials and envi-
ronmental degradation. This linear approach is increasingly being recognised as both
environmentally and economically unsustainable, not only on a national level but also
within a European context [1].

While there are many definitions of CE, a key component is that the ”take-make-
waste” model is replaced with a more sustainable closed-loop approach at the EoL
stage. In this closed-loop system, the focus shifts to reducing waste and maximising
resource efficiency, often through practices such as reusing, refurbishing, repurposing,
and recycling. By incorporating a closed-loop approach, the lifespan of materials can
be extended beyond just a single-use cycle, significantly reducing the environmental
impact of producing new materials, while also maximising their economic value over
time. However, putting these circular principles into practice presents significant chal-
lenges, particularly in sectors with complex material flows and long-lived products.
The construction sector stands out as a prime example of these challenges, due to its
intricate supply chains, diverse material inputs, and the longevity of its outputs.

Furthermore, the construction sector has been identified as particularly wasteful,
where the built environment (which constitutes both the operation and construction of
buildings and infrastructure) is responsible for 30-40% of total GHG emissions [2]. The
construction industry is also responsible for the largest percentage of waste worldwide,
with EoL activities accounting for 50% of this waste [3-5].

These environmental burdens are fundamentally linked to the material compo-
sition of the built environment. Specifically, the choice of building materials, from
structural elements to finishes, often emerges as the biggest contributor to carbon
emissions, largely due to their inherently carbon-intensive production processes [6].
Materials commonly used in structural elements, such as concrete, steel, and alu-
minium, are responsible for approximately 20% of emissions [7]. Cement, being one



of the major elements exported from Ireland, also contributes significantly to these
carbon emissions [2].

The environmental challenges posed by the construction sector, outlined above,
necessitate strong policy and regulatory frameworks to drive change towards a circular
economy. The following section will detail the key policy and regulatory drivers at
both the Irish and European levels.

1.2 Policy and Regulatory Drivers

The Government of Ireland’s Climate Action Plan 2024 [8] sets a clear roadmap to
halve Ireland’s carbon emissions by 2030, with the goal of achieving net-zero emissions
by 2050 in line with the goals set out by the European Green Deal [9]. As part of this
ambitious agenda, there is a strong mandate to transition from the traditional linear
model to a circular model, promoting sustainability in various sectors, including con-
struction, waste management, and energy. However, despite these efforts, Ireland has
ranked significantly lower than most other European countries for adopting circular
economy practices. For example, Ireland’s CMUR is low at 2%, significantly under-
performing the 12% European average (2021) [10, 11]. An EU-28 cluster analysis by
Mazur-Wierzbicka [12], assessing waste management and material use, also grouped
Ireland among the lowest performers in circularity adoption. Moreover, geographically
similar countries to Ireland, such as those in Scandinavia, have fared much better in
CE adoption. Examining the policies, regulations, and strategies implemented in these
countries can offer valuable insights into how Ireland can enhance its own circular
economy practices and policies.

Several plans and strategies have been implemented in recent years to promote
CE practices within the built environment. For instance, the Irish Green Building
Council (IGBC), a non-profit organisation that offer guidance to local and national
government, produced a 2022 roadmap [13] which outlines ambitious plans to decar-
bonise the built environment. This includes achieving net-zero embodied carbon for
new buildings and infrastructure, including renovations, and net-zero operational car-
bon for all buildings, including existing structures. These efforts are aligned with the
broader climate action goals of reducing emissions and promoting sustainability in the
construction industry.

More recently, in May of 2024, the Energy Performance of Buildings Directive
(EPBD) [14] was published and is a fundamental directive that is responsible for
making European countries meet the required climate change and sustainability goals
in relation to the built environment. A key component of the EPBD is the introduction
of Minimum Energy Performance Standards (MEPS) for non-residential buildings,
looking particularly at worst-performing buildings in each country while also aiming
to improve digitalisation of energy systems for buildings. The EPBD will significantly
influence Ireland’s building regulations and sustainability targets, as member states
have until 29th May 2026 to transpose the provisions of the directive into national law.
The IGBC is actively involved in helping Ireland adopt the EPBD 2024, particularly
concerning the new emphasis on embodied carbon.



1.3 Scope and Objectives of the Review

Given the fast pace of the evolving CE landscape in relation to new policies and
regulations, stemming from the aforementioned climate change targets and pending
legislation, a comprehensive overview of the current research landscape within Ireland
is not only timely but necessary. Furthermore, identifying current barriers and enablers
with a distinct focus on the Irish landscape will allow key stakeholders to identify and
bridge gaps. The main goal of this work is to perform an extensive literature review
relating to the CE in the construction sector with the aim of performing a synthesis
of the key barriers and enablers in this regard.
The main contributions of the scientific study are as follows

e Firstly, to provide a comprehensive review of research, primarily from the past five
years, focusing on CE and the built environment from an Irish perspective. This
review draws on government reports, policy and directive documents, academic
conferences and journals to give a holistic view of the research landscape in Ireland.

® Secondly, to perform a synthesis of the barriers and enablers for circular economy
adoption in the built environment in Ireland. While some attention has been given
to identifying these barriers and enablers, a comprehensive analysis of the research
landscape in Ireland specifically has yet to be conducted.

® Thirdly, based on the above synthesis, we discuss future opportunities and research
directions, providing recommendations for stakeholders.

2 Methodology
2.1 Review Approach

The literature reviewed in this paper includes a combination of academic journal
articles, conference proceedings, and white papers published from 2019 until now.
Google Scholar was used as the primary search tool. Searches employed a structured
combination of keywords—including but not limited to Ireland, Irish, Construction
Sector, Built Environment, Materials and Carbon Emissions—using Boolean operators
to refine results. Where possible, filters were applied to limit results to recent, relevant,
and English-language sources.

Inclusion criteria were defined to prioritise research that directly addresses CE
principles within the Irish built environment. Papers focusing solely on other regions
or sectors were excluded unless they were directly applicable to the built environment
within the Irish context. Relevant industry and government white papers were included
where they provided data, case studies, or policy frameworks, some of which are not
always found or discussed in academic literature.

In addition to academic sources, policy and regulatory documents were reviewed,
sourced directly from the European Commission and official Irish Government web-
sites. These documents provided insight into the evolving policy context shaping CE
adoption in Ireland. Some of the Key reports that informed the review include the
Circularity Gap Report [15], Supporting the Circular Economy Transition in the Irish
Construction Sector [16], and The Green Public Procurement Strategy and Action



Plan 2024-2027 [17], each of which offers sector-specific information, including strategic
guidance.

The research identified through this review was subsequently categorised into three
main groups to facilitate a structured analysis of current research trends, barriers,
and enablers: Materials and CDW Management, Carbon Emissions and Life Cycle
Analysis (LCA), and Digitalisation, Tools and Assessment. This approach allows for
a comprehensive examination of the challenges and opportunities for CE adoption in
the Irish built environment across these interconnected research areas.

3 Current Research Trends in Circular Economy and
the Built Environment

3.1 Research Focus Areas in the Irish Context

A Materials and Construction and Demolition (CDW)
Management

Understanding the intrinsic value of materials beyond a single lifespan is crucial for
transitioning from a linear economy to a circular economy. In a linear economy, virgin
materials are extracted, used in construction in ways that hinder reclamation, and are
then often destroyed or landfilled at EoL. In a CE, materials can be repurposed and
reused for multiple lifespans, thereby extending their lifespan and providing a cost-
effective and environmentally sustainable approach. The Circular Economy Action
Plan of the European Commission [1] has given a strong mandate to achieve a more
circular approach to material use by aiming to double the European CMUR by 2030.
The following sections look at material use in Ireland within the built environment. In
particular, we found a relatively high number of publications relating to timber [18-21].

Ireland’s Circularity Gap Report [15], by the Circle Economy organisation, provides
a detailed analysis of Ireland’s material use, where a detailed material flow analysis
was performed to uncover Ireland’s circularity baseline. Ireland’s material footprint is
on the higher end of the scale compared to other European countries. For example,
Ireland’s total material footprint is estimated to be 111 million tonnes, which works
out to approximately 22 tonnes per person. Compared to the United Kingdom and
Europe, which are estimated at 16 and 17 tonnes, respectively, Ireland’s material foot-
print per capita is substantially higher [15]. Breaking down material use by sector, the
built environment contributes the most to Ireland’s material use footprint, with 35%
of the country’s total raw material consumption directly attributed to the built envi-
ronment. The majority of this comes from non-metallic minerals, such as cement and
concrete production, which contribute 88% of the built environment’s total material
consumption [15].

McCarthy et al. [11] explored Ireland’s CMUR, a metric used to determine material
circularity, and found that Ireland had one of the lowest CMUR metrics in Europe.
CMUR is calculated as the quantity of material recycled nationally divided by the
quantity of material consumed nationally. This report focused on identifying factors
driving Ireland’s lower CMUR score and addressing potential improvements to help
increase it. A comparative study was conducted between Ireland and Netherlands,



Austria, and Croatia [11]. While this report more broadly considered materials, there
was a significant focus on CDW, particularly on soil and mineral waste as it contributed
to 88% of the waste stream in the EU in 2020. Some interesting results are reported for
recycled CDW; for instance, only 39% of mineral waste is recycled in Ireland compared
to 86%, 99% and 76% for Austria, the Netherlands and Croatia, respectively. As such,
Ireland was found to underperform in recycling CDW.

Austria, a model for CMUR improvement over 10 years, shows that matching
its soil (9%) and mineral CDW (86%) recycling rates could increase Ireland’s 2020
CMUR from 1.65% to 2.42% (+0.77%) [11]. Discussion of Austrian acts (e.g., Waste
Balance Ordinance, Recycling Building Materials Ordinance with material separation
requirements) led to a workshop with Irish CDW stakeholders exploring directive
alignment. An outcome of this workshop was that stronger requirements were needed
on the separability of materials in construction and demolition for material reuse
and recycling. Furthermore, these requirements should be considered at the design,
construction, and pre-demolition phases, with a focus on tracking and traceability of
materials along with project-scale considerations.

Sikkema et al. [18] analysed the level of maturity of timber markets within Europe,
categorising countries into four phases of maturity. These are defined as in successional
order, introduction, growth, maturity and decline, where Ireland was reported to be
in the introductory phase. Notably, Ireland does not have a significant history of using
timber frames for residential or commercial property construction. This may be due
to a substantially high level of deforestation in Ireland compared to other European
countries, with forests dropping to as low as 1% of land mass in the early 20th century,
although this percentage has since risen to 11% [18]. Furthermore, there is a negative
perception surrounding Irish Sitka trees in terms of quality, though they account for
around half of Irish trees and 75% of all the carbon stored in Irish forests [22]. Higher-
density wood with greater bending strength from Nordic countries tends to be used in
roof trusses compared to lower-density wood native to Ireland, making Ireland reliant
on imported timber for roof trusses. Another limitation for Ireland is that timber-
framed buildings are limited to three stories or a height of 10 metres for fire safety
reasons [23]. The authors note that incentives, such as tax exemptions and green
mortgage rates can help move Ireland beyond the introductory timber market phase.

Grabowski et al. [21] conducted a LCA using Austrian Cross-Laminated Tim-
ber (CLT) and hypothetically sourced CLT, using Revit as a BIM program along
with an LCA plugin Tally. BIM is a process for creating and maintaining information
through a digital representation or 3D model of a building, detailing the physical char-
acteristics and structure of the building, and as such is a key approach to digitalising
the built environment. CLT is a modern construction material consisting of multiple
layers of timber glued together and is notable for its strength, rigidity, dimensional
stability and high load-carrying capacity [23]. Furthermore, prefabricated panels have
the benefits of having design flexibility, fast and accurate assembly and reduced con-
struction times [23]. The authors’ analysis compared concrete against the Austrian and
Irish-sourced CLT. While it is noted that Ireland does not have a CLT manufacturer,
they use Co. Kerry as a hypothetical manufacturing location to incorporate transport
emissions into their analysis. Another important aspect of this was the inclusion of



DID information in the modelling. Using the Carbon Heroes Benchmark [24], which
follows the EN 15978 standard [25], buildings are categorised based on their carbon
profiles using an A-G rating, where A represents the best rating and G the worst.
The classification for each category is determined by calculating the Global Warm-
ing Potential (GWP) per unit area of the building (kgCOzeq/m?). The LCAs show a
~50% reduction in GWP if the existing concrete structural system, which had an E
rating, were to be replaced with Austrian-sourced CLT and Irish-sourced CLT, which
had a B rating. The authors noted that high transportation emissions are tied to the
Austrian case, so a hypothetical Irish-sourced CLT would reduce emissions by 80,000
kg COgzeq. Another important aspect of this work is the inclusion of DfD considera-
tions. When DID is considered, a rating of A on the Carbon Heroes Benchmark [24]
can be achieved for the Irish case.

A case study on recovered wood as raw materials was conducted by Llana et al. [19],
looking at Spain and Ireland, focusing on structural timber products. They found that
all recovered timber in Ireland is recycled/reused as chips for energy production/pallet
blocks, or composting. Alternatively, in Spain while most of it is reduced to chips
for energy production and particleboards, a small amount is reused in construction.
Ireland tends to have medium-sized cross-sections of recovered wood, primarily from
buildings from the 1960s/1970s, whereas Spain uses large cross-sections of recovered
wood from buildings older than 100 years old. As such, the amount of timber recovered
and its dimensions play a significant role in the reuse of timber. Additionally, other
potential reasons given for the lack of adoption of timber re-use, is the segregation of
timber from other materials, and the condition of the wood.

Walsh and Shotton [20] also looked at timber within Ireland with disassembly in
mind. This work aimed to identify primary material components for reuse by using pre-
fabricated Cygnum timber-frames that are currently used in residential buildings but
with a modified design to consider design for adaptability, design for disassembly and
reuse. The report considered a comprehensive analysis of the full residential building,
including external wall panels, roof trusses, and floor panels. Additional consideration
was taken for floor layouts to aid in the accessibility of recovering timber. The original
Cygnum design used I-joists containing glue and nails. For timber sections of length
greater than 1 metre (the lowest acceptable length), only 41% was deemed recoverable.
For sections of length greater than 2.35 metres only, 33% was deemed recoverable. For
new modified timber frames which used wooden nails and strategically placed screws,
the amount of recoverable wood was 60% for lengths greater than 1 metre. For timber
sections of length greater than 2.35 metres, 74% of timber was deemed recoverable.

Fahy et al. [26] provided an evidence-based case study using the Opera Square in
Limerick to investigate CE principles in the built environment. The square consists
of buildings with structures ranging from the 18th to 20th century, with the plan
of replacing these buildings with an open space plaza. The goal was to divert at
least 75% of demolition and construction waste from landfill as part of the Waste
Management Requirements. A pre-demolition audit was performed with the goal of i)
estimating the quantities of materials that will be removed and ii) determining how
these materials will be reused. The pre-demolition audit was the first of its kind in
Ireland and successfully allowed materials to be diverted from landfill. 15,003 tonnes of



material were re-used as a piling mat for the new plaza, diverting 87% of the material
from landfill. This was further brought up to a diversion rate of 98% with various
incentives relating to 100s of tonnes of bituminous stone, natural stone, timber and
metal, resulting in re-use or recycling for on-site, off-site or storage for future project
phases.

B Carbon Emissions and LCA

GHG emissions have led to a global rise in temperatures, which in turn is having
a profoundly negative effect on the climate. One of the major contributors to GHG
emissions is carbon-based emissions. Many countries are seeking to reduce their carbon
emissions and have set ambitious targets to try to reduce and/or achieve net-zero
carbon emissions by specific dates. Ireland’s Climate Action Plan 2024 [8], which sets
carbon budgets and sectoral emissions ceilings, aims to halve emissions by 2030 and
achieve net-zero emissions by 2050.

Ireland’s carbon footprint is more than double the global average [15] and the built
environment has a substantial influence on carbon emissions, contributing to 11% of
Ireland’s total carbon footprint [15]. This is in part due to a high level of construction
materials being imported from countries with more carbon-intensive technologies or
with lower environmental standards. Understanding Ireland’s carbon emissions and
addressing barriers and enablers will help towards achieving the goals set out by the
Climate Action Plan [8].

O’Hegarty and Kinnane [2] used Ireland as a case study to assess the Whole Life
Carbon (WLC) of the built environment, seeking to quantify operational and embodied
carbon using two Circularity Indicators (ClIs): Commodity Accounting Method (CAM)
and Sector Summation Method Sector Summation Method (SSM). CAM reports GHG
emissions for material type at each life cycle stage for production and consumption-
based methods. SSM uses national construction figures and average carbon emission
intensities to both quantify and summate emissions from different asset groups, such
as residential buildings, non-residential buildings and infrastructure. Building lifecy-
cles, per EN 15978 for LCA [25], are broadly categorised into four stages: material
production, construction, in-use, and EoL: (deconstruction) [25].

Regarding Embodied Carbon (EC), the authors provide three broad categories that
can enable reductions in carbon emissions. Firstly, it is recommended to preference
retrofit over demolition in order to build fewer buildings. They note some studies in
which up to two-thirds of embodied carbon could be saved by using renovation rather
than building from scratch [27]. They also note that using the SSM method for Ireland,
~5.2 MtCOge or ~20% of all GHG emissions can be attributed to the construction
of new residential buildings. On the other hand, if instead, 50% of new buildings were
made available through renovation, ~1 MtCOse could have been saved.

Secondly, using less material or being more conservative in floor planning in terms
of the geometric or structural layout of the building can be beneficial in reducing car-
bon emissions. For example, in a previous study by O’Hegarty et al. [28], a low-carbon
high-performance concrete cladding was developed which allowed thinner sections to
be used while also reducing embodied carbon by 40% over traditionally used concrete.



Thirdly, using materials with lower embodied carbon. The three main materials
used in construction are concrete, timber and steel, where concrete and steel contribute
to 16% of global annual emissions [2]. A number of substitute materials or methods
are possible to help decarbonise concrete. Examples include the use of Supplementary
Cementitious Materials (SCMs) [29], using alternative fuels [30] and implementing
Carbon Capture Storage and Utilisation (CCSU) technologies [31]. Interestingly, they
highlight the uncertainty in whether timber is the correct approach to attaining zero
carbon emissions. The reasons given are due to limited supply, sensitivity of results to
LCA and human impact of deforestation, amongst others.

Another study by O’Hegarty and Kinnane [32] focused on WLC in Ireland, looking
specifically at the residential sector. Unlike Denmark, France and the Netherlands®,
Ireland has yet to implement WLC regulations [34]. Instead, plans to reduce carbon
for the residential sector are focused heavily on retrofitting and decarbonising electric-
ity, as per the Climate Action Plan [8] and National Retrofit Plan [35]. As such, within
the building sector, a disproportionate amount of research has focused on operational
carbon for implementing climate change mitigation policy. In their study, the authors
look to quantify both operational energy and embodied carbon in the residential sec-
tor. Within Ireland, operational energy is quantified using an energy efficiency rating
known as the Building Energy Rating (BER). The BER rating can be used to assess
the improvement of operational energy when retrofits have been conducted and ranges
from grades A-G in order of energy efficiency, where the vast majority of Irish residen-
tial buildings are grade C or worse (i.e., C, D, E, etc). The authors’ analysis found that
when just considering operational emissions only, the current Climate Action Plan
measures will fail to meet the 51% reduction, or even a 40% reduction in emissions for
the residential sector by 2030. Instead, they forecast that carbon emissions reduction
will instead reach 28% if the targeted number of energy upgrades of 500,000 homes are
retrofitted to B or better and with an 80% renewable energy-powered grid by 2030.

Ge et al. [36] performed an in-depth analysis of both Irish and International prac-
tices relating to LCA. The goal was to identify gaps in how Ireland currently tackles
LCA in regards to timber. They gathered information on 5 different timber types from
a total of 35 Environmental Product Declarations (EPDs) across 26 EPD databases.
They highlighted that disparities exist between national statistics and the lifecycle
information collected in these EPDs, due to a lack of available information. The
authors discuss that LCA is still voluntary in Ireland and that many manufacturers
skip this process to cut costs, which presents a significant challenge. Furthermore, from
a social perspective, Ireland has a historically low demand for residential dwellings,
which in turn disincentivises manufacturers to report on LCA for timber.

C Digitalisation, Tools and Assessment

An analysis within the Irish context was previously conducted by Dalirazar et al. [37],
which provides an in-depth literature review to perform a horizon scan for digitalising
the built environment within the context of the CE, focusing on Europe and Ireland.
This report highlighted current gaps and emerging/relevant technologies that could

lsince the original publication by O’Hegarty and Kinnane [32], Finland has also brought in WLC
legislation [33], effective January 1st 2025.



have a significant impact on the Irish construction sector. The authors conducted a
bibliometric analysis of abstracts from 48,114 articles (reports, articles, and academic
papers) taken from the Web of Science and Scopus databases using CE, building
sector and digitalisation terms as keywords. They note significant clusters around the
CE, Industry 4.0, Blockchain, and the construction industry, but these clusters are
significantly distant from each other, thus showing a gap in the literature between
digitalisation and CE in the construction industry [37].

Cottafava and Ritzen [38] performed an analysis of CIs, where the focus was to
understand Cls from a more holistic approach, considering macro (material impact),
meso (supply chain) and micro level (design). To this end, they considered two research
questions: Firstly, how can the environmental assessment of the raw materials used in
component-level circularity be improved, and secondly, what is the best approach to
quantifying the EoL. DfD criteria? They examined the Building Circularity Indicator
(BCI) and a predictive version, Predictive-BCI (PBCI), each with a simplified version
as well as the full version to address these questions. In their analysis, they used 8
different demonstrators (building types across the EU), which involved buildings that
were retro-fitted as part of the drive-0 [39] project. Notably, one of the case studies
included an Irish property.

Notably, while the analysis did not focus on Ireland specifically, this work highlights
the importance of regional consideration when considering Cls. For instance, material
usage differs in particular regions; as such, there is a need to consider Cls that are
robust to these regional differences. The authors note that LCA does not take into
account these regional differences and as such, can be considered a limitation. The
authors also highlight a considerable barrier in current DfD principles, in that these
principles do not incorporate the recoverability of materials. They revealed that their
proposed DfD criteria, i.e., types of connection, connection accessibility, crossings,
and form containment, were a more realistic indicator for the predicted recovery of
materials compared to assessment by experts.

Daly [40] offered a micro-level study of modular construction panels focusing on
design for disassembly, using an Irish property as a case study, also from the Drive-
0 project. The modular walls were retrofitted to a pre-existing Irish property with
circularity and design for disassembly in mind. Four assessments were undertaken
at different stages during the installation. These assessments offered several insights
into design for disassembly throughout the design and construction of the modular,
with a particular focus on the hierarchy of the construction process. Furthermore, it
highlighted limitations in current indicators that do not consider all aspects of the
disassembly process. For instance, Embodied Energy (EE) / EC of a virgin material on
a pre-existing building is not an indicator of multiple re-use and while, in this case, the
original material may have a more preferable value of EE and EC, its applicability to
multiple life cycles is not guaranteed. As such, other metrics or indicators are required
to understand the retention value of materials over time. In conclusion, the author
highlights the need for a general and clear consensus on the definition of circularity
within the building and construction sector, where input from specialists from a broad
range of disciplines is given on its implementation and assessment.
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Hand [41] considered using material passports as an aid to moving towards a
CE in an Irish context. This work discussed organisational and governmental policies
and their readiness to move towards CE practices in the construction sector, with a
distinct focus on the role of institutions and public bodies, through Irish frameworks
such as the Royal Institute of Architects of Ireland (RIAI) Plan of Works and Capital
Works Management Framework (CWMF). With this in mind, this work considered
three case studies where material passports have been tested in BIM. Each case study
looked at implementing Material Passport and Cls using BIM at different stages of
planning based on the RTAI Plan of Works, for instance, the first case study focused on
early stages planning and conceptualisation, the second stage focused on sustainability
guidelines and technical information (i.e., compliance with county standards) and the
third stage considered construction, occupation and EoL stages.

Several interesting insights were presented in this paper. Firstly, during the con-
ceptualisation and planning stage case study, a lack of standardisation in the data
used makes reproducibility problematic across different platforms. Furthermore, there
was a tendency for reliance on 3rd party data or databases. The authors highlight that
there are multiple BIM software available which is a potential limitation for incor-
porating standardised ClIs and material bank information into BIM, however, they
highlight that AutoDesk Revit is one of the most widely used BIM platforms and
that the Office of Public Works has visibility to all stages of the construction process
through the use of Autodesk Revit models [42]. The authors recommended that Revit
templates be further developed to incorporate information on products and materials
to allow BIM material passport integration.

3.2 Identified Enabler Groups from Research Trends

Table 1 Distinct enabler groups identified in the literature review (column 1) and corresponding
categorisations found in other works (columns 2-5). These categorisations can be broad and fall
into multiple groups or sparse enough that the potential enablers are not addressed.

Shortlisted Enabler

Enabler Group

Key Enabler Groups
identified in [43]

Clusters of Concep-
tual Affinities identified
in. [44]

Axes/Guidelines of
Research identified
in [45]

Group identified in [46]

Design Principles

- Design guidelines for circu-
lar buildings

- Building Design approaches
- ‘R’ framework or strategies

- Product and building
design

- Extension of product life
cycle
- Resource durability

Material Circu-
larity

- Development of reused
materials market mecha-
nisms

- More materials storage and
recycling facilities

- CDW management

- Recycled / Reusable Mate-
rials

- Stock and flow analy-

sis (potentially digitally
enabled)

- Extension of product life
cycle

- Resource durability

- Material circularity

Knowledge

- Education and research
- Circular building case stud-
ies

Digitalisation - BIM - N/A - Tools and assessment to - Innovative and smart tech-
- Technology and innovation support circular buildings nologies
for circular building tools - Stock and flow analy-
- Material passports sis (potentially digitally
enabled)
Skills and - Awareness campaigns - N/A - Circular Transition - Awareness through

workshops and education
programs

support circular buildings

Collaboration - Stakeholder collaboration - Business models or net- - N/A - N/A
and engagement works
Decarbonisation | - N/A - LCA - Tools and assessment to - N/A
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Based on the literature review from Section 3.2, a list of enabler groups was iden-
tified. To aid in our categorisation, we referred to a number of other studies that also
performed extensive literature reviews and focused on categorisation, grouping and
clustering for identifying research themes and enabler gaps for the built environment.
Table 1 details these broad studies. On the left are the enabler groups we ultimately
decide on, followed by the studies by other authors on the right. Each row lines up our
enabler group with the corresponding categorisation from these studies. Categorisa-
tions present in Aljaber et al. [43] and Ghufran et al. [46] have distinct groups relating
to policy and financial incentives, however, in our synthesis, we discuss these openly
across multiple enabler groups and as such decided not to make these distinct groups
in their own right.

The enabler gaps established by Aljaber et al. [43] were the most consistent with the
groups we identified in our literature review, albeit their work used greater granularity.
Ghufran et al. [46], Ossio et al. [44] and Munaro et al. [45] did not capture the same
level of granularity or their grouping were broader in terms of interpretation. Ossio et
al. [44] and Munaro et al. [45] also had a greater focus on LCA and decarbonisation,
which was also identified in our research, so we created a separate enabler group based
on this. Ultimately, we decided to take a balanced approach to our grouping that
covered what was found in the literature as well as how these studies have conducted
their groupings.

Fig. 1 shows a Sankey diagram illustrating the relationship between research area
and enabler group. On the left of the diagram, we have the research areas and the cor-
responding author list of the most salient reviewed works from an Irish context. On
the right of the diagram, we have the enabler groups that we identified through our
literature review. For digitalisation, tools and assessment, the works reviewed often
encompassed multiple enabler groups in their discussion, showing cross-disciplinary
aspects to the research. The research area of Materials and CDW covers design prin-
ciples, material circularity with some focus on digitalisation. The studies relating to
Carbon and LCA mainly focused on decarbonisation. In Section 4, we rely on the
research area and enablers groups for our discussion.

4 Barriers and Enablers to Circular Economy
Adoption in the Irish Construction Sector

4.1 Synthesis of Barriers

The shift from established linear practices to a circular economy model within the built
environment requires a fundamental change in how construction materials are per-
ceived, valued, and managed throughout their lifecycle. A primary barrier remains the
dominance of the traditional linear model, defined by its ”take-make-waste” approach.
An analysis of Ireland’s national material footprint underscores the scale of this chal-
lenge. Ireland’s high national material footprint ( 22 tonnes/person annually vs. UK
16, EU 17) highlights the challenge [15], driven significantly by the built environment
(35% of total raw material use, largely non-metallic minerals) [15]. Ireland also has one
of Europe’s lowest CMUR, as discussed by McCarthy et al. [11], indicating minimal
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Sankey Diagram of Research Areas and Enabler Groups

McCarthy [10] mm Design Principles
Sikkema [26]
Llana [27]
Grabowski [29] Materials and. CDW.
Walsh and Shotton [31] Material Circularity|:|
Fahy [35] ||
Cottafava and Ritzen [46] Digitalisation|:|
Daly [48] S
Hand [50] Digitalisation, tools and assessment ”
Dalirazar [23] Skills'Knowledge[ ]
L Collaboration[]

O'Hegarty and Kinnane [2]
O'Hegarty and Kinnane [41] DCarbon emissions and LCA Decarbonisation|:|
Ge [45]

Fig. 1 Sankey diagram illustrating the relationship between research areas (left side) and enabler
groups (right side). The author contributions are listed beside each research area on the left.

recycled /reused material contribution, linked to inadequate CDW recycling. Specifi-
cally, only 39% of mineral CDW is recycled in Ireland, far below rates in Austria, the
Netherlands, and Croatia [11], acting as a major barrier to resource recovery.
Specific material choices and associated practices also present distinct barriers.
While timber is often considered a key sustainable alternative, its widespread adop-
tion faces significant obstacles. As highlighted by Sikkema et al. [18], the Irish timber
market is currently in an introductory phase, constrained by factors such as a complex
history related to deforestation and a continuing reliance on imported timber. From a
decarbonisation perspective, a critical barrier identified by O’Hegarty and Kinnane [2]
is the present limitation in the available stock of domestically sourced Irish timber
required for large-scale substitution of carbon-intensive materials like concrete, while
Ge et al. [36] highlights that timber is currently underreported in LCA. Beyond sup-
ply issues and reporting, challenges persist in the EoL management of timber. Both
Llana et al. [19] and Walsh and Shotton [20] point to significant barriers in timber
recovery and reuse processes, citing difficulties in effectively segregating timber from
mixed demolition waste streams, managing variability in the condition and quality of
recovered wood, and the necessity for design modifications upfront to better facilitate
future disassembly and component reuse. Even established best practices like pre-
demolition audits, shown by Fahy et al. [26] to maximise material reuse potential and
divert waste from landfill, face practical barriers. The difficulty and cost associated
with separating and reclaiming certain materials embedded within existing structures,
such as traditional red brick, can significantly hinder the circular potential identified
in audits. Furthermore, incentives are required to promote material reuse. The Waste
Action Plan [47] highlights that a potential levy on the use of virgin aggregates is being
considered. The Green Public Procurement Strategy and Action Plan 2024-2027 [17]
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stipulates that from 2025, a minimum threshold of construction materials procured by
public bodies under new contract arrangements should comprise of recycled materials.

Policy and assessment frameworks also present shortcomings that act as barriers. A
crucial point raised in the study by O’Hegarty and Kinnane [32] concerns the predom-
inant focus of current Irish policies on reducing operational carbon emissions (energy
used during building operation), with comparatively little regulatory attention paid
to embodied carbon (emissions associated with materials, construction, and EoL).
They issue a warning that if this imbalance persists, embodied emissions from the
construction sector could potentially surpass operational emissions by the year 2030.
While various governmental plans aim to reduce overall carbon emissions, these often
lack the specificity and regulatory weight of actionable strategies. Critically, Ireland
does not yet possess regulations that mandate WLC assessments, encompassing both
operational and embodied carbon, for the crucial residential building sector; however,
given the EPBD mandate, WLC legislation will be required by May 2026 [14].

Digitalisation’s potential for CE is hindered by key barriers [37]. A primary obsta-
cle is the lack of a unified building information management framework across the
lifecycle, impeding vital data sharing and interoperability for CE tools. Additionally,
underexplored digital logbooks limit crucial data availability for material passports,
EoL planning, and circularity assessments [37]. Hand [41] further elaborates on these
data-related challenges, discussing persistent issues concerning data standardisation
and system interoperability. The lack of agreed standards for the data used within
material passports, especially during early-stage planning, poses significant challenges
for ensuring consistency and reproducibility across diverse digital platforms [41]. More-
over, the existence of multiple competing BIM software platforms can complicate the
uniform incorporation of standardised Cls and integrated material bank information,
as noted by Hand [41].

Barriers also manifest in the adoption and integration of specific technologies.
According to Dalirazar et al. [37], there is a relatively low uptake within the Irish
construction sector of advanced digital technologies such as digital twins, Artificial
Intelligence (AI), and Internet of Things (IoT). This lack of uptake limits the sector’s
capacity to benefit from using these tools for real-time operational monitoring, pre-
dictive maintenance analytics, and optimised resource management, all of which are
highly relevant in a circular economy context. This gap is also reflected in the compara-
tively limited volume of academic research addressing these technologies from an Irish
perspective. While BIM itself is becoming standard practice in many European coun-
tries [48], Ireland has only recently established a national framework mandating BIM
for public works projects. The Office of Government Procurement announced updates
to the CWMF in mid-2023 to formally adopt BIM, outlining a phased implementation
starting January 1st, 2024, for large projects (over €100 million) and progressively
extending to smaller projects by 2028 [49]. Despite this positive step, Hand [41] high-
lights that significant challenges remain in fully integrating crucial CE principles and
data requirements, such as material passports and detailed DfD information being
integrated effectively within standard BIM workflows.

Current policy and regulatory frameworks also present obstacles related to dig-
italisation. Dalirazar et al. [37] note the absence of clear, targeted policies and
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regulations specifically designed to promote and incentivise the use of digitalisation
explicitly for achieving circular economy objectives. This lack of specific guidance cre-
ates uncertainty within the industry and can consequently slow down investment in
and implementation of relevant CE-focused digital technologies. A significant human
factor contributing to these barriers is the acknowledged lack of necessary knowledge
and skills. Dalirazar et al. [37] point to a considerable technological skill gap among
the workforce and various stakeholders across the construction value chain, which hin-
ders the confident and effective use and implementation of digital tools designed to
support CE practices.

Furthermore, inherent limitations within current assessment methodologies act as
barriers themselves. Established LCA methodologies, including the widely used EN
15978 standard, face limitations that impede their straightforward application in all
contexts. Cottafava and Ritzen [38] identify issues such as a potential lack of gen-
eralisability across different geographical regions or building typologies, significant
difficulties in accurately assessing older buildings due to common data scarcity, and
the inherently time-consuming nature of conducting detailed assessments for complex
building structures. Furthermore, Ge et al. [36] suggest that for timber, manufac-
turers may underreport for LCA due to cost and social issues. Existing methods for
assessing DfD may also fall short. Daly’s [40] findings suggest that current approaches
might not adequately capture the crucial long-term material retention value, poten-
tially over-relying on indicators like the EE and EC associated with virgin material
replacement. Additionally, Cottafava and Ritzen [38] highlight the difficulty in clearly
understanding and linking micro or meso-level CIs — which might measure the cir-
cularity of a specific product or building — with broader macro-level indicators. This
disconnect can impede the ability of policymakers to make fully informed decisions
based on indicator results.

Finally, a critical barrier is the relative lack of empirical evidence and well-
documented case studies specifically within the Irish context. As pointed out by
Dalirazar et al. [37], the scarcity of published case studies and comprehensive reports
detailing the performance and practical benefits of existing digital frameworks and
assessment tools when applied to CE in Irish construction makes it challenging to
build confidence and encourage wider industry adoption.

Table 2 summarises the core barriers identified as hindering the implementation of
CE within Ireland’s built environment. Structurally, the table outlines for each bar-
rier: the thematic research area, a specific example as discussed previously, its primary
implication, and concludes by highlighting relevant Irish policy areas or regulatory
gaps where action is needed or could be further enhanced to address the barrier. This
mapping helps to translate the identified challenges into actionable policy consider-
ations relevant to Ireland’s current environmental and economic objectives, such as
those outlined in the Climate Action Plan. It further highlights specific regulatory
domains requiring review or enhancement to effectively overcome these obstacles and
promote circularity in the built environment.

In summary, Key barriers to CE in Irish construction include: persistent linear
practices; high material footprint and low CMUR; poor CDW recycling; timber sup-
ply/reuse challenges; policy gaps (especially embodied carbon and digitalisation for
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CE); data management /interoperability issues; slow adoption of advanced digital tools
and workforce skill gaps; limitations in LCA/DfD methodologies; and few local case
studies.

Table 2 Barriers to implementing a CE in the built environment in Ireland by research area,
including specific examples and the key implications of these barriers. The last column on the right
highlights the relevant Irish policy area or gap for each barrier.

Research Specific Bar- Key Implica- Related Irish Policy Area /
area rier Example tion Gap

Materials and Very low High reliance Waste Action Plan for CE targets
CDW Manage- CMUR on virgin exist, but stronger market devel-
ment materials, low opment mechanisms & incentives

recycling input  for secondary materials needed.

Materials and Low recycling Loss of valu- CDW Regulations may need revi-
CDW Manage- rates for min- able resources sion for higher recycling/reuse
ment eral CDW to landfill/low-  targets; improved enforcement
(e.g., 39%) grade use & infrastructure investment
required.
Materials and  Difficulty Hinders effec- Need for funded research & guid-
CDW Manage- linking tive policy ance on standardised, multi-level
ment micro/meso monitoring CE indicators relevant to Irish
CIs to macro & decision- context & policy goals.
indicators making
(e.g., CMUR)
Materials and Lack of DfD Difficulty in Building Regulations / Building
CDW Manage- mandate/guid- material recov-  Control Act lack specific DID
ment ance ery at EoL requirements.
Carbon Emis- Policy focus Risk of EC No mandatory WLC assess-
sions and LCA  primarily dominating ment in building regulations
on opera- future emis- (especially residential). Await-
tional carbon, sions ing transposition of EPBD recast
neglecting requirements.
embodied car-
bon
Digitalisation, ~ Lack of unified  Hinders data CWMF BIM mandate focuses
tools and framework for sharing, mate-  on cost/process; needs explicit
assessment information rial passports, integration of CE data standards
management BIM+CE (e.g., material passports, EoL
across lifecycle data).
Digitalisation,  Technological Ineffective use  requires coordinated effort
tools and skills gap of digital tools  via National Skills Strategy,
assessment across the for CE SOLAS!, industry training bod-
value chain ies, potentially linked to CWMF

rollout support.

1 SOLAS: An tSeirbhis Oideachais Leantnaigh agus Scileanna

4.2 Synthesis of Enablers

Enhancing material circularity demands proactive interventions aimed at significantly
boosting CDW recycling rates and stimulating the uptake of secondary (recycled or
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reused) materials in new construction [11]. Achieving this requires substantial improve-
ments in the segregation of diverse CDW streams, both directly on construction sites
and at off-site processing facilities, as discussed by Fahy et al. [26]. These improvements
further rely on strategic investment in developing robust, efficient recycling infrastruc-
ture capable of handling Irish CDW streams, alongside the implementation of policy
incentives explicitly designed to encourage recycling activities and, crucially, to cre-
ate a stable and reliable market demand for the resulting recycled CDW materials.
The development and adoption of clear, agreed-upon standards and credible certifi-
cation schemes for secondary materials are also critical enablers, serving to guarantee
their quality and performance characteristics and thereby build end-user confidence.
Demonstration projects showcasing successful applications of secondary materials in
real-world construction can further help overcome market uncertainty.

Embracing DfD principles during the initial design phase represents another pow-
erful enabler for future circularity. As Walsh and Shotton [20] advocate, DD facilitates
easier material recovery and component reuse at the building’s EoL. Key DfD strate-
gies include employing modular construction techniques where appropriate, using
reversible connections (e.g., bolts instead of welds or adhesives), and designing build-
ings with inherent adaptability to accommodate future changes in use or configuration,
thus prolonging the structure’s relevance and lifespan [20]. While the existing Building
Control Act [50] establishes the statutory obligation to design and construct accord-
ing to building regulations, it notably lacks specific provisions or mandates related
to DfD principles. This contrasts with approaches in countries like Norway and Den-
mark, which possess specific legislation encouraging or requiring DfD considerations
where feasible [51].

Promoting the increased use of timber as a renewable and potentially lower-carbon
structural material is also important, but requires careful consideration of enabling
factors. This includes a strong focus on ensuring timber is sourced from sustain-
ably managed forests, prioritising the use of locally sourced timber where possible
to minimise transportation emissions and support local economies, as highlighted by
Grabowski [21] in the context of CLT. Additionally, there is a need to proactively
address the known challenges related to Eol timber segregation, develop reliable
methods for quality assessment of recovered timber, and invest in the development
of advanced engineered timber products that enhance durability and reuse poten-
tial. Furthermore, effective management of materials when buildings reach their EoL
would benefit from the adoption of pre-demolition audits. As demonstrated by Fahy
et al. [26], these audits are invaluable tools for systematically identifying and quanti-
fying reusable and recyclable materials before demolition commences. Implementing
comprehensive material passports, which digitally track material composition, loca-
tion, and properties throughout a building’s lifecycle, is another key enabler for future
recovery and reuse.

Specific strategies focused on decarbonisation are crucial enablers within the
broader CE transition. O’Hegarty and Kinnane [2] offer a detailed discussion on
pathways to decarbonise the built environment by addressing both operational and
embodied carbon. For reducing operational carbon, they highlight the need to lessen
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energy demand, particularly reliance on fossil fuels, and significantly increase build-
ing energy efficiency through better design and technology. They note that policies
such as the European Net Zero Building Energy (NZBE) standard [52] provide impor-
tant regulatory drivers in this regard, although acknowledging that the full impact of
such policies will take time to materialise. In addressing the critical issue of embodied
carbon, O’Hegarty and Kinnane [2] outline three broad enabling categories. Firstly,
they strongly recommend preferencing retrofit and deep renovation over demolition
and new build wherever feasible, arguing this is key to ’building less’. Secondly,
they advocate for ’building clever’ — using less material overall or adopting more
resource-efficient approaches in the geometric or structural design of buildings. Thirdly,
"building circular’ involves substituting materials with lower embodied carbon foot-
prints. Interestingly, O’Hegarty and Kinnane [2] also highlight the ongoing uncertainty
regarding timber as a straightforward solution for achieving net-zero carbon emissions,
citing concerns related to limited sustainable supply, sensitivity of LCA results to
methodological choices, and the potential negative impacts of large-scale deforestation.

Leveraging digitalisation and refining assessment tools are pivotal CE enablers.
Dalirazar et al. [37] propose developing robust theoretical and practical frameworks
linking digitalisation strategies to CE principles in the built environment, alongside a
common information management framework for better data sharing and interoper-
ability. Specifically for digital tools, Hand [41] suggests that developing standardised
Revit templates and clear protocols for incorporating detailed product and material
information can significantly ease the widespread adoption and practical integration
of BIM-based material passports.

Another crucial enabler is the active leveraging of advanced digital technologies.
This requires promoting the adoption and integration of tools like digital twins (for
performance monitoring and scenario testing), Al (for optimisation and predictive
analytics), and IoT technologies (for real-time data capture), which, according to
Dalirazar et al. [37], can significantly enhance resource efficiency, waste management
effectiveness, and the accuracy of lifecycle analyses within the construction sector. Fur-
thermore, it is vital to continuously enhance existing BIM workflows and associated
standards to seamlessly incorporate CE-related data streams, including material pass-
ports, DID specifications, and environmental performance metrics. The recent national
mandate for phased BIM adoption in Ireland [49] provides a strong foundational policy
upon which such CE integration can be built.

Policy and regulatory support are also paramount. Implementing clear, unambigu-
ous policies and regulations that specifically encourage or mandate the use of digital
tools and structured data for achieving CE objectives can provide a powerful motiva-
tion for industry-wide adoption and innovation in this space, as suggested by Dalirazar
et al. [37]. Such measures could potentially include mandates for digital building log-
books or financial incentives tied to the use of digital tools for material tracking and
circularity reporting.

Addressing the identified knowledge and skills gap is also a critical enabler. This
requires targeted investment in comprehensive education and practical training pro-
grams designed to equip the existing workforce, as well as future professionals and
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other stakeholders, with the necessary digital literacy and specific skills required to
effectively use CE-related digital tools and technologies [37].

Assessment methodologies themselves serve as key enablers. Focused research and
development efforts are needed to create more adaptable and context-sensitive LCA
methodologies that can be effectively applied within the specific Irish context and
are perhaps less reliant on extensive, often unavailable, data for assessing older build-
ing stock. Similarly, developing more comprehensive DfD assessment methods is also
important. These methods should ideally move beyond metrics focused solely on EE
and EC, aiming instead to capture the long-term material retention value and true
reuse potential of building components, reflecting the limitations noted by Daly [40].
Moreover, further research is essential to establish clearer, more robust relationships
between micro, meso, and macro-level Circularity Indicators, thereby providing a
more holistic and integrated understanding of circularity performance to better inform
policy decisions, addressing the disconnect highlighted by Cottafava and Ritzen [38].

Finally, showcasing success through tangible case studies is an essential enabler
for building momentum. Actively identifying, supporting, and rigorously documenting
successful Irish construction projects that effectively demonstrate the practical appli-
cation and benefits of digital tools and advanced assessment methods for achieving
circularity can provide invaluable real-world learning opportunities and significantly
encourage wider industry adoption, as recommended by Dalirazar et al. [37]. Promot-
ing collaboration and knowledge sharing among all relevant stakeholders is also crucial.
This includes encouraging active partnerships between construction firms, material
manufacturers and suppliers, waste management companies, academic researchers,
and policymakers. Supporting targeted research and development initiatives focused
on circular construction technologies and practices, and actively disseminating best
practices and lessons learned from case studies, will collectively promote the broader
uptake of circular approaches.

Complementing the analysis of barriers, Table 3 outlines key enablers identified as
crucial for accelerating the adoption of CE practices within the Irish construction sec-
tor. Following a parallel structure to the previous table, it details for each enabler: the
enabler category, a specific enabling action or strategy, the desired positive outcome
from its implementation, and critically, identifies potential policy levers or existing
relevant Irish policies that could be further strengthened or used to actively support
its uptake.

By strategically and simultaneously addressing these multifaceted enablers — span-
ning mindset shifts, material efficiency improvements, enhanced recycling systems,
DID implementation, decarbonisation strategies, digital tool adoption, supportive poli-
cies, skills development, refined assessment methods, and collaborative knowledge
sharing — Ireland can significantly strengthen its capacity to accelerate the transition
towards a more circular, resource-efficient, and sustainable construction sector.
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Table 3 Enablers for implementing CE in the built environment in Ireland by enabler category,
including specific enablers and the desired outcome of these enablers. The last column on the right
highlights the relevant potential or existing Irish policy lever for each enabler.

Enabler Cat-
egory

Specific
Enabler

Desired Out-
come

Potential Policy Lever /
Existing Relevant Policy

Material Cir-

Develop stan-

Increased con-

National Standards Author-

cularity dards & fidence & )
certification market uptake ity of Ireland (NSAI) standards
for secondary development; potential for Green
materials Public Procurement (GPP) crite-
ria favouring certified secondary
materials.
Design Prac- Widespread Maximise Could be incentivised or man-

tices

adoption of
pre-demolition
audits

material iden-
tification &
recovery

dated via updates to Waste
Management Acts / CDW pro-
tocols, potentially linked to
planning permissions for demoli-
tion.

Design Prac-

Integration of

Easier future

Introduce DD guidance/require-

tices DfD principles  disassembly &  ments in building regulations;
in building material reuse  support via grants or GPP speci-
design fications.

Decarbonisation Prioritise Reduced VAT reductions for renovation
retrofit/ren- embodied (existing but could be expanded);
ovation over carbon & Climate Action Plan measures
new build material promoting retrofit; potential

demand planning policy adjustments.

Decarbonisation Use of lower- Reduced GPP criteria; potential inclusion
carbon embodied car-  of material carbon intensity lim-
materials (e.g., bon footprint its in future Building Regulations
SCMs, sustain- (linked to WLC); sustainable
able timber) forestry policies (Coillte).

Digitalisation Develop Seamless data ~ Opportunity to integrate into

& Tools common sharing for CE ongoing CWMF BIM implemen-
information tation guidance; collaboration
management between OGP!, NSAI, industry

framework &
BIM+CE data

bodies.

standards
Knowledge & Upskilling Effective Targeted funding via National
Skills workforce in implementa- Training Fund, Higher Education
digital tools tion of digital Authority, industry levy schemes;
for CE solutions curriculum updates in relevant

courses.

Collaboration

promote part-
nerships across
the value chain

Innovation &
shared solu-
tions

funded support for collaborative
R&D projects; industry networks
facilitation (e.g., IGBC); poten-
tial for CE clusters.

1 OGP: Office of Government Procurement
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5 Future Opportunities and Research Directions

5.1 Identified Gaps in Research

The preceding analysis highlights several areas within the Irish context where research
is currently lacking or requires deeper investigation to effectively support the CE
transition. Further research is needed to develop standardised, locally relevant method-
ologies for assessing the circularity of buildings, moving beyond generic indicators to
metrics that accurately reflect Irish construction practices and material flows. This
includes refining metrics and life cycle assessment to understand material retention
beyond a single lifetime better and improving DfD assessment methods to cap-
ture long-term material value retention more effectively than current carbon/energy
metrics alone [38, 40]. There is also a need to bridge the gap between micro/meso-
level circularity indicators and macro-level metrics to enable more informed policy
evaluation [38].

A notable imbalance exists in the current research focus. While timber’s potential
as a sustainable material has received considerable attention, significant uncertainties
remain regarding sustainable supply chains within Ireland, lifecycle impacts sensitive
to LCA assumptions, and broader ecological considerations [2, 18]. Additionally, there
appears to be a relative lack of applied research focused on the viability, scalability, and
environmental benefits of low-carbon concrete solutions (utilising SCMs, alternative
fuels, CCSU, etc.) specifically within the Irish construction industry context [2, 29—
31]. Given concrete’s dominance, understanding the practical potential and challenges
of decarbonising this material stream locally is a critical research gap.

Furthermore, research is needed to explore and validate innovative business mod-
els that can underpin circular practices in the Irish construction sector, moving
beyond traditional linear revenue streams. A notable gap exists in comprehensively
understanding and quantifying the long-term economic benefits and whole-life cost
implications of adopting various CE strategies (e.g., DfD, material reuse, enhanced
recycling) within an Irish economic framework. Finally, addressing the lack of doc-
umented Irish case studies across different building typologies and CE interventions
requires focused research effort to provide empirical evidence of feasibility, costs, and
benefits [37]. Research into effective digital framework development and interoperabil-
ity standards tailored for CE data management (material passports, EoL data) in the
Irish sector is also essential [37, 41].

5.2 Potential Areas for Future Development

Advancing CE in the Irish construction sector offers significant potential, contingent on
strategic development across policy, technology, and industry practices. Future devel-
opment should prioritise promoting greater stakeholder involvement and collaboration
across the entire value chain, potentially through industry platforms and networks, to
promote shared learning and joint innovation. Enhancing material recovery processes
through investment in advanced technologies and logistics for CDW, alongside devel-
oping robust markets for secondary materials, is a key development area. Crucially,
leveraging digital technologies more effectively presents major opportunities, including
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the development of national platforms for material tracking and exchange (integrating
material passports and digital logbooks), and applying AI/IoT for waste prediction
and resource optimisation [37].

Based on the literature reviewed, specific policy recommendations emerge as vital
areas of current and future development. This includes the phased introduction of
mandatory WLC assessments in Building Regulations, potentially starting with public
buildings, to address the current imbalance favouring operational carbon [32]. Devel-
oping clear regulatory guidance or incentives for DfD [20], strengthening GPP criteria
to actively specify recycled content and circular design principles, and exploring the
feasibility of extended producer responsibility schemes for key construction materi-
als are critical policy development pathways. Furthermore, specific policies promoting
digitalisation for CE, beyond the general BIM mandate, are needed [37].

Regarding industry best practices, development should focus on embedding DfD
principles into standard architectural and engineering practice, improving on-site
waste segregation protocols, establishing rigorous quality assurance procedures for
secondary materials, and investing in workforce upskilling for both digital tools and
circular construction techniques [26, 37].

A crucial step for strategic direction involves undertaking a comprehensive feasi-
bility study. This study should rigorously compare different potential pathways for
significantly decarbonising the Irish built environment while enhancing circularity.
Specifically, it needs to evaluate the practicalities, costs, timelines, supply chain impli-
cations, and regulatory adjustments associated with a major shift towards mass timber
construction versus a focused strategy on scaling up locally viable low-carbon concrete
and maximising retrofit /reuse, considering the uncertainties and barriers identified for
each [2].

5.3 Recommendations for Stakeholders

Achieving a circular built environment requires coordinated action from all involved
parties. Based on the preceding analysis, the following recommendations are proposed
for key stakeholders in Ireland:

Policymakers (Government Departments, Local Authorities, Funding Agents):

e Update building regulations to include mandatory WLC reporting and phased
introduction of embodied carbon limits, alongside specific guidance/incentives for
DID.

® Strengthen waste management regulations and CDW protocols to mandate higher
recycling/reuse rates and improved sorting, potentially linked to planning/demoli-
tion permits.

e Implement robust policy levers (e.g., landfill taxes favouring recovery, incentives for
secondary material use like tax incentives or green mortgage rates, updated GPP
criteria) to create strong market demand towards circular materials.

® Commission the recommended feasibility study comparing decarbonisation path-
ways (e.g., timber vs. low-carbon concrete focus) to inform long-term strategy and
investment, considering regulatory alignment and supply chain realities.
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e Fund targeted R&D addressing identified gaps (low-carbon concrete in Ireland,
economic models, digital frameworks) and support dedicated skills development
programs for CE and digitalisation.

® Promote development and adoption of standardised digital tools (logbooks, pass-
ports) and a centralised materials database, potentially through regulation or
incentivisation.

Industry Practitioners (Developers, Designers, Contractors, Manufacturers):

e Actively adopt DfD principles in new projects, using modularity and reversible
connections where feasible.

® Proactively increase the specification and use of verified recycled and secondary
materials, demanding quality assurance and supporting market development.

o Invest in digital tools (BIM extensions for CE, materials tracking software) and asso-
ciated workforce training to enhance efficiency and data management for circularity.
Improve on-site waste management practices focusing on high-quality segregation
for reuse and recycling.

® Pilot and adopt innovative low-carbon materials and construction techniques,
collaborating with researchers and suppliers.

® Engage actively in cross-sector collaboration platforms and knowledge-sharing
initiatives.

Researchers and Academia:

® Focus research efforts on the identified gaps, particularly: quantifying embodied
carbon for Irish typologies, assessing the viability of low-carbon concrete in Ire-
land, developing robust Irish-specific assessment methodologies (LCA, DfD, CIs),
validating economic models for CE, and creating standardised digital frameworks.

® Conduct and publish detailed Irish case studies demonstrating the application and
outcomes of various CE strategies. Collaborate closely with industry and policy-
makers on pilot projects and feasibility studies, including the comparative pathway
analysis (timber vs. low-carbon concrete).

® Integrate CE principles, WLC assessment, and digital skills comprehensively into
relevant third-level curricula (architecture, engineering, construction management).

6 Conclusion

This review presents a comprehensive analysis of literature relating to CE in the con-
struction sector and built environment, focusing predominantly on works from the last
five years within Ireland, followed by a detailed synthesis of barriers and enablers. This
analysis underscores the significant and multifaceted challenges currently blocking the
effective transition to a CE within the Irish construction sector, a sector critical to
the nation’s overall environmental performance and resource management. Address-
ing this diverse range of challenges requires a paradigm shift supported by strategic,
coherent, and immediate actions, leveraging the identified enablers. One of the most
important among these is the implementation of decisive policy reforms that establish
clear targets for material circularity and waste reduction. Furthermore, these policies
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should also create tangible market incentives for secondary materials and mandate
comprehensive WLC considerations in building regulations. Simultaneously, a national
strategy to accelerate digital transformation for CE is crucial, alongside dedicated
programmes for upskilling the workforce. Ensuring robust collaboration between gov-
ernment, industry, and research institutions will be critical for driving innovation,
particularly in areas such as developing and scaling low-carbon material solutions
suitable for Ireland and implementing effective circular adoption. By taking proac-
tive measures to tackle these barriers, Ireland can unlock significant opportunities to
enhance resource security, reduce GHG emissions, and position its construction sector
as a leader in sustainable practices.

Declarations

Abbreviations

CFE Circular Economy

GHG Greenhouse Gas

CMUR Circular Material Use Rate

CDW Construction and Demolition Waste
WLC Whole Life Carbon

DfD Design for Disassembly

EoL End-of-Life

IGBC TIrish Green Building Council

EPBD Energy Performance of Buildings Directive
MEPS Minimum Energy Performance Standards
LCA Life Cycle Analysis

CLT Cross-Laminated Timber

BIM Building Information Modelling

G WP Global Warming Potential

CIs Circularity Indicators

24



CAM Commodity Accounting Method

SSM Sector Summation Method

CCSU Carbon Capture Storage and Utilisation
BER Building Energy Rating

EPDs Environmental Product Declarations
BCT Building Circularity Indicator

PBCI Predictive-BCI

EFE Embodied Energy

EC Embodied Carbon

RIAT Royal Institute of Architects of Ireland
CWMF Capital Works Management Framework
AT Artificial Intelligence

IoT Internet of Things

NZBE Net Zero Building Energy

GPP Green Public Procurement

NSAT National Standards Authority of Ireland

SCMs Supplementary Cementitious Materials

Ethics approval and consent to participate

Not applicable

Consent for publication

Not applicable

Availability of data and material

Not applicable

25



Competing interests

On behalf of all authors, the corresponding author states that there is no conflict of
interest.

Funding

This project is funded under the EPA Research Programme 2021-2030 (Grant number:
2023-GCE-1207). The EPA Research Programme is a Government of Ireland initiative
funded by the Department of the Environment, Climate and Communications.

Authors’ contributions

Fergal Stapleton: Investigation, Conceptualisation, Visualisation, Methodology,
Writing — Original Draft, Writing - Review & Editing.

Lucia Vazquez Mendoza: Conceptualisation, Methodology, Writing - Review &
Editing.

Edgar Galvan: Conceptualisation, Methodology, Writing - Review & Editing,
Supervision, Funding Acquisition, Project Administration.

Acknowledgements

Not applicable.

References
[1] European Commission: Circular Economy Action Plan (2020)

[2] O’Hegarty, R., Kinnane, O.: Whole life carbon quantification of the built
environment: Case study ireland. Building and Environment 226, 109730 (2022)

[3] Clark, C., Jambeck, J., Townsend, T.: A review of construction and demolition
debris regulations in the united states. Critical Reviews in Environmental Science
and Technology 36(2), 141-186 (2006)

[4] Copeland, S., Bilec, M.: Buildings as material banks using rfid and building
information modeling in a circular economy. Procedia Cirp 90, 143-147 (2020)

[5] Kibert, C.J.: Sustainable construction: green building design and delivery. John
Wiley & Sons (2016)

[6] Irish Green Building Council: EU Policy Whole Life Carbon Roadmap. avail-
able at: https://viewer.ipaper.io/worldgbc/eu-roadmap/. Accessed: 2025-03-25
(2022)

[7] Architecture-2030:  Architecture  2030.  available  at:  https://www.
architecture2030.org/. Accessed: 2025-05-23 (2025)

26


https://viewer.ipaper.io/worldgbc/eu-roadmap/
https://www.architecture2030.org/
https://www.architecture2030.org/

[12]

[13]

[14]

[15]

[16]

[17]

18]

[20]

Department of the Environment, Climate and Communications: Climate Action
Plan 2024 (2024)

European Commission: European Green Deal. Accessed: 2025-05-28 (2020)
OECD: The Circular Economy in Ireland (2022)

McCarthy, J., McCarthy, C., Sigiienza, C.P., Suto, G., Gibson, C., Downey, C.,
Boland, A.: A critical analysis of ireland’s circular material use rate (cair)

Mazur-Wierzbicka, E.: Circular economy: advancement of european union coun-
tries. Environmental Sciences Europe 33, 1-15 (2021)

Irish Green Building Council: Building Zero Carbon Ireland. Available at: https:
//www.ighc.ie/wp-content /uploads/2022/10/Building-Zero- Carbon-Ireland.
pdf. Accessed: 2025-03-20 (2022)

European Commission: Energy Performance of Build-
ings Directive (EU/2024/1275). Available at: https://energy.
ec.europa.eu/topics/energy-efficiency /energy-efficient-buildings/
energy-performance-buildings-directive_en. Accessed: 2025-04-15 (2024)

Circle Economy: Circularity Gap Report (2024)

CSG Innovation & Digital Adoption Subgroup: SUPPORTING THE CIRCULAR
ECONOMY TRANSITION IN THE IRISH CONSTRUCTION SECTOR (2024)

Department of the Environment, Climate and Communications: Green Pub-
lic Procurement Strategy and Action Plan 2024-2027. Available at: https://
www.gov.ie/en/department-of-the-environment-climate-and-communications/
publications/green-public-procurement-strategy-and-action-plan-2024-2027/.
Accessed: 2025-05-06

Sikkema, R., Styles, D., Jonsson, R., Tobin, B., Byrne, K.: A market inventory of
construction wood for residential building in europe—in the light of the green deal
and new circular economy ambitions. Sustainable cities and society 90, 104370
(2023)

Llana, D.F., fﬁiguez—(}onzélez, G., Arana-Ferndndez, M., Ui Chuldin, C., Harte,
A.M.: Recovered wood as raw material for structural timber products. charac-
teristics, situation and study cases: Ireland and spain. In: Proceeding of 63rd
International Convention of Society of Wood Science and Technology (SWST),
pp. 117-123 (2020)

Walsh, S.J., Shotton, E.: Design for deconstruction and reuse: An irish suburban

semi-detached dwelling. Technical report, School of Architecture, Planning &
Environmental Policy, University College Dublin (2022)

27


https://www.igbc.ie/wp-content/uploads/2022/10/Building-Zero-Carbon-Ireland.pdf
https://www.igbc.ie/wp-content/uploads/2022/10/Building-Zero-Carbon-Ireland.pdf
https://www.igbc.ie/wp-content/uploads/2022/10/Building-Zero-Carbon-Ireland.pdf
https://energy.ec.europa.eu/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://energy.ec.europa.eu/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://energy.ec.europa.eu/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://www.gov.ie/en/department-of-the-environment-climate-and-communications/publications/green-public-procurement-strategy-and-action-plan-2024-2027/
https://www.gov.ie/en/department-of-the-environment-climate-and-communications/publications/green-public-procurement-strategy-and-action-plan-2024-2027/
https://www.gov.ie/en/department-of-the-environment-climate-and-communications/publications/green-public-procurement-strategy-and-action-plan-2024-2027/

[21]

[22]

[23]

[32]

[33]

[34]

Grabowski, S., Mehra, S., Palmer, D., Knight, D., O’Leary, T.: Cross lami-
nated timber vs concrete—a comparative life cycle assessment of a residential case
study building in ireland. on architectural technology (ICAT 2024): architectural
technology transformation., 69 (2023)

CoolPartner Community: These Aren’t The Trees You're Looking For -
Sitka Spruce. Available at: https://www.cloudforests.ie/blog/the-sitka-spruce.
Accessed: 2025-03-27

Annette M. Harte, A.M. Bill Robinson, Jacob, M.: Timber in Multi-storey
Construction. COFORD, Department of Agriculture, Food and the Marine
(2017)

One click LCA: The sustainability platform for construction & manufacturing.
Available at: https://oneclicklca.com/. Accessed: 2025-03-17

Sustainability of Construction Works — Assessment of Environmental Perfor-
mance of Buildings — Calculation Method

Fahy, K., Kelly, M., Newell, S.: Circular interventions during the demolition and
enabling phase: An irish case study (2024)

Sgrensen, L., Mattson, M.: Analysis of co2 emissions and total economics in
renovation and new building. Ramboll. Ramboll. (2020)

O’Hegarty, R., Kinnane, O., Newell, J., West, R.: High performance, low carbon
concrete for building cladding applications. Journal of Building Engineering 43,
102566 (2021)

Snellings, R., Mertens, G., Elsen, J.: Supplementary cementitious materials.
Reviews in mineralogy and geochemistry 74(1), 211-278 (2012)

Nhuchhen, D.R., Sit, S.P., Layzell, D.B.: Decarbonization of cement production
in a hydrogen economy. Applied Energy 317, 119180 (2022)

Paltsev, S., Morris, J., Kheshgi, H., Herzog, H.: Hard-to-abate sectors: The role
of industrial carbon capture and storage (ccs) in emission mitigation. Applied
Energy 300, 117322 (2021)

Hegarty, R.O., Kinnane, O.: A whole life carbon analysis of the irish residential
sector-past, present and future. Energy and Climate Change 4, 100101 (2023)

Finlex: The New Construction Act (Rakentamislaki 751/2023) (2025)

Steinmann, J., Rock, M., Liitzkendorf, T., Allacker, K., Le Den, X.: Whole Life
Carbon Models for the EU27 to Bring down Embodied Carbon Emissions from
New Buildings. Review of Existing National Legislative Measures. Ramboll KU
Leuven (2022)

28


https://www.cloudforests.ie/blog/the-sitka-spruce
https://oneclicklca.com/

[35]

[36]

[39]

[40]

[41]

Department of the Environment, Climate and Communications: National Retrofit
Plan (2022)

Ge, S., O’Ceallaigh, C., McGetrick, P.J.: A review of best international life cycle
assessment (lca) practices in wood construction: Challenges for ireland. Cleaner
Environmental Systems, 100260 (2025)

Dalirazar, S., Kelly, M., Sinnott, D., O’Donnell, J.: Sustainability and circular
economy horizon scan and needs analysis (2023)

Cottafava, D., Ritzen, M.: Circularity indicator for residential buildings: Address-
ing the gap between embodied impacts and design aspects. Resources, Conserva-
tion and Recycling 164, 105120 (2021)

Drive 0. Available at: https://www.drive0.eu/. Accessed: 2025-01-22 (2021)

Daly, P.: A critical review of circularity-‘design for disassembly’assessment meth-
ods applied in the development of modular construction panels-an irish case study.
E-Prime-Advances in Electrical Engineering, Electronics and Energy, 100252
(2023)

Hand, B.: Moving away from a linear economy towards a circular economy, mate-
rial passports are seen as an essential tool to optimise design for greater circularity.
how can bim software aid this paradigm shift in an irish architectural project? on
architectural technology (ICAT 2024): architectural technology transformation.,
11

Day, M., Harvey, G., Foley, S., Sobiecki, L., Furlong, K.: Opw revit template-an
enabler to increase the implementation of bim on opw projects. Dublin: OPW
(2021)

AlJaber, A., Martinez-Vazquez, P., Baniotopoulos, C.: Barriers and enablers to
the adoption of circular economy concept in the building sector: a systematic
literature review. Buildings 13(11), 2778 (2023)

Ossio, F., Salinas, C., Hernandez, H.: Circular economy in the built environment:
A systematic literature review and definition of the circular construction concept.
Journal of Cleaner Production 414, 137738 (2023)

Munaro, M.R., Tavares, S.F., Braganca, L.: Towards circular and more sustain-
able buildings: A systematic literature review on the circular economy in the built
environment. Journal of cleaner production 260, 121134 (2020)

Ghufran, M., Khan, K.I.A., Ullah, F., Nasir, A.R., Al Alahmadi, A.A., Alzaed,
A.N., Alwetaishi, M.: Circular economy in the construction industry: A step
towards sustainable development. Buildings 12(7), 1004 (2022)

29


https://www.drive0.eu/

[47]

[48]

[49]

Department of the Environment, Climate and Communications: Waste
Action Plan for a Circular Economy. Available at: https://www.gov.ie/en/
department-of-the-environment-climate-and-communications/publications/
waste-action-plan-for-a-circular-economy /. Accessed: 2025-05-06

Charef, R., Emmitt, S., Alaka, H., Fouchal, F.: Building information modelling
adoption in the european union: An overview. Journal of Building Engineering
25, 100777 (2019)

Office of Government Procurement: BIM requirements in the CWMF from
January 2024. Accessed: 2025-03-10. https://constructionprocurement.gov.ie/
bim-requirements-in-the-cwmf-from-january-2024/

Department of Housing, Local Government and Heritage:
Building Control Act. Available at: https://www.gov.ie/en/
department-of-housing-local-government-and-heritage /publications/
building-control. Accessed: 2025-04-15

Norwegian Building Authority: Building Technical Regulation (TEKI17).
Available at: https://dibk.no/regelverk/byggteknisk-forskrift-tek17/17/17-1/.
Accessed: 2025-04-15 (2017)

European Parliment: Directive 2010/31/EU of the European Parliament and of

the Council of 19 May 2010 on the Energy Performance of Buildings (Recast)
(2018)

30


https://www.gov.ie/en/department-of-the-environment-climate-and-communications/publications/waste-action-plan-for-a-circular-economy/
https://www.gov.ie/en/department-of-the-environment-climate-and-communications/publications/waste-action-plan-for-a-circular-economy/
https://www.gov.ie/en/department-of-the-environment-climate-and-communications/publications/waste-action-plan-for-a-circular-economy/
https://constructionprocurement.gov.ie/bim-requirements-in-the-cwmf-from-january-2024/
https://constructionprocurement.gov.ie/bim-requirements-in-the-cwmf-from-january-2024/
https://www.gov.ie/en/department-of-housing-local-government-and-heritage/publications/building-control
https://www.gov.ie/en/department-of-housing-local-government-and-heritage/publications/building-control
https://www.gov.ie/en/department-of-housing-local-government-and-heritage/publications/building-control
https://dibk.no/regelverk/byggteknisk-forskrift-tek17/17/17-1/

	Introduction
	Background and Context
	Policy and Regulatory Drivers
	Scope and Objectives of the Review

	Methodology
	Review Approach

	Current Research Trends in Circular Economy and the Built Environment
	Research Focus Areas in the Irish Context
	Materials and Construction and Demolition (CDW) Management
	Carbon Emissions and LCA
	Digitalisation, Tools and Assessment

	Identified Enabler Groups from Research Trends

	Barriers and Enablers to Circular Economy Adoption in the Irish Construction Sector
	Synthesis of Barriers
	Synthesis of Enablers

	Future Opportunities and Research Directions
	Identified Gaps in Research
	Potential Areas for Future Development
	Recommendations for Stakeholders

	Conclusion

