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Validating decarbonisation
strategies of climate action plans
via digital twins: a Limerick case
study

Niall Byrne*, Susan Pierce, Lorenzo De Donatis, Ruth Kerrigan
and Niall Buckley

Integrated Environmental Solutions R&D Limited, Dublin, Ireland

The European Green Deal (EGD) represents the response of the European Union
(EV) to the climate crisis and a strategy to mitigate against climate change and
the associated environmental degradation. European Climate Law supports the
EGD by setting the legally binding target of climate neutrality for the EU on a time
horizon of 2050 and mandates that member states develop and implement their
own Climate Action Plans (CAP), which are strategic roadmaps outlining steps
to reduce greenhouse gas (GHG) emissions and adapt to the impacts of climate
change. Within the Irish context, the CAP focuses on six specific sectors, three
of which, namely the energy grid, the built environment and transportation are
considered in this research. This policy proposes the retrofitting of all residential
buildings in the country to a B2 energy performance certificate (EPC), all public
transport and 60% of private vehicles electrified and the full decarbonisation of
the electrical grid by 2050. This study aims to implement the targets and goals
outlined within CAP 2021 in an urban area of Ireland, specifically a historical
city centre. The research leverages digital twin technology developed by IES
to model the carbon emissions associated with the built environment, while
also incorporating GHG emissions associated with transportation and the
grid. Furthermore, CAP scenarios are applied systematically and strategically,
prioritising building retrofits based on buildings with similar characteristics,
typologies and performance. This study has assessed the performance of CAP
about two future grid scenarios (1) business as usual and (2) a decarbonised
grid. In both scenarios, CAP was not sufficient to achieve the targets set out,
resulting in a shortfall of between 25 and 33%. Based on this outcome it may
be concluded that any decarbonisation targets specified should be tested and
validated before their implementation in policy. Moreover, current state-of-the-
art digital twin technologies can facilitate the rapid holistic appraisal of complex
multi-sectoral policy at the urban scale, which, depending on data availability,
could prove useful in future iterations of CAP at both national and international
levels.
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1 Introduction

Anthropogenic climate change is having a significant impact on
Earth, driving environmental and social challenges that are being
manifested through rising global average temperatures, melting ice
and rising sea levels, increased frequency and severity of extreme
weather events and changes in ecosystems that lead to biodiversity loss
(Intergovernmental Panel on Climate Change, 2021). In order to
mitigate the impact of changing climate, it is essential that immediate
and far-reaching interventions are taken to reduce greenhouse gas
emissions (GHG), particularly those arising from the use of fossil-
fuels, to limit global warming to below 2°C and ideally below 1.5°C
compared to pre-industrialisation levels.

The Intergovernmental Panel on Climate Change (IPCC) reports
that the energy sector is one of the largest sources of global GHG
emissions, with much of the world’s electricity still generated through
the burning of fossil fuels such as coal, oil and natural gas. A transition
to clean, renewable energy sources should be prioritised and
implemented, coupled with additional measures such as energy
efficiency improvements and the investigation of carbon capture and
storage technologies as a means of providing a clean electrical grid. In
order to address the manner in which the built environment
contributes to climate change, embodied and operational emissions
must be considered. Embodied emissions refer to those associated
with the manufacturing and transport of building materials as well as
the construction process itself and can be mitigated through the
mindful specification of sustainable, low-carbon building materials
and construction techniques. Operational energy refers to that which
is used for heating, cooling, lighting, appliances and processes within
the building and can be improved through the implementation of
energy efficiency projects (insulation, energy efficient appliances,
smart building design, demand side management, etc.) and
electrification with clean and renewable supply (use of a heat pump,
installation of renewable generating devices, etc.). Similarly, the IPCC
(Jaramillo et al., 2022) have identified the transport sector as a major
source of GHG emissions, accounting for approximately 15% of GHG
emissions and approximately 23% of global energy-related CO2
emissions. Furthermore, transport emissions have been increasing at
a faster rate than any other end-use sector in the last few decades,
particularly in emerging economies, a trend that is anticipated to
continue if no major transition occurs. In the developed world, a
large-scale shift to electric vehicles (EVs) is currently ongoing, while
governments and transportation authorities are actively promoting
active travel or the use of public transportation. It is important to note
the interconnectedness of sectors as the transition accelerates and the
potential for knock-on impacts occurring in one sector based on a
change in another. The move to EVs for example will impact the
demand profiles for the electricity grid, and requiring an accelerated
adaptation of renewable grid assets.

In response to the recommendations made by the IPCC above, the
European Green Deal (EGD) was launched in 2019 as a means to
transform the European Union into a climate-neutral and sustainable
economy by 2050 (Director-General for Communication, 2021), thus
addressing climate change and environmental degradation. In
addition to the IPCC report, additional recommendations have been
made within the EGD to accelerate the transition to carbon neutrality.
One such policy measure is the European Commission (2020), which
is a key initiative of the EGD and aims to significantly accelerate the
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renovation rates of buildings across the EU. European buildings
contribute approximately 40% of the total carbon emissions generated
within the EU (European Commission and European Climate,
Infrastructure and Environment Executive Agency, 2022) and
considering that more than 70% of the buildings that will be in
operation in 2030 are already in operation (International Energy
Agency, 2023) the case for deep building retrofitting in support of
climate goals is clear.

The plan itself intends to double the annual energy renovation rate
of buildings by 2030 compared to the previous decade, reducing GHG
emissions through improved energy performance and reducing
energy poverty while supporting and contributing towards the EU’s
climate neutrality goals. A secondary impact of the plan is the creation
of jobs and boosting of the bloc’s economic growth through investment
in the construction and renovation sectors as well as creating healthier,
more comfortable and affordable homes, thus improving the living
standards and well-being of citizens. The plan focuses on both
residential and non-residential buildings but is weighted towards deep
renovations, prioritising the most-energy consuming buildings while
adopting a holistic approach to emphasize not only energy efficiency
but also accessibility, health and digitization in the renovation process.

In support of the goals of the EGD, the European Climate Law sets
the legally binding target of climate neutrality for the EU by 2050 and
requires member states to develop National Energy and Climate Plans
that
Communication, 2020). The “Fit for 55” policy package proposes key

align with this trajectory (Directorate-General for
EU legislation in the energy, transport and climate sectors to align
with the 2050 target, driving member states to develop and adjust
national plans accordingly (European Commission, 2021b). In line
with these ambitions, the Government of Ireland has committed to
achieving a 51% reduction in Ireland’s overall GHG emissions between
2021 and 2030 and to achieve net zero by no later than 2050,
establishing these goals in a legally binding manner through the
Climate Action and Low Carbon Development (Amendment) Act
2021 (Office of the Attorney General, 2021). Under this act, Ireland
has developed its Climate Action Plan (CAP) (Department of
Environment, Climate and Communications, 2021), which will
be updated annually to reflect progress towards the climate neutrality
goals, while setting sectoral emissions ceilings to accelerate the
transition, although these targets have not been tested or validated
through the usage of digital tools before being proposed. In addition
to the goals outlined within the national level CAP, each local
authority in the country was required to create a Local Area Climate
Action Plan (LACAP) that would place the national CAP in the local
context, creating tailored, community-driven strategies that align with
the broader goals of the CAP (Department of Environment, Climate
and Communications, 2023b). At their core, LACAPs typically outline
the baseline condition in the region, define targets for specific
emission reductions, define mitigation and adaptation strategies,
outline financing mechanisms and opportunities and track and
evaluate the effectiveness of strategies through a detailed monitoring
and evaluation plan. LACAPs are then updated periodically to make
necessary adjustments based on the progress towards targets as well
as the relative effectiveness of the current strategies.

For the purposes of the work presented within this paper, three
sectors within the CAP have been considered, namely the electrical
grid, the built environment and transportation. An urban building
energy modelling approach has been adopted for the City of Limerick,
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leveraging the IES iCL toolkit to model energy demand and
consumption trends for a large area of the city centre. The baseline
energy demand for the city was modelled for the year 2020 and the
renovation measures proposed within the CAP were then applied to
the city in a systematic manner to evaluate the potential impact of
implementing the recommendations of the CAP at city level for the
purpose of testing the effectiveness of proposed measures in achieving
total decarbonization of the city by 2050.

2 Literature review

2.1 Digital twins and their use in
decarbonisation analysis

Digital Twins (DTs) are revolutionising the built environment
while facilitating comprehensive investigations of the performance of
individual buildings, communities and cities and their proliferation
throughout the construction industry is a result of a broader trend
towards digitalisation that is having a profound effect on business and
society in general (Evans et al., 2017). The use of DT technology in the
energy sector is gaining momentum as efforts to optimise energy
efficiency and reduce carbon emissions continues to accelerate
(Tahmasebinia et al., 2023). The Gemini Principles (Bolton et al,
2018) define a DT as a “realistic digital representation of assets,
processes or systems in the built environment” A true DT is
differentiated from any other digital models by its connection to the
physical twin. By leveraging data from the physical asset or system, a
DT delivers value through enhanced functionalities that support
improved decision-making and scenario testing by modelling how the
asset is behaving currently and how it will perform in the future (Raj
and Surianarayanan, 2020), creating informed feedback to the physical
twin and allowing users to conduct “what-if” analyses of their physical
assets to determine the impact (either intended or not) of performance
related renovation projects on the actual performance before investing
in such measures, managing financial and performance risk from the
outset. Furthermore, such digital tools can be used to optimise the
operation of existing buildings, providing functionality in support of
predictive maintenance, enhancement of tenant comfort, optimisation
of building design and renovation and enabling closed-loop design to
transfer lessons learned from an existing project to a future one,
particular when the DT platform is enriched with data recorded by
integrated IoT (Khajavi et al,, 2019). This integration of DT technology
with evolving sensor data, as well as machine learning and Al, is
increasing the resolution and applicability of such digital twins,
creating use cases that can drive innovation and deliver applications
to end users (Qi et al, 2021) Considering the definition and
functionality of DTs outlined above, their role in the development of
holistic and impactful decarbonisation strategies for the built
environment is clear.

The development of a building level digital twin typically
commences with the development of a building energy model (BEM)
of the targeted building. BEM typically leverages a physics-based
software package to simulate the energy performance of a building
(US Department of Energy, 2016), using inputs such as the building
geometry, materials, lighting, HVAC, refrigeration and other energy
consumers, providing energy budgets and facilitating system design
and optimisation at the design stage (Gao et al., 2019). Buckley et al.
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(2021) discussed the role of BEMs as a key facilitating technology in
the development and management of energy policy. Such tools
leverage physics-based models to accurately simulate energy demand
for both generic building types and high-performance buildings,
using general information related to the building envelope, systems,
occupancy and usage patterns as well as prevailing local weather
conditions. The output of these models can then be used to create
Energy Performance Certificates, that quantify the energy use
intensity of the subject building, facilitating the analysis of the
performance of a given building under normal operating conditions.
Although a core element of building design and in demonstrating
code compliances, the applicability of such digital tools, especially
those that enable dynamic simulation modelling is expanding from its
traditional usage of optimising building design and validating code
compliance into the realm of optimised building operations, portfolio
analysis and large-scale urban energy modelling. Such modelling
techniques typically involve the simulation of groups of buildings
(individual BEMs) across a district or city and allows users to map
energy intensity at scale, identifying poorly performing areas within
the model and allowing policy makers to develop informed strategic
plans to address such inefficiencies. Such models are typically defined
as Urban Building Energy Models (UBEMs). According to Aratjo
etal. (2022), the primary objective of UBEM is to access the energy
performance of buildings within an urban context at various spatio-
temporal scales. Moreover, the major focus of conventional UBEM is
cantered on physical system modelling and simulation to represent the
heat transfer dynamics between built forms (Reinhart and Cerezo
Davila, 2016), however, computational complexity has limited UBEM
approaches in modelling detailed interventions into energy demand
calculations with high-temporal granularity. The evolution of
computing technology in recent times, has advanced the capabilities
of BEM and DT technology to handle high-resolution, spatio-
temporal data, providing increased flexibility to modelling
methodologies (Chen et al., 2022).

Although BEM and DT technologies share similar functionalities,
their usage and applications differ. BEM are typically used during the
design phase of a building, where the building is yet to be constructed
and, during the period of their use represent a notional asset that does
not yet exist in the physical world. In contrast, DTs, by their very
definition must connect to a physical twin that actually exists in the
real world (Wright and Davidson, 2020). Although there are many
different applications and interpretations of DT (including asset based
DT, information based DT, ML/AI driven DT, etc.). Wright and
Davidson (2020) further argue that the model used in a digital twin
need not be a data-driven or Al based model but should produce
results that are directly equivalent to a measured quantity, such as
energy consumption. The key strength of the DT approach is that it
provides an accurate description of how objects and systems change
over time, providing a snapshot of system performance at a given
moment in time based on the boundaries and constraints based on the
system at that moment in time. Although Ramu et al. (2022) note that
there is currently no universal framework and technology for the
provision of DTs, such assets should be characterised by different
design levels and development types required to satisfy various
applications across a range of domains. Although their study focuses
primarily on Al based DTs, they effectively outline the different level
of details that categorise current DT approaches, namely descriptive
twins, informative twins, predictive twins, comprehensive twins and
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autonomous twins. In the application of DT technology at urban scale,
sophistication levels are currently bound by the technological
capabilities and computing power of existing technology, meaning
that urban scale DTs typically adopt the descriptive or informative
twin approaches, involving the replication of assets, facilities and
systems where the nature of data acquisition is closely specified, while
also incorporating sensory data where appropriate and applicable.

An application of urban scale DTs was demonstrated by Zaidi and
Haw (2023), who leveraged the iCL DT technology to examine the
potential to decarbonise Bertam city in Malaysia, testing the potential
to achieve a 33% reduction in carbon by 2030, in line with their
government’s environmental goals. Four scenarios were considered,
representing the baseline condition, improvements to the building
envelope, upgrades of the mechanical systems and finally the integration
of solar PV within the city, realising potential energy reductions of
approximately 49% and a corresponding carbon reduction of 33% by
2030. The study focused solely on the built environment. Bocullo et al.
(2023), leveraged DT technology at the district level to evaluate the
potential for deep renovation, energy generation and supply in buildings
within an urban block through the integration of RES technologies.
Their study concluded that the application of a DT of a city block
allowed for more accurate analysis of solutions to provide electricity and
heat to the built environment using RES technologies, while also
accounting for the impact of shadows by proximity as well as enabling
more accurate calculation of available roof area for PV installation.

The modelling of the urban environment can be achieved either
through a “top-down” or “bottom-up” approach, facilitating the
analysis of energy demand and consumption at scale, with the choice
of approach generally being driven by the intended use of the model
output as well as the availability and quality of the source data available
to develop the DT (Buckley et al., 2021). Top-down approaches seek
to disaggregate energy usage data measured at scale (neighbourhood,
district or city scale) to individual buildings based on factors such as
building type, form, age and occupancy factors (Swan and Ugursal,
2009). The bottom-up approach requires the modelling of each
building individually and, as a result, demands a higher resolution and
quality of data as well as computational capacity to be completed
(Kavgic et al,, 2010), however, depending on the source data it can
present higher resolution output including Time-series representations
of energy demand, consumption and renewable generation where
applicable. The acquisition of data process can be greatly expedited
through the use of regional and nationally defined templates and
archetypes (Reinhart and Cerezo Davila, 2016) that categorize
buildings into defined typologies that share similar properties
according to their age, construction type and material properties.
Although this can reduce the resolution of data at the individual
building level, when conducted at scale the overarching trends in
energy demand and consumption associated with the building
typology and associated stochastic usage of the building generally
maintains regional demand and consumption trends at the
urban scale.

2.2 Building archetypes and their role in
modelling the urban environment

The aforementioned DTs at the urban scale have limited efficacy
with respect to standalone buildings. Currently, a bottom-up approach
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to modelling energy demand and consumption at an urban scale is
technologically prohibitive owing to the computational requirements
associated with detailed modelling of each individual building within
a district. One method of overcoming such a computationally
demanding and time-intensive approach is to leverage building
archetypes to assign building envelope and HVAC system properties
as well as occupancy and behavioral patterns at scale. Archetypes are
essentially reference buildings that are representative of a group of
buildings which share similar characteristics (Dahlstrom, 2023). They
can be developed using three primary approaches, namely
deterministic classification, which involves manually classifying
buildings based on known building features (such as building use, year
of construction, construction type, etc.), probabilistic classification
which divides the building stock using probability distributions of
building features, capturing the variations between buildings in a
more accurate manner and finally cluster analysis which facilitates the
analysis of factors impacting thermal performance of building in
parallel and leads to more accurate and un-biased segmentation of the
building stock compared to the other approaches (Tardioli et al., 2020).
The use of archetypes to develop complex, large-scale urban
building energy models has been successfully demonstrated both in
North America and European contexts to facilitate large-scale urban
energy modelling. In the North American context, both Farahbakhsh
et al. (1998) and Huang and Brodrick (2000) developed and
implemented archetypes to simulate energy use in Canada and the
United States. The application of archetypes in simulating urban
energy consumption has been demonstrated by Heiple and Sailor
(2008) and Cerezo Davila et al. (2016) who applied US Department of
Energy developed archetypes to run an eQuest based BEM and UBEM
for a case-study area in Houston and Boston, respectively. In both
cases the simulated building energy use, aggregated across all
buildings within the study compared well with the observed data.
The implementation of the Energy Performance of Buildings
Directive (European Commission, 2021a) in the European Union was
a catalyst for the completion of detailed surveys of the building stock
across the member states. Gevorgian et al. (2022) undertook a detailed
analysis of these surveys and developed a country by country
characterisation of the energy consumption patterns of the entire
European building stock, considering factors such as covered floor
area, number and type of buildings, final energy consumption,
construction materials and methodology for residential, service and
other non-residential buildings within the Horizon 2020 funded
Hotmaps project As a result of such studies and surveys, the data
gathered could be leveraged for the creation of building archetypes for
each country in Europe, which could subsequently be used to estimate
annual energy demands for heating and cooling while also enabling
evaluation of energy conservation measures based on technology and
policy instruments being applied to the aggregate building stock as
demonstrated by Tardioli et al. (2018), Heeren et al. (2013), and
Kavgicetal. (2010). Heeren et al. (2013) leverage Swiss Federal Office
of Energy created building archetypes to evaluate a number of energy
conservation measures (ECMs) based on existing and future energy
savings plans. Similarly, Mata et al. (2013a,b) examined the
effectiveness of ECMs at the national scale in Sweden through the use
of BEMs and actual weather conditions. This study involved the
analysis of 1,400 sample buildings and 12 specific ECMs that were
applied to the entire Swedish residential sector through simulations,
with an overall reduction in residential energy demand of 53%
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potentially being realised. The methodology demonstrated in Sweden
was subsequently applied to create building archetypes and estimate
final energy use for residential and non-residential buildings in
Germany, Spain, France and the UK (Mata et al., 2014).

In an Irish context, Famuyibo et al. (2012) and Ali et al. (2018)
both leveraged building energy performance certificates from the
dwelling energy assessment procedure (DEAP) and clustering
techniques to develop building archetypes that were subsequently
used to simulate energy use and evaluate energy conservation
measures at scale. Similarly, Buckley et al. (2021) leveraged geographic
information related to urban layouts and building archetypes from
Tabula (Badurek et al., 2012) to create a near complete simulation of
a neighbourhood within Dublin. The study concluded that archetypes
are of sufficient detail and quality to provide accurate assessment of
energy usage at a neighbourhood scale for the purpose of evaluating
district-level energy policies, an outcome that is consistent with the
findings of Tardioli et al. (2020).

2.3 The Limerick context

The City of Limerick straddles the River Shannon on the west
coast of Ireland and is the third most populated city in the Republic
of Ireland with a 2022 population of 102,287 (Central Statistics office,
2023), although this is expected to grow to 127,055 by 2028. Limerick
City and County Council are the authority responsible for local
government in the city, a particular focus of the council’s development
plan, and the related activities to promote decarbonisation efforts in
the city are cantered around the Georgian Quarter, which was
constructed in the late 18th and early 19th centuries and accounts for
a relatively large area of the city centre (Reeves, 2023). Despite an
economic decline in the district resulting from a lack of investment,
the area is currently experiencing a rejuvenation and has been
designated a Decarbonization Zone within the council’s Local
Authority Climate Action Plan (LACAP). It is this area specifically
that has been the primary focus of the research presented within this
paper, where the recommendations outlined within the CAP will
be modelled and tested through the use of DT technology over a
baseline emission level to determine their effectiveness in pursuit of
the goal of decarbonisation of the city by 2050.

3 Materials and methods
3.1 An outline of the modelling approach

The analysis conducted in this research was facilitated through
the use of DT technology, which was developed using a combination
of tools that comprise the Intelligent Communities Lifecycle (ICL),
created by Integrated Environmental Solutions (IES) (2023a). At its
core, the platform leverages the Virtual Environment (VE), which
utilizes its physics-based engine to undertake dynamic simulation
models, facilitating the initial development of a baseline model of
the Georgian Quarter within Limerick City, and subsequently the
testing and validation of the impact of strategies and measures
intended to contribute towards the council’s decarbonisation
efforts, driven by both the national and local authority Climate
Action Plans. Primarily, the analysis leveraged the Intelligent
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Community Design (iCD) platform, enabling the easy creation and
simulation of energy and resource consumption from buildings at
the city scale. A detailed network-level analysis was then completed
using the Intelligent Virtual network platform, allowing for the
simulation of electricity and natural gas demand within a nodal-
based model to assess the impact of future decarbonisation
interventions on the network infrastructure within the city
[Integrated Environmental Solutions (IES), 2023b]. In addition, the
potential impact of renewable energy integrations within the city
and in particular its generation potential over time was modelled
and analysed. The Intelligent City Information Model (iCIM) was
subsequently leveraged as a visualization and communication tool
to disseminate the final roadmap amongst stakeholders of the
project. The final output of this tool was informed through
consultation with research consultants, project partners and a
number of key stakeholders who had been engaged throughout the
process, thus facilitating a collaborative approach to development
and ensuring that impact of the final tool could be maximised by
the local authority through the communication of their plans to a
wider audience, both within the city and at a national and
European scale.

3.2 Building modelling and data collection

Development of Digital Twins, particularly at the district scale,
involves the collection of a disparate and extensive catalogue of
data from numerous publicly accessible and confidential databases
and resources. In this case, the core data required for development
of the model was identified within two scales, namely district level
and building level. At the district scale, which comprised an area
amounting to approximately 30 city blocks, a collection of
materials was provided to IES by LCCC, and this was coupled with
data extracted from public databases, including those provided by
SEAT (2019) and Gevorgian et al. (2022), which provided the
modelling team with a strong foundation upon which the initial
physics-based models could be created, leveraging published
information and reasonable, informed assumptions where relevant
data is not included. Key amongst this data was a Shapefile
(Figure 1) of the City centre that contained building locations,
geometries and end uses.

The shapefile provided in support of the development of the
digital twin, while valuable, was limited in the amount of information
that it provided. For example, information related to the material
properties of the building enclosure was not presented within the file,
necessitating the use of information discerned from national databases
to estimate reasonable values of thermal transmittance for the various
building envelope components of the buildings. These were obtained
through the use of the building’s construction year as a reference to
obtain the information through the use of building regulations and
construction typologies of the respective construction period,
particularly within the Georgian historical period. A similar exercise
was conducted to determine the heating systems within the buildings
within the model. This data, combined with a local weather file from
Shannon Airport, located approximately 26 km from the Georgian
Quarter, was used to model the baseline and associated carbon
emissions for the district, also leveraging emission factors for each fuel
type used in the model (SEAT 2021).
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FIGURE 1

Shapefile of the Georgian Quarter (left) as well as its representation within the IES iCD platform (right).

3.3 Transport

In addition to examining the impact of buildings on Limerick’s
carbon emissions and contribution towards decarbonisation planning,
the study also considered the electric vehicle (EV) transition that is
currently being realised in the western world and being driven by
multiple factors including technology improvements, changing
customer preferences (Forsythe et al., 2023) as well as improved
charging infrastructure (Department of Environment, Climate and
Communications, 2023b) and policy implements aimed to electrify
mobility (European Commission, 2020).

As the resolution of published transport emission data is limited
to national figures, it was necessary to adjust these to form an estimate
of the current baseline for Limerick. Annual transport emissions for
the country were accessed using an SEAI maintained database (SEAT,
2021), from which relevant modes of transport were extracted. This
data was subsequently interpolated to city-level through the use of
CSO data (Central Statistics office, 2023) on the city’s population
compared to the national figure. This baseline figure is limited to
transport emissions only emitted directly during vehicle uses, carbon
lifecycle analyses for each mode of transport over the duration of the
decarbonisation roadmap has not been completed.

Despite this, the analysis and quantification of the transportation
carbon baseline for Limerick has tracked the increase in vehicles
within the city to 2050, incorporating the upward trajectory associated
with a “do-nothing” approach to transportation emission. The current
EV charging infrastructure has been modelled and simulated, with
emission data associated with the electricity consumption of the
chargers being considered within the transport baseline and related
back to the electrical emission factors discussed previously.

3.4 Total modelled baseline

For this study, the baseline carbon emissions of Limerick City are
provided through both the emissions arising from the operation of the
built environment as well as the normalised transport emissions,
which leveraged a proportional interpolation based on population
size. As discussed previously, the building baseline was realized
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through the dynamic simulation of the Georgian Quarters current
building typology, leveraging published and confidential data. Based
on the district’s prevailing building type and operation, a baseline of
64.03ktCO,/year was simulated, while the normalised transport
carbon emissions were calculated as 111.60ktCO,/year, yielding a total
carbon baseline for Limerick City of 175.63ktCO,/year. This will form
the basis for the implementation of the LACAP in the Georgian
Quarter, as well as evaluating the potential for full decarbonisation of
the city through the implementation of such a strategy. Figure 2
presents a screenshot of the baseline model for the city as created
within the iCIM platform and filtered by building type (Residential,
Commercial or Public).

3.5 Applications of scenarios

3.5.1 Building level decarbonisation interventions

The application of decarbonisation at scale within this study has
been identified through a detailed review of policy and guidance
measures that were developed by the Government of Ireland (Office
of the Attorney General, 2021). Each of the measures will be described
in turn in the following section, as well as the rationale for their
selection and the modelling or calculation methodology employed to
quantify their impact on the city’s carbon baseline over the duration
of the roadmap period (up to 2050).

The 2021 Climate Action Plan (CAP) identifies buildings and
the improvement in their energy performance through a formal
retrofit program as a fundamental contributor to the decarbonisation
efforts being undertaken at the national and regional scale
(Department of Environment, Climate and Communications, 2021).
In pursuit of the implementation of this program, the Irish
government has targeted the retrofitting of 500,000 properties to a
B2 Building Energy Rating (BER) standard by 2030. This target is
consistent with the IEAs current estimate that cities in developed
countries will retrofit their residential building stock at a rate of
2.5% per annum to 2050 (International Energy Agency, 2021). The
government targets have also prioritised the upgrading of publicly
owned buildings, with the entirety of such buildings identified for
renovation by 2030. The strategy towards the renovation of
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commercial buildings has been less clearly defined and, as a result,
the analysis completed in this study has assumed a best-case
scenario of the retrofitting of the entire commercial building stock
to a B2 by 2050. Applying this to the Limerick Digital Twin,
approximately 1,000 buildings have been incorporated within the
model, of which 45% are residential, 9% public and 46% commercial,
as recorded within the shapefile provided by Limerick City and
County Council.

The individual retrofit interventions considered during this study
was informed by the CAP and their impact on the city’s carbon
footprint modelled using the Limerick Digital Twins. Building retrofit
was implemented and modelled on a phased basis, with buildings
being selected and grouped for retrofit in line with the government’s
delivery model of upgrading large groups of similar buildings
concurrently to realise economies of scale and lower the cost. The
upgrades selected have been informed by renovation brochures that
were distributed to residents of the city that were tailored for typical
building types in the city, with additional, more detailed energy
analysis modelling completed to more accurately quantify the impact
of the retrofit scenarios.

The scenarios considered for Limerick were characterised as deep
renovation measures, targeting all factors related to the building’s
energy balance through targeting passive loads, optimising active
systems and integrating renewable energy sources. Six individual
measures were specified in order to achieve the B2 BER rating for each
renovated building as follows:

« 500mm of external wall insulation

« 100mm of roof insulation

» Upgrading of building fenestration to a minimum standard of
double glazing with a U-value of 1.6 W/m’K

 Upgrading of the air tightness of the buildings

 Upgrading of all lighting to LED fixtures

Frontiers in Sustainable Cities

o Air Source Heat Pump for heating and domestic hot
water heating.

In addition to retrofitting buildings to reduce their energy
consumption, the research also explored the potential for the
incorporation of local renewable energy systems in Limerick.
Guidance and policies are currently in development within Ireland
with the intention of promoting the installation of RES and
particularly solar PV systems, with a newly introduced scheme
facilitating the sale of excess solar PV to the grid making the
installation of such systems more attractive to building owners. In
order to quantify the potential impact of RES installations at building
level in the city, a single city block comprising 5 buildings was taken
and modelled in detail, including an assessment of the available roof
space on these buildings as well as a solar analysis to identify solar
generation potential as well as shading from adjacent buildings. The
resultant PV configurations were then modelled within the iVN
platform, using manufacturers specified properties and the closest
available weather file. Based on this, a predicted timeseries PV
generation profile was generated, which could then be compared to
the blocK’s stochastic demand profile provided through the detailed
digital twin. This facilitated the evaluation of excess generation that
could be either exported back to the grid or stored for time periods
with higher electrical demand. This analysis was then used as the basis
to estimate the potential for solar PV generation at city scale. The
installation of the solar PV assets was then incorporated within the
decarbonisation pathways, with the assumption that the solar PV
arrays will be installed on a building within three years of the
completion of its retrofit.

Finally, in line with the national rollout of smart energy meters
across all buildings in Ireland to be completed by 2024, the model also
considered the energy consumption reduction associated with the
behavioral aspects arising form smart meter installation. Although the
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research indicates energy savings between 5-15% as a result of
building owners being informed about their energy consumption
following the installation of such meters (Mogles et al., 2017), this
study estimates, through the use of a digital twin, that in the best case
scenario a building occupant can expect 10% savings in their energy
consumption compared to the baseline. This saving was then applied
across the city.

3.5.2 Decarbonisation of the transport sector

In addition to the upgrading of the existing building stock, the
decarbonisation of transportation across the country is a key area of
focus for the Government of Ireland. Electrification of mobility and
transport is expected to play a key role in the country’s approach to
achieving its decarbonisation targets, with the transition of 60% of
private vehicles to EVs by 2050 (SEAIL, 2021). Although there are
currently no national targets related to the electrification of other
modes of transport, namely buses, taxis and light goods vehicles, for
the purposes of this study the best-case scenario of full transition away
from internal combustion engine power vehicles is considered. Based
on current charging infrastructure in Limerick, the analysis has
modelled the addition of ten additional public chargers within the city
limits every five years to support the transition. The emissions
associated with their electricity consumption as it relates to the grid
emission factors have been considered throughout the roadmap
development. While electrification of the mobility sector is the
government’s primary focus in cutting transport emissions, plans have
been developed to support a shift in transport modes, moving away
from private vehicle journeys while promoting the extent and
reliability of the public transport network. As a result, citizens will
be encouraged to undertake more public and active transport
journeys, including cycling and walking, through the use of incentive
schemes and improvements to supporting infrastructure and
networks. An estimate of the impact of such behavioral shifts has been
estimated for Limerick.

3.6 Network and grid decarbonisation

At the network level, projected data relating to the future
electricity emission factors for Ireland was obtained from the
Department of Public Expenditure and Reform published Public
Spending Code (Department of Public Expenditure and Reform,
2019), which estimates the carbon intensity of grid electricity, on an
annual basis to 2050. This resource predicts that the Irish national
electricity grid will have achieved full decarbonisation by the year
2050, falling from its current grid intensity of 228.7gCO2/kWh at a
rate of 56.8¢CO2/kWh between 2021 and 2030 and subsequently by
43gCO2/kWh every 5years to 2050. As a result, it is expected that the
carbon intensity arising from electricity generation within the
Republic of Ireland will be reduced to zero by the year 2050.

This published data has also been supplemented through the
analysis by expanding the, previously discussed, local solar PV
installations from building level to community or city level
installations, providing the opportunity to investigate the impact of
energy trading and community led projects on carbon emissions in
Limerick. As solar PV installations increase and accelerate, it is likely
that an excess of locally generated electricity will become available for
exportation to the grid or traded to adjacent buildings which may or
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may not have been renovated to date, or buildings with differing
demand profiles to where the power was generated initially.
Furthermore, as information is shared throughout the city, community
projects will play an increasingly significant role in changing the
attitudes and behaviors of residents with respect to their energy usage
and consumption, likely promoting the uptake of community
renewable projects. While the impact of such measures is difficult to
quantify at this scale, it has been estimated that a 15% reduction in
carbon emissions can be realised to 2050.

4 Results and discussion

4.1 Analysis of the potential impact of
CAP 2021

The implementation of the measures outlined in the CAP 2021
and discussed above were modelled using the iCL tools in a sequential
and reasonable manner to assess the potential for decarbonisation of
the city in the time period to 2050. This process was implemented in
two distinct phases, namely without the decarbonisation of the
electricity grid and subsequently with the projected decarbonisation
of the grid (according to the planned timeline) included in the analysis.

The decarbonisation roadmap for both scenarios is presented in
Figures 3, 4, combining each of the individual decarbonisation
measures described previously and evaluating the overall projected
carbon emissions in Limerick following the implementation of the
measures. Carbon emissions arising from the operation of the built
environment are presented with the blue line and include energy end
uses such as space conditioning, domestic hot water generation,
lighting and appliance and equipment usage. The orange line on the
charts represent the carbon output associated with transportation and
mobility in the city, while also including the carbon emissions
associated with implementing the charging infrastructure within
Limerick. Combined emissions for both the built environment and
transportation are represented by the green lines, with the upper line
assuming no change in the emission factor of the grid electricity
supplied to the city. The lower green line incorporates the impact of
grid decarbonisation and the associated reduction in carbon intensity
of imported electricity as additional renewable sources are added to
the national grid before achieving a fully decarbonised grid by 2050.

The development and implementation of digital twin technology
to represent the current carbon emission behavior of Limerick is a key
enabler to evaluating the impact of decarbonisation strategies on the
city. Based on the interventions outlined previously, the associated
carbon emission reductions arising from the implementations of such
measures was evaluated on a five-yearly basis, in the first case with the
exclusion of the impact of grid decarbonisation. Based on the retrofit
strategy implemented, the average energy use intensity of the built
environment is observed to decrease from a baseline value of 350kWh/
m2 to 140kWh/m2 by 2050, with an associated reduction in the
buildings carbon emissions of 86%, correlating to a carbon saving of
55 kilotons of CO2 per annum.

In the case of transport, a 56% reduction in carbon emissions
compared to the baseline value is realised, resulting in 63 kilotons of
CO2 emissions being avoided per annum. When combined, Limerick
would achieve a net carbon emission reduction of 67% over the
baseline, accounting for a 33% shortfall between the current baseline
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FIGURE 3

Decarbonisation roadmap for Limerick 2020-2035.
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FIGURE 4

Decarbonisation roadmap for Limerick 2035-2050.
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and the net zero goal outlined in the CAP. The carbon emissions to
2050 for the built environment, transport and combined are presented
in Table 1.

Given that the majority of the city’s transition to carbon neutrality
involves the electrification of buildings and mobility, however, it is
important to consider the carbon emission factor of Ireland’s electrical
grid when evaluating the impact of measures on the city. As such, the
analysis also considered the predicted grid carbon performance to
2050 when it is expected that the grid will be entirely carbon neutral.
The impact of grid decarbonisation is presented in Table 2. Since
building energy consumption becomes solely dependent on electricity,
the installation and use of local RES assets, coupled with the complete
decarbonisation of the grid facilitates the complete decarbonisation of
the built environment by 2050 since the building operational carbon
emissions are eliminated.

Within the mobility sector, however, the reduction in grid carbon
emissions has a more muted impact, since 40% of private
transportation journeys are completed in a vehicle that uses fossil
fuels. Although the charging infrastructure required by EV's benefits
from the zero-carbon electrical supply, the decarbonisation in the grid
accounts for a further 4% reduction in carbon emissions in the
transport sector over the baseline condition when compared to the no
grid decarbonisation scenario. Based on this analysis, the
decarbonisation efforts, combined with the decarbonisation of the
grid results in a 75% reduction in emissions compared to the baseline,
avoiding the emission 130 kilotons of CO2 per annum, a 25% shortfall
from the governmental net-zero commitments outlined in the CAP
and mandated by the European Commission.

4.2 Updates in CAP 2023

The work presented in this paper has been carried out using the
decarbonisation targets and strategies for Ireland defined within the
Climate Action Plan (CAP), 2021 (Department of Environment,
Climate and Communications, 2021). This document is dynamic in
nature and is iterated on an annual basis with subsequent versions of
the plan published in 2023 (Department of Environment, Climate and
Communications, 2023a) and, at the time of publication the 2024
edition of CAP (Department of Environment, Climate and
Communications, 2024) is undergoing the public consultation process.
Considering the scope of this paper, the relevant sections of the CAP
are Grid (Section 3), Buildings (Section 4) and Transport (Section 5).

TABLE 1 Carbon emissions in Limerick to 2050 without grid
decarbonisation.

Buildings Transport Total
(ktCO,/year) (ktCO,/year) (ktCO,/

year)

2020 64.03 111.60 175.63
2025 51.18 88.48 139.66
2030 45.63 73.07 118.70
2035 34.85 66.45 101.30
2040 25.10 59.83 84.93
2045 17.97 53.20 71.17
2050 8.86 49.10 57.96
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A high-level summary of the evolution of the CAP from 2021 to 2024
within the three primary sectors for which this paper is concerned is
presented in Table 3. Specific decarbonisation efforts within these
sections as outlined within CAP 2021 corresponding to the measures
simulated during this study are as follows:

o Grid

o Focus on renewable energy: The plan aims for 70% renewable
electricity by 2030, achieved through increased deployment of
wind, solar and other renewables

Improving grid infrastructure: Investments in grid upgrades and
smart technologies were planned to enable efficient integration
of renewables and manage demand

Carbon pricing: Expanding the carbon tax and considering an
Emissions Trading System were included to incentivise
low-carbon generation

Buildings

Deep retrofitting: A national deep retrofit program aimed to
upgrade 500,000 homes to B2 energy standards by 2030, reducing
heat and energy demand

Improved building regulations: Stricter building regulations for
new and renovated buildings were planned to ensure high energy
efficiency standards

Supporting renewable heating: Measures included grants for heat
pumps, biomass boilers and solar thermal systems.

Transport

Electrification of public and private transport: Significant
investment in electric vehicles, charging infrastructure and public
electrification was outlined with up to 500,000 EVs on Irish
roads by 2030

o Sustainable travel: Promotion of walking, cycling and public
transport to reduce car dependence

Fuel efficiency standards: Implementing stricter fuel efficiency

standards for new vehicles was planned.

Given the shortfall between the carbon emission targets outlined by
CAP and by the EU (Director-General for Communication, 2021)
outlined through this study, with Ireland projected to miss its zero-
carbon target of 2050 by 25-33% respectively, a desk review of the
subsequent CAP targets was conducted in order to assess whether the
goals and targets of the plan have been readjusted. An initial review of
CAP 2023 found that more aggressive targets, stronger regulatory
measures and increased investment to accelerate the decarbonisation of
the grid, buildings and transport sectors have been implemented. At the
grid level, CAP 2023 aims for 80% renewable electricity by 2030 with a
focus on large-scale offshore wind development to contribute 7GW of
capacity as well as placing an emphasis on grid flexibility solutions such
as storage and demand-side management. For the buildings sector,
more ambition retrofitting targets have been specified with upgrades of
500,000 homes to a BER B2-rating specified, coupled with a focus on
the installation of heat pumps and expanding the retrofit financial
support model to facilitate deep retrofits in commercial and public
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buildings. Finally, within the transport sector, CAP 2023 doubles the
targeted rollout of EV's to 1 million vehicles on the road by 2030, while
mandating zero-emission public transport within the same time
horizon and strengthens the focus on active travel through increased
investment in walking and cycling infrastructure. In addition, CAP 2023
introduces legally binding carbon budgets for each sector, places
individual government ministers solely responsible for achieving
emission reductions in their sectors and commits €120 billion in
investment between 2022 and 2030 to support decarbonisation efforts.
These targets are likely to be readjusted when the upcoming CAP 2024
is officially published in Spring 2024.

As the analysis presented in this paper considered the less
stringent targets for decarbonisation as mandated within CAP 2021
and found that the plan fell 25-33% short of realising these targets,
it is recommended that the analysis be completed again using the
recommendations and mandates within CAP 2023. Furthermore,
based on this shortcoming identified through the analysis, it is
recommended that digital twin technology is leveraged by the
Government and the DECC to develop and validate their CAP
targets based on evidence-based scientific approach. The benefit of
this would be in assisting policy makers in identifying key areas
which may be underperforming in achieving their emissions goals
and allow for a more dynamic and proactive approach to sectoral
emission reduction strategies. Table 3 provides a high-level
indication of the evolution of targets in Ireland’s CAP over the last
three iterations.

TABLE 2 Carbon emissions to 2050 with grid decarbonisation for
Limerick.

Buildings Transport Total
(ktCO,/year) (ktCO,/year) (ktCO,/

year)

2020 64.03 111.60 175.63
2025 35.62 88.48 124.10
2030 23.87 72.38 96.25
2035 13.68 65.13 78.81
2040 6.57 57.69 64.26
2045 235 50.06 52.41
2050 0 44.76 44.76

TABLE 3 High level evolution of the CAP over the last three iterations.

10.3389/frsc.2024.1393798

5 Conclusion

The European response to the climate emergency arising from
anthropogenic climate change and the burning of fossil fuels has led to
the development and enactment of the EGD, the European Climate Law
and the Fit for 55 policies. These policy instruments commit member
states to a 51% reduction in GHG emissions by 2030 and full
decarbonisation by 2050. The Climate Law also enforced the requirement
amongst member states to develop and implement a CAP at national
level, which was completed in its first iteration by the Government of
Ireland in 2021, with subsequent releases in 2023 and an upcoming
iteration in 2024, with regional LACAPs developed by all local authorities.

The research presented in this paper considers the application of the
CAP and its measures for the grid, built environment and transportation
sectors based on the 2021 iteration of the plan, using the, IES developed,
iCL digital twin software tools to develop a baseline model and simulate
the impact of the plan’s measures for the City of Limerick. The modelled
area was centred around the historic Georgian district in the city centre
and comprised approximately 1,000 buildings, 45% of which are
residential, 9% public and the other 46% commercial. The initial carbon
baseline for Limerick was found to total 175.63ktCO2/yr., with
64.03ktCO2/yr. associated with the built environment and the
outstanding 111.60ktCO2/yr. arising from transportation.

The baseline model was then altered to represent the systematic
implementation of a deep retrofit strategy for each of the buildings in
the district, increasing their energy rating to B2 levels through the
implementation of additional insulation to the external envelope,
upgrades of fenestration to a minimum U-Value of 1.6 W/m2K,
increasing the air tightness of the buildings, upgrading all lighting to
LED fixtures and the installation of an air-source heat pump for
heating and domestic hot water heating. In addition to these measures,
integration of renewable energy sources at the building level was also
implemented, while the potential impact of smart meter installation
and peer-to-peer trading mechanisms was investigated through the
study. The application of these measures was completed in a phased
manner, with groups of similar buildings with comparable properties
being grouped together and renovated over a timespan to 2050, in line
with the ambition of the CAP.

From the transportation perspective, in the absence of defined
targets for the electrification of mobility at a national level, the study
assumed a transition of 60% of private vehicles to EVs by 2050 as per
published targets presented by SEAI (2021). For public transportation
vehicles, full electrification of the fleet was assumed with a time horizon

Sector 2021 2023 2024
Grid Introduced target of 70% renewables by Announced plans to accelerate grid development and Focused on integration of renewables, smart
st
2030 investment in offshore wind grids and battery storage
Focused on scaling up retrofitting program,
Introduced regulations for nearly zero-energy buildings
Launched retrofitting program with increasing availability of heat pumps and
Buildings (NZEBs), stricter building standards and grants for heat-
ambitious targets for deep energy retrofits improving energy efficiency of public
pumps
buildings
Focused on expanding public transport
- Introduced carbon emissions reduction Launched €5billion EV incentive scheme and announced infrastructure, promoting active travel
ransport
P targets for transport sector plans for zero-emission zones in major cities (cycling, walking) and supporting sustainable
freight solutions.
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to 2050. The study also assessed the decarbonisation of the Georgian
district in two different scenarios, one without the decarbonisation of
the grid and the other with full decarbonisation of the grid by 2050.

Based on the analysis conducted through this study, it was found
that the ambitions and recommendations contained within CAP 2021
are not far reaching enough within the grid, built environment and
transportation sectors to realise decarbonisation be 2050 as required
by the European Climate Law. In the case of no change to the carbon
emissions of the grid, the application of the plan resulted in a 67%
reduction in carbon emissions associated with the three targeted
sectors, while grid decarbonisation achieved a 75% decrease by 2050,
resulting in a shortfall of 33 and 25%, respectively. Based on this,
Ireland, through the application of CAP 2021 will not be on course to
achieve its decarbonisation targets by 2050. Furthermore, it appears
that the targets are not evidence-based or validated through the use of
science-based model and as such, they may not be sufficient to achieve
the requirements of the European Climate Action Law as
demonstrated through this research.

It should be noted, however, that CAP 2023 has increased the
ambition of its targets towards the decarbonisation of the grid, built
environment and transportation. Specifically, the revised plan
increases the goal for renewable integration into the grid to 80%, sets
a target of 500,000 A-rated renovations and 1 million EVs on the roads
by 2030. Although the more ambitious targets are welcome, dynamic
simulation modelling technology should be leveraged to validate the
targets and ensure that their implementation will result in the intended
GHG emission reductions while also scenario testing whether there
may be any unintended consequences arising from the implementation
of the plan, such as disruption to the grid due to altered demand
profiles for example. In addition, such targets should also be pragmatic
when considering other related constraints, such as competing policy
instruments, labour market conditions, supply chains and access to
financing to ensure that the implementation of these targets is
achievable in practice. It is reccommended that the research on the
application of CAP 2021 should be revised through the viewpoint of
the recommendations outlined within CAP 2023 to determine
whether the updated targets are of sufficient ambition to achieve a 51%
reduction in GHG emissions by 2030 with full decarbonisation by
2050. Furthermore, the zone of interest of the model should
be extended to a larger region in Limerick, or to other urban zones
across Ireland to determine the regionalities that may impact the
current and future CAP, while also providing policy makers with an
invaluable resource in target setting, monitoring, and learning towards
regional and national decarbonisation efforts.

The use of digital models and DTs is generally perceived as a niche
market and its use limited in industry, due in part to the technical
nature of their use and requirement for skilled user, the complexity of
their development as well as the computing requirements associated
with their use at scale. Although this perception is changing slowly,
such tools can provide policy makers with detailed and important
information that can inform decision making and policy setting
moving forward. As has been demonstrated through this research,
unvalidated and untested targets can result in shortfalls between the
intended outcome and the results achieved following implementation.
By leveraging DT technology, interventions can be modelled and tested
to ensure their applicability and effectiveness, as well as any unintended
consequences arising from their implementation, while also evaluating
the anticipated and actual impact of measures on GHG emissions.
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