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Executive Summary

Energy Systems Optimisation Models (ESOMs) and Integrated Assessment Models (IAMs)
are integral to informing climate change mitigation strategies and the associated policymak-
ing processes. However, the techno-economic nature of these models restricts the represen-
tation of demand-side mitigation measures, which have been recognised to have substantial
potential in meeting climate goals. Specifically, measures that can bring about a reduction
in the level or structure of energy demand are often missing. Even when such measures are
included—often as exogenous scenarios—they are typically not well-connected to empirical
evidence and lack spatial and demographic granularity. Moreover, these demand reduction
measures are more relevant to developed countries like Ireland. In developing countries,
access to energy services is disproportionately low, despite the higher growth in demand for
energy relative to developed countries. Further, the representation of Global South regions is
generally oversimplified in large-scale IAMs, often relying on stylised assumptions based on
observations from Global North. This thesis seeks to address these gaps by adopting a dual
approach of addressing demand-side mitigation while incorporating a particular perspective

from the Global South region.

This thesis develops bottom-up projections of energy service demand for the TIMES-Ireland
Model (TIM). The baseline energy service demands are driven by growth in population and
economy. TIM is set up to allow for alternate scenarios for demand drivers that result in
different energy service demand projections in the end-use sectors. The thesis develops the
‘Irish Low Energy Demand’ (ILED) scenario where the impact of reducing and restructur-
ing energy service demand on the whole energy systems is analysed using TIM. The results
indicate that the ILED pathway is especially valuable in meeting near-term deep mitigation
targets and lowers reliance on novel fuels and technologies. For policymakers, the recom-
mendation is to expand the arsenal of mitigation measures, beyond policies that promote

renewable energy deployment and energy efficiency.

It was observed that a pivotal driver of such Low Energy Demand (LED) scenarios both, at
national and global level, is spatial settlement patterns. The LED scenarios heavily depend
on future compact development. Hence, to improve the granularity and empirical basis of

such scenarios, this thesis quantifies the relationship between population density and the
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energy as well as carbon intensity of the residential and transport energy service demands.
Analysis reveals that the energy and carbon intensity of populations living in dense parts
of Ireland are significantly lower than those living in sparsely populated areas. The future
growth of cities and town in Ireland, whether compact or dispersed, will heavily determine
emissions trajectory and mitigation options. This exercise allows future modelling studies

to include spatial settlement patterns as a mitigation lever.

This thesis also analyses the impact of electrifying spatially dispersed residential heating
demand on the Irish power system. This analysis is particularly important for Ireland: given
the lack of a district heating network, electrification is the central heat decarbonisation policy.
Utilizing a generation and transmission expansion planning model, the analysis finds that
the spatial distribution of demand drives the investments in the power system. This again
highlights the role of future spatial settlement patterns in decarbonising the Irish energy
system. Further, electrifying residential heating via heat pumps leads to greater utilization

of renewable energy, when combined with thermal energy storage.

In the next part, this thesis explores the gaps and challenges associated with represent-
ing Global South regions in a global IAM. With a focus on passenger mobility in South
Asian countries, this thesis develops an evidence based framework to improve the quantifi-
cation of sustainable mobility scenarios in global IAMs. A comprehensive literature review
is conducted to identify measured causal relationship between various phenomena, such as
urbanisation and passenger mobility patterns, placing an emphasis on literature focusing on
South Asia and the Global South. These phenomena are incorporated into a novel mobility
projection model designed to interface with an TAM. This is an innovative and adaptable
framework, that can be applied to other Global South regions and other IAMs. Using this
framework, four distinct mobility scenarios are developed, each reflecting alternate visions

for mobility based on explicit futures for these phenomena.

Through the various research chapters, this thesis demonstrates the value of including
demand-side measures in ESOMs and TAMs. It highlights how energy service demands can
be managed to reduce GHG emissions, particularly in the residential and transport sectors.
Further, by incorporating empirical evidence of the phenomena that drive energy service
demands, the research develops methodologies to improve the quantification of decarbonisa-
tion scenarios in ESOMs and TAMs. And lastly, the inclusion of region-specific data for the

Global South is a step towards more equitable practices within IAM frameworks.
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Chapter 1

Introduction

1.1 Motivation and background

This thesis explores energy service demand as a climate change mitigation option in detailed
energy systems models. It develops improved methodologies for representing demand-side
complexities and drivers in Energy Systems Optimisation Models (ESOMs) and Integrated

Assessment Models (IAMs), in order to expand the “solution space” models depict.

This thesis progresses the ideological development from the imperative of reducing and re-
structuring energy demand in developed nations like Ireland to a nuanced understanding of
the significance of access to energy services, particularly mobility, within the context of the
Global South. It discusses different mitigation approaches, such as consumption reduction in
developed countries like Ireland and the importance of fostering green growth in the Global
South. Through the research chapters, the many dimensions of energy demand and its role
in climate change mitigation across disparate geographical and developmental contexts are

presented.

To establish an understanding of the context, this thesis begins with an exploration of the role
of optimisation models in climate change mitigation planning. Subsequently, the limitations
inherent in current modeling practices are discussed through an extensive literature review.
This section presents the recent advancements in representing demand side mitigation options
in ESOMs and IAMs, while also addressing methodological constraints. Finally, the position
of the Global South within climate change mitigation modelling is discussed, highlighting

the scarcity of literature, data and consequently, the focus on these countries.

Each chapter in this thesis (Chapter 2-6) addresses one or more unique research gaps and/or
introduces specific modelling methods. Certain contextual details, such as those pertaining to
Ireland’s national Climate Action Plan or background literature are repeated across chapters,
as each chapter serves as a standalone research paper—either already published or currently
under review. This ensures clarity and coherence within individual studies while contributing

to the overarching theme of the thesis.



1.1.1 Climate change imperative: A call to urgency and the role

of models

The Earth is warming at a faster rate than ever recorded in history and anthropogenic
emissions, by far, are the largest contributor to global climate change. This is supported
by significant evidence assessed by the United Nation’s Intergovernmental Panel on Climate
Change (IPCC), confirming human activities as the cause (Masson-Delmotte et al., 2018).
The Paris Agreement marked a historic milestone, uniting nations worldwide in the collective
effort to combat climate change and adapt to its inevitable impacts (UNFCC, 2016). The
overarching aim of the Agreement is to limit global warming to well below 2°C above pre-
industrial levels by the end of this century and strive to limit warming to 1.5°C. In this
context, the IPCC’s Special Report (SR1.5) published in 2018 underscores the imperative
of cutting global annual CO4y emissions in half by 2030 compared to 2010 and achieving
net-zero COq by 2050 (Masson-Delmotte et al., 2018).

In the face of the urgent need to curtail emissions, it is evident that the focal point lies
within the current energy system. This system is primarily driven by the combustion of fos-
sil fuels and is the largest contributor to greenhouse gas (GHG) emissions. To bring about
steep reductions in emissions from the energy system, it is important to examine potential
pathways of system evolution, i.e., explore the possibility and feasibility of meeting climate
targets through a set of technological options, economic restructuring, policy measures and
societal transformation (Pye et al., 2020; Trutnevyte et al., 2019). Mathematical models
such as ESOMs and TAMs serve as indispensable tools for assessing energy systems’ decar-
bonisation pathways. They can assist policymakers in determining strategies for achieving

climate targets such as reaching net-zero by 2050 (Pye et al., 2020).

[AMs model human-earth systems and adopt a wider systems view connecting energy, land-
use, climate change and other social factors. In contrast, ESOMs focus more deeply on the
energy system and its subsectors. IAMs are generally developed at the global level, covering
a larger part of the economy and providing aggregated results, whereas ESOMs concentrate
on the energy sector and offer higher resolution details (Henke et al., 2023). Essentially,
ESOMs are a subset of IAMs.

Energy systems models provide a means of formalising scattered knowledge about complex
interactions, allow developing scenarios of future evolution of the energy systems and help
policymakers with explicit decisions on guiding the energy system in a direction that aligns
with climate goals (Pfenninger et al., 2014). The increased climate ambition post-Paris

Agreement has brought new modelling challenges into light, demanding rapid emission re-



ductions, especially in the near term. This necessitates including options that can bring
about substantial system transformation rapidly and cost-effectively, as well as modelling
social and political uncertainties and disruptive events that could significantly impact the
energy system (McCollum et al., 2020; Pye et al., 2020). These challenges contribute to
increasing model complexity, which is not always credible and could also potentially have

negative consequences on the policymaking process (Venturini et al., 2019).

Social factors such as public acceptance or behaviours associated with energy use can serve
as both drivers and barriers to energy transition. But these factors are not always linear
(Plaga et al., 2024). In order to represent such factors in ESOMs, TAMs or other optimisation
models, they must be linearized, which oversimplifies their impact, and modellers must assign
quantitative values, which are often based on modellers’ judgement (Fodstad et al., 2022;
DeCarolis et al., 2017). This introduces uncertainties in outcomes that can be difficult
to decipher. Further, increasing model complexity can reduce fidelity, transparency and
trustworthiness, and also limit its flexibility and the research questions it can answer (Niet
et al., 2022). To avoid the above issues, interdisciplinary approaches are needed such that
inputs from social sciences, and humanities can be integrated into such important decision
guiding tools (Li, 2017; Stisser et al., 2022). Further, instead of an overly complicated
single model, ESOMs and IAMs can be linked to other ‘realistic’ models or consider multiple
exogenous scenarios (Kohler et al., 2018; Niet et al., 2022; Siisser et al., 2022).

Recognising the importance of such models in the climate change discourse, modelling teams
and practitioners have pooled their collective experiences to recommend best practices and
advocate for essential enhancements related to technical, economic and societal realism
within these models (DeCarolis et al., 2017; Trutnevyte et al., 2019; McCollum et al., 2020;
Pye et al., 2020). Two main recommendations are firstly, expanding the mitigation option
space to include demand reduction and restructuring as a mitigation option and secondly,
improving the representation of behaviours and lifestyles—elements either missing or over-
simplified in current models. The following section explores specific limitations related to
representing demand-side interventions in ESOMs and IAMs, and discusses the above rec-

ommendations in greater detail.



1.2 Literature review

1.2.1 Challenges in current modelling practices: Limitations in

representing demand-side interventions

“All models are wrong, but some are useful.”
—George E. P. Box

While energy systems models have been developed extensively spanning decades, they have

inherent limitations.

A significant limitation garnering considerable attention in recent years is the techno-economic
nature of ESOMs and IAMs. While adept at representing efficiency improvements, and fuel
and technology substitution, these models predominantly focus on supply-side solutions and
technology upgrades in mitigation pathways (Stoddard et al., 2021; Creutzig et al., 2018;
Gambhir, 2019; Creutzig et al., 2016). Notably, their capabilities to represent demand-
side mitigation options are limited. Demand is generally an exogenous parameter in these
models, often driven by growth in population and economy. However, the IPCC’s Sixth
Assessment Report (AR6) WG3 dedicated an entire chapter to the role of demand-side
interventions in climate change mitigation titled ‘Demand, Services and Social Aspects of
Mitigation’ (Creutzig et al., 2022b). Demand-side strategies have the potential to reduce
GHG emissions by 40-70% by 2050 (Creutzig et al., 2022b).

The conventional perception of energy demand often revolves around quantifiable units of
energy such as kilowatt hours of electricity or litres of petrol. However, as a society, our
interaction with energy goes beyond its physical form; rather, it is the services and function-
alities that energy can provide that shape our demands (Rinkinen et al., 2021). As famously
said by scientist Amory Lovins “people do not want energy; they want hot showers and
cold beers”. Energy services encompassing access to work, education, and leisure activities,
thermal comfort, the import/export of goods, nutrition and hygiene— referred to as energy
service demands— are enabled by the provision of energy. These energy service demands are
complex in nature and vary in space and time. Demand for these services is often an outcome
of various interacting socioeconomic factors (such as income, age, education level, gender),
practices and norms, infrastructure and material arrangements, technological advancements
and policy measures (Trentmann et al., 2018; Rinkinen et al., 2021). Hence, modelling and
including these complexities in the current generation of ESOMs and TAMs poses certain

challenges.



The main demand-side interventions discussed in the energy systems modelling literature
can be broadly categorised using the “Avoid-Shift-Improve” (ASI) framework (Creutzig et
al., 2022b). The interventions categorised as “avoid” are those that effectively decrease the
demand for energy services. These interventions include practices such as transit-oriented
development, smaller housing units, and embracing shared economy models. The “shift”
category includes interventions such as a transition to mass public transport and active
modes of travel (walking and cycling), and promoting multi-family dwellings. And finally,
the “improve” category encompasses interventions that decrease energy and carbon inten-
sity of the energy service demand such as technological upgrades like electrification or fuel

switching.

Among the interventions discussed above, ESOMs and [AMs are far better able to rep-
resent efficiency improvements and technology or fuel substitution endogenously. This is
because these models were built to represent such phenomena explicitly via techno-economic
parameters (Pfenninger et al., 2014). Moreover, efficiency improvements and cost of fuel
or technology substitution are well measured concepts and hence easy to quantify. How-
ever, the qualitative and structural drivers of GHG emissions and demand-side mitigation
options that are less easily quantifiable are not well represented. This is due to the “techno-
economic” mindset of these models that prioritises a narrow suite of technological options
and market-based solutions (Stoddard et al., 2021; Geels et al., 2017). Demand-side mitiga-
tion options include socio-cultural, behavioural and lifestyle factors, as well as institutional
and infrastructural elements (Creutzig et al., 2022b). The main advantages of including
mitigation options, especially those that bring about a reduction in energy service demands,

in decarbonisation pathways identified in the literature are as follows:

1. Reduces system size- The final energy demand determines the size of the energy sys-
tem. Lowering energy service demand reduces the size of the energy system, thereby

decreasing the supply-side investments needed for decarbonisation.

2. Reduces reliance on carbon dioxide removal (CDR) technologies- These pathways have
much lower requirements of CDR technologies, which are uncertain at current status
of development. The alternate mitigation options also postpone the requirement of
CDR (Van Vuuren et al., 2018). There are also concerns about the impact of CDR
technologies on the ecosystem and biodiversity and their economic feasibility (Anderson
et al., 2016; Smith et al., 2016; Hilaire et al., 2019).

3. Moderates reliance on novel fuels and expensive technologies- These pathways exhibit

reduced dependence on emerging fuels like hydrogen. Additionally, the demand for



technological enhancements, such as electrification and retrofits, is significantly dimin-
ished in such pathways. This helps in overcoming the financial barriers associated with
energy systems transition, as upfront consumer investments required are lower (Ven
et al., 2018).

4. Near-term emission reduction- The LED pathways were found to accelerate low-carbon
energy supply, especially in the near-term where technological transformations are not

rapid enough to meet climate goals (Sluisveld et al., 2016).

5. Co-benefits- Moving away from private vehicles and embracing non-motorised modes
of transport will reduce congestion and improve air quality in cities. The reduction
in energy demand will also decrease the financial burden of adopting expensive green

technologies, making the energy transition more fair and just.

These factors are generally represented through exogenous parameters in ESOMs and TAMs,
although efforts have been made to represent consumer behaviour endogenously within these

models.

Figure 1.1 outlines the various methodologies for incorporating behavioural aspects and
demand-side dynamics into IAMs or ESOMs. The horizontal axis represents the integration
approach, ranging from endogenous representation within the model to external linkage via
exogenous parameters. The vertical axis represents the degree of complexity of each method,
ranging from high to low. It is important to note that the depiction in the figure is more
qualitative, and the actual level of complexity of these methods depends on various factors
such as the number of exogenous parameters and the sophistication of behavioural dimensions

involved.

Endogenous methods involve the incorporation of behavioral aspects, lifestyle patterns, and
other dynamics within the model itself. These approaches encompass linking a behavioral
model directly with an TAM or ESOM, integrating technology or dynamic learning mecha-

nisms, and accounting for the evolving heterogeneity among consumers.

In the transport sector, efforts have been made by previous studies to represent mode choice
in TIMES framework that captures behavioural heterogeneity (Daly et al., 2014; Pye et al.,
2015; Tattini et al., 2018b; Tattini et al., 2018a). McCollum et al. (2017) and Aryanpur
et al. (2022) introduce consumer heterogeneity and a disutility cost or hurdle rate associated
with vehicle purchase decision within MESSAGE-Transport and the TIMES-Ireland Model
(TIM) respectively. Blanco et al. (2019) soft link the JRC-EU-TIMES model with a system
dynamics model to improve the representation of consumer choices in an ESOM. Similarly,

in the residential sector, Cayla et al. (2015) disaggregate demand based on technical and
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Figure 1.1: Mapping approaches to embed behavioural and demand-side dynamics in IAMs
and ESOMs (Berg et al., 2019; Luh et al., 2022; Keppo et al., 2021)

behaviour-related determinants within the TIMES-Household model. Andersen et al. (2020)
soft-link TIMES-DK with a computable general equilibrium (CGE) model to explore the

impact of policies on the energy efficiency retrofit investment behaviour of households.

Endogenising consumer behaviour through structural changes in ESOMs and [AMs may
introduce additional sources of uncertainty in the modelling process (Aryanpur et al., 2022).
Further, the endogenous approach limits the range of lifestyle changes or behavioural patterns
that can be represented in these models (Berg et al., 2019; Luh et al., 2022). This is
because behavioural aspects, which are often non-linear and qualitative in nature, have to
be converted to cost-terms to be integrated within ESOMs and IAMs. This is a non-trivial
task that significantly increases model complexity, requires a large amount of data and
reduces model flexibility (Berg et al., 2019; Luh et al., 2022). Soft-linking models increases
computational burdens. This method is also constrained by resources required to develop

and maintain multiple models.

Incorporating behavioral, lifestyle, and other aspects of societal transition through exogenous
methods entails fine-tuning the parameters of IAMs and ESOMs. This tuning is either
informed by insights from behavioral models or scenario assumptions, offering a nuanced

approach to capture the complexity of these factors in the modelling process.



Scenarios are a valuable tool to explore the plausible evolution of complex and interacting
systems in the future. They provide a means to integrate scattered knowledge on possible
future outcomes of societal evolution into holistic and coherent narratives grounded in best
available scientific evidence and community or societal experiences (Rasmussen, 2008; Riahi
et al., 2022). Scenarios are not a single prediction of the future but a range of possible
futures, determined by the underlying context (Beach, 2021). Integrating scenarios into
IAMs and ESOMs is a relatively straightforward process. Rooted in narratives and storylines,
these scenarios outline potential societal transitions and the anticipated impacts on the
energy/economy and related systems. Despite being reliant on a set of assumptions, scenarios
serve as a valuable tool for envisioning diverse futures. They are used at national and global
levels to support climate change mitigation related policymaking processes (Krey, 2014).
They also facilitate intermodel comparisons, a practice endorsed and recommended by the
IPCC in AR6 (Riahi et al., 2022; McCollum et al., 2018; Krey, 2014).

The shared socioeconomic pathways (SSPs) are one example of quantifying and implement-
ing structured narratives around lifestyle changes and their drivers in global IAMs (Bauer
et al., 2017). These scenarios have global coverage and five vastly different futures that are
consistent with the challenges to mitigation and adaptation (Bauer et al., 2017; Riahi et al.,
2017). Ven et al. (2018) focus on the climate mitigation potential of behavioural changes
in food, housing and mobility in the European Union (EU) through a set of assumptions.
Sluisveld et al. (2016) explore the implications of lifestyle changes in meeting climate targets
in an TAM which are represented through changes in level of demand and by constraining
other exogenous model parameters. Similarly, Van Vuuren et al. (2018) explore the im-
pact of alternative pathways that include lifestyle changes, rapid demand electrification and

additional CO4 reduction in meeting Paris Agreement targets.

Since such scenarios are mostly represented through exogenous parameters of the ESOM or
IAM, these exogenous parameters may fall short in capturing the direct measures of various
socio-cultural, behavioural, and lifestyle phenomena—even where such quantification are
well-established in the literature, and certainly where not (Yeh et al., 2022; Lo Piano et al.,
2023). The introduction of new transformations in energy services (novel services, disruptive

technology, etc.) is inherently not well-connected to empirical evidence.

Further, these scenarios are generally aggregated at both levels, geographic and demographic
(Mastrucci et al., 2023). Energy systems and societal transitions such as uptake of new
technologies, sustainable development policies, and the costs and benefits of such transitions
are spatially and demographically uneven (Schippl et al., 2020; Golubchikov et al., 2020;

Yenneti et al., 2016). Scenarios often do not—or can not—include regional disparities and



heterogeneity explicitly, which limits the ability to model and analyse regional inequalities in
access to energy services and infrastructure in an IAM or ESOM framework (Fragkos et al.,
2021). It also restricts the absolute representation of policies and other effective climate
mitigation levers in such models which might be important for drastic societal transition
needed to meet climate goals (Trutnevyte et al., 2019; Keppo et al., 2021; Mastrucci et al.,
2023).

Energy systems decarbonisation pathways are beginning to include demand reduction and
restructuring as a mitigation option, both at the global and national scale (Grubler et al.,
2018; Kuhnhenn et al., 2020; Barrett et al., 2021; Napp et al., 2019; Johnson et al., 2023).
These Low Energy Demand (LED) scenarios are based on envisioning alternate future path-

ways of societal transformation that can lead to lower levels of energy service demand.

However, the underpinning drivers, such as spatial planning, of these scenarios are often
missing or not well-quantified. For example, Berrill et al. (2024) find that higher population
density is associated with lower private car usage in several European countries. It was also
found that residential dwellings situated in remote or sparsely populated locations with less
or no access to networked infrastructure such as the gas grid have limited decarbonisation
options (Gaur et al., 2024). Population density as a mitigation lever is generally absent in
LED-type scenarios, despite its significant role as an underlying driver in reducing energy

service demand.

In acknowledging the aforementioned limitations, it is crucial to recognise that the major-
ity of the modelling limitations are focused on the Global North context, where demand
reduction is a major decarbonisation strategy (McGarry et al., 2024). However, the Global
South is currently undergoing population and economic growth, leading to an expansion of
their energy systems. Despite this growth, access to energy services remains unequal and
disproportionately low in many of these regions. Consequently, the applicability of low en-
ergy demand scenarios in these countries may be counter-intuitive. Recognizing that the
choices in energy development in these regions will have a significant impact in determining
the future trajectory of GHG emissions, a closer examination of their unique challenges and
opportunities is necessary. The next section discusses the current gaps in modelling energy

transitions in the Global South, with a focus on passenger mobility.



1.2.2 Challenges in current modelling practices: The Global South

oversight

The Global South contains about 80% of the global population and exhibits a distinct de-
mographic and economic trajectory compared to the Global North. However, currently, the
representation of Global South countries in large-scale global IAMs is oversimplified, relying
on stylised assumptions that presume a developmental trajectory similar to that observed
in the Global North. For example, the measured causal relationship between increasing car
ownership with rising incomes in the Global North is assumed to play out in the Global South

as well, despite the large differences in current mobility patterns between these regions.

The Global South continues to experience higher population and economic growth, leading
to an expansion of their energy systems. It is evident that these countries are going to play a
pivotal role in shaping the future GHG emissions trajectory and determining the feasibility
of achieving the Paris Agreement goals. Choices made by countries in the Global South in
the near future will significantly influence global efforts to mitigate climate change in the

coming century.

The Global South is likely to face the disproportionate burden of severe consequences of
climate change such as water and food scarcity. The disparity of resources in these countries
emphasizes the need for equitable and just solutions to address climate change impacts. As
unequivocally stated by the IPCC:

“Those who contributed the least to climate change are often the most

vulnerable to its impacts.”
—IPCC (Lee et al., 2024)

As economic and population growth in these countries increases, urbanization and the de-
mand for energy services, particularly in the residential and transport sectors, are on the
rise. While considerable attention has been directed toward addressing energy access and
fuel poverty in households, exemplified by a Sustainable Development Goal (SDG) dedicated
to universal household energy access, mobility as a form of energy access is understudied in

the literature.

Mobility of passengers and goods is a fundamental phenomenon of everyday life. It is the
outcome of complex interaction between socioeconomic conditions, personal choice, avail-
able infrastructure and policy measures. Amplification in mobility has increased economic
activities, improved access to services and goods, and has led to the development of vast

social networks (Cook et al., 2018). On the other hand, it has marginalized low income
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groups—especially in urban areas, making economic disparities apparent, and has also sig-

nificantly contributed to climate change (Dévila et al., 2013).

Over the past two decades, the transport sector has experienced a rapid and notable increase
in energy-related CO5 emissions, at an annual average rate of 1.7% (IEA, 2023). To be on
track to meet the 2050 net-zero target, deemed necessary by the IPCC in order to limit
global temperature rise to 1.5°C, transport emissions need to fall rapidly in the near-term
(Masson-Delmotte et al., 2018; IEA, 2023). This can be achieved through fleet electrifica-
tion, investments in low-carbon infrastructure, demand reduction, and effective policy and

regulatory measures.

Policies and measures to reduce emissions from the transport sector have either proved to be
ineffective or progressing at a pace insufficient to meet climate targets (Jaramillo et al., 2022).
A key contributing factor is the limited depth of exploration in understanding the drivers of
demand within this sector (Lamb et al., 2021). Further, as mobility patterns and transport
technologies evolve, there is a mutual impact which may invalidate the extrapolation of
historical mobility patterns (Daniels et al., 2022). Hence, there is a need to increase the
sophistication of travel demand projections and include the impact of ongoing innovations,
policy interventions and feedback effects (Yeh et al., 2022; Daniels et al., 2022; Briand et al.,
2023).

The demand for mobility in global IAMs and ESOMs is often projected using measured causal
relationships such as increasing passenger distance travelled (PDT) with GDP and rising
private vehicle ownership with income. However, alternate trajectories of energy demand are
being developed to simulate the impact of structural changes in the economy and societal
transformations (Van Vuuren et al., 2018). For example, the LED scenarios by Grubler
et al. (2018) and Kuhnhenn et al. (2020) transcend causal relationships that often underpin
scenarios that limit global warming to 1.5°C and envision an alternate future trajectory of

energy demand.

However, both these scenarios (and others) are highly aggregated geographically with only
Global North and Global South regions. This categorisation oversimplifies the diversity and
complexity within regions, potentially overlooking important variations in socioeconomic,
technological, and policy contexts that could influence the outcomes of such scenarios (Emodi
et al., 2022). Sub-national analysis of the effectiveness of various policy options for sustain-
able urban mobility transition is necessary to empower policymakers and urban planners
to implement policies aligned with the objectives of the Paris Agreement (Winkler et al.,
2023).
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Moreover, these LED-type scenarios present a counter-intuitive challenge for regions in the
Global South (Semieniuk et al., 2021). Cities in these regions are witnessing significant
population growth and heightened economic activities, resulting in an escalating demand for
mobility services. However, access to mobility services in these cities remains disproportion-
ately low, partly due to lack of appropriate infrastructure. This gives rise to the complexity
of improving access to mobility services for those at a disadvantage, either due to their lo-
cation or income class, while at the same time decarbonising the transport system to meet
climate goals. Further, analysis by Zhang et al. (2021b) shows that spatial organisation and
structure of cities would play an important role in determining the effectiveness of transport

energy policies.

The focus on the mobility needs of Global South has been limited and this could be attributed
to the lack of reliable data, limited resources and policy priorities that focus on immediate
development challenges. However, despite such limitations, it is crucial to emphasise the
importance of improving the granularity of analysis in these countries. This is particularly
significant because Global South cities are rapidly expanding and will play a critical role
in shaping emissions from the transport sector. Hence, developing detailed and realistic
scenarios based on empirical evidence will enable consideration of the complexities of mobility
patterns and infrastructure development in these regions, supporting the design of adequate
policies (Zhang et al., 2021a).

This thesis improves the quantification of sustainable mobility scenarios in global IAMs and
ESOMs for the Global South to avoid bias arising from over reliance on data, literature
and evidence from Global North. It also improves the representation of various demand-
side mitigation options and associated behavioural, lifestyle and socio-cultural phenomena
corresponding to the passenger transport sector within an IAM or ESOM framework. To
develop and test the modelling framework, South Asian countries are considered as a case-

study.

1.2.2.1 Passenger mobility in South Asia: challenges and opportunities

The case of South Asian countries is particularly interesting as 25% of the global population
resides in these countries, of which 36.6% live in urban areas (Figure 1.2) (UNDP, 2022).
Economic and population growth along with increasing urbanisation rates have driven a
continuous increase in demand for mobility (passenger and goods) in these countries. These
drivers are likely to continue in the region, inevitably leading to increase in demand for
mobility and—without intervention—GHG emissions (ITF, 2022). Currently, South Asia

stands at a pivotal juncture where the adoption of green growth policies and technologies
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has the potential to enable a leapfrogging effect. This would allow steering away from
car dependency and emission-intensive mobility patterns as witnessed in the Global North
toward a more sustainable development pathway (Herman, 2021). Green growth can be
broadly defined as economic growth that favours transition to low-carbon practices and
efficient resource use while raising quality of life (OECD, 2013). As a large part of the
infrastructure is yet to be built, South Asian countries can potentially bypass private vehicle
dependency by leveraging demand management options, adopting cleaner vehicle technology
(electrification) and developing multi-modal transport systems (Herman, 2021; Emodi et
al., 2022). While there are several challenges that South Asian countries must overcome,
there are also significant opportunities for them to advance sustainable mobility solutions as

outlined below.

Nepal
(21%)

Pakistan
(38%)

Bangladesh
(40%)

Figure 1.2: Countries in South Asia with percentage of urban population in 2022

Challenges

Firstly, the urbanisation process in South Asia diverges from norm observed in the Global
North, where urbanisation typically coincides with growth in income and living standards.
In South Asia, urbanisation has been rapid and haphazard, resulting in spillover of cities
through creation of slums and informal settlements (Ellis et al., 2015; Badami et al., 2013).
Since lower income households are forced to live in such peripheral settlements, their travel
distances to access services such as employment, education, and healthcare increases (Chaudhry
et al., 2023; Hamiduddin, 2023). The longer distances combined with lower disposable in-
come reduces access to mobility significantly (IEA, 2021).

Secondly, the cities in these countries are struggling to cope with the pressure of rising

13



population which is evident in the lack of infrastructure and access to basic services, and
the degrading environment (Ellis et al., 2015; Badami et al., 2013). Rising income levels
and the lack of public transport (PT) infrastructure have led to increasing vehicle ownership
rates (2-wheelers and private cars). This has not only caused a continuous increase in GHG
emissions from the transport sector, but has also led to poor air quality and congestion in

urban areas.

And finally, low income households are especially dependent on non-motorised (walking and
cycling) modes of transport. The lack of adequate infrastructure combined with increasing
motorisation rates have led to higher road fatalities involving pedestrians and raises safety
concerns (IEA, 2021; Cazzola et al., 2021). The process of urbanisation in these countries
is far from stagnancy, and the way it unfolds in the coming decades will heavily determine

prospects of economic growth and climate change mitigation (Hasnath, 2013).

Opportunities

Urban policies centered around poverty alleviation, spatial planning and connectivity, and
improving environmental quality and well-being can contribute to “well-managed” urban
growth, leading to prosperity in these areas (Ellis et al., 2015; Hasnath, 2013). For example,
transit oriented development (TOD) integrates land-use and transport planning, aiming to
create livable communities with high density mixed land use and reduced travel distances. In
the context of South Asia, where urbanisation is anticipated to rise accompanied by surge in
mobility demand, TOD can assume a pivotal role as a strategic mechanism to manage traffic
externalities, especially in cities where mass transit systems are already in place or being
developed (Ministry of Housing and Urban Affairs, 2015; Nadeem et al., 2023). Further,
compact urban development has the potential to reduce CO, emissions and avoid premature
deaths due to air pollution (Fu et al., 2024).

The development of public transport infrastructure in South Asian countries has had a sig-
nificant impact on inclusive growth (Rehman et al., 2023). India, Pakistan, and Bangladesh
have either initiated or are contemplating the development of bus rapid transit (BRT) and
metro rail transit (MRT) systems as a part of their sustainable transport network expansion
policies (Jain, 2013). Public transport development is likely to play a key role in the region to
reduce income and spatial inequalities in access to services. Bangladesh, India and Pakistan
have either begun or proposed constructing high speed rail infrastructure, which will reduce

intercity travel time and likely reduce the share of road-based transport and aviation.

Penetration of digital technology can also drive the implementation of various mobility solu-

tions to improve access. Ride hailing services in South Asian cities have witnessed significant
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growth since their introduction, partly to fill the void created by inadequate public transport
infrastructure (Shah et al., 2022; Wadud et al., 2022). The users of such services in these
cities are typically young, affluent and smartphone users (Shah et al., 2022; Raj et al., 2023;
Rahman et al., 2021). While ride hailing services have led to an increase in the number of
vehicles on the road and consequently resulting in higher traffic congestion and air pollution
in cities (Agarwal et al., 2023), in the long run, they could lead to a reduction in private
vehicle ownership (Wadud et al., 2022; Wadud, 2020).

Traffic externalities and environmental concerns have had a positive influence on the likeli-
hood of adopting carpooling in India and Pakistan (Das et al., 2021; Goel et al., 2020a; Javid
et al., 2017). Although, additional safety measures and policy mechanisms are needed to pro-
mote carpooling and reduce single occupant car use in South Asian cities (Javid et al., 2017;
Meshram et al., 2020; Saxena et al., 2023). Further, many Indian cities have implemented
bike-sharing schemes as a part of the Smart City Mission but their penetration is currently

very limited given the inadequacy of the infrastructure (Machavarapu et al., 2022).

Mobility as a Service (MaaS) is growing in developed countries, with well-established trans-
port systems (Hasselwander et al., 2023). Although there is initial evidence that MaaS can
promote sustainable mobility in the Global South, for instance, the ‘Kochi One’ project in
India, there is a lack of literature and validation on perceptions and willingness to adopt
MaaS at a larger scale in South Asia (Hasselwander et al., 2023; Kant et al., 2023).

The prevalence of practices such as telecommuting is influenced by socio-economic factors,
including household size, job nature, and the willingness of managers or employers to permit
remote work. Nayak et al. (2021) identify the potential group of future telecommuters in
India. The study suggests that encouraging telecommuting within this group can lead to a
significant reduction in passenger transport emissions, given that these individuals are likely
to own and use private vehicles. Online shopping also has the potential to reduce shopping

trips, particularly because it saves travel time (Abbagani et al., 2022).

Non-motorised modes of transport such as walking, cycling and some forms of intermediate
public transport (IPT) are an important part of the urban transport system in South Asia.
Despite the lack of appropriate infrastructure, share of non-motorized transport (NMT) is
substantially high, predominantly driven by low income households and inadequacy of public
transport (Cazzola et al., 2021). However, safety is a major concern for NMT users, especially
given the increasing motorization in South Asia. Further, general perception or cultural views
also may hinder the adoption of NMT options, even if appropriate infrastructure is made

available, and hence enhancing awareness on the benefits of using NMT (non-energy) might
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be necessary (Mansoor et al., 2022).

The level of environmental awareness and motivation to take mitigative/adaptive measures
against climate change in South Asia is generally low (Alvi et al., 2020). Although national
policies in most of these countries recognize the need to raise awareness about climate change
and its impacts, they remain underdeveloped (Mbah et al., 2022). Additional efforts have to
be made, at the national and regional level to increase awareness through education programs

and marketing campaigns.

In this context, this thesis develops an evidence-based framework that improves the quan-
tification of sustainable mobility scenarios for the Global South. The process involves a
literature review of mobility-related phenomena, with an emphasis on literature and data
focusing on South Asia and the Global South. These phenomena are then incorporated into
a new mobility projection model that can be linked to an TAM. This is a new adaptable
framework that can be applied to focus on any other Global South region. And finally, four
distinct mobility scenarios are developed for these phenomena based on alternate visions for

mobility.

1.3 Thesis aim & key research questions

The overarching aim of this thesis is to improve the evidence base underpinning the modelling
of climate change mitigation pathways in ESOMs and TAMs with a focus on energy service

demands. The thesis is centred around the following research questions:
e RQ1: What is the value of including alternate demand futures in ESOMs and TAMs?

e RQ2: What benefits can demand reduction and restructuring measures, typically

overlooked in decarbonisation scenarios, bring for climate change mitigation?

e RQ3: What is the impact of spatial settlement patterns on energy service demand?
How can such drivers of energy service demand be parameterised in an energy systems

model?

e RQ4: What is the impact of electrifying spatially dispersed household heating demand

on the Irish power system?

e RQ5: How can the quantification of sustainable mobility scenarios for the Global South
be improved to avoid biases arising from reliance on data, literature, and particular

phenomena from the Global North?
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e RQ6: How can the countries in the Global South leapfrog private car dependency

towards a more sustainable development of the passenger transport system?

1.4 Thesis in brief

This thesis is divided into two parts. The first part of the thesis begins with energy service
demand projections for Ireland in the TIMES-Ireland Model (TIM) driven by growth in
population and economy. It then explores alternative trajectories for energy service demands,
introducing the Irish Low Energy Demand (ILED) scenario. The ILED scenario represents
the energy sector meeting the Climate Action Bill 2021 decarbonisation objectives through
structural changes in energy service demands and de-materialising the economy along with
low-carbon technology. A pivotal driver of the ILED scenario is the spatial settlement
pattern, emphasizing the compact development of cities and towns. This intentional urban
design is expected to yield a reduction in energy service demands within the residential and
transport sectors. The next research work in this thesis quantifies the relationship between
population density and the energy as well as carbon intensity of the residential and transport
energy service demands. The objective is to enrich the granularity of analysis and provide
empirical evidence that can underpin the development of future scenarios akin to ILED.
In the following chapter, the thesis explores the ramifications of electrifying the spatially

dispersed residential heating sector on the Irish power system.

The second part of the thesis focuses on developing evidence-based passenger mobility sce-
narios for the Global South, with a focus on South Asian countries. It transforms measured
data related to various passenger mobility related phenomena into meaningful IAM/ESOM
parameters. This involves the development of a high-resolution passenger mobility projec-
tions model. Using this framework, passenger mobility futures for South Asia are then

developed.

The details of each chapter are outlined below and the overall structure of the thesis is shown

in Figure 1.3:

e Part I - This part consists of four chapters (Chapter 2-5). The central theme of this
part is the role of demand in Ireland’s decarbonisation plan. It addresses research

questions RQ1-RQ4. The chapters are summarised below:

— Chapter 2 - This chapter presents the energy service demand projections method-
ology and the resultant output for the case of Ireland. These projections are used
as baseline inputs in the TIMES-Ireland Model (TIM).
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— Chapter 3 - This chapter presents the Irish Low Energy Demand (ILED) sce-
nario using the TIMES-Ireland Model (TIM). ILED represents a scenario where
ESDs are decoupled from economic growth by shifting travel, increasing end-use
efficiency, densifying urban settlement, focusing on low-energy intensive economic
activities and changing social infrastructure. The model version and results are

open source and archived on Zenodo.

— Chapter 4 - This chapter presents a methodology to quantify the impact of
spatial settlement patterns as a driver of the residential and transport ESDs in
Ireland. It uses exploratory data analysis to estimate the mathematical relation-
ship between various energy service demands and the dispersal of population. It
also reviews the indirect impact of spatial settlement patterns have on climate

mitigation via the viability of enabling low-carbon infrastructure.

— Chapter 5 - This chapter examines the power system impacts of integrating high
quantities of heat pumps, in line with government targets. It provides a broad
discussion of the ramifications of heating sector electrification in terms of system
costs and expansion planning under renewable energy targets. It also explores
alternative policy pathways to minimize impacts on the system. These include
determining optimal locations for heat pump integration and a technology-neutral

emission reduction target.

e Part II - This part consists of one chapter. The central theme of this part is sustain-
able development strategies for passenger transport in the Global South. It addresses
research questions RQ1, RQ5 and RQ6. The chapter is summarised below:

— Chapter 6 - This chapter presents a framework that incorporates various passen-
ger mobility related phenomena into a new mobility projection model that can be
linked to an IAM. The passenger mobility scenarios developed herein are based on
literature and data that prioritises evidence from the Global South. This frame-
work focuses on South Asian countries but can be applied to any other Global

South region.

1.5 Role in collaborations

The majority of the thesis is my own research work. However, collaborations with various
other researchers forms a significant part in the development of the chapters. This section

outlines the role of others who have contributed in strengthening this thesis.
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Figure 1.3: Overview of the thesis structure

Chapter 2 describes my contribution to the TIMES-Ireland model documentation paper
(Balyk et al., 2022). Prof. Hannah Daly and Dr. James Glynn advised on the original
methodology and reviewed drafts. This work was a part of an expert peer-review process

and I received feedback on my work from Prof. John Curtis and others.

Chapter 3 is published in a peer-reviewed journal of which I am the lead author. I developed
the scenario, conducted the formal analysis and prepared the draft. Prof. Daly and Dr.
Glynn provided guidance on the methodology. Dr. Olexandr Balyk helped debug the model,
prepared the public repository on GitHub and archived the model and results on Zenodo.

All co-authors reviewed the draft.

Chapter 4 is published in a peer-reviewed journal of which I am the lead author. My super-
visors, Prof. Daly and Prof. Curtis assisted me with the conceptualisation and methodology
of the paper. I conducted the formal analysis and prepared the draft. Dr. Jason McGuire
added text and data related to residential sector calculations (Section 4.3.3.1). Dr. Vera
O’Riordan provided data for the transport sector (Section 4.3.3.2). All co-authors reviewed
the draft.

Chapter 5 is published in a peer-reviewed journal of which I am the lead author. Dr. Desta
Fitiwi assisted me in developing the e-heat model within ENGINE. I performed the formal

analysis and prepared the draft. Dr. Muireann Lynch provided feedback and assistance with
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the original draft. All co-authors reviewed the draft.

Chapter 6 is under review in a peer-reviewed journal of which I am the lead author. I
developed the model, conducted the formal analysis and prepared the draft. Dr. Aneeque
Javaid and Dr. Paul Kishimoto provided guidance in developing the methodology. Dr.
Kishimoto also provided coding assistance for developing the model in Python. Dr. Javaid

and Prof. Daly advised on advancing the model. All co-authors reviewed the draft.

1.6 Thesis output

Journal papers

Lead author

e Gaur, A., Balyk, O., Glynn, J., Curtis, J. and Daly, H., 2022. Low energy demand
scenario for feasible deep decarbonisation: Whole energy systems modelling for Ireland.

Renewable and Sustainable Energy Transition, 2, p.100024. -Chapter 3

e Gaur, A., McGuire, J., O'Riordan, V. J., Curtis, J. and Daly, H., 2024. Dispersed
settlement patterns can hinder net-zero transition: Evidence from Ireland. FEnergy
Strateqy Reviews, 51, p.101296. -Chapter 4

e Gaur, A., Fitiwi, D.Z., Lynch, M. and Longoria, G., 2022. Implications of heating
sector electrification on the Irish power system in view of the Climate Action Plan.
Energy Policy, 168, p.113136. -Chapter 5

e Gaur, A., Javaid, A., Kishimoto, P., and Daly, H., (in preparation). Mobility sce-
narios for the Global South: Developing an evidence-based framework for a large-scale
[AM. In preparation for submission to Transportation Research Part D: Transport and

Environment -Chapter 6

Contributing author

The peer-reviewed papers presented below have been informed by my research which was

undertaken either before or during the course of this thesis.

e Balyk, O., Glynn, J., Aryanpur, V., Gaur, A., McGuire, J., Smith, A., Yue, X. and
Daly, H., 2022. TIM: modelling pathways to meet Ireland’s long-term energy system
challenges with the TIMES-Treland Model (v1. 0). Geoscientific Model Development,
15(12), pp.4991-5019. -Part of this is discussed in Chapter 2
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Mc Guire, J., Rogan, F., Balyk, O., Mac Uidhir, T., Gaur, A. and Daly, H., 2023.
Developing decarbonisation pathways in changing TIMES for Irish homes. FEnergy
Strateqy Reviews, 47, p.101086. -Related to content presented in Chapters 2
and 4

- This paper presents the residential sector in the TIMES-Ireland Model (TIM). I con-
tributed to developing the energy service demand projections for this sector. Further,
I used a part of this research in Chapter 4 of this thesis. This paper is not included in
this thesis.

Hoare, C., Aghamolaei, R., Lynch, M., Gaur, A. and O’Donnell, J., 2022. A linked
data approach to multi-scale energy modelling. Advanced Engineering Informatics, 54,
p.-101719. -Related to content discussed in Chapter 5

- This paper is a step preceding Chapter 5 of this thesis. It develops a novel frame-
work to calculate the residential heating demand at the transmission node level for
Ireland. This project was a result of collaboration within the Energy Systems Integra-
tion Partnership Program (ESIPP). I contributed to the results section which shows

the application of this framework. This paper is not included in this thesis.

Conferences, Workshops and Seminars

Gaur, A., Daly, H., and 0 Gallachéir, B., 2023. Dispersed settlement pattern can
hinder net-zero transition. /I International Energy Workshop (IEW), June 2023,
Golden, Colorado, US.

Gaur, A. and Daly, H., 2023. Where we live: How settlement patterns impact energy
service demands and climate mitigation options. 33" Irish Environmental Researchers
Colloquim (ENVIRON), April 2023, Letterkenny, Donegal, Ireland.

Gaur, A. and Balyk, O., 2022. Energy Trade in TIMES-Ireland Model. IFA-ETSAP

webinar series- Current Modelling Practices, September 2022, Kjeller, Norway.

Gaur, A, and Balyk, O., 2022. ‘Human Dimension’” Modelling Approaches in TIMES-
Ireland Model (TIM). IEA-ETSAP webinar series- Current Modelling Practices, Septem-
ber 2022, Kjeller, Norway.

Gaur, A. and Daly, H., 2022. Analysing the impact of spatial development on energy
service demands to aid deep mitigation pathway development in Ireland. Scenarios

Forum, June 2022, Laxenburg, Austria.

Gaur, A. and Daly, H., 2022. How can lower energy demand help Ireland achieve its
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climate targets? ESRI-MaREI Seminar, May 2022, Online event.

e Gaur, A. and Daly, H., 2022. Analysing the impact of spatial development on en-
ergy service demands to aid deep mitigation pathway development in Ireland. 40"
International Energy Workshop (IEW), May 2023, Freiburg, Germany.

e Gaur, A. and Daly, H., 2021. Modelling a low energy demand pathway in an en-
ergy system optimisation model: Case study for Ireland. 14"Integrated Assessment
Modelling Consortium (IAMC), Dec 2021, Online event.

e Gaur, A. and Daly, H., 2021. A low energy demand pathway for Ireland. I[FA-ETSAP

workshop, June 2021, Online event.

e Gaur, A. and Daly, H., 2020. Assessing the framework between macro-economic models
and energy systems optimisation models. MaRFEI Symposium, November 2020, Online

event.

Invited lecture

e Gaur, A., 2021. Introduction to Power System Planning. Faculty Development Pro-
gramme (FDP) on Challenges in Evolving Power Systems, November 2021, Depart-
ment of Electrical Engineering, Finolex Academy of Management & Technology, India,

Online event.
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Part I: Role of demand in Ireland’s de-

carbonisation plan
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Chapter 2

Energy service demand modelling in TIMES-
Ireland Model

Abstract

This study presents the energy service demand projections in the end-use sectors in Ireland
which are used as exogenous inputs to the TIMES-Ireland Model (TIM). The base line energy
service demands are driven by growth in population and economy. TIM is set up to allow
for alternate scenarios for demand drivers that result in different energy service demand

projections in the end-use sectors. *

Keywords: Energy service demands, TIMES, Ireland, population, economic growth

2.1 TIMES-Ireland Model

The TIMES-Ireland Model produces energy system pathways for energy supply and demand
in Ireland consistent with either a carbon budget or a decarbonisation target. It calculates the
lowest-cost configuration of energy fuels and technologies which meet future energy demands
while respecting technical, environmental, economic, social and policy constraints. Key
inputs and constraints include primary energy resource availability and costs, the technical
and cost evolution of new mitigation options and the maximum feasible uptake rates of new
technologies. Alternatively, TIM can be used to assess the implications of certain policies,
namely regulatory or technology target-setting (for example, biofuels blending obligation or

sales/stock share target for electric vehicles).

'Excerpt from: Balyk, O., Glynn, J., Aryanpur, V., Gaur, A., McGuire, J., Smith, A., Yue, X. and
Daly, H., 2022. TIM: modelling pathways to meet Ireland’s long-term energy system challenges with the
TIMES-Ireland Model (v1. 0). Geoscientific Model Development, 15(12), pp.4991-5019.
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2.1.1 TIMES Model generator

TIMES (The Integrated MARKAL-EFOM System) is a bottom-up optimisation model gen-
erator for energy-environment systems analysis at various levels of spatial, temporal and
sectoral resolutions (Loulou et al., 2016a; Loulou et al., 2016b). The TIMES code, written
in GAMS and available under an open source licence (IEA-ETSAP, 2020) is developed and
maintained by the Energy Technology Systems Analysis Programme (ETSAP)?, a Technol-
ogy Collaboration Programme (TCP) of the International Energy Agency (IEA), established
in 1976. TIMES models can have single or several regions and typically are rich in technology
detail, used for medium- to long- term energy system analysis and planning at a regional,

national or global scale.

TIMES is a linear optimisation, techno-economic, partial-equilibrium model generator which
assumes perfectly competitive markets and perfect foresight. Model variants enable myopic
foresight, general equilibrium, stochastic programming and a variety of multi-objective func-
tion options. The standard objective function maximises the net total surplus (the sum
of producers’ and consumers’ surpluses) which, in a perfect market with perfect foresight,
equates to maximising the net present value (NPV) of the whole energy system, maximising
societal welfare. Profits, taxes and subsidies are internal transfers, i.e. occurring within the
economy, that do not change the NPV (albeit taxes and subsidies can be included to influence
the optimisation). It calculates the energy system specification which minimises discounted
total energy system costs over the model time horizon, which is the sum of investments, fixed
and variable costs, fuel import costs and export revenues for all the modelled processes, less
potential salvage values of investments for which whole lifetime goes beyond the model time

horizon.
The user inputs the following to the model generator:

e Reference Energy System (RES), is the process-flow architecture of economic sectors
and energy flows (commodity) between processes (technology), which consume and
produce energy, energy service demands and/or other commodities such as environ-
mental emissions (including greenhouse gases) and other materials. The base-year

energy flows are calibrated to national energy balances.

e Energy service demands, are the physical services required by the economy and society

for mobility, heat, communications, food etc., which drive energy demand.

e Energy supply curves, the quantities of primary energy resources (e.g. wind power)

https://iea-etsap.org/
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or imported commodities (e.g. oil, gas, bio-energy) available at specific cost points for

differing quality and quantity of energy commodities.

e Techno-economic parameters of existing and potential future energy technologies: eco-
nomic parameters including current and projected future investment and fixed /variable
costs and efficiencies of technologies for energy supply (e.g., solar PV panels, trans-
mission and distribution infrastructure, biorefineries, hydrogen production) and energy
demand (e.g., electric vehicles, natural gas boilers, carbon capture and storage); tech-
nological parameters including transformation efficiency, availability factor, capacity

factor and emissions factor.

e User constraints, which can be any combination of linear constraints (including fixed,
maximum or minimum bounds on growth, investment or shares) on technologies or
fuels. These are typically used to simulate real-world technology constraints or to
simulate policy scenarios. A typical user constraint for decarbonisation analysis is
limiting total annual or cumulative CO, emissions to model energy system pathways

that meet a national decarbonisation target.

TIMES outputs the optimal investment and operation level of all energy technologies which
meet future energy service demands at least cost, while respecting user constraints. The
model also produces corresponding energy flows, emissions and marginal prices of energy

and emissions flows.

2.1.2 Model architecture

Fig. 2.1 shows a simplified RES in TIM. It describes the structure and energy flows including
two major parts: supply-side and demand-side. The former comprises energy resources, fuel
production and conversion technologies (e.g. biorefineries, hydrogen production and differ-
ent power plants), transmission and distribution infrastructure (e.g. gas pipelines and power
grid). The latter covers end-use sectors (e.g. transport, residential) and the corresponding
energy service demands (i.e. passenger, freight, hot water). Energy resources incorporate
both domestic fossil-based fuels and renewables potentials. These fuels are processed and
then distributed across country. End-use technologies consume energy commodities to meet
energy service demands. GHG emissions from fossil fuel combustion and process-related
emissions in industry are tracked at the fuel supply module, electricity generation technolo-

gies and sectoral-consumption levels.

The model’s base year is 2018 and all energy flows, emissions and energy technology stocks
are calibrated to the 2018 energy balance (SEAIL, 2019).
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Figure 2.1: Simplified representation of reference energy system in TIM

The discount rate, the degree to which future values are discounted to the present, is a
key parameter in the TIMES objective function. A social discount rate reflects how society
views present costs and benefits against future ones and is lower than a financial discount
rate, which is how firms make investment decisions. In appraising potential projects or in-
vestments, the Government applies a social discount rate. Broadly speaking, in an ESOM
scenario with a carbon budget constraint, a higher discount rate would promote later de-
carbonisation and less capital-intensive technology choices. In this model, a discount rate
of 4% is applied, which is based on a Social Rate of Time Preference methodology as set
forth in the Public Spending Code (O’Callaghan et al., 2018). This rate is consistent with
Garcia-Gusano et al. (2016) who recommend using a maximum value of 4-5% for the social
discount rate in ESOMs.

Technology-specific discount rates (also known as hurdle rates) are typically used in ESOMs
to capture investment decision-making from the individual user or industry perspective, to
capture market imperfections, limited finance and behavioural heuristics which limit the
uptake of novel or capital-intensive investments, even when they are cost-optimal. These
parameters are not used in the core version of TIM given its use for modelling long-term
energy system pathways from a societal perspective. However, variants of the model can be

developed to simulate real-world impacts of policies and behaviour which can include hurdle
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rates (Aryanpur et al., 2022).

2.1.3 Time & Geography

TIM has been developed with a deep knowledge of the geography of the Irish energy system.
A special spatio-temporal approach was taken in the RES base year specification and scenario
file data structures to allow flexible regional definitions and temporal resolution in TIM.
The model can run in multiple modes with multiple configurations of regional and temporal
resolution ranging from a single region national model at a single annual timeslice, all the
way to 26 counties at hourly resolution where supply-demand data is available at that spatio-

temporal granularity (Electricity, Gas & Transport).

High spatial granularity is required to give greater policy clarity on optimal investment needs
based on region- and county-specific characteristics to enable counteracting socioeconomic
challenges such as energy poverty and infrastructure development within an optimisation
framework (Aryanpur et al., 2021). We address this in TIM by creating model input data
structures that allow specifying data and formulating constraints on both national and county
level. Internal file switches, as well as user shell options, could then be used to apply TIM

on either of the levels.

We have decided to focus on this data-driven spatio-temporal model setup to future-proof
TIM and enable future Irish energy policy research needs as data-availability improves during
TIM’s lifespan.

2.2 Drivers of energy service demands in the TIMES-
Ireland Model

Energy service demands in end-use sectors are driven by growth in the population and in the
economy. The model is set up to allow for alternative scenarios for these drivers resulting in
different energy service demand projections in the end-use sectors, e.g. as applied in Gaur
et al. (2022a) and Gaur et al. (2022b). This section describes baseline driver projections
with a detailed description of energy service demand projections included in the respective

sector sections.

28



2.2.1 Population

Historical population estimates and future projections are obtained from (CSO, 2020). We
use the M2F1 scenario since it represents a medium growth in population and is in line with

population projections used in other national sources (Yakut et al., 2020).

Table 2.1: Population

Year Population (millions)

2018 4.85
2020 4.98
2030 5.40
2040 5.82
2050 6.19

2.2.2 Economic growth

Economic growth projections are mostly taken from national sources to ensure internal con-
sistency. GVA and income projections are modelling outcomes from Bergin et al. (2017)

used by national sources. The following historical and projected data is used:

e Historical Gross value added (GVA) for the required NACE categories in the services
and industry sectors is obtained from EUROSTAT database. Projections for GVA are
from the Ireland Environment, Energy and Economy (I3E) model (Yakut et al., 2020).

e Gross domestic product (GDP), both historical and future projections, is obtained
from Organisation for Economic Co-operation and Development (OECD)(OECD, 2018).

e Income, historical values of total incomes, are taken from Central Statistics Office
(CSO) (CSO, 2021a). Assumptions about income growth in the future are from the
National Transport Model (AECOM, 2019).

e Modified Gross National Income (GNI*) is derived from CSO’s labour force scenario

combined with a forecast for output per person (CSO, 2018).

2.3 Energy service demand projections

Table 2.3 lists the energy service demands in TIM along with their corresponding drivers
and values for 2018 and 2050. Specifics of the methodologies for projecting each energy
service demand are detailed below, for transport (2.3.1), residential (2.3.2), industry (2.3.3)

and services (2.3.4).
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2.3.1 Transport

Passenger-kilometres: Private Cars Future passenger car transport demand is pro-
jected based on future population growth and a growing rate of car ownership, which is in
turn determined by income growth. Car ownership usually follows an S-shaped function
which has three periods: slow growth during low income levels, rapid increase as income lev-
els rise quickly and finally a saturation period. Gompertz statistical model has been found to
best fit the historical relationship between car ownership and income levels, although other
functions have also been used in previous studies (Lian et al., 2018). The basic Gompertz

function is shown in Equation 2.1.

y=axe " (2.1)

where y is the car per adult, « is saturation level of car ownership,  is an economic indicator
(income per adult in this case) and [,y are parameters that are estimated using historical
data obtained from CSO.

Projection of future car ownership levels is based on changes in income levels. The saturation
level of car ownership is assumed at 875 per 1000 adults (AECOM, 2019). Car ownership
(cars per adult) is projected to rise from 0.56 in 2018 to 0.69 in 2050, an increase of 23%.
Passenger-kilometres are then derived using car ownership as a proxy and assuming an
occupancy level of 1.492 and kilometres per car to remain constant at about 17300 per year.
Total passenger-kilometres from private cars in 2050 is projected to increase by 42% from
the 2018 level with a compound annual growth rate (CAGR) of 1.1%. The growth rate of

passenger-kilometres from private cars was 1.35% between 2008 and 2018.

Passenger-kilometres: Other modes of transport Other modes of transport represent
a much smaller share of mobility demand compared to private cars. Passenger-kilometres
of large public service vehicles (PSVs) are projected using population as a driver in a log
function and assuming average occupancy of 27.5. Large PSV passenger-kilometres are
expected to increase by 24.2% in 2050 as compared to that in 2018 with a CAGR of 0.7%.
Passenger-kilometres of other modes (luas, train, small PSVs, and motorcycles) and active
modes (walking and cycling) are projected using population as a driver. The passenger-
kilometres are expected to increase by 60% with a CAGR of 1.5%.

International Aviation fuel demand International aviation fuel demand is projected

using number of passengers as a driver. The number of aviation passengers is projected
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using damped Holt Winters function based on historical time-series data obtained from CSO
(Dantas et al., 2017; Grubb et al., 2001). The number of passengers in 2050 is expected to
increase by 45.5% compared to 2018. The historical fuel demand for aviation and number of
aviation passengers are then used as input for a linear regression model to project the future
demand for aviation fuel. The fuel demand in 2050 increases by 37% relative to 2018 with a
CAGR of 1%.

Other transport fuel demand Demand for freight is projected using growth rates from
AECOM (2019). The growth in tonne-kilometres of freight is expected to increase by 1.18
times in 2050 from 2018 level with a CAGR of 2.5%. Navigation fuel demand is projected
using GDP as the explanatory variable. Fuel demand for navigation in 2050 is expected to
increase 2.85 times compared to 2018 with a CAGR of 3.3%. Fuel tourism is assumed to

remain constant at 11 PJ.

2.3.2 Residential

The residential stock projections up to 2040 are taken from Bergin et al. (2020) housing
demand estimates, which utilise economic growth projections from Bergin et al. (2017). The
stock is expected to increase by 40% from 2018 level with a CAGR of 2%. This results in
an average of 27,600 new houses per annum between 2021-2040. Beyond 2040, population is
used as a driver to project housing stock. The total housing stock obtained in 2050 is 2.57
million dwellings which implies 8% increase from 2040. Since the data on type of dwellings
is limited, a simple linear regression, as shown in Equation 2.2 is used to calculate the share
of the building archetype in a given year (y). The resultant dwelling stock projection by
archetype is shown in Table 2.2.

Apt(%) = 7.51n (y) — 56.97
AtH(%) = —2.531n (y) + 19.68 (2.2)
Det(%) = —4.931n () + 37.91

2.3.3 Industry

Energy demand for the industrial sector is projected using GVA per capita for each nomencla-
ture of economic activities (NACE) category and population (Yakut et al., 2020). Historical
energy consumption is obtained from SEAT (2019) energy balance. The total energy demand
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Table 2.2: Number of dwellings by type (’000)

Year Apartment Attached Detached

2018 207 766 724
2030 355 918 833
2040 493 1003 878
2050 629 1057 890

from industry in 2050 is projected to increase by 47% from the 2018 level. Cement demand
up to 2025 is projected using Department of Finance, 2020 stability program update which
provides forecasts for the growth in modified investment. In 2019, 65% of the modified in-
vestment was in building and construction. Calculating a linear regression of the log of the
index for output of the cement sector on the log of investment in building and construction
at constant price results in an 18.6% increase in cement demand in 2025 from 2018 level.
Beyond 2025, growth in cement demand is assumed to be the same as the growth in GNT*.
This leads to a further increase by 17.8% between 2025 and 2050 at a CAGR of 0.7%. The
energy intensity of the industry sector is expected to decline by 46.5% between 2018 and
2050 with a CAGR of -2%, reflecting historical trends.

2.3.4 Services

The end-use demand services in the service sector are estimated as million-meter square of
area required for public and private sector buildings, data centre demand and public lighting
units. The area is projected assuming the same growth as in GNI*. The total area is
projected to increase by 61.8% by 2050 from 2018 level with a CAGR of 1.5%.

Electricity demand for data centres is obtained from EirGrid’s “steady evolution” scenario
(EirGrid, 2017). The demand is expected to increase by 6 times in 2030 from 2018 level. We
assume no growth in data centre demand after 2030 since permission requests for new/ex-
panding existing capacities are not available yet. Further, post-2030 demand is even more
uncertain given (i) the potential for exponential data usage growth and further data centres
applications vs (ii) technology improvements and whether data centres fully utilise their
contracted import capacity. Electricity consumption of data centres for cooling, and their
potential to supply district heat from the excess heat they generate, are represented using
the methodology described in Petrovié et al. (2020).

Public lighting units are projected based on Project Ireland 2040, whereby five major cities
of Ireland, Dublin, Cork, Limerick, Galway and Waterford are expected to grow by 50%
in 2040 (Government of Ireland, 2018). This results in a 12.5% increase in public lighting
units in Ireland by 2040 from 2018 level, with a CAGR of 1%. Beyond 2040, the units are
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projected to increase by 1% per annum until 2050.

Table 2.3: Energy service demands in TIM

. . Value

Energy Service Demand Unit Driver

2018 2050
Non-Energy Mining [05-09] PJ GVA per capita, Population 2.07 0.13
Food and beverages [10-11] PJ GVA per capita, Population 22.25 34.00
Textiles and textile products [13-14] PJ GVA per capita, Population 1.20 4.97
Wood and wood products [16] PJ GVA per capita, Population 6.69 7.65
Pulp, paper, publishing and printing PJ GVA per capita, Population 0.67 2.31
[17-18]
Chemicals and man-made fibres [20- PJ GVA per capita, Population 10.60 13.11
21]
Rubber and plastic products [22] PJ GVA per capita, Population 1.14 0.89
Other non-metallic mineral products PJ Modified investment, GNT* 17.77 24.82
[23]
Basic metals and fabricated metal PJ GVA per capita, Population 19.54 21.73
products [24-25]
Machinery and equipment n.e.c. [28] PJ GVA per capita, Population 1.29 1.69
Electrical and optical equipment de- PJ GVA per capita, Population 4.27 16.37
mand [26-27]
Transport equipment manufacture PJ GVA per capita, Population 0.17 0.04
[29-30]
Other manufacturing [31-33,12 & 15] PJ GVA per capita, Population 4.25 6.12
Construction [41-43] PJ GVA per capita, Population 4.02 5.90
Short-range passenger travels BPKM Income, population 14.56 21.07
Medium-range passenger travels BPKM Income, population 31.28 45.29
Long-range passenger travels BPKM Income, population 27.13 38.97
Goods vehicle for freight BTKM  Growth rate from (AECOM, 2019) 11.54 25.14
Tourism fuel PJ 7.72 0.00
Navigation fuel PJ GDP 3.51 10.04
Unspecified fuel PJ 21.78 0.00
Aviation domestic PJ 0.23 0.23
Aviation international PJ International Aviation Passengers  45.94 62.63
Residential Apartment Demand 000’ Population 206.80 628.93
Residential Attached Demand 000’ Population 766.35 1056.50
Residential Detached Demand 000’ Population 724.43  889.76
Residential Refrigeration Demand PJ Residential dwelling growth (total) 1.13 1.71
Residential Cooking Demand PJ Residential dwelling growth (total) ~ 2.00 3.03
Residential Cloth Washing Demand PJ Residential dwelling growth (total)  0.77 1.17
Residential Cloth Drying Demand PJ Residential dwelling growth (total)  1.03 1.56
Residential Dish Washing Demand PJ Residential dwelling growth (total) 0.83 1.26
Residential ELC Appliances Demand PJ Residential dwelling growth (total) 9.22 13.98
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Residential Other Applications De- PJ
mand

Services - Commercial Services Mm?
Services - Public Services Mm?

SRV-Commercial Services: Data PJ
centers

SRV-Public Services: Public lighting Mlamps

Residential dwelling growth (total)

GNI*
GNI*
From EirGrid

From (Government of Ireland,
2018)

0.00
28.90
58.15

5.63

0.48

0.00
47.39
95.35
40.30

0.58
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Chapter 3

Low energy demand scenario for Ireland

Abstract

Typically, energy system decarbonisation scenarios neglect the mitigation opportunities from
reducing and restructuring energy service demands (ESDs), focusing instead on technology
and fuel substitutions. Models tend to be designed to factor technologies explicitly while
ESDs are exogenous. However, existing literature suggests that the scale and speed of decar-
bonisation required to limit global warming to 1.5°C by the end of the century requires a shift
in energy demands to avoid the need for large-scale negative emission technologies. This can
be brought about by major structural changes in drivers of demand such as transport modal
shifting, substituting emission intensive materials like cement, and reducing building heat
demand through behaviour change and efficiency. Ireland, the subject of this paper, has legis-
lated one of the most ambitious decarbonisation targets in the world: the need to understand
the role of demand shift is paramount. To fill this gap, the Ireland’s Low Energy Demand
(ILED) mitigation narrative is developed and applied to the TIMES Ireland Model (TIM),
an energy systems optimisation model. ILED represents a scenario where ESDs are de-
coupled from economic growth by shifting travel, increasing end-use efficiency, densifying
urban settlement, focusing on low-energy intensive economic activities and changing social
infrastructure. Compared to a scenario where ESDs follow ‘Business-as-usual’ growth, ILED
enables the achievement of steep decarbonisation targets with a less rapid energy system
transformation, lower capital and marginal abatement costs, and with lower reliance on the

deployment of novel technologies. !

Keywords: Climate change mitigation, Decarbonization, Lifestyle change, Low energy de-

mand, Net-zero, TIMES, Macro Energy Systems Optimization Models

'Published as: Gaur, A., Balyk, O., Glynn, J., Curtis, J. and Daly, H., 2022. Low energy demand
scenario for feasible deep decarbonisation: Whole energy systems modelling for Ireland. Renewable and
Sustainable Energy Transition, 2, p.100024.
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3.1 Introduction

The IPCC’s Special Report on global warming of 1.5°C (SR1.5) published in 2018 had a
profound impact on international and national climate policy discussions (Masson-Delmotte
et al., 2018). It emphasised the need to reduce global annual COy emissions by half by
2030, relative to 2010, and to net-zero by 2050, to limit global temperature rise. The report
prominently features climate mitigation scenarios and development pathways that inform
the techno-economic feasibility of measures adopted to curb emissions. Pathways that limit
global warming to 1.5°C this century require rapid and deep transformations in the energy

and industrial systems, land use and urban infrastructure.

Energy consumption has always been strongly coupled with economic growth and if this
correlation exists in the future, meeting climate goals will require unprecedented changes
in energy technologies, fuels and infrastructure, requiring innovations and large-scale neg-
ative emission technologies (Masson-Delmotte et al., 2018). The ‘green growth’ theory
or ‘Environmental Kuznets Curve (EKC)’, that occupies a notable position in the climate
change policy discourse, asserts economic growth (measured in terms of GDP) can be de-
coupled from resource use and COy emissions (Gill et al., 2018). However, some studies
argue that existing empirical evidence does not fully support this theory, partly due to the
economy-wide rebound effect (Hickel et al., 2020; Haberl et al., 2020; Brockway et al., 2021).
Other concepts such as degrowth, energy sufficiency, and consumption corridors have been
widely discussed in the literature but not integrated with energy transition pathways (Hickel,
2019; Millward-Hopkins et al., 2020; Kikstra et al., 2021; Sahakian et al., 2021).

With some exceptions, energy system decarbonisation scenarios tend to conform to the
‘green-growth’ paradigm: assuming that the drivers of energy demands will follow historical
patterns, they demonstrate how mitigation targets can be met with technology and fuel

switches alone.

One of the major features of the scenarios reviewed in the IPCC’s SR1.5 is the role of
carbon dioxide removal (CDR) through the use of negative emissions technologys (NETSs)
to meet the end-of-century climate goals (Masson-Delmotte et al., 2018). Most of the sce-
narios modelled for this report feature a temporary overshoot in the increase of the global
temperature of 1.5°C above preindustrial levels, and use NET's to reduce atmospheric concen-
trations of greenhouse gases (GHGs) and return to the temperature target. However, there
is a real risk that these technologies might not be able to deliver CDR at the scale promised
and a CDR-dependent pathway might exceed the remaining carbon budgets associated with

meeting the emissions and temperature goals (Anderson et al., 2016; European Academies
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Science Advisory Council, 2018; Holz et al., 2018; Realmonte et al., 2019; Hilaire et al.,
2019; Grant et al., 2021). Some NETSs can have adverse impacts on ecosystem and questions
about their feasibility in terms of cost, land availability and competition for food production,
feedstock resource potential, social acceptance, and safety are yet to be addressed along with
other geophysical and institutional barriers (Anderson et al., 2016; Smith et al., 2016; Hilaire
et al., 2019). Hence, there is a need to explore alternate mitigation pathways that limit or
do not use NETs (Anderson et al., 2019).

The SR1.5 also features a relatively new pathway called ‘LED’ developed by Grubler et al.
(2018) wherein the future energy demand is lowered from current level. Figure 3.1 shows
the COy emissions in the four 1.5 °C consistent illustrative pathways featured in SR 1.5
(Masson-Delmotte et al., 2018; Riahi et al., 2017; Rogelj et al., 2018; Gidden et al., 2019).
It can be clearly seen that the LED pathway has the lowest negative emissions among other

featured scenarios.
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Figure 3.1: Evolution of CO, emissions in the illustrative pathways featured in SR 1.5 where
S1, S2 and S5 are based on Shared Socioeconomic Pathways (SSPs) SSP1, SSP2 and SSP5
respectively (Riahi et al., 2017; Rogelj et al., 2018; Gidden et al., 2019)

Alternate deep mitigation pathways include the impact of technological changes, structural
changes in the economy, and societal transformations on the drivers of energy demand (Van
Vuuren et al., 2018; Le Quéré et al., 2019). Mitigation scenarios have traditionally fo-
cused on the supply side of the energy system while behavioural and end-use demands
have received less attention (Creutzig et al., 2018). This is because the present generation
of Integrated Assessment Models (IAMs) or Energy System Optimisation Models (ESOMs),
which underpin global and national climate mitigation planning, typically has limited capa-
bilities for endogenously representing new behavioural changes or social structures that can

affect energy demand, whereas, representing technology and fuel switches are straightfor-
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ward (Gambhir, 2019; Creutzig et al., 2016). Van Soest et al. (2019) found that the United
Nation’s Sustainable Development Goals (SDGs) related to human development and gover-
nance are not well represented in IAMs. Most models produce future energy mixes based
on exogenous energy service demand projections driven by historical relationship between
population and economic growth. Though efficiency improvements are often included such
as building retrofits, electrification and fuel switching, and technology upgrades, other so-
lutions that could either lower energy demand or shift to cleaner modes of provision such
as modal shift, lowering heating temperature set-point and material recycling are relatively
new that can limit climate change but are often missing (Pye et al., 2020; Kesicki et al.,
2011; Grubler et al., 2018; IEA, 2021). Although full endogenisation of all mitigation options
is not possible within TAMs and ESOMs, linking them through exogenous assumptions and

narratives is a common approach (Van Soest et al., 2019).

There is a consensus that modelling social, economic, and political disruptions that could
change the way energy is consumed is important to understand possible future levels of energy
service demands (Hardt et al., 2019; Liu et al., 2020; Hanna et al., 2021; Anable et al., 2012).
Better representation of demand-side policies and integrating multidisciplinary insights from
social sciences, economics, and engineering could help policymakers devise effective plans
for future changes (Hardt et al., 2019; Hanna et al., 2021; Brutschin et al., 2021). This is
further confirmed by two recent reports at the global level from the International Energy
Agency, World Energy Outlook 2020 (International Energy Agency, 2020) and Net Zero
by 2050 (IEA, 2021). They emphasise that behavioural change will be an integral part of
decarbonisation pathways. These reports estimate that about 1.7-2 Gt of CO4 emissions can
be avoided by 2030 if behavioural changes are implemented quickly, and about half of these

emissions savings are associated with the transport sector.

The purpose of this paper is threefold: First, we argue for broadening mitigation scenarios to
include Low Energy Demand (LED) pathways, which include changes in both the structure
and trajectory of energy service demands® (ESDs) as a mitigation option. We begin by dis-
cussing the importance of considering LED pathways in climate mitigation scenarios and the
role they might play in achieving the Paris Agreement temperature targets (Section 3.1.1).
Then, we explore the measures through which demand could be modified along with their
interdependencies (Section 3.1.2). Second, we review the LED-type scenarios available in
the energy system modelling literature including scenario narratives and corresponding pa-

rameters (Section 3.2). Third, we present a case study for Ireland using the newly-developed

2Energy Service Demands (ESDs) include demand for activities that drive the demand for final energy
consumption, such as space and water heating, cooking, washing, mobility, materials production etc.
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TIMES Ireland Model (TIM) (Section 3.3). Ireland has recently committed to a legally-
binding target of reducing GHG emissions by 51% by 2030 relative to 2018 and a net-zero
GHG target by 2050. We develop a new Irish LED scenario (ILED) and demonstrate the
impacts this has in achieving energy system decarbonisation targets. The discussion and

conclusion are presented in Sections 3.5 and 3.6 respectively.

3.1.1 Rationale for low energy demand pathway

“Low energy demand” (LED) pathways are mitigation scenarios in the literature based on
reducing energy service demands through changes in behaviour, increasing end-use efficiency,
brought about by, for example, denser urban development, economic restructuring, and
changing consumer practices. Since in LED scenarios the absolute levels of energy service
demands are lower relative to a baseline or “business as usual (BAU)” case, it enables faster
GHG reductions and/or lowers the need for novel fuels and technologies (Grubler et al.,
2018).

A lower level of energy demand services implies downsizing of the entire energy system,
compared to a BAU growth in ESDs, making it easier to decarbonise the supply side (Grubler
et al., 2018; Fragkos, 2020). Along with enabling a clean energy transformation, the LED
pathway requires lower deployment of CDR and biofuels (Fragkos, 2020). The most widely-
modelled NET is bioenergy with carbon capture and storage (BECCS), which requires large
areas of land that raises concerns about biodiversity loss, which can be avoided in the LED
pathways (Anderson et al., 2016; Grubler et al., 2018; Kuhnhenn et al., 2020).

Long-term decarbonisation pathways are dependent on short-term policies, and feasible only
if actions are taken sooner rather than later (Pye et al., 2017; Solano-Rodriguez et al., 2018;
Vogt-Schilb et al., 2015). However, achieving the near-term (2030) steep decarbonisation
targets necessary to meet the Paris Agreement goals is challenging given the slow turnover
of fossil fuel technologies, leading to high mitigation costs, heavy reliance on often novel
technology deployment, and increases likelihood of overshooting the carbon budgets and
targets (Riahi et al., 2015; Eom et al., 2015). In such a scenario, the LED can play a crucial
role in overcoming the impacts of delayed response and making near-term targets feasible
(see Section 3.4).

An important point to note is that the LED pathway proposes a reduction in energy demand
without compromising quality of life (Grubler et al., 2018; Kuhnhenn et al., 2020). For
example, setting a lower set-point temperature can avoid over-heating homes and using

smart devices to control heating zones and time can help reduce consumption. Other possible
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co-benefits of the LED pathway include reduced air pollution, better indoor environment,
healthier lifestyles, and lower energy bills (Grubler et al., 2018; Kuhnhenn et al., 2020).
Some options in LED enable a just transition, such as modal shift to public transport helps
people with no cars or low income have better access to transport infrastructure (Kikstra
et al., 2021).

3.1.2 Reducing energy service demand: options and modelling

‘Reducing’ energy service demands is a viable option for helping to meet decarbonisation
targets, especially for developed countries. However, there is a lack of detailed discussion on
how this can be practically achieved (Cullen et al., 2011). Energy demand can be reduced

in several ways:

e By improving device efficiency, where the same level of energy service demand is met
with less energy consumed through more efficient devices, such as more efficient cars

or heating systems;

e Through structural shifts in energy service demands towards more efficient processes,
for example through mode switching in private transport towards public transport or
active modes, or switching construction materials from carbon-intensive products such

as cement to timber, or

e Through reducing energy service demands, such as reducing travel demand through
compact urban development and teleworking, or reducing the size of residential homes,

thus reducing the floor area of dwellings to be heated (Hammond, 2014).

If we assume car kilometres are fixed, then decarbonisation may only be delivered through
changing vehicles or fuels. However, a broader perspective on mobility that includes the
possibility of modal shift, ride sharing or telecommunication expands the mitigation options
space. Although LED scenarios consider efficiency improvements in their narratives, it is
necessary to distinguish between energy demand (kWh, MJ, litres of petrol) and energy
service demands (practices and economic products, like mobility, passenger bus kilometres,
tonnes of cement, value added in services, thermal comfort in buildings, materials produc-
tion, etc.). Efficiency improvements and technology uptakes reduce the energy demand
levels, while in the LED we emphasize decreasing the ESD levels or changing their structure.
Nevertheless, modifying ESDs will need technical and social innovations such as investments
in public transport infrastructure, encouraging work-from-home, building retrofit grants,

planning dense urban development, etc. (Geels et al., 2018).
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The enablers of modifying ESDs can be broadly classified into four categories, namely:
Technological, economic system transition, behavioural and lifestyle changes, and policy
interventions (Figure 3.2). The enablers are methods or changes through which end-use
service demands can be reduced directly or indirectly. For instance, remote working and
online shopping directly reduce passenger kilometres whereas public transport infrastructure
has an indirect impact of lowering vehicle kilometres through shifting to higher occupancy

modes. We acknowledge that the interactions shown in the figure are not exhaustive.
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Figure 3.2: Drivers, options and enablers of reducing energy service demands along with
direct and indirect impact interactions

Among the options described in Figure 3.2, IAMs and ESOMs often endogenously represent
efficiency improvements and technological substitution while lifestyle changes are usually
exogenous and in a stylised form in such models (Berg et al., 2019; Van Soest et al., 2019).
Apart from efficiency and technology, demand reduction can be analysed endogenously in
ESOMs like The Integrated MARKAL-EFOM System (TIMES) through cross-price elastic-
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ities as shown by Kesicki et al. (2011).

Some studies have also incorporated behavioural constraints in IAMs and ESOMs to en-
dogenously represent behavioural measures. For example, McCollum et al. (2017) show the
benefits of incorporating behavioural features in connection with vehicle choice in an IAM
framework. Their scenarios indicate that including behavioural aspects allows a more ‘re-
alistic’ assessment of non-price based policies (McCollum et al., 2017). Daly et al. (2014)
use the travel time budget concept and a public transport investment factor (travel time
investment parameter) to enable endogenous modal choice within the TIMES framework.
This concept is further extended by Pye et al. (2015) to include the rate of modal shift and
maximum modal shift potential. Both these studies demonstrate that behavioural measures
are an important mitigation strategy for decarbonising passenger transport. Tattini et al.
(2018a) further elaborate the previous two studies and assess modal shift dynamics in an
integrated energy system in TIMES for the whole country. This study shows that modal
shift enables the energy and transport sectors to reach carbon-neutrality at a faster pace
and at lower costs compared to the case when modal shift is not included (Tattini et al.,
2018a). Tattini et al. (2018b) further improve representation of endogenous modal choice in
a TIMES framework by including demand-side heterogeneity and intangible costs that vary
with class of transport users. Cayla et al. (2015) develop a modelling approach to include
household behaviour in terms of energy consumption and equipment purchase, and household
heterogeneity in TIMES-Households model. The results indicate that unrealistic technology
diffusion can be avoided if sufficient heterogeneity is considered. These studies demonstrate
the value of endogenising consumer decisions within TAMs or ESOMs and how behavioural
measures are an important part of decarbonisation strategies. However, a number of gaps
still remain: options to ‘reduce’ energy service demand are missing from these studies, costs
of bringing about behaviour change are typically not captured and these studies focus on

sectors in isolation, rather than taking a whole-systems approach.

3.2 Review of low energy demand scenarios

This section reviews low energy demand scenarios identified in the literature. The previous
section covered studies that focus on a single sector while the LED scenarios reviewed here
encompass narratives covering multiple ESDs. We found two studies that consider the global
energy system and exclusively focus on the potential for lower demand scenarios and their
implications for the energy system, called ‘Low Energy Demand (LED)’ by Grubler et al.
(2018) and ‘Societal Transformation Scenario (STS)’” by Kuhnhenn et al. (2020). Figure 3.3
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shows the layout of narratives in the LED and ST'S scenarios. Both scenarios broadly rely on
a combination of technological innovations, economic transitions, behavioural and lifestyle
changes to bring about major reductions in energy service demands. The key premise in
both scenarios is to maintain energy consumption at a sufficient level for a decent stan-
dard of living for all. The studies also evaluate their impact on SDGs. These scenarios
convert behavioural and lifestyle change narratives into relevant parameters and calculate
demand reductions exogenously. However, there are several key differences to note. Firstly,
the LED scenario is simulated using MESSAGEix-GLOBIOM (optimisation), an integrated
assessment modelling framework while the STS uses Global Calculator (simulation) that is
an open source model of the world’s energy, land and food system. Secondly, in the LED,
changing energy service demands have impacts on upstream sectors, covering a greater part
of the energy and economic system while the STS is solely focused on end-use services. And

finally, the LED includes nuclear power whereas STS omits this option.

The LED and STS scenarios each cover only two world regions: the Global North and
Global South in the former, and Annex I and Non-Annex I countries in the latter. More
regional resolution would allow consideration of socioeconomic trends and technology uptake
rates (Fishman et al., 2021). As an application of the Grubler et al. (2018) LED scenario,
Fishman et al. (2021) develop detailed scenario parameters for the residential buildings and
private transport sectors, covering 20 global regions. Dwelling area is assumed to converge
to 30m?/capita by 2060 globally and passenger kilometres to reduce to 8434 person-km per
capita in developed nations in the LED scenario. The changes are to occur through denser
urbanisation, multifamily homes, modal shift, and lifetime extensions of buildings and vehi-
cles. The material efficiency improvement potentials are determined for each of the sectors
using the Resource Efficiency and Climate Change (RECC) framework and implementation
strategies include end-of-life recovery, material substitution, reuse, downsizing among oth-

ers.

Several other global studies have modelled low energy demand-type scenarios for particular
sectors. Sharmina et al. (2021) focus on difficult-to-decarbonise sectors: aviation, ship-
ping, road freight, and industry using Integrated Model to Assess the Global Environment
(IMAGE). Demand reduction options for the various sectors are as follows: Aviation:- large
scale modal shifts to high-speed trains and carbon tax to discourage flying; Shipping and
road freight:- carbon tax which will provide incentives for distributed manufacturing and
local storage to reduce the need for freight; Industry:- recycling of iron and steel. This study
concludes that demand-side opportunities exist and need better representation in IAMs.

They argue that without any demand reduction in these sectors, decarbonisation will de-
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3: Comparison of narratives of two global low energy demand scenarios

pend on the deployment of CDR technologies.

019) use the TIMES Integrated Assessment Model (TTAM)-Grantham to ex-

changes can have for the global industry and transport sectors. The demand reduction po-
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tential of each sector is obtained from the literature. Their results indicate that advanced
technologies along with demand reduction can bring about deep and rapid decarbonisation
of the energy system and reduce the reliance on BECCS by approximately 18% (Napp et al.,
2019).

At the national level, two studies were found that present LED scenarios using an energy
system model with exogenous energy service demand projections (Barrett et al., 2021; Os-
hiro et al., 2021). Barrett et al. (2021) present a comprehensive analysis of the role energy
service demand reduction can play in meeting UK’s 2050 net-zero goal undertaken by the
Centre for Research into Energy Demand Solutions (CREDS). Their ‘Transform Demand’
LED scenario considers a transformative change in technologies, practices and infrastruc-
ture that bring about reduction in energy service demands along with co-benefits such as
improved health and local environment, lower investment needs and lower cumulative GHG
emissions. They conclude that their LED scenario has several advantages in achieving the
net-zero target, which include reducing fossil-based energy production, overcoming technical
challenges associated with transforming a large energy supply system, reduced overall invest-
ment and less reliance on risky CDR technologies. The LED scenario does not compromise

quality of life even with a halving of energy demand in UK.

Oshiro et al. (2021) present a LED scenario for Japan called ‘LoDem’ scenario that considers
energy service demand reduction measures such as dematerialisation, material efficiency im-
provement, reducing hot water usage, adjusting thermostat level, shifting to non-motorised
and public transport, reducing passenger trip frequency, and lower freight demand. Imple-
menting energy service demand reduction measures along with energy-efficient technologies
could reduce final energy demand up to 37% by 2050 (Oshiro et al., 2021). These mea-
sures could also reduce dependency on carbon capture and storage (CCS) by 50% in 2050.
Sectoral analysis indicates that industry is the largest contributor to reducing system costs

through demand reduction followed by buildings and transport.

The industrial sector, a major energy consumer, can be difficult to decarbonise, especially
due to rebound effects following efficiency improvements (Kermeli et al., 2014). We found
two studies that present LED pathways exclusively for the industrial sector, one at the global
level and the other at the national level for Japan (Kermeli et al., 2014; Ju et al., 2021).
Globally, the industrial sector consumes 24% lower energy in 2050 in the LED scenario
relative to a BAU scenario when energy efficiency improvement measures and increased
recycling are considered alongside lower material demand (Kermeli et al., 2014). On the
other hand, Ju et al. (2021) present climate mitigation scenarios for Japan’s industries using

four energy-economic models and IAMs. They present two low energy demand scenarios.
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In the first scenario, lower GDP growth rates are used while in the second, energy service
demands are reduced by 50% by 2050 along with lower GDP growth rates. The underlying
narrative for the second scenario includes improvements in material efficiency, shift to smart
devices and low carbon products, natural disasters, financial crisis, etc. The multi-model
analysis shows that a low industry demand scenario reports the largest emission reduction

and also reduces production and marginal abatement costs.

Passenger transport demand is driven by infrastructure, spatial settlement patterns and,
socioeconomic and technological transitions. Behavioural and lifestyle changes have huge
impacts on transport energy consumption enabled by public and active transport infrastruc-
ture and, planning and policy signals that favour these modes over private cars (Brand et al.,
2019). Four studies, three at the national level and one at the global level, analyse a low
energy demand pathway for passenger transport. Blas et al. (2020) use MEDEAS-World
IAM to analyse global transport decarbonisation strategies for 2050. Among the simulated
scenarios, the ‘Degrowth’ scenario accounts for demand reduction through behavioural and
cultural change that leads to a change in mobility patterns. This scenario is based on the
assumption that serious efforts will cause a shift from the present growth-oriented economy
towards one which ensures sufficiency without excessive growth in energy demand. These
include modal shift in passenger and freight transport, demand reduction and decrease in
economic activity. The recycling rate is assumed to double between 2020 and 2050. Re-
sults show that only the degrowth scenario meets decarbonisation targets while maintaining

minimum mineral reserves for critical materials.

Two studies describing passenger transport decarbonisation scenarios for Japan find that
teleworking, online shopping, better public transport, carpooling and ride sharing, and ef-
ficient urban planning are factors that will lead to a decrease in passenger kilometres (Gi
et al., 2020; Kainuma et al., 2017). Besides a decline in individual mobility, an ageing society
leads to a decrease in total passenger kilometres despite economic growth (Kainuma et al.,
2017). Although both studies have similar narratives, Gi et al. (2020) present a very detailed
scenario, they capture daily life behaviour as well as megatrends such as population aging,
gender equality, tertiary industrialization, and transport technology innovation, as compared
to Kainuma et al. (2017).

Brand et al. (2019) present contrasting futures using a simulation model and quantitative
scenarios that consider transport-related lifestyle change along with techno-economic tran-
sition for Scotland. They find that carbon budgets are achievable only in the ‘Combined
lifestyle and electric vehicle (EV)’ (radical change in travel patterns, mode choice, high elec-

trification and phasing out of conventional petrol and diesel road vehicles) scenario, in which
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the average number of trips decrease by 55/person/year and distance travelled decreases by
1653 km/person/year by 2050 relative to 2012 (Brand et al., 2019). In this scenario, lower de-
mand is met by modal shift which includes less private cars, more public transport, and ride
sharing along with higher occupancy in vehicles, higher fuel efficiency, and new low carbon
technologies (Brand et al., 2019). For the residential sector, Levesque et al. (2019) explore
the potential of low energy consuming practices that include new behaviours and uptake of
green technologies. Their analysis reveals that these practices could reduce energy demand
from the residential sector by 61% by 2100. Some of the behavioural measures include low
demand for floor space, shorter and fewer showers, adjusting thermostat levels according to
the outdoor temperature, wearing the same clothes more often, using dishwashers at full

load only, and reduced hot water usage.

Adopting an alternate approach, Millward-Hopkins et al. (2020) present a global energy sce-
nario using a bottom-up modelling approach that combines activity levels and energy inten-
sities for each end-use service and then calculate total final energy consumption maintaining
‘Decent Living Standard’ globally. They estimate that global energy use could be reduced
to 1960 levels despite population growth, provided energy demand is reduced to sufficiency

levels. It is a minimum/lower bound bottom-up energy sufficiency calculation.

Figure 3.4 summarises all the options discussed in the literature presented above. We use
the “avoid shift improve (ASI)” framework to categorise all the options. Although gener-
ally used for the transport sector, this framework is now being extended to include other
demand-side sectors as well (Wilson et al., 2020). This ASI framework is associated with a
modified ‘Kaya identity’, which helps to identify how each option has the potential to reduce
emissions (Berg et al., 2021). In this form of the identity, carbon emissions are decomposed
into four parts namely activity, structural change, energy intensity, and fuel mix (carbon in-
tensity). Lower activity implies lower service demand which is equivalent to energy demand
‘avoided’. Any structural change in energy consumption leads to a ‘shift’ in energy demand
e.g. modal shift, material substitution. And finally, decreasing energy intensity and reducing
the carbon intensity of the fuel mix is an ‘improvement’ in efficiency. The ‘improve’ cate-
gory is endogenous in [AMs and ESOMs while the ‘avoid’ and ‘shift’ categories are generally

exogenous.

The literature above suggests that LED scenarios can play an important role in mapping en-
ergy system pathways consistent with limiting global warming to 1.5-2°C. The studies above
demonstrate additional mitigation measures which enable more feasible technical transition
and can bring co-benefits that are needed to achieve ambitious GHG reduction targets. They

demonstrate the importance of diversifying and expanding the mitigation space. Without
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Figure 3.4: Categorisation of options to reduce energy service demands in LED pathways

into Avoid-Shift-Improve framework (adopted from (Berg et al., 2021))

considering demand sector mitigation options, the burden of decarbonising the energy sector

is on NET's, which has uncertainty in its deployment.

The mitigation options above cannot be achieved through responsible behaviour alone and
should be brought about by a planned socio-economic transformation. Policies must include
behavioural and lifestyle changes and not just technology-dependent solutions. Strict energy
efficiency regulations, cost reductions, technology improvements and planned urban design
are among the few policy recommendations mentioned. The implementation of these policies

will be crucial. More research and development is needed to promote such changes through

effective policy designs.
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However, there are very limited national studies that demonstrate a mitigation pathway
including an LED scenario. Although global studies provide good examples of what the
energy service demand reduction options are, the feasibility of these mitigation options can be
region specific. For example, considering technology deployment potential or socio-cultural
acceptance of low-carbon practices at the regional level is important to evaluate economic
and political feasibility of such pathways (Brutschin et al., 2021). Further, the ‘cost’ of
demand reduction is not discussed in the literature, and are important research questions.
Although demand reduction has been a topic of discussion for a long time, its analysis
and implementation have not been discussed sufficiently in the energy systems modelling

literature. This study seeks to fill that gap.

3.3 A Low Energy Demand pathway for Ireland (ILED)

This study develops an Irish Low Energy Demand scenario (ILED) to demonstrate how
modifying energy service demands can contribute to meeting very ambitious decarbonisation
goals. Broadly, ILED encompasses a scenario with densification of settlement patterns, very
significant investment in public transport and walking and cycling infrastructure, and de-
materialisation of the economy, which enables large-scale modal shifts in transport, lower
heat demand in buildings, and lower demands for materials such as cement. This study
then applies both a business-as-usual energy demand scenario and ILED to different climate
mitigation targets, including very steep near-term ambition as well as a ‘net-zero’ target for
2050. Most of the options to reduce ESDs in ILED are under the ‘avoid’ and ‘shift’ categories
as per Figure 3.4. Models mainly have an ‘improve‘ category, but through this scenario we

are adding the ‘avoid’ and ‘shift’ options as well.

3.3.1 Background

Ireland’s energy system accounted for 59% of the total GHG emissions in 2018 of which the
transport (19.6%), energy industries (17%) and residential (11%) sectors had the highest
shares (Environment Protection Agency, 2021). Further, the CO, intensity of energy supply
in Treland is 20% higher than the European average, which makes long-term decarbonisation
goals a challenge (Sustainable Energy Authority of Ireland, 2020). The Irish Government
has enacted the Climate Action and Low Carbon Development (Amendment) Act 2021
which sets in place a framework for legally-binding carbon budget ceilings consistent with
reducing GHG emissions by 51% by 2030 relative to 2018, and to reach net-zero COy by
2050 (Government of Ireland, 2021).
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However, there are several challenges that Ireland must overcome to achieve these targets.
Firstly, 35% of GHG emissions arise in the agriculture sector, which is dominated by beef
and dairy production. The emissions from agriculture are considered more difficult to abate
than energy sectors, and therefore the energy sector is likely to be required to decarbonise
more than 51% to meet the overall target. The most recent Climate Action Plan (CAP)
published in 2021 by the government sets out a sectoral decarbonisation range of 20-30% for
the agriculture sector to 2030, which would require CO5 emissions from the energy system
to reduce by 60-70% this decade. Secondly, fossil fuels represent more than 90% of the share
of energy in the transport and heating sector demands. Dispersed settlement patterns and
an inefficient building stock make decarbonisation particularly challenging (SEAI, 2018).
Finally, decarbonising electricity is a challenge given that nuclear energy is not adopted, and
as the electricity grid is relatively isolated from mainland Europe, integrating high shares
of renewables is technically challenging, though the wind resource is substantial (EirGrid,
2021).

To demonstrate how very steep decarbonisation of the energy system may be achieved, both
in 2030 and 2050, this paper presents a case study on the evolution of the Irish energy system

with energy service demand reduction as a mitigation pathway.

3.3.2 TIMES-Ireland Model and ILED Scenario Description

This study models the ILED scenario in an energy system optimisation model (ESOM).
For our purpose, we have used the TIM, a successor to the Irish TIMES model, which has
provided inputs to Irish energy policies for over a decade (Balyk et al., 2022; O Gallachéir
et al., 2020; Deane et al., 2013; Glynn et al., 2019). This new model has been recently
finalised and accounts for the changing energy system, advances in modelling methodology,
and the ambitious mitigation targets for Ireland (Balyk et al., 2022). The original model
(Balyk et al., 2021), as well as the version used in this study (Gaur et al., 2022a) are archived

on Zenodo.

Figure 3.5 shows a simplified reference energy system (RES) in TIM. The RES consists of
two main modules: Supply and Demand. The supply module consists of resources, fuel
production and conversion technologies, and infrastructure. The demand module comprises
the end-use sectors and their corresponding energy service demands. The base year is 2018
and all energy flows, emissions, and energy technology stocks are calibrated to Sustainable
Energy Authority of Ireland’s (SEAT) 2018 energy balance (SEAI, 2019). A social discount?®

3In the context of climate change, social discount rate represents the value of investments today to avoid
climate change impacts later.
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rate of 4% is applied. TIM is set up with flexible regional and timeslice definitions, ranging
from a single region national model at one annual time slice, all the way to 26 counties at
hourly resolution (Aryanpur et al., 2022). We use the annual period definition, single region,

and the 40 timeslice version of TIM in this study.
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Figure 3.5: Schematic representation of reference energy system (RES) in the newly devel-

oped TIMES-Ireland Model (TIM)

The business-as-usual (BAU) ESDs in end-use sectors are driven by growth in the popula-
tion and the economy. The energy service demands are sufficiently disaggregated to allow
for alternative scenarios for these drivers to feed into alternative energy service demand pro-
jections, namely ILED. Further information on BAU energy service demands can be found

in Section 2.2. Table 3.2 outlines the key assumptions for the ILED scenario.

The ILED pathway parameters are based on literature view, historical trends and comparison
with other developed nations that lead to low energy demand. These parameters are not
only based on technical details such as efficiencies but also on behavioural and societal
transformations such as choosing more sustainable modes of transport or lowering internal
heating temperatures in homes. The assumptions on parameter values are rather arbitrary
and need additional scoping. The ILED is predominantly a “what-if” scenario that represents

a future where ESDs are lower in comparison to BAU projections.
e Transport

— Freight transport: The total road freight activity was approximately 11.5 billion
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tonne-kilometres (tkm) in 2018. Road-based freight transport increased by 110%
between 1995 and 2018, with current projections foreseeing a further increase of
2.18 times between 2018 and 2050. Figure 3.6 shows the historical freight tkm
in Ireland in comparison to Great Britain (GBR), United States (USA), Japan
(JPN) and the EU average (OECD, 2021). Freight activity in Ireland increased
during the Celtic Tiger years (1994-2007) when the Irish economy grew rapidly.
ILED assumes per-capita freight activity will return to the 1995 level - 1525
tkm/capita in 2050. This is a reduction of about 36% from the 2018 level of 2375
tkm/capita. The underlying narrative is that reviving local economies, better
logistics and reductions in consumer demands, particularly for heavy materials
such as construction materials, enables this reduction. Total freight activity is
then expected to be 9.45 billion tonne-kilometres in 2050, a total reduction of
about 18% from that in 2018.
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Figure 3.6: Comparison of historical freight tonne kilometres per capita in various countries
and future projections for Ireland in BAU and ILED pathways

— Passenger transport: Road-based passenger transport activity (vehicle kilometres
(VKM)) increased by about 36% between 2000 and 2018 (CSO, 2021). The total
passenger transport resulted in about 73.7 billion-passenger kilometres (bpkm)
in 2018, which is about 15,342 passenger kilometres (PKM)/capita. In BAU
projections, this increases to around 17,000 pkm/capita in 2050. In the ILED
scenario, we assume that the pkm/capita will decrease to 12,000 owing to shorter

travel distances, increased occupancy in vehicles, and a large share of the labour
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force working from home by 2050. Population assumptions are as in Table 2.1.
Hence total pkm in 2050 is 12,000 x 6.19 = 74.3 billion pkm. The long-term
development strategy of the Irish government is to ensure compact growth of cities
such as to reduce travel distances which is to be enabled through infrastructure
and supporting amenities (Government of Ireland, 2018). In this context, we
assume short distance travel (< 5km) to increase by 5% in 2050 whereas medium
(5-30 km) and long-distance (>30km) journeys to decrease by 2.5% each. The
2020 passenger kilometres are adjusted for COVID-19 pandemic, accounting for
the national lockdowns and travel restrictions. It is assumed in BAU that demand
will recover and continue to follow the historical trajectory while in the ILED
scenario we assume the recovery to be slower until 2030, and then decline until

2050.

The historical modal share of passenger transport is shown in Figure 3.8. Private
cars make up about 80% of total passenger transport in Ireland. In the ILED
scenario we assume a change in travel patterns that encourages more of active
modes and public services, and less of private cars as shown in Table 3.1. Active
modes such as walking, and cycling have a much greater share in the ILED scenario
as compared to 2018. The share of private cars decreases by 21% and that of large
public service vehicles (PSVs) increases by 9%.
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Figure 3.7: Comparison of historical passenger kilometres per capita for various countries
and future projections for Ireland in BAU and ILED pathways
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Figure 3.8: Historical passenger transport mode share and total passenger kilometres in
Ireland (O’Riordan et al., 2022)

Table 3.1: Passenger transport modal share in the ILED scenario

Mode Short distance (< 5km) Medium distance (5-30 km) Long distance (> 30 km) Total
2018 2050_ILED 2018 2050_ILED 2018 2050_ILED 2018 2050ILED

Private cars  51% 20% 83% 65% 74% 62% 73% 52%
Motorcycles 0% 0% 0% 0% 0% 0% 0% 0%
Small PSVs 2% 2% 2% 1% 1% 1% 2% 2%
Large PSVs 8% 13% 13% 27% 16% 24% 14% 23%
LUAS 1% 3% 1% 4% 0% 0% 0% 2%
Train 0% 0% 0% 2% 8% 13% 3% 5%
Walking 32% 49% 0% 0% 0% 0% 6% 12%
Cycling 5% 14% 0% 1% 0% 0% 1% 4%

e Residential sector: The residential sector accounted for 24% of final energy consump-
tion and about 17.4% of COy emissions in 2018. A total of 1.7 million houses and
apartments were occupied by residents of Ireland according to the 2016 Census, of
which 12.2% were apartments, 45.1% were attached and 42.7% were detached houses.
The total housing stock is projected to grow to 2.57 million by 2050, with 24.4% apart-
ments, 41.1% attached and 34.5% detached dwellings in the BAU case. The planned
urbanisation in (Government of Ireland, 2018) talks about 50% of new dwellings to
be delivered within existing built-up footprint of the five cities and suburbs of Dublin,
Cork, Limerick, Galway and Waterford. And for most other urban areas it is 30%. The
ILED assumes that new detached houses are upgrading and replacing existing ones,
and of the new houses required, 60% will be apartments and 40% attached dwellings
due to planned urbanisation (Government of Ireland, 2018). Figure 3.9 shows the com-

parison of dwelling types for the BAU projection and ILED. Further, behavioural and
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efficiency improvements reduce the energy service demands within households. Space
and water heating account for about 80% of residential energy demand. The ILED
assumes that space heating demand per dwelling decreases by 20% by 2050, 10% of
which is to be achieved by lowering heating temperature by 1°C (Palmer et al., 2012;
SEAI, 2021). The other 10% can be achieved by encouraging boiler servicing every
year. A further 4% saving in space heating is assumed for attached and detached
dwellings, to be attained by using radiator valves to turn off heating in unoccupied
areas. Domestic water heating demand is assumed to decrease by 30% owing to shorter
showers, lower heating temperatures, insulating tanks and installing immersion timers
(Electric Ireland, 2021). Energy demand for lighting and, pumps and fans are assumed
to decrease by 10% each.
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Figure 3.9: Comparison of type of residential dwellings in BAU and ILED scenarios

The ILED assumes that all refrigerators and cooking appliances will be of maximum
efficiency (85%) by 2050. Clothes washing and drying, and dish washing demand is
assumed to decrease by 20% relative to BAU ESD projections, the narrative being that
people wear same clothes more often, make use of line drying, and load machines to
their full capacity. Electrical appliances also reduce consumption by 20% relative to
BAU ESD projections due to efficiency improvements and unplugging devices to avoid

stand-by mode power consumption.

e Industry: The industrial sector was responsible for about 18% of the final energy
consumption and about 7.7% of the total GHG emissions in 2018. The average energy
intensity (energy/GDP) of industrial activity is expected to decline by 30% in the
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next decade, as mentioned in the World Energy Outlook 2020 (International Energy
Agency, 2020). A further decrease by 15% to 2050 is considered in the ILED scenario
(in total a 45% decrease in energy intensity from current level). This can be achieved by
increasing production efficiency and better usage of materials (e.g., recycling, circular
economy). A 50% reduction in energy demand from the cement industry is expected by
2050, which is to be replaced by other building materials such as timber and build on
existing footprint (Duffy, 2018; Government of Ireland, 2018). In total, the industrial
energy demand declines by 25% in 2050 as compared to 2018.

e Commercial and public services accounted for 14% of the total energy demand in Ire-
land in 2018. At the current level, commercial and public service buildings amount
to 6m?/capita and 12m?/capita respectively, with current projections foreseeing an in-
crease to 7.65m?/capita and 15.39m? /capita. In the ILED scenario, we assume instead
that space reduces to 5.3m?/capita and 10.7m?/capita for the commercial and public
buildings by 2050. It is a 11% reduction in per capita space requirements owing to
to dense urban development and work from home, teleworking, etc. (Government of
Ireland, 2018). This results in a decrease of energy demand by 37% in 2050 as com-
pared to the 2018 level. This reduction in energy demand is to be achieved through
promoting work from home (less number of offices needed) and dense urban develop-
ment (smaller office space). Public lighting units are assumed to remain constant at
the 2040 level, in line with government plans to expand major cities up to 50% from
current levels. In the ILED scenario, we assume that no further expansion takes place

and lighting units remain constant at 540,000.

3.4 Results

In this case study, we explore a total of three mitigation pathways along with two demand
variations for each which are enumerated below. The pathway names describe the percentage
of emission reduction from the energy system by 2030 relative to 2018: E51 and E61 cor-
respond to pathways where energy-system CO, emissions fall by 51% and 61% respectively
between 2018 and 2030. Both pathways achieve net-zero emissions by 2050. These are con-
sistent with the national climate target of reducing economy-wide emissions by 51% and re-
quire the agriculture sector to meet emissions reductions targets of 51% and 33% respectively.
Whereas, the E32 mitigation pathway does not meet the national mitigation target but is
consistent with the Climate Action Plan 2019 targets whereby Non-emission trading scheme
(ETS) GHG emissions are to be reduced by 30% in 2030 relative to 2005 and by 80% in
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Table 3.2: Comparison of energy service demand values in BAU and ILED scenario

LS

. Value
Sector Parameter Unit 92018 9050.BAU 2050ILED
Transport Freight tonne  kilome- 2375 tkm/capita 4307 tkm/capita 1525 tkm/capita
tres (tkm)
Passenger passenger kilo- 15342 pkm/capita 17000 pkm/capita 12000 pkm/capita
transport metres (pkm)
Apartments ’000 units 206.799 628.932 686.467
Dwellings Attached ’000 units 766.352 1056.500 1120.427
Detached ’000 units 724.430 889.756 768.294
Oold New Old New Old New
Space Apartments MWh/dwelling 3.85 1.23 3.85 1.23 3.08 0.98
heating Attached MWh/dwelling 7.85 2.85 7.85 2.85 5.81 2.11
Detached MWh/dwelling 14.41 6.74 14.41 6.74 10.66 4.99
Water Apartments MWh/dwelling 3.41 2.20 3.41 2.20 2.39 1.54
heating Attached MWh/dwelling 3.01 2.35 3.01 2.35 2.11 1.65
Residential Detached MWh/dwelling 3.81 2.49 3.81 2.49 2.66 1.75
Lighing /Pumps Apartments MWh/dwelling 0.54 0.69 0.54 0.69 0.49 0.62
& fans Attached MWh/dwelling 0.81 0.92 0.81 0.92 0.73 0.83
Detached MWh/dwelling 1.26 1.49 1.26 1.49 1.14 1.34
Refrigeration PJ 1.13 1.71 1.61
Cooking PJ 2.00 3.03 2.86
Cloth washing PJ 0.77 1.20 0.96
cloth drying PJ 1.03 2.41 1.93
Dish washing PJ 0.83 1.95 1.56
Electrical appliances PJ 9.22 13.98 11.19
Industry Energy intensity PJ/MEUR 45% decrease from
current level
Cement PJ 17.8 24.82 8.9
Commercial buildings m? /capita 5.95 7.65 5.3
Services Public buildings m? /capita 11.97 15.39 10.7
Public lighting units million lamps 0.48 0.575 0.54




Table 3.3: Main assumptions and sources for reduction of energy service demands in 2050
in the ILED pathway

Sector Parameter Assumption Source
Transport Freight tkm/capita to go back to 1995 level Own assumption
Passenger trans- pkm/capita in 2050 is approximately (OECD, 2022)
port equal to current EU average
Dwellings Dense urban development and utilise ex- (Government of Ireland,
isting built-area footprint 2018)
Space heating Demand per dwelling to decrease by 20%  (Palmer et al., 2012; SEAI,
2021)
Residential Water heating Demand per dwelling to decrease by 30%  (Electric Ireland, 2021)
Refrigeration Assumptions for future

Efficiency improvement from 80 to 85% technology in TIM (Balyk

Cooking i 2050 et al., 2022)
Cloth washing 20% reduction in energy demand (Grubler et al., 2018)
cloth drying 20% reduction in energy demand (Grubler et al., 2018)
Dish washing 20% reduction in energy demand (Grubler et al., 2018)
Electrical — appli- 20% reduction in energy demand (Grubler et al., 2018)
ances
Industry Energy intensity Energy intensity to decrease by 30% by (International Energy
2030 and further 15% by 2050 Agency, 2020)-2030, own
assumption-2050
Cement 50% reduction from 2018 (Dufty, 2018; Government
of Ireland, 2018)
Services Commercial 11% reduction in space requirements (Government of Ireland,
buildings from 2018 level 2018), own assumption

Public buildings

2050 relative to 1990. Figure 3.10 shows the CO5 emission pathways modelled in this case
study.

Each mitigation pathway is modelled with two different energy system demand scenarios:

BAU (described in the previous chapter) and ILED, described in the previous section.

3.4.1 Impact on costs

Figure 3.11 shows the average marginal abatement cost (MAC) for subsequent 5-year periods
between 2025 and 2050. The MAC represents the cost of mitigating the most expensive tonne
of COs in each scenario for the energy sector. The E61 scenario has the highest MAC between
2055 and 2030 since this is the most ambitious decarbonisation scenario among those explored
in this study. The E51 scenario also has a very high MAC relative to others, implying that
achieving near term ambitious climate goals will be challenging. On the other hand, scenarios
meeting these mitigation targets with ILED pathways have much lower MACs as compared
to their BAU ESD projection counterparts. It should be noted that the MAC drops to a
minimum between 2035-2040 and then slowly increases again because cheaper options are
available before the 2040s to mitigate the last tonne of carbon that drives MAC. Beyond
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Figure 3.10: Decarbonisation trajectories modelled in TIM and carbon budget outcomes
(Scenario EX- CO9 Emission reduction by X% in 2030 relative to 2018 where X= 32, 51 and
61)

2040, the model has to invest in the most expensive options to reach net-zero, leading to an
increase in MAC. Further, between 2030 and 2050, the emission trajectory is interpolated
within the model which leads to lower emissions in E61 pathways (BAU and ILED) than
E51 even beyond 2030. Hence, the MAC is higher in E61 and E61_ILED when compared to
E51 and E51_ILED.
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Figure 3.11: Average marginal abatement cost of per kilo tonne of CO, for every 5 years
between 2025-2050
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The total undiscounted annual system cost is shown in Figure 3.12. As discussed previously,
the final energy demand determines the size of the energy system which includes size of
supply side and the needed infrastructure to deliver the energy needs. In the scenarios with
BAU ESD projection, the size of the energy system is large compared to that in the ILED
pathway. Hence much higher investments are needed in these scenarios. E61 incurs the
highest investments because of the extra work the energy system has to do to meet the
targets of the climate bill. Figure 3.13 shows the total savings in fixed, investment and
variable cost between BAU demand and ILED demand pathways in 2030 and 2050. There
are huge savings in the investment costs in the ILED pathways, reducing total system costs

in turn, particularly in 2050.
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Figure 3.12: Total undiscounted annual energy system cost in addition to the No_mitigation
scenario. Includes annual investments, fixed and variable costs, and excludes network and
infrastructure costs

Figure 3.14 shows the personal investments per person needed in the housing and transport

sectors. The cash flow needed in the ILED pathways for meeting climate goals is much less
than the BAU ESD pathways.

The ILED pathways bring down the MAC considerably which shows their importance, par-
ticularly for meeting near-term decarbonisation targets. Further, the ILED pathways sig-
nificantly reduce the total system costs, bringing down the costs of transforming the energy
sector. They follow a low investment trajectory to deliver the energy needs and meet climate
goals. And finally, per-capita personal investments are also lower in the ILED pathways.
These results imply that the total cost of decarbonising the energy sector is significantly

lower in the ILED pathways.
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Figure 3.14: Annual per capita personal investments in residential (retrofits) and transport
sectors (new private car) in addition to the No_mitigation scenario
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3.4.2 Impact on energy consumption and technology uptake

Figures 3.15 shows the per-capita final energy consumption and the percentage share of fuels
in the fuel mix. In 2030, the share of electricity and other renewables is lower in the ILED
pathways while that of oil and natural gas is high as compared to the scenarios with BAU
ESD projection. This means that pursuing the ILED pathway allows some fossil fuels in the
energy mix and does not require very significant changes in the supply-side of the energy
system. Progressing towards the mid-century, hydrogen is increasing in the E32, E51 and E61
scenarios while for the ILED pathways the share is very small. In the E32_ILED scenario, the
share of renewables is very small, while in the E51_ILED and E61_ILED scenarios share of
biofuels is lower than BAU scenarios. The ILED pathways still have higher share of natural
gas and oil in 2050.

Figure 3.16 shows the uptake of novel technologies in various sectors. The generation from
offshore wind is doubled in 2050 in the BAU ESD projection scenarios as compared to their
ILED equivalents. This result is especially important for 2030 (near-term) where offshore
wind capacity needed is about 7.5 GW in the BAU ESD projections, which would be chal-
lenging to install from planning permission point of view, while it is 3.7 GW in the ILED
pathways.

New private EV sales are much lower in the ILED pathways, particularly in E61_ILED.
Around 4,000 EVs were sold in Ireland in 2020 and about 8,000 in 2021 until October (CSO,
2021b). Annual EV sales in the E61 and E51 pathways are approximately 130,000 and 49,000
respectively until 2030 to reduce emission intensity of passenger transport. However, in the
ILED pathways, annual EV sales are about 8,700 until 2030, which is more in line with the

current trends.

New EV and fuel cell vehicle sales for freight are also lower in ILED pathways. In 2021 (until
October) around 1,000 such freight vehicles were sold in Ireland (CSO, 2021b). However,
in E32, E51 and E61 pathways, about 10,000, 23,000 and 37,000 EV and fuel cell vehicles
respectively are needed every year until 2030. In the ILED pathways, 4,000-11,000 EV and
fuel cell vehicles for freight are needed each year until 2030. These numbers are still higher

than current trends but much lower than the BAU ESD projection scenarios.

The Irish Government has set a target of upgrading about 0.5 million residential dwellings
to B2 building energy rating (BER). The E51 and E61 pathways foresee 39,000 and 60,000
retrofits per year until 2030. On the other hand, about 10,000 and 39,000 retrofits per
year are needed in the E51_ILED and E61_ILED pathways respectively. Lowering ESDs in

residential dwellings reduces the need for upgrades. Further, quite a few retrofits are pushed
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Figure 3.15: Final energy consumption per capita and resultant fuel mix

beyond 2040 in the ILED pathways.

These results indicate that the ILED pathways decrease the requirement for novel fuels and
technologies. They allow fossils to remain in the fuel mix for a longer time period, while
still complying with the emission constraints. The ILED pathways also foresee much lower
technological transformations in power generation, decreasing the technical challenges of
integrating large amounts of renewables in the grid. The pace and scale of transformation

needed in the supply side of the energy system are much lower in the ILED pathways.

63



Power genertaion from offshore wind New EV (private car) sales

60 600
40 300
20 150 ,/ \~ —_———
0 0 —
60 600
< 40 g 450
2 5 300
20 = 150
0 0
60 600
40 450
20 300
0 == a:
2020 2030 2040 2050 2020 2030 2040 2050
New EV and Fuel Cell Vehicle (Freight) sales Number of residential retrofits
80
60 200
40
20 2 /S — VAR o TN
0 0
80
£ 60 © 200
o 40 o
=220 2100
0 0
80 '
60 200 \
40 '
20 100 .
~
0 0 e = ———
2020 2030 2040 2050 2030 2040 2050

= E32 = E32_ILED E51 ES51_ILED = E61 =' E61_ILED

Figure 3.16: Novel technology uptake between 2020 and 2050

The ILED pathways require less rapid technology replacement. These pathways foresee
lower ESDs which can be met through sustainable modes and behavioural change instead of
depending on technology uptake, which is expensive. Secondly, the ILED pathways postpone

the need for technology uptake, allowing a greater timeframe to achieve climate goals.

3.4.3 Impact on CO; emissions

Figure 3.17 shows the cumulative CO, emissions of every sector between 2020 and 2050.
The total cumulative emissions are the same in BAU ESD projection and ILED pathways,
however, there are some differences in individual sectors. For instance, emissions in the
residential and power generation are higher in the ILED pathways as compared to BAU
ESD projection pathways. Lower retrofits in the residential sector and greater fossil-fuel
based generation in the power sector cause a lack of fuel switching which leads to slightly

higher emissions in these sectors in the ILED pathways.

Figure 3.18 shows the cumulative amount of CO, captured from BECCS needed between
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Figure 3.17: Cumulative sectoral COy emissions between 2020 and 2050

2020 and 2050. E31 foresees the lowest amount of BECCS while E51 requires greatest
amount. E51 needs higher BECCS than E61 because the latter does more work in terms of
decarbonisation by 2030 than the former. E32_ILED pathway needs no BECCS at all, while
E51_ILED and E61_ILED pathways need 38% and 23% lower BECCS as compared to E51
and E61 respectively.
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Figure 3.18: Cumulative BECCS needed between 2020 and 2050

The ILED pathways result in similar cumulative emissions as BAU ESD projection pathways,
however, some sectoral differences exist. The ILED pathways reduce dependency of the

energy system on uncertain and risky technologies like BECCS.
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3.5 Discussion

3.5.1 Key insights

This paper presents a low energy demand scenario that considers a number of demand-side
mitigation options, often missing in mainstream energy scenarios. The ILED pathway is
modelled exogenously to demonstrate the impact of reducing energy service demands on
the whole energy system. This scenario presents a possible future energy system evolution
pathway which is often ignored in energy policy discussions. The ILED scenario parame-
ters are based on literature review, historical trends and comparison with other developed

nations.

The marginal abatement costs, in the near-term (2025-2030), are less than half in the ILED
pathways relative to BAU ESD projection pathways. The investments needed to transform
the energy system are about 45% lower in the ILED pathways in 2030 and about 42% lower
in 2050. Personal investments as well are 45% lower in 2030 and about 34% lower in 2050
in ILED pathways compared to BAU ESD projection pathways. These results indicate that
ILED pathways can help meet the near term climate change mitigation targets following a
low investment trajectory. Lowering energy demand decreases the size of the energy system,

bringing down the costs of transforming the energy sector.

Technology uptake rate is smaller in the ILED pathway. Power generation from offshore wind
is about 34-65% less in the ILED pathways. EV sales are about 82-93% lower, especially
in the near-term, in the ILED pathways as compared to BAU ESD projection. Further,
the residential sector foresees fewer number of retrofits in the ILED pathways, with some
retrofits postponed beyond 2040. Share of novel fuels like hydrogen is around 3.5% lower in
ILED pathways. The share of novel fuels and technologies is lower in the ILED pathways,
while fossil fuels and internal combustion engine (ICE) are present in the system for a longer
time. These results imply that rapid deep technological transformation in the energy system

will not be necessary if pursuing the ILED pathway.

The ILED pathways have a much slower rate of technology uptake and fuel switching. This
gives the energy system a greater time frame for a sustainable transition to achieve the cli-
mate goals. A slow transition, however, suggests that the CO5 emissions are not significantly
lower in the LED pathway despite lower demand. In fact, for the residential and power sec-
tor, the emissions are higher due to a lack of fuel switching in these sectors. Lower energy
demand is offset by fossils, resulting in slightly higher emissions from these sectors. On the

flip side, cumulative negative emissions from BECCS are about 23-38% lower in ILED path-
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ways, decreasing the dependency of the energy system on uncertain and risky technology to

meet its climate goals.

Changing the structure and trajectory of ESDs provides a number of mitigation options
that are cheaper in the short-term as indicated by the costs needed to transform the energy
system to meet climate goals when such options are considered. These options are also
more sustainable in the long-term as they move away from the notion that ‘novel fuels and
technologies are needed to meet climate goals’, which may lead to an overshoot in carbon
budgets if not fruitful.

3.5.2 Limitations and future work

The empirical values used in the ILED scenario should be considered in light of some limita-
tions. In the absence of empirical data for Ireland, some values for ESDs are arbitrary (for
example, assuming they will revert to values in a historical year), while others are based on
international studies. Future work will involve a more detailed analysis of the actual demand
reduction potential for each ESD, including the impact of drivers such as spatial settlement

patterns, population density and policies.

A considerable amount of demand reduction in our study is based on expected dense urban
development that would lead to shorter travel distances, and smaller houses and work spaces.
However, we do not account for the investments needed in public infrastructure needed to
bring about these reductions. Since ILED pathways foresee much lower investments in the
energy system, those could be re-directed towards infrastructure development (Barrett et al.,
2021).

LED demand reduction in passenger transport assumes an immediate saving due to sustained
low transport demand following COVID. However, this is a source of uncertainty given that
as of 2022, demands have recovered strongly following the pandemic. This implies that GHG

and energy savings as a result of transport LED measures may be overestimated.

The ILED pathway would likely impact the Irish economy and at the same time could bring
about considerable improvements in health, well-being and social cohesion. These factors

are not considered in this study and are highlighted as research priorities.

Future work will also focus on decomposing CO, emission reduction as a factor of demand
reduction, efficiency improvement and structural shifts to quantify savings from each of these

measures.
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3.5.3 Policy implications

Climate mitigation policy in Ireland and elsewhere has to date focused largely on technol-
ogy and fuel substitution. However, rapidly-increasing urgency to mitigate climate change

requires that policymakers also address high energy-intensity activities.

Ireland is an important case study for this work, given the country’s “laggard” status in
climate mitigation and recent increased ambition, with a legislated target of reducing overall
GHG emissions by 51% between 2018 and 2030.

As discussed, this study demonstrates the very strong benefits of addressing energy demand
for meeting climate mitigation targets. To meet the mitigation potential from an LED
pathway, policymakers must expand the arsenal of mitigation measures, beyond policies that
promote renewable energy deployment and energy efficiency. The transformation required to
meet climate targets must therefore must expand beyond technologies and also encompass
societal and economic domains, which has wide-ranging implications for policymakers and

state institutions.

To reduce energy demand in transport, policies can promote active and public transport
modes and disincentivise private car use. This requires investment in infrastructure, for
example to improve bus and rail availability, speed and quality, and to make walking and
cycling safe with protected road space (Thacker et al., 2019). Private car ownership and use
can also be reduced by complementary measures targeting taxation, parking restrictions,
road use charges and allocating road space away from private car use (Busch-Geertsema
et al., 2021). Countries who raise significant revenue through vehicle registration taxes and

road fuel excise duty may require measures to replace this income stream.

Spatial planning and housing are also important components of both passenger and freight
transport energy demand: Affordable housing close to employment, schools and services
reduces trip length and overall private transport demand, and makes alternative modes more

viable. Dense urban development also improves freight logistics and lowers demand.

Spatial planning and denser development in particular can also lower heat demand by low-
ering floor area of both homes and offices - detached, rural homes are significantly larger
than dwellings built in towns and cities, and also have higher heat loss through external
walls - and also improving the feasibility of district heat networks, and use waste heat from

industry.

This paper demonstrates that speed at which low carbon electricity can be rolled out will be

an important bottleneck in meeting Ireland’s decarbonisation target this decade. Therefore
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measures targeting a moderation of electricity demand growth will support mitigation targets
alongside renewables deployment, such as energy efficiency, prioritising transport demand
reduction and mode switching over electrification, and moderating growth in large users of

electricity such as data centres.

Such measures pose new challenges for policymakers and state institutions. Improved cooper-
ation between local and central government, as well as, across functional areas (e.g., housing,

transport, planning, etc.) is necessary to successfully implement such initiatives.

3.6 Conclusion

While the importance of limiting global warming to 1.5 °C is recognised, energy systems
modelling typically fails to address systematic drivers of energy demand growth, which must
be addressed to limit global warming. By presenting a case study for Ireland, this study
established that the LED pathway is especially valuable to meet near-term deep mitigation
targets, where technology alone cannot bring about the necessary reductions in CO4 emis-
sions without costly early retirement of fossil fuelled technologies. Our main results find that
the LED pathway reduces dependency on capital-intensive fuels and technologies, and also

reduces overall system costs due to smaller size of the energy system.

The LED pathway can also bring benefits for society, such as less congestion, more compact
and “liveable” cities and towns, health benefits, and a better standard of living from active
travel and more comfortable homes. “Low hanging fruit” of energy demand reduction may
allow for faster mitigation action while increasing quality of life. It also improves energy
security by lowering the reliance on high-energy intensive services such as private cars. The
overall impact of reducing energy consumption on the economy and rebound effects have not
been quantified. However, energy efficiency improvements are not paramount in our scenario

assumptions and some rebound effects could be absorbed.

However, the LED pathway cannot be achieved by assuming voluntary behaviour changes
from people and companies but must be enabled through sector-specific and targeted policies.
Large-scale investment into sustainable mobility, better planning to allow housing densifica-
tion, and public education to shift in values and norms towards lower consumption are also
needed. Quantifying the cost and enabling measures to bring the LED pathway about is a

high priority for future research.
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Chapter 4

Impact of dispersed settlement pattern on net-

zero transition in Ireland

Abstract

Limiting the growth of final energy demand helps meet the steep greenhouse gas (GHG)
reduction trajectories required to address climate change, and can also bring wider sus-
tainability benefits. Integrated Assessment Modelling (IAM) and energy systems modelling
analyses are increasingly including low energy demand (LED) measures in GHG mitiga-
tion scenarios, but their granularity and empirical basis is typically low, limiting actionable
insights. Here, we contribute to addressing this gap by examining the role of spatial set-
tlement patterns as a driver of energy service demand, particularly in the transport and
residential sectors. We focus on Ireland, which has enacted ambitious decarbonisation com-
mitments in law, that are challenging to deliver partially due to a large proportion of the
population living in rural one-off housing. We perform exploratory data analysis to estimate
the mathematical relationship between various energy service demands and the dispersal of
population, and calculate the energy service demand level and COy emissions per capita at
various population densities. We also review the indirect impact spatial settlement patterns
have on climate mitigation, via the viability of enabling low-carbon infrastructure. We find
that higher density settlement patterns are associated with lower energy service demands
and greater potential for infrastructure to enable the low carbon transition. We also find
that residential and transport GHG emissions are, respectively, 62% and 52% lower for pop-
ulations living in the highest density regions than in the lowest. Finally, we discuss a path

forward for incorporating this empirical analysis into future mitigation scenarios. *

'Published as: Gaur, A., McGuire, J., O’Riordan, V. J., Curtis, J. and Daly, H., 2024. Dispersed
settlement patterns can hinder net-zero transition: Evidence from Ireland. Energy Strategy Reviews, 51,
p-101296.
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4.1 Introduction

One of the reasons that decarbonisation has not happened at the pace and scale needed to
address climate change is due to the lack of addressing the drivers of energy demand (Lamb et
al., 2021). Society and the economy do not inherently require energy in its physical form, but
rather the services that energy can provide, such as access to work and education, thermal
comfort, nutrition and hygiene (so-called energy services) (Rinkinen et al., 2021). Demand
for these services is complex and varies in space and time. Comfort and living standards are
often linked to fuel usage and infrastructure availability to access services (Trentmann et al.,
2018). Energy demand is not only driven by price and the demand for energy services but
also by social conventions, practices, infrastructure and material arrangements (appliances,
fuel), which vary in space and time (Trentmann et al., 2018; Rinkinen et al., 2021). This
complexity of energy demand makes it important to understand how social practices and

spatial patterns of settlement evolve over time (Walker, 2014).

There is a consensus that to limit climate change in line with the Paris Agreement commit-
ments, the energy sector must undergo a profound transition (Shukla et al., 2022). Integrated
Assessment Models (IAM) and energy systems models often underpin climate mitigation
planning and are used to create maps of energy demand futures to inform climate mitigation
pathways. Relatively greater attention has been placed within these studies on technological
change to drive this transition, which brings about the decarbonisation of energy through
end-use electrification and renewable electricity, for example. However, decarbonisation
studies are increasingly focusing attention on the role that lowering final energy demand can
play in the energy transition as an important enabler of climate mitigation (Creutzig et al.,
2022b). Among these, Low Energy Demand (LED) scenarios, which are based on decoupling
energy consumption from economic growth, are gaining increasing momentum (Gaur et al.,
2022b; Grubler et al., 2018; Barrett et al., 2021; Kuhnhenn et al., 2020). These scenarios re-
volve around narratives with lower consumption and simulate the impact on energy systems.
However, these narratives generally represent aggregated impacts of societal transitions, and
are not able to factor in specific policy levers to bring about lower energy service demands.

They also typically are not granular in terms of regional analysis.

To address this gap, studies can embed a representation of the drivers of energy service
demand such as social norms, culture, infrastructure, and individual preferences, which can
allow models to provide new and useful insights on climate change mitigation options (Anable
et al., 2012; Brand et al., 2019). This paper focuses on spatial planning, which determines the

density of settlement patterns, as one driver of energy service demands (ESDs), in particular
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for the residential and passenger transport sectors.

There has been relatively little attention paid to the role of spatial planning as a mitigation
lever in TAMs and national energy systems models. The spatial distribution and density
of settlement patterns plays an important role in determining the demand for mobility and
heat, and also the viability of networked infrastructure that can enable decarbonisation, such

as public transport and district heating networks.

The aim of this paper is to contribute to the ability of modelling studies to factor in energy
service demand reduction as a climate mitigation option, and in particular to allow this
lever of change in spatial planning, and associated policy and infrastructure, that can enable
lower energy demand futures. To do this, we quantify the relationship between the dispersal
of housing over time and energy service demand indicators in the transport and residential
sectors. This allows future studies to parameterise Low Energy Demand scenarios on the
basis of alternative spatial settlement patterns. The study focuses on Ireland, which has a
large and growing housing need, very ambitious decarbonisation commitments in law and
dispersed settlement. In terms of geographical extent, Ireland spans approximately 53.1425°
N to 51.4272° N latitude and 11.0438°W to 6.0020°W longitude. The elevation across the
country varies, with the highest point being at 1,038 meters (3,406 feet) above sea level. As
of the 2022 Census, the total population of Ireland is approximately 5 million.

In this context, the contribution of this paper is fourfold: Firstly, exploratory data analysis
(EDA) is used to quantify and discuss the relevance of settlement density in determining en-
ergy service demand (Section 4.3). We use Census data to determine how spatial settlement
patterns impact car ownership, transport mode choice, type of dwelling, central heating fuel,
and other factors that directly or indirectly affect energy demand. We also estimate the
mathematical relationship between population density and energy service demands (section
4.3.2.1 and 4.3.2.2). Secondly, the empirical evidence is used to estimate the energy ser-
vice demand level at various population densities. Thirdly, we review and discuss the role
of dense settlement patterns in the infrastructure required to enable the energy transition
needed to meet decarbonisation goals (Section 4.2.3). The mathematical relationship and
energy demand density will determine the future energy service demand levels and eluci-
date the associated infrastructure costs such as distribution of pipelines for district heating
or natural gas grid, number of bus stops and frequency of public buses, which makes this
assessment important to ensure feasibility of transition pathways to decarbonise the energy
system (Sachs et al., 2019). Fourthly, the policy and modelling insights and conclusion from

this work are presented in Sections 4.4 and 4.5 respectively.
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4.2 Background and literature review

4.2.1 Spatial settlement and density as a driver of energy de-

mand

As discussed previously, energy demand is not simply driven by economic and population
growth, but is a factor of practices, norms, behaviours, and more. Several non-energy poli-
cies affect and shape energy demand in the long term (Royston et al., 2021). One of the
major underpinning determinants of energy demand is spatial settlement patterns and asso-
ciated infrastructure. Settlement patterns and infrastructure have significant lock-in effects,
and hence there is a need for long-term vision while making investment decisions (Thacker
et al., 2019), particularly in the context of the need to rapidly reduce greenhouse gas emis-
sions. Further, infrastructure can act as an enabler or barrier to system transition (Cass
et al., 2018). For instance, investment in low carbon infrastructure can induce low carbon

preference (Creutzig et al., 2022b).

Spatial planning impacts climate change mitigation efforts and varies by region (Wang et
al., 2018; Kennedy et al., 2014). For example, technology uptake and policies to promote
sustainable alternatives can have different impacts in urban versus rural settings (Schippl
et al., 2020). Further, Lantz et al. (2021) find that energy transition paths are highly
correlated to degree of urbanisation. More than half of the world’s population lives in urban
areas and it is expected that 80% of the population will be urban by 2050 (United Nations
Human Settlements Programme (UN-Habitat), 2022). Hence, urban infrastructures and
everyday practices makes the role of cities and urban energy transition in climate change
significant (Holmes, 2021). Kovécs et al. (2022) suggest reorganising transport infrastructure
and sparing cities from being epicentres of transport and only allowing city access to vehicles
with no/low emissions reduces pollution and make cities greener. Region-specific guidelines
for energy transition will allow for setting clear goals while at the same time provide flexibility
to tackle regional issues (Van Dijk et al., 2022).

Urbanisation drives energy service demands in complex ways. Tall and compact buildings
associated with cities have the greatest heating efficiency while detached dwellings associated
with lower density development have the lowest (Rode et al., 2014). Studies have found
that urbanisation plays a strong role in driving energy demand in developing countries.
Accompanied by increasing incomes, urbanisation drives residential energy demand due to
increase in appliances in Asia and Africa (Madlener et al., 2011). Further, urban expansion

and morphology is a main driver of space cooling and heating demand (Tewari et al., 2017;
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Rode et al., 2014). Salat et al. (2014) show that if present trends in expansion of suburbs
in Chinese cities continues, transport energy demand is likely to triple by 2030 and cause
infrastructure costs per capita to increase significantly. Schulz et al. (2022) identify public
charging infrastructure as a stimulus to diffusion of EVs while Kang et al. (2022) find that
residential communities with access to reliable public service facilities have lower EV charging
demand. In all these examples, urban expansion policy and access to public infrastructure,
both of which are non-energy related, are the main drivers of energy demand. Hence, there
is an opportunity to increase the sophistication of energy demand modelling and projections

by taking these factors into account.

Increasing the spatial resolution of energy service demand modelling assists regional plan-
ning and captures spatial drivers of demand to estimate demand side management potential
and represent regional socioeconomic conditions (Eggimann et al., 2019; Tyralis et al., 2017;
Verhetsel et al., 2010). The type of growth in cities and towns (dense versus sprawl) will
impact decarbonisation efforts and the ability to meet climate goals. EV charging demand
per capita is found to be higher in the peripheral areas of Berlin city due to higher car
ownership rates and larger cars as compared to inner city (Straub et al., 2021). Chambers
et al. (2019) show the importance of estimating heat demand density at the national level
for Switzerland to estimate district heating (DH) potential under various scenarios. They
conclude that DH networks should be given priority in dense urban areas with sufficient
demand density to justify construction and operation of the network. The regional charac-
teristics of energy demand are an important determinant of future technology uptake rates

and associated infrastructure needs.

Higher population density increases the feasibility of sustainable energy transition infrastruc-
ture such as public transport network, end-use electrification, and district heating network.
It is found that energy consumption is a function of population density (Muzayanah et al.,
2022). Tamura et al. (2018) conclude that higher population density leads to lower COqy
emissions and reduces infrastructure cost. The analysis in this study is especially impor-
tant for developed countries experiencing urban depopulation and expansion in suburban
areas simultaneously. Craven et al. (2014) identify low population density, increasing size
of houses and urban sprawl to be major challenges associated with developing sustainable
transport in Melbourne, whereas, higher population density encourages public transport use
in European cities (Buehler et al., 2017). Similarly, Zhu et al. (2017) find that increasing
population density is likely to increase commuting by non-motorized modes in urban areas
in China. At the global level, access to key infrastructure services such as water, sanitation,

electricity and telephone services is higher in urban areas with dense population (Steckel
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et al., 2017).

There is a systemic interconnection between social practices and infrastructure (Haberl et
al., 2021). An increasing transport mobility is often associated with greater well-being but
this can be misleading: greater mobility means greater commuting distance which reduces
well-being (Kamble et al., 2021). Large reductions in car travel are needed for sustainable
urban development, particularly by reducing the convenience of private car usage (Moriarty,
2022). Demand reduction through mode shifting has significant mitigation potential and
enables faster near-term emission reduction (Gaur et al., 2022b; Mastrucci et al., 2020).
While policy makers now recognize the importance of sustainable infrastructure, existing

infrastructure can hinder this transition (Sovacool, 2016).

4.2.2 Modelling the drivers of Low Energy Demand pathways

Energy demand reduction through efficiency improvement and behaviour change plays an
important role in deep mitigation pathways (Riahi et al., 2021). The landmark global Low
Energy Demand (LED) study by Grubler et al. (2018) demonstrated the strong potential
addressing energy demand has for climate mitigation and limiting temperature rise. The
scenario relies on a combination of technological innovation, economic restructuring and
behavioural and lifestyle changes to bring about major reductions in demand. However,
the scenario has low regional resolution and does not consider socioeconomic trends and
technology uptake rates that vary geographically within countries and can have a substantial
impact on energy service demands. Barrett et al. (2021) present a detailed LED scenario for
the United Kingdom. Their main findings suggest that reducing demand makes increased
climate ambition feasible and UK can half its energy demand from current levels by 2050,
without compromising quality of life. A LED scenario for Ireland by Gaur et al. (2022b)
shows that demand reduction is valuable to meet near-term decarbonisation goals. However,
the national LED scenarios account for population density as a mitigation option at an
aggregated level. They lack empirical granularity and identify the need for evidence for

demand reduction potential as a key requirement for future work.

Energy demand modelling and projections are often driven by assumptions on growth in pop-
ulation and economy, while there are several other factors that impact the level of energy
services demanded (Creutzig et al., 2022b). Energy service demands have regional character-
istics, that is, the type and level of service depends on the location. Technology uptake rates
and infrastructure that drive energy demand in various countries have spatial variability.
Capturing this variability while modelling energy service demands will help include regional

disparities that could potentially hinder net-zero transition. One of the most important fac-
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tors impacting energy service demands and viability of infrastructure is population density.
Areas with high population density are associated with high levels of access to energy ser-
vice demands and social infrastructure. Such geographical inequalities can further aggravate
energy perpheralisation (Golubchikov et al., 2020; Yenneti et al., 2016). For instance, house-
holds, despite having low incomes, may be forced into car ownership due to lack of adequate
public transport services (Robinson et al., 2020). Reducing energy service demands as a

mitigation option is gaining importance in energy transition related discussions.

Further, there is a large inequality in energy consumption across income groups, which is
impeding SDGs (Oswald et al., 2020). It is being recognised that high levels of service
demand may not necessarily imply greater well-being (Creutzig et al., 2022b). Hence, the
role of economic growth in contributing to climate change and whether there is decoupling
between GDP and CO, emissions is increasingly addressed in literature. Wiedenhofer et al.
(2020) recommend that studies focus on physical processes of socio-economic development

including a thermodynamic understanding of energy drivers.

4.2.3 The role of density on low carbon infrastructure in the Irish

context

As discussed previously, where people live is one of the major factors that determines their
energy service demands. However, the type of dwelling and location is often driven by vari-
ous socioeconomic factors such as preferences, economic conditions, type of neighbourhood,
access to services, etc., as well as attachment to place. Moreover, the size and location of
residential neighbourhood development, which determines settlement density, is driven by
land-use policies and regulations (Geshkov et al., 2012). For example, Zhao (2022) shows
that land-use restrictions and zoning regulations have great impact on redevelopment of ur-
ban areas in which neighbourhoods can be converted from low to high density. Conversely,
Gonzélez-Ochoa (2022) find that the introduction of new construction techniques, that are
economically feasible only at certain production volume, led to the development of large

scale suburban areas and problem of oversupply of dwellings in a Mexican city.

The settlement pattern drives the provision of infrastructure such as electricity network,
water supply, schools, shopping centres, gas grid/district heating network, public transport
services, distributed renewable generation and more. In the following subsections, we present
a discussion around the essential infrastructure required to enable sustainable development
and the role population density plays in ensuring it is feasible. The discussion is centred

around the Irish context.
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4.2.3.1 Electric grid

One of the major decarbonisation strategies of the Irish Government is electrification of end
use sectors such as residential space heating and private car fleet. Given the policy targets,
electrification of these sectors will cause an increase in electricity demand, which will require
grid reinforcements (transmission and distribution network) and enhanced flexibility. Large
scale investments in grid is justified in areas with high population density, as lack of density
increases costs for consumers (Nerini et al., 2016; Fell et al., 2020). Electrification of heating
demand, analysed using a techno-economic power system optimisation model, in Ireland was
found to be favoured in areas with high heat demand (Gaur et al., 2022c). However, Fell
et al. (2020) find that charging EVs can be more expensive in high density areas due to
congestion in the grid and may need network reinforcement. Network upgrades due to EV
charging can be avoided by introducing workplace charging or smart residential charging
(Elmallah et al., 2022).

4.2.3.2 Active modes and Public transport infrastructure

Promoting and developing the infrastructure for walking and cycling, and improving public
transport services in rural areas are the key emission reduction strategies in the Climate
Action Plan (CAP) 2023 (Government of Ireland, 2023). Javaid et al. (2020) systematically
review literature on urban transport mode choice and find that infrastructure plays a greater
role in mode shift than behavioural changes. Households living in suburbs around Dublin,
the capital city of Ireland, experience disproportionate financial burden due to the necessity
of car ownership (Rock et al., 2016). Caulfield et al. (2014) find that households living
in newer homes around Dublin have longer commute distances and higher car ownership
rates. Prioritising ‘bus-only’ road infrastructure is an important transport planning strategy
if public transport is to grow in Ireland (Hynes et al., 2018). However, dispersed settlement
pattern makes it difficult to provide public transport infrastructure and further aggravates
geographical inequalities. Local policies, that can help control urban expansion and promote
the use of active modes for mobility, will be needed to stop urban sprawl (Hernandez-Palacio,
2017).

4.2.3.3 District heating network

District heating (DH) is highly efficient and will play an important role in the transition
to net-zero societies, especially in areas with high population density (Ding et al., 2022).
In low density areas, individual heat pumps could be a solution to decarbonise the heating

sector, however, residential dwellings must have appropriate insulation (thus high retrofit
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costs for existing dwellings) for the heat pump to be effective (Pastore et al., 2022; Ding
et al., 2022). Ireland has the lowest share of DH compared to other European countries.
From heat atlas for Ireland, cost of district heat (€/GJ) decreases with increasing heat

demand density (TJ/km?) (Flensburg, Halmstad and Aalborg Universities, 2019). Hence,
dense development is key to utilizing the full DH potential in Ireland.

4.2.4 Ireland’s climate commitments and challenges

The analysis presented in this paper focuses on Ireland, which has high per-capita GHG
emission: In the residential sector, 1.6 MtCOseq per capita in 2018, relative to 1 Mt across the
EU 27 as a whole, while transport emissions were 2.5 t per capita, compared to 1.9 in the EU
27 (Government of Ireland, 2021). The energy system accounted for 49.5% of all greenhouse
gas emissions in Ireland in 2021, with fossil fuels accounting for 87% of the primary supply
in 2021 (SEAI, 2022; Environment Protection Agency, 2021). The transport and residential
sectors were responsible for 34% and 27.5% of the energy-related CO, emissions respectively
in 2021 (SEAI, 2022).

Ireland has committed to increasing climate mitigation efforts by enacting the Climate Action
and Low Carbon Development (Amendment) Act 2021, which sets out a process of legally-
binding carbon budgets consistent with reducing GHG emissions by 51% by 2030 relative to
2018 and reaching net-zero by 2050 (Government of Ireland, 2021). Sectoral emissions ceil-
ings have been set into law, limiting GHG emissions in the residential sector to 52 MtCOseq
over the period 2021-2030, which will require emissions in 2030 to be around 40% lower than
in 2018 (Government of Ireland, 2022; Government of Ireland, 2023). The sectoral carbon
budget ceiling over that time period for transport is 91 Mt, requiring a reduction of around
50% by 2030. The main mitigation measures in the residential sector include: retrofitting
500,000 existing dwellings by 2030 to higher thermal efficiency, installing 400,000 heat pumps
in existing dwellings, and supplying up to 2.5 TWh of district heating. The main measures
in the transport sector include: reducing car journeys, increasing share and network (infras-
tructure) of active modes (walking and cycling), one in three private cars to be an electric
vehicle (EV), and providing greater access to public transport in rural areas. The measures
in the transport sector can be categorised into the ‘Avoid-Shift-Improve’ (ASI) framework,

whereby avoid measures aim to reduce mobility needs through spatial planning.

However, there are several challenges that must be overcome to achieve these targets. Firstly,
the transport and residential sectors are carbon-intensive: fossil fuels supply above 90% of
final energy in these sectors. 12% of residential sector energy was derived from coal and peat
in 2021, and a further 29% from oil for heating (SEAI, 2022).
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Secondly, both sectors are also energy-intensive, in part due to the dispersed nature of
Ireland’s settlement patterns. Detached and one-off houses dominate housing supply?. The
2016 Census reports that 26% of all occupied dwellings were one-off houses, and about 40% of
dwellings constructed since 2011 were one-off (CSO, 2016). Overall, around 43% of houses
are detached, and only 12% are apartments. One-off and detached houses are generally
larger than other dwelling types and often built in remote or rural areas (where prices
are lower). This is associated with the highly dispersed nature of housing settlement and
results in greater material intensity of the built area and higher energy service demands, as
discussed in detail in Section 4.3. As of the 2016 Census, more than 35% of the population in
Ireland lived in rural areas (compared to 25% in OECD countries (OECD, 2022)). This large
proportion of rural population combined with one-off houses has led Ireland to be a highly
car-dependent country. Analysis by Carroll et al. (2021) shows that potential spots for forced
car ownership in rural Ireland are also affected by low incomes and inaccessibility to public

transport, impacting the achievement of Sustainable Development Goals (SDGs).

Ireland is currently facing an under-supply of housing, with slow growth in the housing stock
between 2011 and 2016. There was an increase in new dwelling completions between 2016
and 2019, but a subsequent decrease from 2020 onward (CSO, 2016; CSO, 2021). National
projections suggest that to keep up with expected population growth, annually about 30,000
new dwellings must be built between now and 2030 (Bergin et al., 2020). This means that
the housing stock will grow significantly in the next decade, locking-in infrastructure that
will be responsible for emissions for the coming century. At this stage, it is important to have
a long-term vision for the development to come, in order to ensure climate change mitigation

targets are met while ensuring a just transition.

Energy modelling studies that determine long-term strategies are calling for deeper under-
standing of energy service demand drivers (Grubler et al., 2018; Barrett et al., 2021; Gaur
et al., 2022b; Creutzig et al., 2022a). These models have been critiqued for having a “techno-
economic mindset” that ignores larger qualitative and structural drivers of GHG emissions
and mitigation options, and therefore prioritise a narrow suite of simplified technological
and market-based solutions (Stoddard et al., 2021). Spatial settlement patterns have lock-in
effects and are a key determinant of future emissions trajectory (Creutzig et al., 2022b).
Population density plays an important role in determining the feasibility of investments in
sustainable infrastructure thereby impacting the attainability of climate goals (Buehler et

al., 2017; Craven et al., 2014). However, settlement patterns and population density have

2A one-off house in Ireland typically refers to a detached house that stands alone, separate from other
buildings, with individual sewerage system. It is not part of a larger housing development or a cluster of
houses.
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not been examined as explanatory factors in modelling studies.

As discussed, understanding the relationship between population density and energy service
demand is crucial for developing effective climate policies and making future investment
decisions. This paper presents an empirical review of the relationship between settlement
density and energy service demands and related infrastructure. The empirical evidence is
then used to estimate energy service demand per caita and COs emissions per capita at
various population densities. The National Planning framework (NPF) outlines the need
for reducing sprawl in Irish cities and towns, and states that about 40% of new housing
development should happen close or within existing footprint of built-up area to increase
housing and job densities (Government of Ireland, 2018). The review will help demonstrate
that dense settlement patterns are essential to reduce energy service demands, providing

empirical evidence for and increase granularity of future LED-type scenarios.

It is valuable to study Ireland from this perspective given its high population and housing
growth relative to other high income countries. This study can be particularly useful to
provide policy insights to developing countries with high population growth, to quantify
the benefit of leapfrogging the dispersed settlement patterns that developed countries have

followed in the past in seeking to lower final energy demand.

4.3 Analysis and results

4.3.1 Data

The primary data sets utilised for the analysis are derived from the Irish Census of 2006
and 2016 (accessed through the Central Statistics Office’s (CSO) database). The detailed
data sets for each of the chosen Census years can be found in (CSO, 2007) and (CSO, 2017).
The choice of these data sets stems from their comprehensive coverage of demographic and
housing information. It’s important to note that the Census data is reported at varying
spatial resolutions based on availability. We opted for the 2016 Census data as it represents
the latest available data set at the time of our analysis. While the 2022 Census has been
conducted, the results are not yet available, reinforcing the relevance of our reliance on the
2016 data set for the current study.

The Census details dwelling types, central heating fuel, and construction periods (pertinent
to energy consumption) with spatial breakdown. Further, it exclusively covers commuting
journeys—such as those to work, college, or school—limiting our analysis to these specific

travel patterns.
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4.3.2 Exploratory data analysis

One of the important contributions of this work is to understand the status quo with respect
to settlement density in the residential and transport sectors and identify the challenges
associated with dispersed settlement patterns for future climate mitigation. We perform
exploratory data analysis (EDA) on Census data discussed in previous section. EDA refers
to the method of exploring data sets to gain insights into the data structure, identify pat-
terns and relationships among variables. It includes statistical analysis and visualisation
techniques to summarise key features of the data set. Using this analysis and some of the
previous works on energy systems modelling in Ireland (O’Riordan et al., 2021; O’Riordan
et al., 2022; Mc Guire et al., 2023), we develop spatial archetypes of energy service demands
at various population density levels. This is further used to calculate energy service demand

intensity (ESD per capita) and CO, emissions intensity (COy per capita).

First, population density is calculated for 2006 and 2016 at the electoral division (ED) level.
There are 3440 EDs in Ireland and they are the smallest legally-defined administrative areas.

We classify population densities into five groups based on persons per km? as follows:
e D1=<30/km? : Remote rural area
e D2=30-200/km? : Rural/small village
e D3=200-1000/km? : Small town area
e D4=1000-3000/km? : Town/Urban
e D5=>3000/km? : Urban centre

Figure 4.1 shows the percentage of population living in each density group, calculated at
the ED level. From the figure, the majority of the population in Ireland lives in low to
medium density groups (D1-D3) in both years, and not much difference is seen within the
decade, despite high population and housing stock growth, (12.3% and 17% respectively).
This implies that the trend of dispersed settlement patterns is very likely to continue in

Ireland, if no interventions or regulations are put in place.

In the following two subsections, we establish the relationship between population density
and various energy service demands. We calculate correlation coefficients: Pearson coefficient
for linear relationships and Spearman’s rank coefficient for non-linear relationships.®> The
mathematical correlations do not reflect causation. However, they are useful metrics to

gauge energy service demands within areas of varying population density. The correlation

3Correlation coefficients measure the strength and direction of the relationship between two variables
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Figure 4.1: Percentage of population living in each group calculated at Electoral Division
level

coefficients are important to understand the interrelationship between variables (population
density and energy service demands (or their drivers)), and the relationship could be further
used as demand-side policy levers while developing decarbonisation scenarios using energy
systems models. The aim of this mathematical exercise is also to estimate the consequences
of dispersed spatial settlement patterns on energy demand and GHG emissions, and energy
service demand reduction potential that can arise from a denser development pattern in the
future. These results will be used to develop scenario for future mobility for Ireland, based on
different population and housing development growth scenarios, followed by a whole energy

systems analysis of the developed scenarios.

4.3.2.1 Residential Buildings

Ireland has a history of dispersed settlement patterns and a significant number of detached
dwellings are still being built across the country. Figure 4.2 shows the time series of average
size of new dwellings being built by type and the weighted average of all new dwellings
constructed between 2011 and 2022. Detached dwellings are significantly larger than attached
dwellings and apartments. Larger dwellings require greater built area and higher energy
demand. Leahy et al. (2010) identified that Irish households living in detached houses
consumed significantly higher electricity than households living in other dwelling types. The
weighted average size of new dwellings has been declining, but is still 56% higher than the

size of apartments in 2022.

Figure 4.3 shows the share of accommodation in each population density group in 2006 and
2016. At lower population densities, the share of detached dwellings is significantly higher
than attached dwellings and apartments. In D1 and D2, the share of detached dwellings is
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Figure 4.2: Average new dwelling size by type (CSO, 2020a). ‘All new dwellings’ indicates
the weighted average size of all new dwellings constructed in that year

35-37% higher than apartments and 4-5% higher than attached dwellings, while in D3-D5
attached dwellings dominate the mix. As discussed previously, detached houses have, on
average, larger floor area than attached dwellings and apartments. In higher population
density groups, the share of attached dwellings and apartments is higher, indicating that
smaller and compact homes are associated with dense development. Smaller dwellings have

lower energy service demands (space heating and lighting), and therefore lower energy and
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Figure 4.3: Share of type of dwelling in each population density group for 2006 and 2016
Census years
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Figure 4.4 shows the Spearman coefficient correlation matrix of population density and
dwelling types for 2006 and 2016. There is a strong positive correlation between population
density and apartments and attached dwelling types. Further, a strong negative correla-
tion exists between detached dwelling type and population density, implying that detached

dwellings are associated with sprawl.
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Figure 4.4: Comparison of Spearman correlation matrix for population density and dwelling
type calculated at County level

The occupancy of residential dwellings also plays a major role in determining the level of en-
ergy service demands. It is reported that households with greater occupancy have lower per
capita energy consumption (Kavousian et al., 2013). Figure 4.5 shows the Spearman coeffi-
cient of correlation between population density and dwelling type for 2016 Census. As pop-

ulation density increases, occupancy of residential dwellings (for all types) increases.
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Figure 4.5: Spearman coefficient of correlation between population density and occupancy
by dwelling type for 2016

Figure 4.6 shows the share of dwellings by type of central heating system in each population
density group. At lower population densities, a large share of dwellings has oil and solid
fuels based central heating, whereas at higher densities, natural gas and electricity are more
prevalent. In D1, 65% of the dwellings have oil based central heating and 32% have solid
fuels as the heating fuel. Similarly in D2, 72% of the dwellings have oil based central heating.

Between D3 and D5, share of dwellings with natural gas central heating increases from 26%
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to 63%, whereas share of dwellings with oil-based central heating declines from 53% to
19%.
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Figure 4.6: Share of dwellings by central heating fuel type in each population density group
(CSO, 2017)

The Spearman correlation matrix of population density and heating fuel types is shown in
Figure 4.7. Natural gas and electricity are positively correlated with population density;,
while oil and solid fuels have a negative relationship. Notably, solid fuels, mainly coal and

peat (most carbon intensive fuels) are the main heat source in over 30% of dwellings in the
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Figure 4.7: Spearman correlation matrix of population density and central heating fuel types
in Census 2016

Figure 4.8 shows the percentage of one-off dwellings in each population density group in 2016.
About 60% of dwellings in D1 and 35% dwellings in D2 are one-off, which are low density
areas. With increasing population density, the share of one-off houses decreases, partly due
to declining rural influence in high density areas (D5 represents urban centres, and have no
one-off dwellings). Further, Figure 4.9 shows the share of units by type of dwelling for which

planning permission was granted in each year from 2001 onward, where multi development
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houses refers to two or more houses or a housing estate. A significant number of one-off
houses was granted permission between 2011 and 2016, although recently apartments have
an increased share (from 23% in 2016 to 61% in 2021). These results imply that in densely
populated areas, decarbonising the residential heating sector will be relatively easier, given

that alternate options such as district heating and electrification will be feasible.
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Figure 4.8: Percentage of one-off houses in each population density group (CSO, 2020b)
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Figure 4.9: Planning permission for all dwelling types between 2001 and 2021

Low density is related to drivers of greater space heating demand and higher carbon intensive
fuels. The results show that there is a strong correlation between population density and
various residential energy service demands and their drivers. The share of detached houses is

higher in low population density groups while the share of attached dwellings increases with
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density. A high share of rural one-off houses is found in low density groups. Apartments
have a relatively small share in the total housing stock in Ireland, however, the share of
new apartments in planning permissions granted in recent years has increased significantly.
The type of central heating fuel in residential dwellings varies between population density
groups. In low density areas, oil and solid fuels dominate the mix whereas in high density
areas natural gas is the main heating fuel. The results show the second order effects of high
density: if accompanied with careful spatial planning and infrastructure development, it is

associated with lower greenhouse gas emissions.

4.3.2.2 Passenger Transport

Ireland has a high car dependency compared to other European countries (Gaur et al.,
2022b). Figure 4.10 shows the percentage of households owning cars and the number of cars
in rural and urban areas in 2006 and 2016 Census years. The share of households owning
no cars is higher in urban areas and this share decreased in 2016 compared to 2006 in both
areas, whereas single car ownership rates are fairly constant across area type and Census
years. However, multi-car ownership rates (two and more) are much higher in rural areas, in
both Census years, as compared to urban areas. This indicates higher dependency in rural

areas, in contrast to the fact that these areas are generally low-income areas (CSO, 2023;

CS0, 2019).
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Figure 4.10: Comparison of car ownership rates in urban versus rural areas in 2006 and 2016
Census years

The Pearson coefficient of correlation between population density and car ownership rates

is shown in Figure 4.11. Population density and percentage of households owning no cars
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are strongly and positively correlated, meaning higher population density is correlated with
an increase in share of car-free households. The correlation between population density and
single car households is not strong. Further, there is a strong negative correlation between
population density and multi-car households: the share of households owning multiple cars
increases with decreasing population density. These relationships hold true for both Census

years, indicating that “rural sprawl” drives car dependency.

No motor car 0.72 No motor car
-0.5 -0.5
One motor car One motor car
0.0 0.0
Two motor cars Two motor cars
>= Three motor cars 05 >= Three motor cars 05
(a) Census 2006 (b) Census 2016

Figure 4.11: Pearson Coefficient of correlation between car ownership and population density
calculated at Electoral Division level

Figure 4.12 shows the commuting mode choice according to urban and rural locations in
2006 and 2016. While cars are the dominant mode choice in all cases, it is significantly lower
in urban areas (52% in urban areas in 2016, compared with 67% in rural areas). In rural
areas, the share of private cars to commute increased by 7% between 2006 and 2016 from
63% to 70% while active modes and public transport share decreased by 1% each. Little

change is observed in urban areas in mode choice in the decade.
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Figure 4.12: Comparison of mode choice in urban versus rural areas for 2006 and 2016 Census
years

Figure 4.13 shows the Pearson correlation matrix of population density and mode choice.
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There is a strong positive correlation between active modes and population densities, which
means that increasing densities decrease travel distances and enable walking/cycling to
work /school/college, if appropriate infrastructure is developed. Whereas there is a strong
negative correlation between population density and private car usage to commute, indicat-
ing decreasing densities promote private car usage. Further, a strong negative correlation
exists between private usage and active modes and public transport. Public transport is
weakly but positively correlated to population density. These results hold true for both

Census years.
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Figure 4.13: Comparison of Pearson correlation matrix for population density and mode
choice calculated at Electoral Division level

The availability of public transport is a major factor contributing to mode choice and trans-
port energy demand. Figure 4.14 shows the number of public transport (bus, tram, light rail)
stops versus population density in 2016. The number of public transport stops increases with
increasing population density. Since the relationship between number of stops and popula-
tion density is non-linear, we estimated the Spearman coefficient of correlation as 0.54. This
implies increase in population density is associated with a greater number of public transport
stops. The frequency of public transport service also increases with population density, as

shown in Figure 4.15 and also indicated by Pearson coefficients in Figure 4.16.

Figure 4.17 shows the distance to public bus stop in each population density group, calculated
at the county level. The Spearman coefficient of correlation between distance and population

density is -0.7, a strong negative correlation.

The correlation between population density and travel distances to work/school/college is
shown in Figure 4.18. There is a weak negative correlation between population density and no

travel. We speculate that this is mostly attributed to rural population either working at /from
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Figure 4.14: Population density versus number of public transport stops calculated at Elec-
toral Division level for 2016 (Geofabrik, 2018)
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Figure 4.15: Population density versus average frequency of service at nearest public trans-
port stop

home. A positive correlation exists between higher density and short commute distances of
1-4 km. This suggests that areas with higher population density are associated with shorter
travel distances for daily activities. In other words, residents in more densely populated areas
tend to have workplaces or educational institutions closer to their homes, fostering shorter
commutes. However, an increasingly negative correlation is observed between density and
increasing commute distances. This implies that, on average, as population density decreases,

the distances travelled for work, school, or college tend to increase.

The results of the mathematical exercise show that private car ownership rate and usage is
higher in areas with low population density, that also have lower access to frequent public

transport infrastructure. The distance to work/college/school is also higher in low population
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Figure 4.16: Pearson Coefficient of correlation between frequency of bus services and popu-
lation density
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Figure 4.17: Population density versus distance to public bus stop at county level (CSO,
2020)
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Figure 4.18: Comparison of Pearson correlation matrix for population density and commute
distances calculated at Electoral Division level

density areas, making active transport modes less feasible, and thereby have locked these
areas into energy-intensive car-dependency. In areas with high population density, travel
distances and car ownership rates are lower and access to public transport infrastructure is
better.
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4.3.3 Energy demand and carbon emissions intensity

In this section, the above statistical exercise is used to develop spatial archetypes of energy
service demands for each population density group. The energy service demand intensity,
i.e., the energy service demand per capita, and carbon emissions intensity, CO, per capita is
calculated for each population density group. The methodology for each sector is described

in detail below.

4.3.3.1 Residential space heating

Table 4.1 shows the number of dwellings by type in each population density group in the 2016
Census. The share of central heating fuel by dwelling type for each population density group
is summarized in Table 4.2. From the two tables, we calculate the number of dwellings by type
and central heating fuel for each population density group. The space heating requirements
for each dwelling type are based on the Energy Performance Certificate (EPC) data, which
is adjusted for internal temperature to align with the national energy balance. The EPC
database contains technological detail, covering half of all dwellings. The EPC internal
temperatures are altered to better represent residential space heating in Ireland (Coyne et
al., 2021). Once the internal temperature assumptions are applied to different EPC ratings,
a weighted average calculation is used to group all existing dwellings (Mc Guire et al.,
2023). Then Equation 4.1 is used to calculate the space heating energy consumption for

each dwelling type and fuel.

Table 4.1: Number of dwellings in each population density group in 2016 Census

Dwelling type D1 D2 D3 D4 D5

Apartment 6,228 2,431 543 158,206 36,737
Attached 63,764 23,532 3,185 471,720 195,518
Detached 379,759 123,417 1,381 122,995 81,605

Table 4.2: Summary of central heating fuel share by dwelling type in each population density
group (CSO, 2020)

Population density group Dwelling type Oil  Natural gas Electricity Solid fuel Other Total

Apartment 35.6 11.0 36.8 9.5 7.0 100

D1, D2 Attached 60.7 6.4 4.8 23.7 4.4 100
Detached 71.3 1.3 2.1 21.0 4.4 100

Apartment 24.6 32.6 30.1 7.3 5.4 100

D3 Attached 44.4 32.6 4.8 14.9 34 100
Detached 61.9 19.1 2.6 13.0 34 100

Apartment 13.6 54.2 23.4 5.0 3.7 100

D4, D5 Attached 28.1 58.7 4.7 6.1 2.4 100
Detached 52.4 36.9 3.2 5.0 2.5 100
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arrs = PBrrs- (Mrrs) - 0rFs (4.1)

In this equation, ar g is the calculated final energy consumption for each of the detached,
attached and apartment dwelling archetypes, T, of fuel type, F, and energy service, S. In
this paper, we are only concerned with the space heating energy service. The space heating
demand is not region specific. Therefore, all population density groups use an average space
heating demand per archetype. The results of the space heating demands for each dwelling
type and fuel are illustrated in Table 4.3. Br pg represents the correction factor for each
dwelling archetype, fuel, and energy service; this was used to calibrate the space heating
consumption with SEAI national energy balance to ensure equilibrium, .i.e, supply equals
demand. m is the average space heating efficiency per dwelling archetype, fuel, and
energy service assigned by the EPC assessors. The space heating system efficiency, which
converts final energy into useful energy. The last component, 7 g g, is the total final energy

of the energy service per dwelling archetype and per fuel in the EPC database.

Table 4.3: Dwelling space heating demand, ar g, (kWh/house/yr) for dwelling archetypes
and per fuel

Condition  Archetype Oil Natural gas  Electricity = Solid fuel ~ Other
Apartments 12,633 3,585 1,984 41,184 2,047

Existing Attached 9,571 6,772 4,707 39,420 7,852
Detached 15,633 11,565 9,104 67,561 24,227

Table 4.3 shows a large variation in space heating per fuel type, as the low heating system
efficiency of solid fuels results in poor EPC ratings with high space heating demand. At the
same time, electric heat pumps are associated with good EPC ratings because of their high
efficiencies and low dwelling heat loss requirement. Furthermore, the dwelling archetype is
also a cause for variation due to floor area. The average floor area of a dwelling is assumed
to be 98 m?, and the average floor area of apartments, attached, and detached dwellings is
80 m?, 95 m?, and 118 m?, respectively (Mc Guire et al., 2023).

Next, we calculate the fuel consumption by dwelling and central heating fuel type for each

population density group using the equation below:

EF,D:ZNDT,D*OHFT,F,D*O‘T,F (42)
T

Where T', F' and D denote the type of dwelling, central heating fuel type and population

density group respectively. Further, Er p denotes the energy consumed for space heating by
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type of central heating fuel for each population density group in T'J, NDr rp denotes the
number of dwellings by type for each population density group, C H Fr p p denotes the share
central heating fuel by dwelling type for each population density group and arpr denotes
the space heating demand for each dwelling type and central heating fuel, as calculated in
Eq.4.1.

The emission factors for residential space heating fuel are shown in Table 4.4. These emission
factors combined with the Erp calculated above are used to calculate CO, emissions in each

population density group using the equation below:

COQD = EF,D * EFF (43)

Where C'Osp denotes the carbon dioxide emissions in each population density group and

E Fr denotes emission factors from Table 4.4.

Table 4.4: Emission factor for residential space heating fuels (SEAI, 2023)

Fuel Emission factor (tCOs/TJ )
Oil 75.6
Natural gas 56.4
Electricity 96.6
Solid fuel 99.2
Other 0.0

From the above two calculations for energy consumption and CO, emissions, we then calcu-
late the energy intensity and carbon intensity of residential space heating for each population
density group. Table 4.5 shows that with increasing population density, heating demand per
capita and CO, emissions per capita keep decreasing. There is a 55% decrease in heating
demand per capita between D1 and D5, while there is a 62% decrease in carbon emissions
per capita between D1 and D5. This indicates that dense settlement reduces the energy
intensity and carbon intensity of residential space heating. The heating demand per capita
and emissions per capita are marginally higher in D5 as compared to D4 due to higher share

of detached dwellings in the former.

Table 4.5: Residential energy service demand and space heating emissions per capita (2016)

Parameter D1 D2 D3 D4 D5  National average
Heating demand per cap (GJ/cap) 31.23 29.58 19.45 12.84 14.03 19.67
CO4 emissions (t/cap) 2.67 252 158 094 1.02 1.58
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4.3.3.2 Passenger kilometres- journeys to work/school/college

Table 4.6 shows the weighting factor and average distance travelled for particular journey
distance category. These assumptions are based on the previous work on the passenger
transport sector in Ireland (O’Riordan et al., 2021; O’Riordan et al., 2022). Figure 4.19 shows
the share of journeys by distance for each population density group, which is summarized

from the exploratory data analysis in the previous section (see Figure 4.18).

Table 4.6: Assumptions for mode share and average distance (O’Riordan et al., 2021)

Weighting factor

Active modes Private car  Public transport Other Average Distance (km)

Distance (km)

0 45% 52% 1% 2% 0.0

1 45% 52% 1% 2% 1.2
2-4 20% 70% 6% 4% 3.7
5-9 8% 78% 10% 4% 7.5
10 - 14 1% 87% 6% 6% 12.5
15 - 24 0% 92% 4% 4% 19.8
25-49 0% 95% 1% 4% 35.6
>= 50 0% 97% 1% 2% 96.8
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Figure 4.19: Distribution of journeys by distance in each group (2016 Census)

First we calculate passenger kilometres per mode type using the above data for each popu-

lation density group as below:

Where PK M) p denotes the passenger kilometres in each population density group D for
every mode type M, JSp denotes the journey share in each population density group (Figure
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4.19), W F) denotes the weighting factor for each mode type (Table 4.6), Pp denotes the
population in each density group and AD denotes average distance for each journey distance
category (Table 4.6).

The emission factors assumed for each transport mode are shown in Table 4.7 (O’Riordan
et al., 2021; O’Riordan et al., 2022). The CO, emissions associated with the passenger

kilometres in each population density group is calculated using the equation below:

COQD:PKMM’D*EFM (45)

Table 4.7: Emission factors

Mode gCOy/pkm
Active modes 0.0
Private car 123.0
Public transport 70.0
Other 122.46

The passenger kilometres per capita and CO, intensity in each population density group
is calculated and summarized in Table 4.8. Both, mobility and emissions are found to
decrease with increasing population density. There is about a 50% decrease in mobility
requirements between D1 and D5, while the emissions are 52% lower in D5 relative to
D1. The emissions per capita are far below the national average of 2.5 t since we only
estimate pkm for work/school/college. However, compared to previous works (O’Riordan
et al., 2021; O’Riordan et al., 2022), our calculations also underestimate pkm in each density
group since the passenger kilometres were estimated based on aggregated commuting counts
at electoral division level which is the only publicly available record of travel distance to
work /school/college from the 2016 Census (CSO, 2017).

Table 4.8: Passenger kilometres and CO, emissions per capita in each population density
group (2016)

Parameter D1 D2 D3 D4 D5 National average
pkm/cap 1865 1527 1199 993 938 1271
COg emissions(t/cap) 0.23 0.18 0.14 0.12 0.11 0.15

4.3.3.3 Kaya identity

A modified version of the Kaya identity is used to decompose the CO, emissions associated

with residential space heating and passenger transport for each population density group as
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per the equation below:

CO,  Energy service demand CO,

(4.6)

*
capita capita Energy service demand

Energy service demand
Where it

bon intensity (CI). Figure 4.20 shows the decomposition of COy/cap in terms of EI and CI

CO2

Energy service demand denotes car-

denotes energy intensity (EI) and

for the residential space heating and passenger transport sectors (all values relative to total),
relative to the national average. In low density groups (D1 and D2), COy/cap, EI and CI
are higher than national average, indicating the presence of energy and carbon intensive
practices in these areas. Conversely, in high density areas (D4 and D5), all the components
of the identity are lower than national average, implying high density can reduce EI and CI

of energy service demands.
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Figure 4.20: Kaya identity decomposition of passenger transport emissions for each popula-
tion density group

4.4 Discussion

4.4.1 Key insights

This paper presents evidence quantifying the role of settlement patterns, in particular den-
sity, associated with energy service demands and GHG emissions. This is the first time
quantitative evidence has been compiled so that this driver of demand can be parameterised
in an energy systems model. The analysis indicates that per-capita transport and residen-
tial GHG emissions are 52% and 62% higher respectively for people living in areas with

the lowest population density compared with the highest. We provide evidence on how a
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dispersed settlement pattern is associated with higher energy service demands and therefore
a greater challenge to achieve a net-zero transition. We conduct exploratory data analysis
of the Census data for Ireland for 2006 and 2016 and highlight how population density is

correlated with various energy service demands.

The results of the exploratory data analysis reveal that majority of the Irish population lives
in low-to-medium density areas. This is mainly attributed to the dispersed housing devel-
opment, wherein a large share of detached houses are still being built across the country.
Detached dwellings are generally larger in size as compared to attached dwellings and apart-
ments, which increases their energy service demands (such as demand for space heating and
lighting). We find a strong positive correlation between population density and apartments
and attached dwelling type, which indicates that such dwelling types increase population
density while detached houses lead to sprawl. The type of central heating fuel is highly
correlated to the population density of the area, with dwellings in densely populated areas
more likely to be either connected to the gas grid or have electric heating while in low density

areas, dwellings use oil or solid fuels which are more carbon intensive.

Private car ownership rate is higher in rural areas than in urban areas. Multi-car ownership
rate has a strong negative correlation with population density, while no car households are
usually present in areas with high density. The correlation matrix of population density and
mode choice to commute shows that active modes are strongly and positively correlated with
population density while private cars have a strong negative association with density. This
implies that people living in dense areas are more likely to commute to work via active modes
while private car usage increases with decreasing density. The number of public transport
stops and frequency of services is higher in densely populated areas while the distance to
nearest bus stop decreases with increasing density. Further, commute distances also decrease
with increasing density. These observations imply that density enables sustainable transport

infrastructure.

The results from the exploratory data analysis are used to develop spatial archetypes of
energy service demand for each population density group. For the residential sector, space
heating demand per capita is calculated and based on central heating fuel, carbon emissions
are estimated for a single year. Similarly, for the transport sector, passenger kilometres
per capita (journeys to work/school/college) is calculated for each population density group
and based on the mode share, annual carbon emissions are estimated. The calculations
show that energy service demand intensity and carbon emissions intensity both decrease
with increasing population density. This implies that dense development can bring about a

reduction in energy service demands and emissions.
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4.4.2 Policy implications

The dispersed settlement patterns tend to promote higher energy service demands and higher
carbon intensity fuel, therefore creates challenges for meeting climate goals. The feasibility
of infrastructure development to provide sustainable services, such as public transport and
district heating, increases when it is more economically viable. These initiatives not only
contribute to carbon reduction but also enhance the overall quality of life by reducing con-
gestion and improving air quality. To date, most public transport infrastructure has been
developed in dense urban areas which puts rural areas at the risk of being locked into high
carbon intensive practices such as forced car ownership (Carroll et al., 2021). Baobeid et al.
(2021) find that the economically disadvantaged rely on low cost or free transport modes
but within dispersed settlement pattern these modes seem unviable. This has implications
on just transition in rural areas and among low income households, and hence distributional
effects of policy must be accounted for while making decisions. This might involve subsidies,
community-driven initiatives, or creative solutions to ensure that the economically disadvan-

taged are not disproportionately burdened by the transition to sustainable practices.

When the cities, town and villages are compact, it is easier to provide alternate solutions.
For example, in a densely populated area, heating decarbonisation can be achieved through
district heat network development. Similarly, public transport and active mode infrastruc-
ture can be developed in areas where more people are likely to use these services. Ek et al.
(2021) find that accessibility to cycling and walking infrastructure is likely to increase active
mode trips. Further, smaller residential dwellings have greater thermal comfort and with
lower energy costs. With the on-going energy crisis, compact growth can reduce energy secu-
rity related problems by reducing travel distances and space heating requirements. Beyond
the environmental benefits, compact urban development has the potential to create more
vibrant communities with better access to amenities and services. Recognising this, policies
should incentivise compact growth while ensuring that it does not exacerbate existing urban

challenges such as housing affordability or inequality.

As discussed, low population density implies greater travel distances which means that elec-
trification of private car fleet will be more challenging, given the current range of affordable
EVs does not allow long distance travel and the difficulty of developing a charging infras-
tructure (Sovacool et al., 2018). Dense settlement patterns will not only encourage environ-
mentally friendly behaviour and lifestyle changes but also make technology and associated
infrastructure economically feasible. Policymakers may need to explore a mix of innovative
solutions, such as car-sharing programs and last-mile transportation options, to advocate for

sustainable practices.
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However, we recognize that population density does not ensure uniform concurrent develop-
ment of essential infrastructure elements such as transportation networks, utilities, schools,
and workplaces. Therefore urban/rural planning and climate action must be integrated to

get all the benefits of sustainable transition.

4.4.3 Modelling insights

[AMs and energy systems models tend to focus on techno-economic fixes and usually ne-
glect mitigation measures that are not easily quantifiable (Stoddard et al., 2021). Further,
the demand side mitigation options are missing in these models or are represented at an
aggregated level (Larkin et al., 2018). Since IAMs are integral to informing climate change
mitigation policies, it is important to develop methods that allow the inclusion of mitigation
measures that may be difficult to quantify, but nevertheless play an important role (Forster
et al., 2020).

The quantitative relationship between population density and indicators of energy service
demands presented herein is an important step towards adding granularity and improving the
empirical base of LED-type scenarios. The energy service demand projections, often driven
by population and economic growth, are usually exogenous to energy systems models. The
LED-type scenarios that consider energy service demand reduction as a mitigation option
generally lack empirical basis. This case study improves the empirical basis of such scenarios
by estimating the energy service demand reduction potential arising from dense development.
LED-type scenario narratives are heavily reliant on dense settlement patterns to bring about
the necessary reduction in energy demand, making this case study important for developing

future scenarios.

Settlement patterns also drive technology uptake rates, availability and feasibility of new
investments, and access to clean fuels, which are often missing in scenario narratives when
modelling mitigation options. Through the quantitative relationships established in this
study, the regional disparities that might hinder energy transition can be taken into account
as well. For example, the type of heating fuel or mode of transport used by a new household
will depend on the dwelling type and its location. Hence, this exercise improves the gran-
ularity of scenario narratives and can provide additional modelling insights by considering
regional variability of energy service demands. This analysis can help inform the diffusion

of low carbon infrastructure such as district heating.

Finally, it also helps in accounting for geographical inequalities that arise due to dispersed

settlement patterns. Lack of access to networked infrastructure and alternate fuels can lock
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households into carbon and energy intensive practices. The unequal distribution of the
benefits of energy transition has implications on just transition and SDGs. This analysis can

ensure the inclusion of these concepts within the energy systems modelling framework.

The exploratory data analysis presented in this work has been developed to form a basis
for projection of future energy service demands in Ireland. This will allow the development
of alternate demand scenarios by considering various population density scenarios and their
impact on energy service demands, building upon and expanding previous work by Gaur
et al. (2022b). These energy service demand projections will be used in the TIMES-Treland
Model (TIM) as inputs to determine the implications of dense development on the Irish

energy systems (Balyk et al., 2022).

4.4.4 Limitations

The empirical results presented herein must be viewed in light of some limitations. In the
residential sector, publicly available data is at the county level (urban and rural). The space
heating requirement per archetype and central heating fuel is considered to be constant in
all population densities due unavailability of spatial data in the EPC database. A more
granular analysis of the residential sector would improve the estimations of energy service

demand and CO, emissions in each population density group.

In the transport sector, we only estimate passenger kilometres for commute and do not
account, for other journeys such as shopping, leisure and more. The bottom-up approach
used here underestimates journeys since rural population working at/from home has longer

journeys for other purposes.

It is imperative to acknowledge that our analysis lacks an income dimension, which is an
important factor while discussing energy transition. However, the rationale behind excluding
income effects across population densities is rooted in our study’s emphasis on identifying
policy levers that can be actively adjusted. Unlike income distribution, which is not mal-
leable through policy interventions, spatial planning policy represents a tangible lever within
the control of policymakers. Future work could use the presented methodology to include
income analysis and provide a more comprehensive understanding of the energy transition

landscape.

The nuanced relationship between population density and the development of essential in-
frastructure elements must be carefully considered to avoid oversimplification in IAM sce-
narios or policy discussions. The empirical correlations established in this study provide a

valuable quantitative foundation, but it is crucial to recognise the variability in urban and
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infrastructure planning across different contexts.

4.5 Conclusion

Energy systems modelling typically does include spatial drivers of demand, with the future
usually represented in the form of aggregated values. However, there is spatial hetero-
geneity when it comes to uptake of technology, access to services, income, behaviours, and
lifestyles. Further, spatial settlement patterns determine the demand for transport, housing,
and services. For example, how geographically dispersed people live determines the length of
transport trips, the feasibility of walking and cycling, and the effectiveness of public trans-
port provision. Settlement density also influences the size of buildings and the material
intensity of the built environment. Given the long lifetime of the built environment, there

are significant lock-in effects on spatial development patterns.

We present a case study of Ireland, wherein we perform exploratory data analysis on the
Census data and find a negative correlation between population density and energy service
demands. This shows that the growth of housing stock in Ireland has led to low density
settlement pattern. The Irish housing stock is characterized by large one-off rural dwellings
and very small share of apartments, which is very unusual when compared to other developed
countries and the EU. Large one-off houses have higher energy service demands, and are often
combined with lack of access to the natural gas grid or district heating network or other clean
space heating fuels. This has led to a high share of oil and solid fuels in central heating in
Ireland. Further, the dispersed settlement pattern has led Ireland to be a car dependent
country, especially with multi-car ownership in rural households. Transport energy service
demands are higher in sprawling suburban or rural areas due to longer travel distances.
Forced car ownership and unavailability of alternative transport modes has put rural Ireland

at the risk of being locked-into carbon intensive practices.

The dispersed settlement pattern has implications on just transition and sustainable de-
velopment goals as well. With lack of access to clean and relatively inexpensive modes of
transport, low income households in low population density areas are also at risk of energy

poverty.

Hence, concentrated settlement patterns can reduce energy demand, along with various other
benefits to the environment and energy system and lower the cost of mitigation. Dense spatial
settlement pattern will also make developing sustainable infrastructure more economically
feasible, improving access to services and providing cheap alternate solutions to decarbonising

the residential and transport sectors. Settlement patterns also impact infrastructure such
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as roads, water supply and public transport networks, with higher material and energy
intensity in less dense areas. Hence future policies around energy transition must include
strategies to reduce energy service demands and allocate investments needed in the enabling

infrastructure to bring about these reductions

The analysis in this paper improves the granularity of energy service demand projections
for the future. Whether future population growth will continue to be dispersed, following
historical patterns, or concentrate in urban areas, will have a very strong determining role
in future energy needs. This study provides empirical evidence base for developing energy

service demand scenarios based on future settlement patterns in Ireland.

103



Chapter 5

Implications of heating sector electrification on

the Irish power system

Abstract

Electrifying the heating sector, which is energy and carbon intensive, and shifting electricity
supply to renewable technologies is one of the main policy options being pursued for decar-
bonisation of the heating sector. Heat pumps are widely adopted for this purpose. However,
the impact of this policy on existing electrical systems, both from the perspectives of sup-
ply and demand, is understudied in the literature. This paper examines the system-wide
impacts of integrating high quantities of heat pumps, in line with government targets, in
Ireland. We provide a broad discussion of the ramifications of heating sector electrification
in terms of system costs and expansion planning under renewable energy targets. Results
reveal significant changes in generation and increases in associated costs with increasing lev-
els of electrification. On the flip side, the heating sector electrification leads to more efficient
utilisation of renewable energy and the transmission network. We also explore alternative
policy pathways to minimize impacts on the system. These include determining optimal
locations for heat pump integration and a technology-neutral emission reduction target. Op-
timal distribution of heat pumps has a low impact on system metrics whereas pursuing an

emission reduction target makes a large impact on system costs. !

Keywords: Decarbonisation, electrification, expansion planning, heat pumps, policy, cli-

mate action plan

'Published as : Gaur, A., Fitiwi, D.Z., Lynch, M. and Longoria, G., 2022. Implications of heating sector
electrification on the Irish power system in view of the Climate Action Plan. Energy Policy, 168, p.113136.
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5.1 Introduction

The residential sector accounts for 25% of the energy consumed in Ireland, subsequently
responsible for a quarter of the energy related CO, emissions. There is about 60% more CO,
in an Irish household than the average European Union (EU) home, which calls for urgent
action to reduce energy consumption and associated GHG emissions within the residential
sector (SEAI, 2018). Out of the total energy usage in a typical Irish household, 61% is
used for space heating purposes (SEAI, 2018). Currently, gas, oil and solid fuels are the
major fuels used for heating Irish homes, whereas electricity and renewable energy have an
insignificant share. As a part of the EU decarbonisation strategy, Ireland set a target of
meeting 12% of the final heat demand through renewable energy sources by 2020. This
target has not been achieved, and decarbonisation of heat therefore remains a key policy

priority.

Increasing the share of renewables in the heating sector can be achieved via heat pumps
if the electricity sector itself is (at least partially) powered by renewable energy. Other
options for renewable heat include the use of biomass boilers or district heating. However,
countries with a dispersed settlement pattern, such as Ireland, have limited opportunities
to exploit district heating. Biomass based solutions are often faced with feedstock issues.
Further, countries that heavily rely on natural gas and crude oil imports should look for
increasing renewable electricity and replacing conventional boilers with technologies like heat
pumps (Abd Alla et al., 2022). Heat pumps are already in use and if consumer problems are
identified, they should be encouraged, especially in regions with limited heat decarbonisation
options (Nature Energy Editorial, 2016). These considerations, coupled with a high emphasis
on renewable electricity generation, mean that heat pumps have emerged as the de facto
option for renewable heat in Ireland, as well as other countries that share similar concerns

for district heating and biomass, and lie in the Oceanic climate zone.

The ‘European Green Deal’ can be used to source funding to incentivize the uptake of heat
pumps in residential dwellings. The Deal has singled out building renovations as a key
initiative along with adequate funding to implement this. It requires the Member States to
increase renewables in the heating and cooling sector by 1.1% every year until 2030, which

gives added impetus to the rollout of heat pumps.

Extensive use of heat pumps is one key policy option for decarbonising heat, particularly in
countries that have little district heating infrastructure. This is of course predicated on a
decarbonised power sector, along with energy efficiency improvements (Nelson et al., 2014;

Vaillancourt et al., 2017). Power-to heat options such as heat pumps are a proven technology
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with high efficiency, low energy consumption and a potential to reduce GHG emissions (Gaur
et al., 2021). However, the associated transformation of the energy system raises operational

and planning challenges (Lowes et al., 2020a).

According to the Climate Action Plan 2019, the government of Ireland has set a target of
achieving low carbon heat through renewables, biomethane and heat pumps. The detailed
plan has a target of installing 600,000 heat pumps by 2030 in Ireland, of which 400,000
are to be in existing homes which will be upgraded to a B2 Building Energy Rating (BER)
(NCAP, 2019). Nonetheless, electrifying the heating sector at this scale is bound to challenge
the existing electricity system infrastructure. Hence electrification of heat is very likely to
have an impact on the power system in terms of costs, capacity expansion and flexibility

requirements (Verastegui et al., 2020).

Heat pumps are electrical devices that can be used for space and water heating applica-
tions. They are environment friendly and an efficient technology that can replace cur-
rent fossil-based heating systems in residential, commercial and industrial settings (Gaur
et al., 2021). While there are many types of heat pumps available in the market depend-
ing on the heat source (air, water, ground), the most suitable and popular in Ireland is
the air-source heat pump (ASHP) (Gaur et al., 2021; Bord Gais Energy, 2019). ASHPs
convert ambient heat to high grade heat which can then be used for space/water heating.
These types of heat pumps have relatively low installation costs but a high coefficient of

performance (proxy to efficiency) (Gaur et al., 2021).

A few generation and transmission expansion related studies for Ireland show the conse-
quences of implementing existing policy targets (70% RES-E? penetration by 2030) and
provide some insights into new recommendations (Fitiwi et al., 2020a; Fitiwi et al., 2020b).
However, heat pumps are a new spatially dispersed load that will have an impact on the
supply and demand component of the grid. In this context, we move one step further by

considering the new electrical heating load along with other policy targets.

Policies can be designed either to increase renewable capacity in the system or to put a cap
on CO, emissions. A single policy for reducing emissions might not be cost efficient (Fagiani
et al., 2014). Fagiani et al. (2014) show that explicitly targeting renewable generation has
negative impacts on carbon prices, which could further attract investments in technologies
with higher emissions. However combining a renewable policy with a carbon policy could
mitigate this impact (Bird et al., 2011). Generally, a renewable policy is more expensive

than a technology neutral approach (carbon policy) (Young et al., 2018; Lu et al., 2016).

2Renewable Energy sources-Electricity
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Lu et al. (2016) also point out that a carbon policy often leads to a more diverse generation
portfolio. However, the impact of adding a new spatially diverse electricity load has not yet

been quantified.

Heat decarbonisation is a global challenge and there is a need of better evidence with unique
insights and greater certainty for policy-makers (Lowes et al., 2020b). Heat pumps are
emerging as the main space heating decarbonisation technology. Countries where heat de-
carbonisation transition has not started or is slow could use more empirical evidence as a
motivating factor (Lowes et al., 2020a). A case study of the Italian energy systems shows
that heat pumps could play an important role in decarbonisation, however, due to supply
demand mismatch it leads to a lower share of renewable generation (Bellocchi et al., 2020).
Although cost wise heat pumps are more favourable than other technologies like electric
vehicles at current prices (Bellocchi et al., 2020). Zhao et al. (2020) present a bottom-up op-
timisation framework for feasibility assessment of decarbonisation goals for New York state
and conclude that heat pumps would be among the main space heating technologies in the
future. Further, replacing gas boilers with heat pumps is an important home decarbonisation
strategy in the US as shown by Walker et al. (2022).

Although it has been acknowledged that heat pumps are critical for space heating decarbon-
isation, limited real-world implementation and lack of reporting have resulted in ineffective-
ness of policies (Abbasi et al., 2021). Space heating decarbonisation in residential dwellings
is complex as it directly impacts consumers. Hence, empirical evidence is critical to address
social factors such as consumer experience, transition disruptions, and fuel poverty (Abbasi
et al., 2021). Table 5.1 shows the payback periods of heat pump (HP) systems in vari-
ous countries. The payback periods differ significantly between countries depending on the
weather conditions, type of heat system and applications. Hence, country specific analysis

is important to understand economic feasibility.

This paper presents an analysis of the long run power system impacts of electrifying spatially
dispersed household heating demand for Ireland under various policy options. The analysis
includes the impact on the generation as well as transmission system, using a stochastic
optimisation model which is based on linearised AC-power flow. The current policy targets
pertaining to renewable energy integration (70%) and heat pump deployment have been
considered. The distribution of heat pumps is assumed to be uniform throughout the country

(20% and 30% of dwellings electrified at each transmission node).

Next, we explore pathways to reduce costs and the impacts of electrification by taking into

account, other policy alternatives. In the first instance, the level of heat pump integration in
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Table 5.1: Comparison of payback periods of heat pump systems

Sr. Country HP System Application Payback  period Reference
no. (years)
1 Taiwan Solar+HP Domestic ~ water 3.57- 5.36 (Li et al.,
heating 2017)
2 United States HP Groundwater 6.3-10.9 (Wang et
treatment facility al., 2019a)
3 China HP Space heating 8.36 (Dai et al.,
2020)
4 Saudi Arabia HP Space cooling 10-20 (Alshehri
et al.,
2019)
5 Sweden HP+renovation Space heating 19-23 (Gustafsson
et al.,
2016)
6 Cyprus HP+ground heat ex- Space heating and 16-21 (Christodoulides
changer cooling et al.,
2019)
7 United States HP+ground heat ex- Space heating and 3.2-37.8 (Neves et
changer cooling al., 2021)
8 Croatia Solar+HP heating, cooling 12 (Dela¢ et
and DHW al., 2022)
9 China Solar+HP Water heating 17.3-224 (Deng et
al., 2016)
10 Australia Ground Source Heat Space heating and 20 (Lu et al.,
Pump cooling 2017)

each region, for a given national target, is an endogenous decision made by the model. In
other words, the spatial distribution of heat pumps is optimal depending on the economics
and operation of the system. Following this, we analyse the impact of implementing an
emission reduction target instead of the RES-E target. The former is a technology-neutral

approach that limits the carbon intensity of the power system.

The original contributions of this paper are as follows. First, the power system impacts of
shifting heating supply to electricity via Air source heat pumps, for a small isolated system,
are quantified. Both investment and operational impacts are considered. Secondly, the
spatial distribution of both the supply and demand is considered. Policy makers may benefit
from rolling out new technologies such as heat pumps in certain regions in the first instance,
exploiting the available resources, reducing costs and gaining information. However, this
regional approach may increase public opposition if some regions are seen to benefit from
decarbonised heat over other regions. There is thus a trade-off in electrifying the heating
sector in the optimal regions versus electrifying across the whole jurisdiction at the same rate.
The spatial aspects of this model allow us to provide evidence around this trade off. Finally,

we provide evidence on the interaction of various heating and decarbonisation policies, which
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informs optimal decarbonisation policy for both the heating and power sectors.

The remainder of the paper is structured as follows. Section 2 outlines the methodology
used in this study which includes the model description, data and assumptions along with
scenario description. Numerical results are discussed in section 3. Sections 4 and 5 present

the discussion and conclusion respectively.

5.2 Methodology

5.2.1 Model Description

To provide quantitative evidence for future policy decisions, we perform a generation and
transmission capacity expansion exercise on the Irish grid. For this purpose, we use the
Electricity Network and Generation INvEstment (ENGINE) model (Fitiwi et al., 2020a).
It is an AC optimal power flow model based on multi-stage stochastic linear programming.
The objective function minimizes the overall system cost subject to several techno-economic
constraints (physics of the system, climate policy targets, spatial renewable capacity limits,
system non-synchronous penetration, etc.). Figure 5.1 shows a summary of the ENGINE

model and further details can be found in Appendix A.

* Policy measures

* Technology & demand

* Network & generation

* Heat and transport sector

« Electricity Network &
Generation INVEstment
Model

» Optimal generation mix
* Grid expansion

* Impact analysis

» Comparative analysis

* Linearised AC OPF model
* Least cost optimization
* Stochastic programming

Figure 5.1: Description of the ENGINE model

The ENGINE model accounts for locational aspects such as renewable development con-
straints, network expansion, voltage issues and load shedding. Such thorough spatial and
network details enable the model to simulate closely the physical electricity system at the
transmission level. It can also take into account policy measures such as climate policy
targets, datacentres, hydrogen storage and e-heating & e-mobility. The ENGINE model can

be used to determine the evolution of the electricity infrastructure over the years such as
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interconnection points, fossil fuel phase out. This model can also be used to answer various
technical and policy related questions such as optimal power generation mix, technology

portfolios, flexibility options and more.

In addition to the total generation and transmission costs determined endogenously by the
ENGINE model, we also consider the costs of retrofitting residential properties to an energy
efficiency standard required to use a heat pump, as well as the installation cost of the heat
pumps themselves. We assume a cost of €25,000 for installation and energy retrofit. Given
that these costs are policy-driven, we do not include them in the model but add them ez
post to the total costs as determined by the ENGINE model.

5.2.2 Data and Assumptions

The analysis is carried out on the existing 2017 Irish grid considering the anticipated evo-
lution of the grid through 2030. The considered system consists of 676 nodes and 900
transmission lines (including transformers which are modelled as lines with zero length).
This represents a transmission network aggregated at 110 kV or higher for the whole island.

Figure 5.2 shows the potential connection nodes for renewable and storage investment.
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Figure 5.2: Candidate connection nodes of renewable and storage investment

We assume a carbon price of 30 €/ CO, for the year 2030. Investments in new thermal
power plants and CCS are assumed to be in brownfields. The decision of retiring old power
plants is not endogenous but is assumed to be a policy decision. Investment cost assump-

tions for most generation technologies and transmission infrastructure are as assumed in
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(Fitiwi et al., 2020a) while that for onshore wind, offshore wind and solar PV are from
(Tsiropoulos et al., 2018). The system non-synchronous penetration (SNSP) limit is set
to 75%. We consider two storage technologies in the system to avoid excessive conversion
losses: battery energy storage (BES) and thermal energy storage (TES). The BES system
is to support the electrical grid and TES supports the heat demand in houses using heat
pumps with round trip efficiencies of 90% and 85% respectively. Previous work has shown
the benefits of using TES along with heat pumps such as lower grid expansion needs and

higher utilisation of renewables (Gaur et al., 2019).

The input data for heat demand consists of two parts: (i) hourly heat demand arising from
new builds using heat pumps for domestic heating and (ii) the heat demand from existing
houses retrofitted by 2030. Data concerning part (i) is related to the projected growth of
demand for e-heating which is provided by EirGrid (EirGrid, 2017). This projection only
considers the adoption of heat pumps in new residential dwellings for domestic heating pur-
poses (which includes both space and hot water). Data on existing housing stock (concerning
part (ii)) is obtained through a dynamic district information model (DDIM) which simulates
heating demand from Irish housing stock (Hoare et al., 2021). This approach allowed the
inclusion of household type, occupancy level and impact of retrofitting dwellings on heating

demand.

5.2.3 Scenario Description

This section outlines the scenarios that have been analysed in this study and are described
below. The scenarios correspond to the current policy targets and pathways to reduce costs

and impact on the power system. Table 5.2 outlines the cases discussed in this study.

e Power system impacts of current policy regarding electrification of heat- The impact
of heat pumps on the electrical infrastructure considering a RES-E target of 70% in
2030. The level of electrification (20% and 30%) at each node is fixed and uniform
throughout the island of Ireland as shown in Equation 5.1. In this equation, N_H P(7)
is the number of heat pumps connected to each node i, @ (0 < a < 1) is the fraction
of dwellings to be electrified at each node ¢ and N_Homes(i) is the total number of

dwellings connected to each node 7 .

N_HP(i) =ax*x N_Homes(i) Vi (5.1)

e Optimal spatial electrification of heating- The level of electrification at each node («)

is an endogenous decision of the ENGINE model for a given national target as shown
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in Equation 5.2. The LHS of this equation represents the national target for the total

number of heat pumps to be deployed in the country.

zn:NHP(i) = i ax N_Homes(i) Vi (5.2)

e Impact of decarbonisation versus renewable policy- This scenario determines the impact
of an emission reduction target against a RES-E target on the deployment of heat
pumps. The emission reduction target utilises a technology neutral approach that

limits the carbon intensity of the power system.

Table 5.2 describes the various cases analysed in this paper. The level of electrification and

type of distribution is varied (no limit implies optimal spatial distribution).

Table 5.2: Description of cases analysed

Cases Description

Base_RES Base case with RES target (no retrofits)

20_RES 20% retrofit at each node with RES target

30_RES 30% retrofit at each node with RES target

20_EMI 20% retrofit at each node with emission reduction target
30_EMI 30% retrofit at each node with emission reduction target

20_unlim RES 20% retrofit overall with RES target and no limit
30_unlim_RES 30% retrofit overall with RES target and no limit
20_unlim_EMI  20% retrofit overall with emission reduction target and no limit
30_unlim_EMI  30% retrofit overall with emission reduction target and no limit

5.3 Results

5.3.1 Power system impacts of current policy regarding electrifi-

cation of heat

In the first instance, we examine the power system impacts of electrifying heat under the
current policy, that of increasing electrification across Ireland. We assume that an equal
proportion of electrification takes place at each transmission node. As mentioned above,
total costs include the costs associated with heat pumps and retrofits, which account for a

significant portion of the increase.

Figure 5.3 shows the percentage change in the total costs, as well as the generation and
transmission costs at both levels of electrification with respect to the base case. The total
cost increases by 30% in the 20_RES scenario and by 46% in the 30_RES scenario. This
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suggests some non-linearity in the relationship between the electrification of heating and the

total system costs.

The generation costs increase to supply the additional demand arising due to electrification
of the heating sector while the transmission expansion costs decrease slightly The change
in generation (2.5-5%) and transmission (1.2-1.7%) costs is small. Further, generation costs
make up about 35% of the total costs whereas transmission costs contribute to less than
1% of the total costs. Hence even a small change in generation costs leads to a significant
variation in the total costs because generation costs represent a large proportion of total
costs. With higher electrification of heating, offshore wind capacity increases while solar
PV and the battery storage requirement decreases: in the 20_RES case there is a 148 MW
increase in offshore wind but a 135 MW decrease in solar PV and 172 MW in battery storage
capacity whereas in the 30_RES case offshore wind capacity increases by 240 MW and solar
PV decreases by 51 MW while storage decreases by 113 MW.

This change in the generation mix is reflected in the regional distribution of the generating
capacities. Figure 5.4 shows the change in installed capacity for each generation technology
by region, relative to the base scenario of 70% RES-E with no electrification of heating.
Battery storage investment decreases across all regions as electrification increases. Offshore
wind capacity increases in Dublin, Mid-east, Mid-west and West whereas it decreases in
Northern Ireland and the Border region of Ireland as the level of electrification increases.
These changes are a result of the number of houses being electrified in each region: RES-E
capacity increases in regions that have a greater number of dwellings, and hence a greater
increase in electricity demand from electrification of heating. This suggests that the spatial

distribution of generation is driven more by demand rather than supply considerations.
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Figure 5.3: Change in costs with respect to Base_RES

The overall storage capacity (battery and thermal) is higher with higher electrification.
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Figure 5.4: Change in regional generation mix (MW) with respect to Base_ RES in 2030

Transmission and storage often act as substitutes, where a system with higher storage re-
quires lower transmission investments and vice versa (Fitiwi et al., 2020b). The increased
storage and decreased transmission seen in these results confirm this finding but also suggest
that the spatial distribution of demand plays a role. Offshore wind is spatially concentrated,
while electric heating demand and storage is spatially dispersed, and the increase in dispersed

demand is complemented by storage rather than transmission infrastructure.

The percentage change in renewable curtailment is depicted in Figure 5.5. Renewable cur-
tailment decreases with a higher level of electrification. Further, the capacity utilization
of wind generation increases by 2% in 20_RES and 4% in 30_RES, compared to Base RES,
thus, heat pumps increase the utilisation of renewable energy in the system. This suggests
that electrifying heat allows greater utilisation of available renewable generation, and chimes
with the reduction in battery storage investment noted earlier. This observation may also
in part explain the non-linearity in the relationship between electrification and costs ob-
served above - higher electrification reduces curtailment, which in turn reduces alternative

generation investment requirements.

The change in transmission system losses is shown in figure 5.6. Higher levels of electrification
lead to lower losses, implying that heat pumps lead to a more efficient operation of the
transmission network. This again may follow from the spatially dispersed nature of the
electric demand and tallies with the observation that electrification decreases the requirement

for transmission infrastructure and battery storage.
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5.3.2 Alternative policy options: Optimal spatial electrification of

heating

The analysis above assumes a uniform policy of electrifying heat across a jurisdiction. How-
ever, policy makers may wish to consider concentrating the electrification of heat in the
regions that can electrify at least cost, due to local variations in supply, demand and in-
frastructure. In order to examine the impacts of such a policy, we performed two further
analyses where the total electrification of the heating network was 20% and 30% respectively,
but the level of electrification at each transmission node was determined endogenously by
the ENGINE model. This allows us to determine the cost-minimising spatial allocation of

electric heating, and the magnitude of any impacts of the same.

Figure 5.7a shows the change in the total costs with respect to the base case when the level of
electrification at each node is not fixed. As observed previously, there is a significant increase
in the total costs with a higher level of electrification, almost as high as in the case where the
electrification of heat is evenly distributed across the system (see Figure 5.3a). However, the
change in generation costs under the scenario where heating is electrified in a cost-minimising
manner is lower. This implies that much less additional generation capacity is required to
supply the increased electricity demand when the demand is strategically located within the
power system. Furthermore, only a slight change in the regional distribution of the generating
capacities was observed. Transmission costs, on the other hand, have increased as opposed
to a scenario where the spatial allocation of electrification is even. When 20% of heating
is electrified, any increase in transmission costs relative to a case with no electrification is

5%, and a 14% increase in transmission costs is required when electrifying 30% of heating
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demand. However, transmission system investment in Ireland is viewed far less favourably
than generation capacity investment (Bertsch et al., 2017), and so policy makers may wish

to consider this as a potential extra cost to the electrification of heat (over and above the

monetary costs enumerated here).
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Figure 5.7: Change in costs with respect to Base_ RES

The discrepancy in total costs versus generation and transmission system costs underlines
the fact that the primary cost of electrifying the heating sector is the cost of the heat pumps
and the retrofits required to raise the energy efficiency of the households. The power system
costs of meeting the extra demand are small, at least under the high levels of renewable
generation envisaged (70%). The main impact of concentrating electrified heating evenly
rather than in the optimal geographic areas, from a spatial perspective, may be in reducing
public opposition, given the considerable decrease in transmission system assets required,

rather than decreasing power system costs.

Figure 5.8 shows the change in renewable energy curtailment relative to a case with no
electrification of heat. Although the curtailment decreases as electrification increases, in
line with previous results, the magnitude of the decrease is lower. A similar phenomenon
is observed in the system losses depicted in Figure 5.9. This suggests that the uneven
spatial distribution of electricity demand for heating leads to less efficient utilisation of

both the renewable resources and the transmission network, increasing both curtailment and

losses.
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Figure 5.8: Renewable curtailment Figure 5.9: System losses

5.3.3 Alternative policy options: Impact of decarbonisation policy

versus renewable policy

Finally, we explore the implications of electrification of heating under another alternative
policy, that of setting a target for power system carbon emissions rather than a renewable
generation penetration target. In this case, we constrain power system emissions to be
equal to those observed under the policy target of 70% RES-E penetration, but we do not
impose any particular RES-E target and instead allow the emissions target to be achieved
in a technology-neutral manner. The results analysed in this section correspond to the

percentage change between the RES-E and emission reduction targets.

Figure 5.10 shows the difference in the total costs and RES curtailment between a policy
with a RES target and a policy with an emissions reduction target, for each level and type of
electrification. The total cost of the system is higher in the RES target scenarios (as shown
by the fact that the difference between the two scenarios is negative). This difference in
total costs only marginally changes as electrification increases. Furthermore, optimal spatial
electrification leads to slightly greater difference in the total system costs across all cases
and electrification levels. These results suggest that while the total costs of electrification
under a RES-E target are primarily influenced by the costs of heat pumps and the costs of
retrofitting, and while optimally locating the electrification can make some difference, these
differences are very small when compared to the excess costs of pursuing a specific RES-E

policy (as opposed to a least-cost decarbonisation policy).

RES curtailment is higher in the RES target scenarios compared to the emission reduction
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scenarios because the renewable capacity is obviously much higher in the RES scenario.
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Figure 5.10: Objective function components

The breakdown of relative system wide investment costs is shown in Figure 5.11. The
change in costs associated with investment in generation technologies in the case of a carbon
reduction target is significantly lower compared to the RES target scenario due to a shift
of investment from wind to thermal (Coal and Combined cycle gas turbine (CCGT)) CCS
plants, as shown in Figure 5.12. The very low level of emissions intensity targeted, which
corresponds to high levels of RES-E, justify investment in CCS technologies. Ireland has
spent gas fields that can be repurposed for carbon storage, and it is assumed that this is
possible by 2030, which impacts the cost figures used here and by Fitiwi et al. (2020a).

Higher cost assumptions around CCS would decrease the optimal level of CCS investment.
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Figure 5.11: Cost components
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Figure 5.12: Generation mix in 2030

Increasing levels of electrification obviously increase total electricity demand. In the RES-E
scenario, this increased demand is matched by an increase in renewable generation capacity
and also storage, while the emissions reduction scenario sees the increased demand met by

CCGT capacity and some offshore wind.

In the RES target cases, offshore wind capacity increases with the electrification level and
in the emission reduction target scenario thermal CCS capacity decreases and offshore wind
increases with the electrification level. This suggests that, even in the absence of a specific
renewable target, offshore is the optimal marginal investment technology. The overall capac-
ity requirement is higher in the RES target cases since renewable power plants have a lower

capacity utilisation factor compared to thermal power plants.

Figure 5.13 shows the change in the transmission expansion capacity between the RES-E
target and emission reduction scenarios. Firstly, the transmission capacity requirement is
higher in the emissions target cases, and increases with the level of electrification. Secondly,
optimally distributing heat pumps requires lower transmission capacity (at a 20% electrifi-
cation level, the difference is insignificant), because the optimal spatial distribution of heat
pumps minimizes transmission expansion. The impact of optimal heat pump placement is
sufficiently marked to nullify the impact of variable RES-E, leading to lower transmission

requirements in the RES-E cases.
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Figure 5.13: Changes in transmission capacity for renewable versus carbon reduction scenario

5.3.4 Spatial comparison of demand and supply under RES-E vs

emissions policies

As noted above, under a RES-E policy, altering the regional distribution of heat pumps has
little effect on aggregate metrics, and regional differences in investment are driven by demand
rather than supply considerations. In order to explore this further, Figure 5.14 shows the

optimal percentage of heating that is electrified in each region.

In the RES target scenarios, the highest electrification is in Dublin, which has the highest
number of dwellings and so the highest heat demand. After this, electrification is driven by
the presence of thermal generators: significant electrification is observed in Mid-west and
Northern Ireland followed by the South-west and Midland parts of Ireland. Thus, electrifica-
tion is driven by minimising transmission investment rather than the presence of renewable
generation. As the electrification target increases from 20% to 30%, the midland experiences
greater electrification. High electrification levels are seen in areas with high offshore wind
and/or thermal generating capacities (see Figure 5.4). Electrification is low in the West
and Mid-West, despite these areas having high wind capacity factors and significant land
available for onshore wind capacity generation. This suggests that renewable supply consid-
erations do not drive the optimal spatial location of electrification even at high renewable

target levels.

In the emission reduction scenario, the highest electrification is in Midlands, followed by
Northern Ireland, border region and the South-West of Ireland, with the lowest electrifica-
tion seen in Dublin. This stark difference in the distribution of heat pumps between the RES
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Figure 5.14: Optimal electrification level in every region in 2030

and emission reduction scenario is due to the change in generation mix from onshore wind
in the former to thermal and offshore wind in the latter. Higher electrification is therefore
observed in geographical areas with significant thermal and wind generation. The distri-
bution of heat pumps is governed by the location of the generating capacity and network
constraints. Thus, somewhat surprisingly, supply side considerations feature more heav-
ily in determining optimal spatial electrification under a thermal generation portfolio than

renewable generation.

Figure 5.15 shows the regional distribution of the optimal generation capacities in 2030 under
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the renewable and climate targets, with 30% electrification. Significant changes are seen in
the distribution of offshore wind, storage, solar PV, and thermal generators. Dublin has
high offshore wind and solar PV in the RES-E case but has no solar PV and lower offshore
wind and storage in the emission target case. Similarly, all other regions witness a reduction
in storage capacity in the emission target case compared to the RES-E case. The South-
west and Mid-west regions of Ireland have a notable increase in thermal capacity as the

electrification level increases, with CCGT capacities increasing in particular.

Onshore Onshore
Storage PV 904 Storage PV 904
253 15 30 0
Offshore Thermal * 450 Offshore Thermal * 450
0 0 1317k 98 0 0 467k 0
5 992 0 992
742 0 742 0
1714 450 2a9~—169 305 0 sk 0
14o7k 50 o7k 0
316 0 0 “-.. 288 316 0 0 *.. 288
1597k 200 674 1337k 200 127K 0 674 17k 0
0 867 1397k 100 196 0 0 ‘1301 o7k 0 720
736 0 0 736 0 0
2237k 950 o7k 0
0 147 0 400
(a) 30_unlim_RES (b) 30_unlim_EMI

Figure 5.15: Regional distribution of generation capacity in RES-E and emission target cases
in 2030

5.4 Discussion

There are several results that can inform optimal policy for decarbonising both the heating
and power sectors. In particular, the quantification of the complex interactions between
these policies, and spatial features of the same, are noteworthy, and constitute the main

contribution of this paper.

A key result for policy makers is that the spatial distribution of demand drives the opti-
mal power system investments far more than the spatial distribution of supply, particularly
renewable supply. Even under a scenario with explicit and high renewable power targets,
renewable power capacity has only a small impact on the optimal placement of renewable
generation. This result holds whether or not the spatial distribution of electric heating is

evenly distributed across the power system or whether the optimal level of electric heating
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is installed at each location (subject to a global electrification target). This latter result
suggests that the benefits of optimally locating electric heating are minimal. Indeed, the
difference in total costs under the two policies is small. Policy makers may thus decide not
to target electric heating towards the least cost areas, instead electrifying heat at an even

rate across the system.

This result becomes more nuanced under a decarbonisation policy that is technology-neutral,
rather than one that commits to specific RES-E targets. Under a RES-E policy, a high level
of offshore wind is required. Greater demand for electrification of heating gives rise to an
even greater requirement for offshore wind. Thus, under the RES-E policy, it is optimal
to concentrate both the increase in demand and renewable supply in Dublin and Northern
Ireland, which have high pre-existing levels of demand. Under a technology-neutral climate
policy, supply is instead determined on the basis of the available brownfield sites, and the
increase in demand from heating is redistributed spatially accordingly. Thus demand drives
the spatial distribution of investments under a RES-E policy, with supply playing a stronger

role under a technology-neutral policy.

Another key insight for policy makers is the role played by transmission and storage. While
transmission makes up a very small proportion of total costs under every scenario, public
opposition is often greater for transmission investments than generation investments (Bertsch
et al., 2017). Therefore, policy makers may wish to place greater weight on a policy that
reduces transmission investment, even if the impact on total costs is small. Given that there is
an increase in transmission infrastructure investment under an optimal spatial distribution
of heat pumps, there is a potential trade-off for policy makers: the benefits of reducing
transmission investment may be worth the political costs of evenly distributing heat pumps
across the system. The dynamics of this particular trade-off will likely vary from one system

to another.

Power system details that were omitted from the analysis, such as granular spatial details
around distribution system upgrades, could impact the results. In particular, large scale
installation of heat pumps could trigger new, or exacerbate existing, distribution system
constraints. These constraints in turn would lead to an increase in unserved energy and/or
require distribution system upgrades, which would increase total costs. This represents yet
another exogenous cost of a heat pump installation policy that is not considered here. The
effect of this omission is an underestimation of the total costs of heat pump installation,

although the magnitude of this effect is unknown.

Heat pump investment in general reduces renewable generation curtailment, and also reduces
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transmission system losses, even with a higher investment in transmission. This suggests
that heat pumps enable a more efficient utilisation both of renewable generation and of
the transmission system. These impacts may aid public acceptance of heat pumps as a
policy, which may be of benefit to policy makers given the high cost associated with this
technology.

The optimal investment in storage under the various heat pump policies is particularly
policy-dependent. Two main patterns emerge. First, storage (battery+thermal) rather than
transmission is used to complement renewables, which in turn facilitates the balancing of
supply and demand at the local rather than system level. Thus there is significantly more
storage investment under a renewable policy versus a technology-neutral policy. Secondly,
optimal placement of the heat pumps increases storage investment (5-7%) under a RES-E
policy, while it sees an insignificant change in storage investment under a technology neutral

policy.

Finally, the main driver of costs modelled here is the cost of the heat pumps themselves,
and the energy efficiency retrofits required to render heat pumps feasible as an option for
home heating. This remains the case under every policy examined. Thus, this is a high cost
way of decarbonising the heating sector, independent of any power system implications, and
so policy makers should ensure that alternative pathways to decarbonise and/or renewable
heat are considered. In Ireland’s case, district heating using waste heat from datacentres
has recently come to the fore as one option. Green hydrogen has not received significant
policy attention to date, but may have some potential applications (Longoria et al., 2021).
In particular, the potential to avoid or delay the significant retrofit cost associated with heat
pumps may render green hydrogen a possible alternative policy. Given the path-dependency
of the transmission and generation investments required, these alternative polices should be

fully considered in advance.

5.5 Conclusion and Policy Implications

This paper examines the power system impacts of electrifying 20% and 30% of Irish heating
demand. We utilise a granular spatial model to determine the optimal investment in gen-
eration and transmission technologies under various heating and power system policies. We
find that the cost of installing heat pumps and the retrofit cost of increasing the insulation
of dwellings is by far the most costly aspect of a heat decarbonisation policy that relies

primarily on heat pumps, dwarfing power system costs.

Our main results find that spatially distributed demand rather than supply is the primary de-
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terminant of power system investments and costs. Generation costs see the highest absolute

increase, while transmission costs see the highest relative increase.

Optimally determining the location of heat pumps, rather than evenly locating them across
the system, has a negligible impact on total costs, although it does greatly increase trans-
mission investments. Optimally determining decarbonisation of the power system, however,
rather than pursuing a renewable generation policy, reduces system costs. Heat pumps
themselves give rise to more efficient utilisation of renewable generation and transmission

assets.

The results indicate a complex interaction between heat and power system policies. Policy
makers should be cognisant of public acceptability and path dependency when determining

the optimal decarbonisation policy for both heat and electricity.
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Chapter 6

Mbobility scenarios for the Global South: De-
veloping an evidence-based framework for a

large-scale IAM

Abstract

Integrated Assessment Models (IAMs) play an important role in shaping climate change
mitigation policies. However, due to their underlying techno-economic nature and cost-
optimization approach, these models typically do not feature direct measures of many socio-
cultural, behavioural, and lifestyle phenomena. It is thus difficult to link model repre-
sentation and scenarios of new transformations, beyond technical change, to empirical ev-
idence—where it exists at all. Further, a detailed analysis of future transport needs for
Global South countries is missing and requires greater attention given the expected increase
in mobility demand owing to population and economic growth. This work seeks to address
both shortcomings by improving the quantification of sustainable mobility scenarios in IAMs
for the Global South, with a focus on the South Asian region. We review existing literature
to identify quantified causal relationships between passenger mobility and phenomena, and
map each phenomenon to exogenous parameters of an IAM, MESSAGEix-Transport. We
utilize rich transport data (Indian Census 2011) to develop and calibrate a passenger mobility
demand model for the whole of South Asia. Alternate future outcomes for each phenomenon
are parameterized from existing literature, prioritizing evidence from Global South cities,
countries, and regions. Finally, we develop scenario narratives based on alternate visions of
mobility futures consisting of various outcomes for sets of phenomena and establish interac-
tions to produce IAM parametrizations to test our framework. Through these methods, we
link detailed transport data to IAM scenarios. The relative richness of the data set allows
replacing top-down calculations often encountered in IAM scenarios. Since the developed

scenarios are based on evidence and data specifically from South Asia, they better capture
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actual potential mitigation in the region. !

Keywords: Integrated Assessment Model, passenger mobility, Global South, demand side

mitigation, decarbonization scenarios

6.1 Introduction

6.1.1 Motivation

Integrated Assessment Models (IAMs) and Energy Systems Optimisation Model (ESOMs)
are integral to informing climate change mitigation policies and exploring different emissions
pathways. However, these models have been critiqued for their techno-economic nature and
limited representation of demand side mitigation options (Stoddard et al., 2021; Creutzig
et al., 2018). In these models, energy systems decarbonisation is often driven by technologi-
cal change, such as energy end-use electrification via renewables or efficiency improvements
(Fragkos et al., 2021). Bottom-up IAMs and ESOMs are developed to explicitly repre-
sent efficiency improvements and technology or fuel substitution endogenously, and so are
well-suited to study these phenomena. On the other hand, qualitative (societal, cultural,
behavioural) and structural (infrastructure and economy) drivers of greenhouse gas (GHG)
emissions that are less easily quantifiable are not well represented (Stoddard et al., 2021). In
particular, exogenous parameters in these models generally do not include direct measures of
many socio-cultural, behavioural, and lifestyle phenomena—even where such quantification
are well-established in the literature, and certainly where not (Yeh et al., 2022). Conse-
quently, modellers are limited to tuning the exogenous parameters that are captured, using
different values across multiple scenarios to capture the assumed impact of such phenomena,
even if only distantly related (Berg et al., 2019; Van Soest et al., 2019; Creutzig et al.,
2022b).

Further, the modelled scenarios are generally aggregated and lack spatial granularity or
resolution below large regions. Technology uptake rates, policies to promote sustainable
development and the costs and benefits of energy transition are spatially uneven (Schippl
et al., 2020; Golubchikov et al., 2020; Yenneti et al., 2016). Global- and national-level
scenarios often do not—or can not—include regional disparities explicitly (Fragkos et al.,
2021). This limits the ability to model and analyse regional inequalities in access to energy

services and infrastructure, region-specific polices, barriers, costs, etc. in an IAM or ESOM

"Working paper: Gaur, A., Javaid, A., Kishimoto, P., and Daly, H., (in preparation). Mobility scenarios
for the Global South: Developing an evidence-based framework for a large-scale IAM. In preparation for
submission to Transportation Research Part D: Transport and Environment.
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framework.

The introduction of new transformations in energy services (novel services, disruptive tech-
nology, etc.) in these scenarios is typically not well-connected to empirical evidence. Also,
most of the narratives underlying these scenarios assume that a certain phenomenon or
causal relationship established in a specific part of the world will have similar impacts across
all regions. For instance, the Global North has followed a pattern of increasing private car
ownership with rising incomes, and global scenarios such as Grubler et al. (2018) and Kuhn-
henn et al. (2020) assume that a similar phenomenon will occur in the Global South as well.
Further, the narratives also lack a consideration of the short-run response versus long-run
lock-in effects of phenomena or disruptive technologies. For instance, services like app-based
ride hailing may improve access to mobility in the short run, while in the long-run lead to
increase in congestion and a shift away from non-motorized transport (NMT) and public
transport (PT) (Tirachini, 2020).

The transport sector accounted for about 30% of total global final energy consumption in
2019 and is a bottleneck in meeting climate change mitigation targets (IEA, 2023). The
electrification of the transport fleet is likely to reduce GHG emissions from this sector. How-
ever, the pace and scale of electrification needed to achieve net-zero targets will be difficult
to achieve or sustain, given current trends (Gaur et al., 2022b). Even if net-zero targets
are met, cumulative emissions from past and ongoing activities can still pose challenges to
limiting global temperature rise. Further, the additional electricity demand arising from
electrification will challenge the pace of grid decarbonisation (Winkler et al., 2023). More-
over, the growth in car-oriented mobility has negative consequences in the Global North for
health, air quality, and community connection (Gaur et al., 2024). Hence, there is a need to
consider additional solutions, beyond supply-side and mitigation measures which focus solely
on switching technologies or fuels, that can reduce emissions from this sector. In particular,
these may include: a shift towards NMT and PT, reducing travel distances, discouraging

private car ownership, compact development and more.

Policies and measures to reduce emissions from the transport sector have either proved to be
ineffective or progressing at a pace insufficient to meet climate targets. A key contributing
factor is the limited depth of exploration in understanding the drivers of demand within
this sector (Lamb et al., 2021). Further, as mobility patterns and transport technologies
evolve, there is a mutual impact which may invalidate the extrapolation of historical mobility
patterns (Daniels et al., 2022). It is therefore important to increase the sophistication of
travel demand projections and include the impact of ongoing innovations, policy interventions
and feedback effects (Yeh et al., 2022; Daniels et al., 2022; Briand et al., 2023).
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While the evidence to support additional demand-focused measures in the transport system
is strong, climate mitigation in IAMs and ESOMs is primarily achieved through reduced
energy intensity and fuel switches. This indicates a need to improve modelling techniques
to include the role of various phenomena that could impact mobility patterns, especially
in urban areas (Edelenbosch et al., 2017). There have been some improvements in the
representation of consumer behaviour and lifestyle patterns in IAMs and ESOMs, to simulate
a broader vision of alternative mobility scenarios (Luh et al., 2022; McCollum et al., 2017).
The most common approaches are: representing mobility behaviours endogenously within
these models, coupling a behavioural model with an energy systems model and developing
exogenous narratives based on several assumptions (Luh et al., 2022; Trutnevyte et al.,
2019).

For example, Sluisveld et al. (2016) include measures intended to lower passenger activity
(reduced vehicle use and shift to public transport) within the IMAGE IAM and conclude
that structural changes in mobility could reduce emissions by 35% by 2050, compared to the
‘Baseline’. McCollum et al. (2017) incorporate vehicle purchase decision in a global TAM,
MESSAGE-Transport and find that this inclusion leads to significant changes in the portfolio
of light duty vehicles and cumulative CO5 emissions. The default mobility trend in IAMs
and ESOMs is typically based on measured causal relationships such as increasing passenger
transport activity with rising incomes, while alternate futures in these models are usually
represented through scenarios (Trutnevyte et al., 2019). Examples include: ‘Low Energy
Demand’ scenario by Grubler et al. (2018), implementation of the shared socioeconomic
pathways (SSPs) by Bauer et al. (2017) and a comprehensive exploration such scenarios is
available in the Intergovernmental Panel on Climate Change’s (IPCC) Assessment Report 6
(ARG6) (Creutzig et al., 2022b; Jaramillo et al., 2022).

The majority of the limitations associated with modelling mobility within TAMs and ESOMs
discussed above focus on Global North context, where demand reduction is being recognised
as a major decarbonisation strategy (McGarry et al., 2024; Grubler et al., 2018). The Global
South, on the other hand, continues to experience higher population and economic growth
leading to an expansion of their energy systems. Despite this growth, access to energy services
remains disproportionately low in many of these regions. As a result, the relevance of low
energy demand scenarios in these countries might seem paradoxical. Since more than 80% of
the global population resides in Global South countries, these countries are going to play a
pivotal role in shaping the future GHG emissions trajectory and determining the feasibility of
achieving the Paris Agreement goals. However, currently the representation of Global South

countries in large-scale global TAMs is oversimplified, relying on stylised assumptions that
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presume a developmental trajectory similar to that observed in the Global North. Further,
Creutzig et al. (2024) highlight the dearth of studies focusing on Global South context that
explore how access and service-provision can be improved in these regions at lower emissions.
While considerable attention has been directed toward addressing energy access and fuel
poverty in households, exemplified by a Sustainable Development Goal (SDG) dedicated to
universal household energy access, mobility as a form of energy access is understudied in the

literature.

In light of the need to improve the representation of mobility scenarios for Global South
regions in large-scale IAMs, the aim of this research is twofold: Firstly, to improve the
quantification of sustainable mobility scenarios in IAMs for the Global South to avoid bi-
ases arising from reliance on data, literature, and particular phenomena from the Global
North. Secondly, to improve the representation of demand-side mitigation options and as-
sociated behavioural, lifestyle and socio-cultural phenomena corresponding to the passenger
transport sector within an IAM framework, MESSAGEix-Transport. To achieve these aims,
we develop a passenger mobility demand model with configurable dimensions to depict the
causal relationships between observed phenomena and mobility patterns, as documented in
existing literature. In the process, a detailed passenger mobility data set is linked to IAM

scenarios.

We take South Asian countries as a case-study to develop and test our modelling framework,
at a relatively high spatial resolution. We examine the unique challenges related to passenger
mobility that South Asian countries face and elaborate on the significance of this region-
specific analysis in 6.1.2. Our overall approach is discussed in 6.1.3. Section 6.2 reviews
the existing literature on passenger mobility related phenomena followed by Section 6.3
that describes the methodology developed to represent these phenomena in MESSAGEix-
Transport. We present the passenger mobility demand model in Section 6.4. The sustainable
mobility scenarios developed for South Asia are discussed in Section 6.5. Finally, the results

and, discussion and conclusions are outlined in Sections 6.6 and 6.7 respectively.

6.1.2 Why South Asia?

South Asian countries (Afghanistan, Bangladesh, Bhutan, India, Maldives, Nepal, Pakistan,
Sri Lanka) account for approximately one-fourth of the global population; about 36.6% live
in urban areas. Economic and population growth along with increasing urbanization rates
have driven a continuous increase in demand for mobility (passenger and goods) in these
countries. These drivers are likely to continue in the region, inevitably leading to increase

in demand for mobility and—without intervention—GHG emissions (ITF, 2022). Since

131



investment in infrastructure has long-term lock-in effects, choices made in the near term will
determine energy service demands and therefore climate mitigation options and trajectories
in the coming century. At this stage, South Asia could leverage green growth policies and
technologies to leapfrog the car dependency and emission intensive mobility patterns often
observed in the Global North, towards a more sustainable development pathway (Herman,
2021). Currently, there is a lack of coherent data and detailed literature on the passenger
transport sector of these countries, which leads to embedded assumptions with global models
that the mobility patterns of Global North countries will play out in Global South countries
(Herman, 2021).

There are several challenges in achieving sustainable mobility development in South Asia.
Firstly, cities are facing rising sprawl with growing population (Kamble et al., 2021; Jain
et al., 2019). In most cases, lower income households are forced to live in suburban areas or
peripheral settlements, further increasing travel distances (Chaudhry et al., 2023; Hamidud-
din, 2023). The longer distances decrease access to employment, healthcare, education, etc.,
a challenge which is compounded by inability to afford mobility services (IEA, 2021). Sec-
ondly, rising income levels and the lack of PT infrastructure have led to increasing vehicle
ownership rates (2-wheelers and private cars). This has not only caused a continuous in-
crease in GHG emissions from the transport sector, but has also led to poor air quality and
congestion in urban areas (Ellis et al., 2015; Badami et al., 2013). Finally, NMT modes are

generally unsafe to use due to lack of supporting infrastructure (IEA, 2021).

Previous studies have tried to address the above challenges in modelling frameworks. By
developing a deep decarbonisation scenario for passenger transport for emerging economies
(Brazil, India, Indonesia, and South Africa), Briand et al. (2023) find that reaching carbon
neutrality would require more than 50% reductions in emissions per passenger distance travelled
(PDT). This would require pursuing a wide range of mitigation options including the use
of NMT and integrated urban land-use development to curb car use and improve the provi-
sion of public transport. Travel demand projection scenarios for India project a 200-540%
increase in CO4 by 2050, highlighting that existing policy targets are likely to be insufficient
to reduce, or even stabilise, emissions (Cazzola et al., 2021). Both these studies also empha-
size that a lack of data in developing countries limits detailed analysis of mobility patterns.
In this study, we aim to address this deficit by developing sustainable mobility scenarios for
South Asia by using data and evidence from the region such that the developed scenarios

align with actual potential mitigation in the region.
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6.1.3 Overview of approach and key contributions

Passenger mobility, encompassing factors like travel distance and mode choice, is influenced
by a combination of factors, which we term “phenomena”. These phenomena include socioe-
conomic conditions, behavioural and lifestyle choices, the availability and advancement of
infrastructure and technologies, and policy measures. Representing the complex interactions
between these phenomena in an TAM is challenging, in part because the phenomena driving

demand in such models are aggregated and not distinctly represented.

In this study we develop a framework to effectively represent various passenger mobility
related phenomena using exogenous parameters of an IAM as shown in Figure 6.1. We first
examine existing literature that explores causal relationships between various phenomena
and passenger mobility patterns. Each identified phenomenon is systemically categorised
and mapped to exogenous parameters of an IAM, MESSAGEix-Transport. This mapping
allows the effects of each phenomenon on passenger mobility patterns to be captured and

provides a method for representing these effects using an TAM.

Each phenomenon has the potential to influence multiple parameters of the IAM. To encap-
sulate all these influences, we individually include each phenomenon with all the parameters
it is capable of influencing and parameterize them using empirical evidence from literature,
with a priority given to evidence from the Global South. It is possible to define multiple
trajectories for each phenomenon to visualise a range of potential mobility futures. In the
next step, we utilise rich transport data (Indian Census 2011 and intercity travel) to develop
and calibrate our model of passenger mobility demand for the whole of South Asia consider-
ing the differences between other countries and India. This step establishes a link between

region-specific data to a global TAM.

Finally, we develop four scenarios for passenger mobility based on alternate visions for mo-
bility futures in South Asia. In each scenario, alternate outcomes for multiple phenomena
influence the same IAM parameter. Hence we establish interactions among these phenomena

to produce IAM parameter data.

In summary, our primary contributions include: Firstly, we conduct a review of mobility-
related phenomena, placing an emphasis on literature focusing on South Asia and the Global
South. Secondly, we incorporate these phenomena into a novel mobility projection model
designed to interface with an TAM. This is an innovative and adaptable framework, that can
be applied to other Global South regions and IAMs. And, thirdly, we develop four distinct
mobility scenarios using this model, each reflecting alternate visions for mobility based on

explicit futures for these phenomena.
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Figure 6.1: Overall workflow of approach describing various steps involved (dotted arrow
line indicates future work- Step 7)

6.2 Mobility related phenomena relevant to (Global South

This section describes the phenomena captured in the literature review, grouped into several

categories that are not mutually exclusive.
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6.2.1 Growth and development

The main phenomena that influence growth associated with passenger mobility demand
and emissions are population growth, economic growth, and urbanization. As discussed
previously, population and economic growth are projected to continue in the Global South
until mid century, inevitably leading to the expansion of the transport, energy and economic
systems. However, a phenomenon like urbanization has different impacts in the short- versus
long-run. In the short-run, urbanization in developing countries leads to increased COs
emissions and road transport energy use (Sikder et al., 2022; Poumanyvong et al., 2012).
This is due to an increase in income and greater access to technology and services. In the
long run, however, higher urban density can reduce mobility demand due to lower travel
distances: doubling density could reduce mobility demand by 10-12% in India (Ahmad et
al., 2016).

6.2.2 Infrastructure

Infrastructure development, whether public transport or spatial settlement patterns, has
significant lock-in effects. The Global South is yet to build a major part of its infrastructure,
and hence has a wide range of possibilities to ensure development is sustainable. For example,
Vasudevan et al. (2021) find that high quality public transit system development could
decrease 2-wheeler ownership in India. Similarly, it is estimated that 35-45% of trips shorter
than 5km can be made by NMT modes, which are otherwise made by motorised vehicles
(not including cars), when appropriate infrastructure is developed in a large Indian city like
Pune (Jain et al., 2010). Further, improving NMT infrastructure is crucial for maintaining
the current mode shares of NMT and PT in Indian cities (Tiwari et al., 2016). A case study
of two medium-sized Indian cities shows that maximum CQO, emissions reduction can be
achieved when both, NMT and PT infrastructure are developed (Tiwari et al., 2016).

6.2.3 Disruptive technology

Digital technologies can significantly alter mobility patterns, associated transport energy
demand, GHG emission trajectories and climate change mitigation options (Noussan et al.,
2020; Creutzig et al., 2019). There are many related sub-phenomena, each with distinct
and sometimes countervailing impacts. Remote working and online shopping (e-life) can
reduce passenger trips, consequently reducing energy consumption and emissions (Zhang et
al., 2021a). In contrast, on-demand mobility services like ride hailing are found to increase

VDT, have lower occupancy in general and lead to greater traffic congestion in big cities
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(Bekka et al., 2020; Henao et al., 2019; Tirachini et al., 2020). Such services have led to
a shift away from NMT and PT, and can induce car-based travel (Cazzola et al., 2021;
Souza Silva et al., 2018). Ride-sharing can, however, reduce VDT and traffic externatlities
like congestion and pollution, and bring environmental benefits (Cai et al., 2019; Chen et al.,
2021; Caulfield, 2009). Ride-sharing is expected to decrease CO5 emissions in the short-term,
but substantial rebound mechanisms can be expected in the long-run, through mode switch
to cars, and increased travel distances as improved access to mobility service could encourage
relocation to suburbs, etc. (Yin et al., 2018).

Autonomous vehicle (AV) have been highlighted for their potential to revolutionise the trans-
port system (Bosch et al., 2018; Millard-Ball, 2019; Meyer et al., 2017). Under some scenarios
of deployment, they could increase access to mobility for some (children, elderly, disabled,
etc.), reduce private car ownership and increase opportunities to pedestrianise urban centres

but on the other hand increase VDT, urban sprawl and a shift away from PT.

6.2.4 Behavioural, lifestyle & socio-cultural practices

Behavioural, lifestyle and socio-cultural practices significantly impact the choices individuals
make regarding how they travel. Behavioural changes are specific, short-term travel decisions
whereas lifestyle changes are typically broader and more permanent decisions (Van Acker
et al., 2016). The evolution of these elements in the future can affect various elements of the

transport energy system, urban planning, infrastructure development and emissions.

Environmental awareness can significantly impact travel behaviour (Mandi¢ et al., 2023). For
a case study in Delhi, Gupta et al. (2022) find that people with pro-environmental attitudes
are likely to use shared mobility and PT for their travel needs, and are willing to reduce
private car dependency. Soto et al. (2021) recommend the use of marketing campaigns and
financial incentives to encourage people with environmental concerns to shift to sustainable

modes.

Socio-cultural norms such as viewing private vehicle ownership as a status symbol are preva-
lent in Global South countries (Pojani et al., 2018; Chaudhry et al., 2023). While strategies
aimed at increasing environmental awareness have been successful in reducing car owner-
ship, the existing evidence primarily pertains to developed countries where such ownership
is at or near saturation (Pojani et al., 2018). A shift to low-carbon modes in Global South
cities would require addressing safety concerns, enhancing social influence and raising the
symbolic profile of PT, along with developing appropriate infrastructure (Javaid et al., 2020;

Ashmore et al., 2019). Embracing changes in lifestyle patterns like work-from-home and
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online shopping (“Tele-X”) can be used to further manage transport demand in large Global
South cities (Jamal et al., 2021).

6.2.5 Interacting phenomena

Some transport phenomena are complez in that they involve (deliberate or emergent) inter-
action of multiple types of changes in multiple aspects of the system, giving rise to combined

effects.

Mobility as a Service (MaaS) is a novel mobility solution that can provide high accessi-
bility by combining shared mobility services (car-sharing, bike sharing, etc. in combination
with PT) and developments in information and communication technologies (ICT) (Kamar-
gianni et al., 2016). The willingness to use MaaS and increase the use of PT was high in
a survey conducted by Hasselwander et al. (2022) in Metro Manila, Philippines. However,
implementation of MaaS at a large scale in Global South cities would require a different ap-
proach than those adopted in developed countries, such as offline access to MaaS platform,

integration of intermediate public transport (IPT) modes and more (Hasselwander et al.,

2023).

Transit oriented development (TOD) is increasingly becoming a part of sustainable
urban development plans at global scale (Knowles et al.; 2020; Ibraeva et al., 2020). It
combines mixed-use land development and urban design with transport planning (Ibraeva
et al., 2020). In Asian cities with well-established metro rail transit (MRT), TOD can reduce
vehicle distance travelled (VDT) and traffic congestion, and promote PT and NMT modes
(Kumar et al., 2020). Li et al. (2022) further confirm, for a case study in China, that
residents in TOD areas are more likely to choose NMT or PT modes. Findings from Nakshi
et al. (2021) suggest that mixed land-use policies, shorter distances to bus stops, and higher

density are needed in a city like Dhaka to increase public transport accessibility.

6.3 Representing phenomena in an Integrated Assess-
ment Model

This section describes the process of representing each phenomenon within an IAM frame-
work. It is important to emphasise here that our approach does not involve making structural
changes to the IAM itself. Instead, we develop a methodology to improve the translation

and quantification of passenger mobility related phenomena into exogenous parameters of

the TAM.
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6.3.1 Integrated Assessment Model

IAMs are valuable tools that provide insights into techno-economic feasibility of climate
targets and impact of policy interventions. MESSAGEix-GLOBIOM is one family of such
models that consists of a combination of energy, economy, land-use, climate and air-pollution
models at the global level (Krey et al., 2020). The representation of the transport sector
in the global model is stylised. However, a technology-rich representation of the transport

sector is possible and the resultant model is referred to as MESSAGEix-Transport.

6.3.2 Translating phenomena to IAM parameters

Following the comprehensive literature review that explores the causal relationships be-
tween each phenomenon and passenger mobility patterns, we now link each phenomenon
to the exogenous parameters of MESSAGEix-Transport. This enables effective and distinct
representation of each phenomenon in the modelling framework. The exogenous parameters
of the TAM tuned in this study are: PDT, mode share, vehicle occupancy, vehicle owner-
ship (private car and two-wheelers), and light duty vehicle (LDV) technology type. PDT
in turn is driven by trip rate and trip share by distance category, which are parameters of
the estimated demand model presented in the next section. Table 6.1 summarises how each
phenomenon can be translated into IAM parameters based on evidence from the literature
review above. We parameterize each phenomenon based on a comprehensive literature re-
view. In doing so, we adopt a specific order of precedence: first, evidence from South Asia
is prioritised. If this is not available, then evidence from Global South countries outside of
South Asia is used. As a last resort, we use evidence from the Global North. This novel
strategy is conceived to mitigate the prevalence of wealthy, data-rich, and heavily-studied
areas in the literature, by not allowing such over-representation to skew the future outcomes
envisioned and modelled for the Global South.

For each specific phenomenon, evidence for both the short-term and long-term effects is
compiled. This encompasses a range of values spanning from low to high for each parameter.
Table 6.2 shows how each phenomenon is parameterized, prioritising evidence from Global
South. The detailed description of the modelling approach for each of these phenomena is
outlined in Table Bl in the Appendix B.1.

Notably, phenomena such as AVs and MaaS exhibit novelty even in developed countries,
posing challenges in measuring their impacts or observing distinct outcomes in diverse set-
tings. To address this, we have extrapolated outcomes deemed plausible within the South

Asian context.
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Table 6.1: Representation of phenomenon in MESSAGEix-Transport

Category Phenomenon Measurement Parameter(s) in
MESSAGEix-Transport
Growth Urbanisation Share of total PDT
population
Autonomous vehicle Mode share PDT, wvehicle ownership,
Disruptive technology share of PT
Ride hailing Share of taxis PDT, share of PT and
NMT, LDV occupancy
Ride sharing % of trips Occupancy of LDVs (taxi)
High speed rail Share of rail Share of rail in intercity
Infrastructure travel
NMT infrastructure Mode share of NMT
PT infrastructure Mode share of PT, occu-
pancy
Behaviour, Lifestyle &  Comfort, reliability, safety Vehicle ownership and
Socio-cultural mode shares
practices Environmental awareness Vehicle ownership, Share of
LDVs, PT and NMT
Higher standard of living LDV ownership and use
e-life Trip rate PDT
Complex MaaS Share of various Mode share of LDVs, PT
modes and NMT
Transit oriented development PDT (trip share), vehicle
ownership, share of PT and
NMT

The literature also indicates the contextual nature of a phenomenon like comfort, reliability,
and safety. The relationship between infrastructure and individual choices becomes appar-
ent—for example, the development of a robust public transport network fosters a sense of
safety and reliability, thereby encouraging its utilization. However, the lack of it may drive
individuals towards private vehicle ownership. Another illustrative example involves ride
sharing with strangers—which in the Global South context can be perceived as more com-
fortable than other modes of transport but can also be less preferred, particularly for women
(Vanderschuren et al., 2018). Consequently, they may prefer the alternative of ride hailing.
However, if the option to travel with other women as co-passengers or a panic button is
provided to increase the sense of safety, ride sharing could be widely adopted (Mitropoulos
et al., 2021; Meshram et al., 2020). Hence, the outcome of this behavioural response is highly

dependent on other phenomena (and their outcome) that are considered in tandem.

Table 6.2: Parameter values for each phenomena

Parameter Value

Phenomenon
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Table 6.2: Continued: Parameter values for each phenomenon

Short-run Long-run
Urbanisation PDT 0.4% ! to 2.3% 2 0.2% 3 to 1.33% 4
Autonomous vehicle PDT - . -
(AV) Vehicle ownership Dependent on scenario of deployment
PT share
VDT 83.5% 247
Ride hailing NN share %
PT share -5.4%2" to -17% 20 -16% 39
Vehicle ownership -3% 23
Ride sharing VDT -8.21% ¥t0 -37% 19
High speed rail infras- Share of rail in long- 52.7% 2°
tructure distance travel
NMT infrastructure NMT  share (trips Shift of 35% from 2-
<5km) wheelers & 45% from
bus 3!
PT infrastructure PT share Increase in share by 8% 27  Shift of 45% from 2-

wheelers and 11.5%
32

to 10.6% 26

from cars

Comfort, reliability,

Vehicle ownership

} Context specific- dependent on other phenomena,

safety Mode shares under consideration 343°
Environmental aware- EV sale share 30% 37 60%
ness
Higher standard of LDV ownership Increase in average
living ownership by 63%
from current level 36

e-life Trip rate -19% 28 -5% 297

LDV share
MaaS NMT share Dependent on scenario of deployment

PT share

PDT -0.24% ° to -0.44% © -20% 7 to -42.5% &
Transit oriented NMT share 0.3% ? 17% 9" to 30% 11
development PT share 0.1% 12" 12% 13 to 60% 1+~

Vehicle ownership

No evidence of reduction in  -10% 16 to -40% 1™

short-runt®

** Global North

crease in density

fIn the short run, TOD is measured as increase in density- values correspond to 1% in-
'Lv et al., 2019  2Hao et al., 2014 3 Wang et al., 2019b

> Ahmad et al., 2016 % Proque et al., 2020 7 Chen et al., 2017

10 Zamir et al., 2014 ! Zhang et al., 2017

4 Poumanyvong et al., 2012
8 Stiffler, 2011  ° Bautista-Herndndez, 2021
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12 Mattson, 2020 '3 Goel et al., 2020b ' Mees, 2014  ® Bansal et al., 2018; Tiwari et al., 2016

16 Dong, 2021 17 Nasri et al., 2014 ' Zhu et al., 2022 ' Chen et al., 2021  2° Haddad et al., 2019
2 Ngo et al., 2021 22 Acheampong et al., 2020 23 Ward et al., 2019 24 Henao et al., 2019

2 0u et al., 2022 26 Maluf, 2014 27 Majid et al., 2018 28 Kanimozhee et al., 2023

29 Budnitz et al., 2020  3°Diao et al., 2021 3! Jain et al., 2010 32 Fatima et al., 2014

33 Moreno et al., 2018 34 Gupta et al., 2022 3% Jain et al., 2014 36 Assuming national average owner-
ship to reach current level of large cities in South Asia (Abdul-Manan et al., 2022) 37 Dixit et al., 2022

6.4 Passenger mobility demand model

This section describes the model constructed to generate IAM parameter data for passenger
transport activity, based on the detailed quantities that are directly implicated in the causal
relationships from the literature. The estimations of passenger distance travelled and mode
shares within the model are underpinned by projections of population growth, the pace and
nature of urbanization and GDP per capita. The projections of population growth, pace of
urbanization and GDP are derived from the shared socioeconomic pathways (SSPs) (IIASA
et al., 2024). Our framework is flexibly designed to incorporate data from any of the five
SSPs. However, for the scope of the current study, we use Shared Socioeconomic Pathway 2
(SSP2). SSP2 represents middle-of-the-road development in terms of climate mitigation and
adaptation challenges, and the social, economic and technological trends follow historical
patterns (Fricko et al., 2017).

The development of future passenger mobility demand trajectories involves various steps.
Firstly, we estimate a daily travel passenger mobility demand model, calibrated to the In-
dian Census 2011 (Section 6.4.1). This model is disaggregated into four area types, eight
distance categories and six modes of travel. Secondly, we estimate a long distance or inter-
city passenger travel demand model at the national level with three modes of travel (Section
6.4.2). The framework is multidimensional, which allows for including detailed assumptions
about passenger mobility trends in our future projections. Hence, in the final step, we de-
velop future passenger mobility demand trajectories by tuning various dimensions of our
framework (Section 6.4.3). We discuss some of the important outcomes of the passenger

mobility demand model in Section 6.6.

The model is developed using open-source data and software (Python). The results and the

code used in this version are archived on Zenodo.
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6.4.1 Daily travel passenger demand model

We begin with the categorization of population between urban and rural areas. Urban
regions in India are further categorized into three groups based on their population size:
large cities (>3 million residents), medium cities (between 1 and 3 million), and towns (< 1
million). Comparable classification systems, albeit with distinct population thresholds, are
also applied to urban areas in other countries in the South Asian region. The distribution

of urban population within area types is outlined in the Appendix B.2.

A daily travel passenger demand model is estimated using data from the Indian Census
2011 (Gol, 2011). This data set includes information regarding commute travel distance
ranges, share of each distance range (trip share) and the mode of travel across various
regions, distinguishing between urban and rural area within each district and city. Trip rates
are included for each area type from (Singh et al., 2008) and adjusted to reflect commute
patterns. Commute-related journeys account for about 30% of total passenger trips (Shukla
et al., 2015b). Due to lack of comprehensive data for other types of daily passenger trips,
it is assumed that comparable travel patterns are exhibited across other trip categories. We
calibrate/validate the model by comparing annual PDT per capita for the base year (2011)
with values found in literature, finding only marginal differences (Dhar et al., 2015). The

detailed model is available in the Appendix B.3.

6.4.2 Long-distance passenger travel demand model

Long-distance or intercity passenger travel demand is calculated at the national level due to
lack of availability of spatial data. It is estimated that railways account for about 15% of the
total intercity-city travel in India (Dhar et al., 2015). Based on this information, we estimate
the total long-distance passenger distance travelled by rail and road (Ministry of Railways,
2020) in the base year. Similarly, in Pakistan, railways account for 10% of total long-distance
travel (CAREC, 2021). The long distance PDT is estimated for road and rail (Government
of Pakistan, 2019). Similarly, to estimate total long distance PDT in Bangladesh and Sri
Lanka, we have assumed that railways account for 12% of total long distance PDT (average
of India and Pakistan) (Bangladesh Railway, 2019; Knoema, 2015). The total long distance
PDT per capita for Afghanistan, Nepal and Bhutan is assumed to be the average of all other
countries (due to lack of data). We have assumed bus accounts for 84% of road based PDT
and LDVs for the remaining. Hence, we have the total long distance PDT by mode for
the base year as calculated by Equation 6.1. The details of the model are available in the
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Appendix B.4.
P DTrail,n

PDT base,, =
ase Share;qirn

(6.1)

6.4.3 Projecting mobility demand using dimensionality of model

As discussed previously, the passenger mobility demand model developed in this study is
based on a multidimensional data set. This allows for the simultaneous adjustment of one
or more dimensions, enabling the generation and visualization of detailed and diverse future
mobility scenarios. In this section, we discuss the various dimensions of the model being
tuned to develop future passenger mobility demand trajectories as summarised by Figure
6.2.

I_) Total PDT = f(s,u,mt) <_I

Daily travel Long-distance
p nger travel passenger
distance travelled distance travelled

Population of Trip share by  Trip rate by Total Indexed Distance
each country by mode and area type population Sl by mode
area type distance and country capita
category

Future Mode share
. population trajectory GDP per capita Future population and
Adjustable e appo—— Type of foreach  for each country- GDP per capita for each
dimensions country- urbanization  distance derived from country- derived from
derived from (u) category SSPs (s) SSPs (s)

SSPs (s) (mt)

Mode share
trajectory
(mt)

Figure 6.2: Passenger mobility demand model inputs and the adjustable dimensions

The future pace of urbanization is directly derived from the SSP projections. However, de-
termining the nature of urbanization is more complex. The distribution of urban population
among large cities, cities, and towns is referred to as the nature or type of urbanization and
it plays an important role in shaping mobility patterns. The growth of population in either
a city or large city has profound implications, given the differences in settlement patterns
and infrastructure provision. Due to lack of comprehensive data in the South Asian region,
we have assumed two distinct trajectories for the distribution of urban population that may
occur in the future. A more detailed analysis of the impact of the nature of urbanization
on mobility patterns is possible, and our modelling framework can accommodate multiple
definitions of such trajectories. For the current study, we have defined two trajectories as

follows:
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e Balanced growth (Trajectory 1): Share of urban population in large cities is assumed
to increase by 5% points in 2030 and 2% points in 2050. Conversely, the share in cities
and towns is assumed to decrease by 2.5% points each in 2030 and 1% point each in
2050.

e Concentrated growth (Trajectory 2): Share of urban population in large cities is as-
sumed to increase by 10% points in 2030 and 7% points in 2050. Conversely, the share
in cities and towns is assumed to decrease by 5% points each in 2030 and 3.5% points
each in 2050.

Trip rates in South Asia are significantly lower than those observed in developed countries
(Ahern et al., 2013). Hence, we hypothesize that increased affluence within a population
positively correlates with higher trip frequency along with increasing trip distances within
each trip category. The future trajectories of trip rates are determined by changes in GDP
per capita in each country. To project future trip rates, firstly we calculate the percentage
change in GDP per capita for three time intervals: from 2011 to 2030, from 2030 to 2050,
and from 2050 to 2100. Next, using Equation 6.2 we determine the future trip rates in each
time interval, where the T'R represents the trip rate, at refers to area type and can take
values from the set {large city, city, town and rural}, s denotes the SSP scenario (1-5), the
notation y; represents the year at the beginning of the interval, while y designates the year
at the end of the interval, and GDP_cap is the GDP per capita for each country n in the
South Asian region. The trip rates are then interpolated to obtain trajectories, as show in

Figure 6.3 which is an example of trip rates in each country for SSP2.

TRutny(s) =TRay, x f(GDP_capy,y(s) — GDP_cap,, . (s)) (6.2)

Figure 6.4 shows the assumed changes in distance in each distance category. In the base year
(2011), we assume a mean value for distance in kilometres in each trip distance category.
By 2050, we project a shift towards the upper boundary of the distance interval within each

respective category.

The Indian Census data reports mode share for six modes of travel, each distance category
and area type. We constructed mode share trajectories for each mode as shown in Figure 6.5.
These trajectories depict changes in mode shares relative to the base year of 2011. Further,
the mode shares have been adjusted to ensure that these changes do not disrupt the overall
level of PDT, which is primarily influenced by trip rates and distances in each trip distance
category. For the scope of this study we have used the same mode share changes across

all area types and distance categories. However, it is conceivable to define distinct cases
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Figure 6.3: Trip rate trajectories in each country (calculated using GDP per capita values
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Figure 6.4: Trajectories of distance (in kilometres) in each trip distance category
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for each distance category and area type to capture nuances in passenger mobility patterns.

The study presents three distinct cases:

e Business as Usual (BaU): In the Business as Usual (BaU) scenario, we anticipate
a shift from NMT to motorized modes (2-wheelers and cars) with increasing GDP
per capita. Specifically, the share of 2-wheelers follows an inverted U-curve, with 2-
wheelers’ growth peaking at a GDP per capita of about $3000- $4000, after which it
declines (Law et al., 2015). The growth of cars, on the other hand, follows a monotoni-
cally increasing curve with GDP per capita (Nishitateno et al., 2014). In our study, the
BaU scenario assumes that the share of NMT decreases as GDP per capita rises, while
the share of 2-wheelers increases until reaching $3500 GDP per capita (a consistent
value assumed for all countries). The share of cars also increases, albeit at a slower
rate than 2-wheelers, and the share of public transport sees a modest increase. Figure
6.5a outlines the normalized changes in modes in the BaU case.

e Car Oriented Future (COF): In the Car-oriented future scenario, we project an accel-
erated growth of cars compared to the BaU case. Initially, cars are expected to grow
slower than 2-wheelers but will overtake the growth of 2-wheelers earlier than in the
BaU scenario. The peak of 2-wheelers in this scenario is slightly lower than that con-
sidered in BaU. Additionally, public transport is anticipated to experience a modest
decrease, while NMT follows the pattern as in the BaU case. This scenario reflects
a potential shift towards greater car usage in South Asian countries, highlighting the
need for sustainable mobility strategies to mitigate the adverse effects on traffic con-
gestion, air quality, and overall urban livability. Figure 6.5b outlines the normalized
changes in modes in the COF case.

e Sustainable Future (SF): In the Sustainable future scenario, we envision a shift towards
sustainable modes of transportation, driven by greater investments in public transport
infrastructure. This scenario anticipates a significant increase in the share of public
transport, with buses and rail growing at a faster rate than in the BaU case. In contrast,
the growth of cars and 2-wheelers is lower than in BaU, reflecting a conscious effort
to prioritize sustainable modes of transport over private vehicles. Share of NMT goes
down faster as compared to BaU and COF'. This scenario underscores the importance
of sustainable mobility strategies in South Asian countries, highlighting the potential
benefits of reducing traffic congestion, improving air quality, and enhancing overall

quality of life. Figure 6.5¢ outlines the normalized changes in modes in the SF case.

Although long-distance travel is estimated on a national scale, we align the definition of

mode share trajectories for long distances as well at an aggregate level to ensure consistency
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Figure 6.5: Changes in daily travel mode share trajectories for India (SSP2)

with daily travel. In India, the trend indicates a decrease in the share of rail-based travel
and an increase in road-based travel with increasing GDP per capita (Shukla et al., 2015a).
To reflect this trend, we define a monotonically increasing function of GDP per capita for
LDVs and a decreasing function for rail-based travel. Additionally, we observe a modest

decrease in the share of bus travel.

The future daily travel PDT is projected as in Equation 6.3, where PDT is the product of trip
rate (T'R), derived from Equation 6.2, share of trips (7'S), which is a function of the mode
share trajectory (mt), in each area type for each mode and distance category, an assumed
value of typical distance (D) in kilometres for each distance category as in Figure 6.4 and
the population (Pop), which is a function of the SSP scenario (s) and trajectory of the type
of urbanization (u), in each area type and country. Index at refers to area type and can take
values from the set {large city, city, town and rural}, m represents the mode of transport
and there are six distinct modes in the model as follows: {car, bus, Intermediate public
transport (IPT), 2-wheelers, NMT and rail}, dc denotes trips categorised by distance and
there are eight distance categories (in kilometres): {No travel, 0-1, 2-5, 6-10, 11-20, 21-30,
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31-50, and 514}, index n denotes the countries in South Asia and y denotes the year.

PDT o demmy (8, u,mt) = Popag (S, 1) % T'Sat dem,y(mt) ¥ T Rap oy (S) * Dae (6.3)

The future long distance PDT is a function of GDP per capita in our model. Using the
available time series data on rail-based PDT for India, Pakistan, Bangladesh, and Sri Lanka,
we estimate a linear equation between GDP per capita and rail based PDT (World Bank,
2023). We use this relationship and Equation 6.4 to project future PDT which is a product of
the assumed mode share trajectory (mt) denoted by Mode and f(GDP_cap-idz,,,(s))—this
is the estimated linear equation between GDP per capita (for each SSP scenario s), indexed
to 2011, and the historical long distance travel PDT. We assume that road-based (bus and
LDV) long distance PDT follows the same relationship due to lack of data.

PDT,, ny(s,mt) = f(GDP_cap_idz, ,(s)) x Mode,,,(mt) (6.4)

For countries in the region where explicit time series data is lacking, long distance PDT
is projected to increase with GDP per capita. Hence, total long distance PDT in these
countries is the product of the total PDT in base year PDT base derived from Equation
6.1, GDP_cap_idxr which represents the GDP per capita of each country n in the year v,
indexed to 2011 for each SSP scenario s and the assumed mode share trajectory denoted by
Mode.

PDT,, ., (s,mt) = PDT base,, x GDP _cap_idx,,,(s) x Mode,,,(mt) (6.5)

Consequently, the cumulative passenger distance travelled becomes a dynamic function of the
SSP scenario (s), trajectory of the type of urbanization (u), and the mode share trajectory

(mt) as shown in Equation 6.6.

Total_ PDT = f(s,u,mt) Y at,dc,m,n,y (6.6)

6.5 Sustainable mobility and decarbonisation scenar-
ios

The phenomena discussed in the previous section in tandem with national policies in South
Asian countries form the basis for the development of four distinct scenario narratives. The

narratives contain a rich description of each phenomenon, underpinned by substantial em-

148



pirical evidence, primarily from South Asia and the Global South. The central theme of all
the narratives is the imperative of ensuring sustainable development of passenger mobility in
South Asia. The main focus lies in envisioning pathways that leapfrog traditional private car
dependency while at the same time improving access to mobility for all sects of society. Each
scenario is discussed below and Table 6.3 outlines the combination of phenomena considered

in each scenario.

Table 6.3: Combination of phenomena considered in scenarios

Category Variable NP ! BP QSCGI};IS]O) 35 TECH 4
Growth Urbanisation - - v -
Autonomous mobility - - - v
Disruptive technology = Ride hailing - - - v
Ride sharing - v - v
High speed rail - v - -
Infrastructure * NMT related infrastructure v v v -
Public transport v v v -
Behaviour, Lifestyle &  Comfort, reliability, safety v v v -
Socio-cultural Environmental awareness v - v -
practices Higher standard of living v v - -
e-life or “Tele-X” - - - v
Complex MaaS - - - v
Transit oriented development - - v -

* Infrastructure upgrade over BaU

L NP- National Policies in South Asia

2 BP- Best mobility practices in Global South
3 TOD- Transit Oriented Development

4 TECH- Technology focus

6.5.1 National Policies in South Asia (NP)

This scenario is founded on the set of phenomena that are named or implicated by the stated
national goals, strategies, and/or policies of the countries within South Asia. In most cases,
the phenomena are grounded in evidence, driven by dedicated outlines and plans for their
implementation. This scenario reflects a case where policy implementation is aligned with
targets and goals, resulting in sustainable progress within the passenger mobility sector. In
general, the national policies across all countries in the South Asian region recognise the
need for effective transport demand management to accommodate the mobility needs for
a growing population and improve access to health, education, employment, etc. whilst
ensuring the development in the sector is environmentally sustainable. The major passenger

transport related policies in each country are as follows:
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1. Afghanistan - invest in road network and PT to improve accessibility (Baligh, 2017).

. Bangladesh - The National Integrated Multimodal Transport Policy (NIMTP) emphasises the
need to reduce travel demand through better land management, develop integrated transport
network and ensure pedestrian safety. The target in the Revised Strategic Transport Master
Plan for Dhaka (RSTP) is to esnure 60% of share of total urban passenger transport demand
is met by PT by 2030 (DTCA, 2015).

. Bhutan - National Transport Policy 2017 recommends integrated land-use and transport
planning, greater use of PT, higher road safety for urban transport, and greater inter-city
connectivity to improve access (KPMG, 2017).

. India - The main sustainable transport development related policies are summarised in NMT
infrastructure, deployment of electric buses and banning vehicles in urban centres. The Green
Urban Transport Scheme aims to reduce pollution by PT in cities (electrification of buses).
The National Policy on Transit-Oriented Development aims to increase modal share of PT
and NMT through mixed land-use development. The National E-Mobility Programme has
set an ambitious target of 6-7 million electric vehicle (EV) and hybrid vehicle sales annually
from 2020 onward (incentives for buyers).

. Maldives - In-Depth Technology Needs Assessment on Transport Sector 2007 outlines the
need for public and integrated transport systems, a shift towards EVs and low emissions
vehicles, promote public awareness and digitalization of services (Abdulla, 2007).

. Nepal - Key strategic issues to be addressed outlined in the National Environmentally Sustain-
able Transport (EST) Strategy for Nepal are: develop integrated transport system, improve
NMT infrastructure, and reduce travel demand (Government of Nepal, 2018).

. Pakistan - The objectives of the National Transport Policy are: integrated transport devel-
opment, transit oriented development of urban areas, improving public transport system and
NMT infrastructure (Planning Commission, 2018).

. Sri Lanka - The objectives of this Draft National Policy on Transport In Sri Lanka 2009
are to develop public transport system, manage vehicle fleet, promote NMT modes, increase
rail passengers, and ensure minimum level of mobility for rural and estate areas (Ministry of
Transport, 2009).

6.5.2 Best mobility practices in Global South (BP)

This scenario is a compilation of best mobility practices observed in the Global South. The

main premise of this scenario is to apply observed phenomenon from the broader Global

South context to the specific context of South Asia. The similarity of socio-economic and

demographic conditions in these regions renders the occurrence of such phenomena par-

ticularly more plausible than current transformations and/or policy trends taking place in

Global North countries (which, again, dominate the literature). The phenomena considered
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are based on successful implementation elsewhere. Notably, the development of bus rapid
transit (BRT) systems in Latin American and Indian cities has proven to increase the share
of PT in urban transport (Maluf, 2014; C40 Cities, 2016). Similarly, high speed rail (HSR)
development in China has led to a significant modal shift from aviation to HSR for inter-city
travel. Transit oriented development in Beijing resulted in 30% of all trips by NMT (Zhang
et al., 2017). Shared mobility is gaining increasing popularity in South Asia.

6.5.3 Transit Oriented Development (TOD)

Amidst the expansion of urban centres in South Asia, both in population and area, this
scenario is developed to understand the consequence of compact urban and transit oriented
development on passenger mobility within these cities. Central to this scenario is the recog-
nition that as cities are growing, the urban form they take will strongly shape passenger
mobility in the coming decades. Embracing compact development could help steer cities
away from private motorised transport towards more sustainable solutions. Combined with
policy measures and infrastructure for PT and NMT, TOD can reduce travel distances and
improve quality of life within urban centres. This scenario also envisages a future where ur-
ban expansion is slower compared to current predictions and local economies are regenerated

to prevent rural-to-urban migration.

6.5.4 Technology focus (TECH)

This scenario encapsulates transformations in passenger mobility patterns driven by techno-
logical innovations and their widespread adoption. Disruptive technologies and electrification
of transport fleet are the main drivers of this scenario. The surge of digitalization and prac-
tices like work-from-home, online shopping (e-life) further fuel this evolution in passenger
mobility. Simultaneously there is heightened environmental awareness, that helps reduce in-
tensity of passenger mobility. This scenario revolves around utilizing technology to leapfrog

private vehicle dependency and usage.

6.6 Results

This section outlines the main results of our analysis. Section 6.6.1 presents the modelling
outcomes of the passenger mobility demand model. It describes the outcome of the baseline of
our study and is hereafter referred to as the ‘Base’ scenario, which is driven by population,

GDP per capita and urbanization for each South Asian country. Section 6.6.2 presents
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the outcomes in each sustainable mobility scenario discussed previously. It describes the

interactions between various phenomena and other model parameters.

6.6.1 Outcomes of passenger mobility demand model

6.6.1.1 Passenger distance travelled

The total PDT in South Asia are projected to increase by 125-130% between 2011 and 2050,
with a compound annual growth rate of about 2%, for s = SSP2 and the two trajectories
assumed for u. Figure 6.6 shows the total (daily travel and long distance) PDT per capita
(in kilometres) for all countries. The passenger kilometers per capita increases by 118% in
Bangladesh, 113% in Nepal and 101% in Sri Lanka between 2011 and 2050. The increase in
PDT per capita is above 60% in all other countries in the same time period. The increase in
total PDT and PDT per capita highlights the expected expansion of the transport system in

South Asia which will heavily determine the GHG emissions trajectory from this sector.
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Figure 6.6: Total passenger kilometres per capita in all countries in South Asia for SSP2

Figure 6.7 shows the trends in GDP per capita and total PDT per capita in each country.
The growth in mobility demand follows that of GDP, albeit at a lower rate. Bangladesh
foresees a six-fold increase in GDP in 2050 relative to 2011, the highest among all countries.
However, the PDT only doubles in the same time period, making the ratio of mobility

demand and GDP to be the lowest at 34%. Similarly, India anticipates an increase in GDP
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by 4.5 times in 2050 and PDT increases by 1.7 times, making the ratio 37%. In Bangladesh
and India, while economic growth is anticipated to be robust, growth in mobility demand is
anticipated to be comparatively moderate. Conversely, Sri Lanka and Afghanistan anticipate
an increase in GDP by a factor of 2.4 and 3 respectively in 2050 relative to 2011. Despite the
relatively lower GDP growth rates, the PDT doubles within the same time period. Hence,
the ratio of PDT to GDP is 84% for Sri Lanka and 62% for Afghanistan, suggesting a strong
correlation between economic growth and mobility demand. Bhutan, Maldives, Nepal and
Pakistan anticipate the ratio of PDT to GDP to be between 50-55% in 2050. This indicates a

moderate alignment between economic growth and mobility demand in these countries.
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Figure 6.7: Trends in GDP per capita and PDT per capita (values indexed to 2011)

The daily travel passenger kilometres for each country and area type along with long distance
travel which is calculated at national level are depicted in Figure 6.8. There is a steady
increase in PDT across all countries and area types, and in the long distance travel (no

long distance travel by road or rail in Maldives). In India and Sri Lanka, share of long
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distance travel is substantial, whereas in other countries, daily travel accounts for most of
the passenger mobility. In all countries, except Sri Lanka, most of the growth daily travel in
PDT is observed in ‘Large city’ area type. Large cities have greater passenger mobility per
person and the population is assumed to grow in this area type in the future, resulting in
a much rapid increase in PDT (See section 6.4.3 for the definition of type of urbanization).

PDT in rural areas is mostly constant, except in Pakistan and Afghanistan.
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Figure 6.8: Total passenger kilometers disaggregated by area type for SSP2

6.6.1.2 Share of modes in passenger distance travelled

Figure 6.9a shows the resultant share of modes in daily travel PDT in the three distinct
mode share trajectories (mt) in 2050. When compared to 2011, there is an increase in the
share of private vehicles, LDVs and 2-wheelers in all trajectories, however, the change is
modest in SF. The share of NMT declines significantly in all trajectories, by 6-8% points,
relative to 2011. The share of rail increases only in SF by 4% points and remains almost the

same in the other two trajectories. The share of bus declines in BaU and more significantly
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in COF while increases slightly in SF.

The mode shares in long distance travel are shown in Figure 6.9b. In the BaU, share of LDV
increase by 3% points while that of bus and rail decreases by 3% and 2% points respectively.
The growth of share of LDVs is much higher in COF relative to other trajectories, while
share of rail only increases in SF. Share of bus declines in all trajectories, but still remains

the main mode in long distance passenger travel.
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6.6.1.3 Balanced vs concentrated development

The impact of type of urbanization in each country is shown in Figure 6.10. In the concen-
trated growth trajectory, PDT in large cities is higher, and lower in cities and towns relative
to balanced growth, as expected from the definition of the two trajectories (and the higher
amount of mobility in large cities). The overall PDT in the urban region of South Asia
between 2011-2050 due to concentrated growth is approximately 13% higher than that in
balanced growth. The increase in PDT by mode is as follows: bus is higher by 1.8%, rail is
higher by 1.4%, LDV and rail are higher by 5% each and NMT is lower by 0.5%.
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Figure 6.10: Urban PDT in each country for balanced and concentrated types of urbanization

In 2050, PDT in large cities is about 20% higher in the concentrated growth trajectory
relative to balanced growth in all countries, except Sri Lanka where the difference is about
37%. Conversely, PDT in cities is about 20% lower in the concentrated trajectory in all
countries except Maldives where the difference is greater than 40% and Sri Lanka where the

difference is 10%. PDT in town in all countries is also about 20% lower in the concentrated
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trajectory except in Afghanistan and Pakistan, where the PDT is lower than 50%.

These outcomes highlight the advantages of developing a high resolution modelling frame-
work, adept at capturing diverse futures and modelling trends in certain contexts. The
detailed modelling of distinct passenger mobility patterns across different area types along
with the consideration of diverse mode composition of growth in South Asian countries will

be helpful in informing and strategizing mitigation efforts for these regions.

6.6.2 Outcomes of phenomena interactions in scenarios

This section describes the results of the quantified effects of different phenomena outcomes
passing through the passenger mobility demand model and how these interact with one
another, whether constructively or destructively. The results are presented for the entire
region in all the scenarios described above and the ‘Base’ scenario (without any phenomena)
for SSP scenario 2 and type of urbanization trajectory 1 (balanced growth). The results

discussed herein will serve as inputs to MESSAGEix-Transport in the future.

6.6.2.1 Passenger distance travelled

Figure 6.11 shows the total passenger distance travelled (in kilometres) in all the scenarios by
area type and long distance travel. For daily travel, the largest increase in PDT is observed
in ‘large city’ across all scenarios. This is attributed to increase in population combined
with higher mobility (PDT per capita) in large cities as compared to other area types. Rural
areas foresee the lowest increase, mainly due to lower mobility in this region and decreasing
population. The NP and BP scenarios have the highest increase in PDT in all area types
relative to Base. Despite penetration of MaaS (modelled as a combination of ride hailing
and ride sharing services) which leads to rapid increase in LDV associated PDT from 2030
onward in the TECH scenario, the overall increase in daily travel PDT between 2011-2050
is about 2% lower than in Base. The TOD scenario foresees the lowest growth in daily
travel PDT due to shorter travel distances underscoring the influence of transit oriented

development in urban areas.

The long distance PDT increases at the same rate in all scenarios, except TECH due to
the phenomena e-life (modelled as reduction in long distance travelled and daily travel trip

rates).

The increase in PDT since 2011 exhibits notable variations across different urban typologies
in each country as shown in Figure 6.12. Across all countries except Maldives, large cities

witness the most substantial growth in PDT, while in Maldives, the growth in cities and
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Figure 6.11: Daily travel passenger kilometres by area type and long distance travel at
national level in all scenarios in 2011 and 2050

towns is comparable to that in large cities. Afghanistan observes the highest PDT increase
across all urban area types and scenarios, with approximately 800% growth in large cities,
600% in cities, 500% in towns, and around 200% in rural areas. Conversely, Bhutan and Sri
Lanka anticipate the lowest increase in PDT relative to 2011. Large cities in these countries
foresee a growth of about 300%, cities and towns anticipate a growth of about 150%, and
rural areas expect a modest increase of around 30%. In Bangladesh, India, Maldives, and
Pakistan, PDT is projected to increase by about 400% in large cities and around 300% in
cities. Nepal anticipates even higher growth rates, with a projected increase of about 500%
in large cities and 300% in cities. Additionally, PDT in towns across these countries is
expected to increase by 200-300%, while rural areas foresee a more modest increase ranging
from 50% to 100%. Long distance PDT is anticipated to increase between 170-370% in all

countries.

There are variations in PDT in 2050 between the scenarios as well. Both Afghanistan and
Nepal anticipate a lower PDT in all scenarios relative to Base, specifically in large cities and
cities. In contrast, across all other countries, the NP, BP and TECH scenarios anticipate
higher PDT than Base in large cities. Similarly, this trend is observed in cities and towns
within the NP and BP scenarios. However, in the TECH scenario, PDT levels are projected
to be lower in cities and towns compared to the Base scenario. In all the countries, rural

areas anticipate a higher PDT in all scenarios, except TECH, relative to Base.

In the NP scenario, the most significant increase in PDT relative to Base is observed in
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Maldives, across all area types. Large cities anticipate a 9% higher PDT, cities 10% and
towns and rural area anticipate a 14% higher PDT. In Bhutan and Sri Lanka, large cities and
cities under the NP scenario are expected to have a PDT 7% higher compared to the Base
scenario, while towns and rural areas anticipate increases of 12% and 13%, respectively. For
Bangladesh, India, and Pakistan, the NP scenario suggests PDT increases of about 3-4% in
large cities, 1-4% in cities, 8-10% in towns, and 11-12% in rural areas compared to the Base

scenario.

Conversely, in Afghanistan, PDT in large cities and cities are anticipated to be lower by 1%
and 3%, respectively, under the NP scenario. However, towns and rural areas expect increases
of 4% and 9%, respectively. Similarly, PDT in large cities and cities in Nepal is anticipated
to be lower by 4% and 6% respectively, PDT in towns and rural areas are anticipated to be
1% and 8% higher respectively relative to Base. The BP scenario anticipates comparable
trends in PDT to that observed in the NP scenario, with differences of 1-2%.

In the TOD scenario, most notable reduction in PDT relative to Base is observed in Nepal. In
Nepal, large cities are expected to have a lower PDT by 18%, while cities and towns anticipate
reductions of 24-25%. Similarly, in Afghanistan, PDT is anticipated to decrease by 15% in
large cities, and 21-22% in cities and towns. For Bangladesh, India, and Pakistan, PDT
reductions relative to the Base scenario are expected to be significant, with decreases of 10-
11% in large cities, 14-16% in cities, and 17-19% in towns. Finally, Bhutan, Maldives, and Sri
Lanka also anticipate reductions in PDT in the TOD scenario. Large cities expect reductions

of 5-7%, while cities and towns anticipate decreases of 8-12% and 12-15%, respectively.

The TECH scenario foresees minor changes in PDT relative to Base. PDT is anticipated to
increase by 0-1% in large cities while there it is anticipated to decrease by 3-6% in cities,
towns and rural areas. Long distance travel is anticipated to decrease by 10% across all

countries in this scenario.

6.6.2.2 Share of modes in passenger distance travelled

Figure 6.13 outlines the mode shares in all the scenarios, considering different mode share
trajectories and for both travel types. In the daily travel type, as compared to the Base
scenario, NP, BP and TOD foresee a higher share of bus while TECH foresees a reduction.
NP, BP and TOD, all consider PT infrastructure development which leads to an increase in
the share of bus.

The share of LDVs and 2-wheelers is lower in NP, BP and TOD scenarios relative to Base.

The decrease in the share of private vehicles in the NP and BP scenarios (despite the presence
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Figure 6.12: Passenger distance travelled in billion passenger kilometres (Bpkm) in every
country and scenario

of ride-sharing) can be attributed to the development of PT and NMT infrastructure, which
increases the share of PT and NMT (for trips <5 kilometers only) modes while encouraging

a long-term shift away from private vehicles. The reduction in TOD is notably greater
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due to the interaction of transit oriented development and PT and NMT infrastructure
development. Transit oriented development brings about a reduction in total PDT while PT
and NMT infrastructure development further reduces share of private vehicles. The TECH
scenario anticipates a greater share of LDVs (about 7% points) relative to Base while the

share of 2-wheelers is almost the same as in Base.

In the Base scenario, the share of bus in daily travel PDT is 3% points lower in COF and
5% points greater in SF compared to BaU trajectory while the share of LDVs is 3.6% points
higher in COF and 1.6% lower in SF. Share of 2-wheelers is about the same in BaU and
COF while is 4% points lower in SF relative to BaU. The share of rail is 1.4% points lower in
COF and 3% points higher in SF, relative to BaU. In the NP and BP scenario, the relative
differences in mode shares echo those observed in the Base scenario for buses and LDVs.
However, there are deviations in SF, where the share of 2-wheelers decreases by 2.7% points,
and the NMT share decreases by 2.3% points compared to BaU. In the TOD scenario, the
relative differences in bus and LDV shares follow similar trajectories as observed in the Base
scenario. Notably, the 2-wheeler share decreases by 2.5% points in SF compared to BaU,
while the rail share drops by 1% point in COF and increases by 2% points in SF relative to
BaU. In the TECH scenario, the bus share decreases by 2.8% points in COF and increases
by 4.6% points in SF relative to BaU. LDVs see a substantial 5.6% point increase in COF
and a 2.6% point decrease in SF. The 2-wheeler share only experiences a notable change in
SF, decreasing by 3.7% points relative to BaU. Additionally, the rail share declines by 2%
point in COF and rises by 3% points in SF compared to BaU.

The variation in mode shares in long distance travel across scenarios is determined by the
development of high speed rail. since high speed rail development is only considered in the
BP scenario, the share of rail almost quadruples relative to the Base scenario, whereas in
NP, TOD and TECH scenarios, the share of rail remains the same as in the Base scenario.
The share of bus and LDVs is about 40% lower in the BP scenario, relative to Base. Between
mode share trajectories, in the Base, NP, TOD and TECH scenarios, share of LDVs is 2.8%
points higher in COF relative to BaU and 2% points lower in SF. On the other hand, share of
rail is lower by 1% in COF and higher by 3.2% points in SF relative to BaU. In BP scenario

these variations are quite small (in the range of -1.5% to 1.5%).

Figure 6.14 shows the comparison of mode shares for daily travel in all countries and across all
scenarios. The share of bus decreases in all countries in the Base scenario in 2050 relative to
2011. Notably, the share of bus transportation is projected to decrease in all countries by 2050
in the Base scenario relative to 2011. In Afghanistan and Nepal, this decline is substantial,

with an anticipated decrease of 7% and 8% points respectively. Similarly, Bangladesh, India,
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Figure 6.13: Resultant mode shares in all scenarios and mode share trajectories defined for
both travel types (SSP2)

and Pakistan are expected to experience a decrease of 3-4% points in bus share, while

162



Bhutan and Nepal are anticipated to see only a marginal 1% decline. The share of NMT is
also anticipated to decline in the Base scenario relative to 2011. Bhutan, Maldives, and Sri
Lanka are likely to experience a decrease of 3-5% points in NMT share, while in all other
countries, this decline is projected to be steeper at 7-8% points. Conversely, the share of rail
is anticipated to increase by 1-3% points in all countries, alongside a rise of 2-4% points in
the share of LDVs. The share of 2-wheelers exhibits significant variation among countries.
Sri Lanka is expected to see a notable increase of 17% points, followed by Afghanistan with
a 13% point rise. In Bangladesh, India, and Pakistan, the increase is projected to range
between 5-8% points, while in other countries, it is expected to be more moderate at around

2% points.

In the NP and BP scenarios, the share of bus exhibits a consistent increase of 9-10% points
across all countries compared to the Base scenario. Conversely, there is a corresponding
decrease in the share of 2-wheelers in these scenarios. Specifically, in Afghanistan and Nepal,
the share of 2-wheelers in the NP and BP scenarios is 12% points lower than in the Base
scenario. In Bangladesh, Bhutan, and India, this decrease amounts to 9-10% points, while
in Sri Lanka, Maldives, and Pakistan, it is around 6-7% points lower. Moreover, the share
of NMT experiences a rise of 2-3% points in all countries in the NP and BP scenarios, while
the share of LDVs is approximately 1% point lower than in the Base scenario. The share of

rail remains relatively constant across all scenarios.

In the TOD scenario, the share of of bus increases by 11-13% points, the share of LDVs is
lower by 1-3% points, the share of NMT is higher by 3-4% points, and the share of 2-wheelers
is lower by 7-13% in all countries relative to Base. In the TECH scenario, the most notable
change is the increase in share of LDVs by 5-8% points in all countries with a comparable
reduction in the share of bus relative to Base. All other modes have similar shares to that
observed in Base. Comparison of mode share trajectories (BaU, COf and SF) are shown in
Appendix B.5.

The scenario outcomes highlight the complex interaction between various factors, includ-
ing policy interventions, infrastructure development, and technological advancements, which
collectively shape the future of mobility. By understanding the nuances captured by this
modelling framework, policymakers can make informed decisions to create more sustainable

and accessible passenger transport systems for the future.
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6.7 Discussion and conclusion

6.7.1 Key insights

The methodological approach adopted in this study is a step towards converting measured
data and literature-based evidence into useful IAM inputs. We review existing literature that
explores causal relationships between passenger mobility and various phenomena. These re-
lationships are then mapped to exogenous IAM parameters such that the impacts of each
phenomenon on transport activity can be effectively represented. The approach also allows
including direct measures of “less quantifiable” phenomena like socio-cultural practices, be-
haviors and lifestyles, that significantly affect passenger mobility patterns, in a large-scale

global TAM.

A detailed region-specific passenger transport data set is linked to a global IAM in this
study. Thereby, the scenarios developed align with actual mitigation potential in this region.
Further, the proposed scenarios are grounded in evidence from the specific region under
consideration, South Asia in this case, and other Global South countries. The shared socio-
cultural and demographic characteristics in these regions facilitate reasonable extrapolation
of the occurrence and impacts of phenomena across them. Since the literature and data
collected prioritize evidence from Global South, the methodology adopted can be applied
to other Global South regions. This approach helps overcome biases arising from modelling
methods and calibrations grounded in evidence from Global North, often encountered in

global scenarios.

The high resolution of this framework allows modelling trends within distinct contexts and
capturing distributional effects. For example, transit oriented development reduces PDT
but this impact can vary between area types, large city versus town. Further, the mode
shift due to TOD is not uniform across distance categories (0-1 km versus 11-20 km). Sim-
ilarly, increase in ride hailing services will lead to greater PDT and share of taxis, with a
simultaneous decrease in public transport use. The relative richness of the data set allows
including such differential impacts of various phenomena and replacing the typical top-down
calculations encountered in IAM scenarios such as in Grubler et al. (2018) and Kuhnhenn
et al. (2020).

The demand model outcomes emphasise the anticipated expansion of the passenger mobility
system in South Asian countries. It is estimated that the total PDT will more than double in
2050 relative to 2011. Since investment in infrastructure has long-term lock-in effects, choices

made in the near-term will determine mobility demand and therefore climate mitigation
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options and GHG emissions trajectory in the coming century.

The results indicate that public transport, bus and rail, are likely to be the key modes
of transport in South Asia—across all scenarios and growth trajectories. This observation
was similarly noted by Dixon et al. (2024) in their analysis of another emerging economy,
Kenya. Conversely, the results also indicate a growing share of private vehicles in South Asia,
particularly 2-wheelers. The share of private vehicles is above 25% for daily travel even in
the most optimistic scenario for sustainable mode share (SF). The increase in private vehicles
will further exacerbate passenger mobility associated externalities such as congestion and air
pollution. Hence, improving public transport services, its safety and reliability can increase
access to mobility for all and help curb forced vehicle ownership, particularly for low income
households. This development will also help manage growing mobility demand, especially in

urban areas.

The scenario outcomes highlight the effect of interaction between various phenomena and
model parameters such as the mode share trajectories. These results show that the combina-
tion of PDT and mode shares will lead to different cumulative emissions from the transport
sector in each of these scenarios. For example, TECH scenario projects lowest PDT relative
to others, however it has the highest share of LDV, indicating the prevalence of less sustain-
able development if LDV electrification does not keep pace with PDT growth. Conversely,
NP and BP foresee greater increases in PDT compared to the Base scenario. Nonetheless,

these scenarios exhibit higher proportions of sustainable modes such as buses and rail.

The scenario results also indicate that TOD will emerge as a pivotal strategy for mitigating
and managing transport energy service demand in South Asian countries. Compact de-
velopment will also enhance the feasibility of networked public infrastructure. However, it
is essential to approach these initiatives with caution to avoid exacerbating existing urban
challenges, such as overcrowding and the proliferation of informal settlements. Moreover,
transport decarbonisation cannot be achieved by designing transport polices in silos but
requires holistic and coherent interaction with other sectors such as land-use and urban
planning (Danielis et al., 2022; Creutzig et al., 2024).

The results also highlight the regional (country level) differences captured by the modelling
framework. As shown by the results discussed in Section 6.6, patterns of economic growth,
urbanization rates and the type of urbanization impact the projections of demand for mo-
bility in South Asian countries. These discrepancies underscore the complexity of mitigating
emissions within different scenario and regional contexts and offer valuable guidance for

policymakers and stakeholders in formulating effective mitigation strategies tailored to the
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specific dynamics of each scenario and region.

6.7.2 Limitations

In this study, the national population has been categorized primarily according to area type
namely, large city, city, town, and rural areas. We assume that the effects of observed
phenomena have a uniform influence across the population group. However, it is imperative
to acknowledge the limitation in our approach, as various socioeconomic factors such as
income and family size play an important role in shaping individual and community responses
to the phenomena considered herein. Furthermore, as the outcomes from the passenger
mobility demand model are aggregated, the total PDT loses its various dimensions, and
the meaningful differences between scenarios start to disappear. This coupled with the
limited resolution of MESSAGEix-Transport, restricts the representation of specific policy

measures.

Due to lack of data, we have assumed comparable travel patterns across all trip categories.
However, the purpose of trip determines distance and mode of travel, and is impacted by
socioeconomic factors and spatial distribution. This assumption oversimplifies some of the
complexities of passenger mobility in these regions, potentially making policies less effective.
Further, as the primary data set used to calibrate the daily travel demand model is from
India, the regional heterogeneity between countries in travel patterns has not been adequately
considered. But since India is the largest country (in terms of population and economy), the
impact of not accounting for these details on the overall demand for mobility within South

Asia is expected to be relatively minimal.

Our analysis lacks a consideration of domestic aviation, whose demand is increasing strongly
in South Asian countries. Domestic aviation will play an important role in shaping intercity
mobility patterns in these countries. Future work could expand the scenario narratives to
include the dynamics of domestic aviation. Similarly, micro-mobility such as e-bikes and
scooters are gaining momentum in several countries, and this phenomenon could potentially
be important in South Asia in the future. However, since micro-mobility is generally used for
first and last mile connection, their share in total PDT under current status of deployment

is negligible and is hence not considered in this study.

The literature review and data gathering processes have highlighted the existing data gaps
in South Asia and the Global South at large. We also observed considerable variability in
the projections of future passenger kilometres for India, ranging from 10-32 trillion for road

based travel in 2050 estimated by several other modelling groups (Paladugula et al., 2018;
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Gupta et al., 2020) and the projection in this study is about 21 trillion in the ‘Base’ scenario.
This uncertainty in projections underscores the urgent need for measured data to refine the
empirical work, ensuring that scenarios and other modelling efforts align with actual regional

empiricism.

Although the methodological framework developed in this study can be easily applied to
other Global South contexts, its implementation is limited to the IAM under considera-
tion. In instances where IAM parameters deviate, additional efforts maybe required for the

application of this framework.

6.7.3 Future work

The future work involves converting the outputs of the described scenarios to the input
parameters of MESSAGEix-Transport. This step will establish a connection between the
developed framework and the IAM. The future work will also focus on the refinement and
expansion of the developed scenario narratives. This enhancement will aim to provide a more

comprehensive exploration of the potential outcomes of the interacting phenomena.

An integrated analysis of passenger mobility and freight could provide additional insights
into the transport sector. The mobility of people and goods is interdependent, and a holistic
understanding would allow for more efficient resource allocation, improved infrastructure

planning and better understanding of the overall dynamics in the transport sector.

Additionally, the developed scenario narratives could be aligned with Shared Socioeconomic
Pathways (SSPs), providing a more coherent and integrated framework. This will ensure
the scenarios developed in this study are consistent with global narratives and projections

of future socioeconomic development.
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Chapter 7

Conclusions, Insights & Recommendations

7.1 Methodological contributions

The key objective of this thesis is to advance methodologies and techniques for enhancing
the representation of demand-side mitigation options in ESOMs and IAMs. The modelling

exercises undertaken in this research can be categorized into two overarching themes:
1. Exploration of alternate futures through scenario analysis.
2. Enhancement of scenario quantification methodologies.

In the first theme, this thesis explores the energy systems implications of alternate futures,
steering away from conventional assumptions and envisioning pathways divergent from his-
torical trends. Chapter 3 contributes to the sparse literature on LED-type scenarios at the
national level. It includes energy service demand reduction and restructuring as mitigation
options, and considers region-specific challenges in meeting climate goals. This chapter also
highlights the additional (non-energy systems related) benefits of the LED pathway such as
improving energy security through lower reliance on energy intensive services, and novel fuels
and technologies. Chapter 6 presents novel passenger mobility futures for South Asian coun-
tries. By considering regional data, dynamics and policies, these scenarios envision futures
where South Asian countries leapfrog traditional private car dependency, often observed in

the Global North, towards a more sustainable development pathway.

These alternate futures illuminate the value of challenging ingrained assumption in ESOMs
and TAMs, and embracing future outlooks that transcend historical relationships between
economic development and energy consumption. This paves the way for informing policy
and actualising transformative pathways that align with climate change mitigation and sus-

tainable development aspirations.

In the second theme, the thesis explores current gaps in scenario quantification and discusses
methods for addressing these gaps. Chapter 4 explores how an important mitigation lever,

population density, can be parameterised in future LED type scenarios for Ireland. Using
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open source Census data from 2006 and 2016 for Ireland, this chapter estimates the mathe-
matical relationship between various energy service demands and the dispersal of population.
This exercise improves the empirical basis of developing future ‘Low Energy Demand’ sce-
narios, that are heavily reliant of compact development. The outcomes of this chapter will be
useful in parameterising future LED-type scenarios and provide a method to include spatial

settlement patterns as a mitigation lever in ESOMs and TAMs.

Chapter 5 evaluates the impact of residential heating electrification via heat pumps, in line
with government targets, on the Irish power system. This chapter extends the ENGINE
model to include heat pumps as a new, spatially dispersed load. The key result of this
analysis is that the spatially dispersed nature of the Irish housing stock drives the power
systems investments and costs rather than the supply constraints of the power system. The
chapter also highlights the interactive effect of heat and power system policies, providing

evidence for future policymaking processes.

Chapter 6 introduces a novel framework that encompasses various measured concepts per-
taining to passenger mobility and transforms them into meaningful IAM parameters. Through
this framework, the chapter aims to bridge the gap between empirical evidence and scenar-
ios, thereby facilitating a more nuanced understanding of sustainable mobility transitions.
The scenarios developed in this chapter are based on measured data from the specific re-
gion under consideration, South Asia in this case, and other Global South countries. The
shared socio-cultural and demographic characteristics in these regions facilitate reasonable

extrapolation of the occurrence and impacts of phenomena across them.

By integrating empirical evidence with scenario quantification, this thesis improves informed-
decision and policy making processes, and the energy transition realism within ESOMs and
IAMs. Through research presented in chapters 4 and 6, this thesis develops methodologies
for operationalising available data into actionable mitigation levers within an ESOM and

TAM frameworks.

The prevalence of large data gaps in Global South regions emerged as a major hindrance
to detailed modelling and analysis in this region. However, by highlighting these gaps and
raising awareness of their significance, such modelling analyses can prompt and guide data

collection initiatives in these regions.

Though the thesis contributes to methods to improve quantification, it is imperative to
acknowledge that the purpose of energy transition related scenarios is not empirical exactness
but qualitative insights (Krey, 2014).
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7.2 Key insights: Answers to research questions

The techno-economic nature of ESOMs and IAMs limits the inclusion of many socio-cultural,
behavioural and lifestyle phenomena that have significant potential in reducing GHG emis-
sions, particularly in the residential and transport sectors (Creutzig et al., 2022¢). Hence the
necessity of including demand-side interventions in mainstream energy systems optimisation
models is gaining traction (Creutzig et al., 2022b). Among the demand-side interventions
widely discussed in the literature, ESOMs and IAMs are well able to represent efficiency
improvements and technology or fuel switches endogenously (Pfenninger et al., 2014). To
further enhance the representation of other demand-side mitigation measures in ESOMs and

IAMs, several approaches have been considered.

Firstly, integrating demand-side mitigation options directly into the structural framework
of IAMs and ESOMs can provide a more comprehensive understanding of their impact.
Some examples where behavioural interventions have been included in ESOMs or TAMS are:
increasing consumer heterogeneity, introducing a disutility cost or hurdle rates, and incor-
porating travel behaviour (McCollum et al., 2017; Aryanpur et al., 2022; Daly et al., 2014).
However, this approach may introduce complexities and interactions that could potentially
lead to misleading results. Secondly, soft-linking a behavioural model with an ESOM or TAM
offers a way to incorporate demand-side mitigation measures without fundamentally altering
the structure of these models. However, this method can significantly increase computational
burdens and resources required to develop and maintain multiple models (Luh et al., 2022;
Berg et al., 2019). Further, both the above methods have been used to focus on sectors in

isolation in current literature, thereby failing to capture systemic interdependence.

Thirdly, a scenario-based approach has been widely used, where exogenous parameters of
ESOMs and TAMs are used to represent demand-side mitigation options. The scenarios have
underpinning narratives or storylines which are quantified using assumptions or measured
data. Scenarios are coherent and provide a holistic view of system evolution, relatively
straightforward to integrate, and can be used across multiple models. Scenarios are widely
used by the IPCC to understand the effectiveness of climate change mitigation policies and
the uncertainties of future (Riahi et al., 2022).

There is a wide range of scenarios available in the literature containing demand-side mitiga-
tion measures. Demand reduction measures provide a buffer against rebound effects, where
efficiency improvements lead to increased energy consumption due to lower costs or increased
comfort levels (Grubler et al., 2018). Measures such as retrofitting dwellings not only reduce

energy and carbon intensity in residential energy service demands but also address energy
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poverty. This dual benefit enhances social equity by improving living conditions for vulner-
able populations while contributing to emissions reductions as observed by (Coyne et al.,
2018). Reducing energy demand bring other benefits such as lower air pollution and other
traffic externalities in cities, more comfortable homes and lower energy bills and health ben-
efits by adopting a more active lifestyle. Demand reduction measures play a crucial role
in achieving sustainable and resilient energy systems while meeting decarbonisation goals

effectively and efficiently.

However, such scenarios in literature are often aggregated and lack underpinning empirical
evidence (Grubler et al., 2018; Kuhnhenn et al., 2020; Mastrucci et al., 2023). Further,
the focus on the Global South regions has been limited in global TAMs. Through a set of
six research questions, this thesis presents a discussion around the importance of exploring
alternative pathways that include the role of behavioural patterns, lifestyle changes, soci-
etal transitions and policy measures that impact energy service demands. It also develops
methodologies to improve the granularity and empirical basis of developing such scenarios
in ESOMs and TAMs. Further, it evaluates the impact of residential heating electrification
policy on the national power system. Additionally, this thesis provides a comprehensive
set of passenger mobility futures for South Asian countries. These scenarios are based on
evidence and literature from Global South, with the aim to improve the representation of

this region in a global TAM.

RQ1: What is the value of including alternate demand futures in ESOMs and
TAMs?

It is being recognised that there is untapped potential on the demand side that can be
harnessed to meet climate goals without over relying on supply-side technological options
(Creutzig et al., 2016; Creutzig et al., 2018; Grubler et al., 2018; Sethi et al., 2020). Policies
focusing on energy demand reduction are likely to increase the probability of limiting the
temperature rise to 1.5°C (Méjean et al., 2019). Although low carbon technologies and energy
efficiency improvements have been extensively considered in mitigation scenarios, reducing
end-use service demands is a relatively new alternate pathway that can limit climate change
(Kesicki et al., 2011; Grubler et al., 2018).

Chapter 3 presents an alternate energy service demand future named the Irish Low Energy
Demand (ILED) scenario. This scenario includes energy service demand reduction and re-
structuring, for the whole energy system, as a mitigation option in TIM. This is the first
instance of developing such a pathway within a national TIMES model. The research shows

that including mitigation options that reduce and restructure energy service demand are more
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cost-effective than relying on technological transformations. The ILED scenario broadens
the mitigation options available to policymakers. It allows the inclusion of mitigation mea-
sures that are cheap thereby reducing the burden of transition on ordinary individuals. By
providing details of the scenario development and maintaining an open-source version of the
model and outputs, this chapter encourages other national-level modelling teams to include

ILED-type scenarios in their analysis.

Chapter 6 presents a new framework that quantifies passenger mobility scenarios for South
Asian countries. The representation of such Global South regions is generally oversimplified
in global IAMs. Hence, considering evidence and data from the specific region is a step toward
improving the representation of these regions in such models. Further, the development of
alternate demand scenarios based on various passenger mobility-related phenomena offers
valuable guidance to the policymaking processes in these regions. The sustainable mobility
scenarios developed in this chapter are primarily driven by green growth that can help
leapfrog the traditional private vehicle dependency observed in the Global North while at

the same time improve access to mobility.

RQ2: What benefits can demand reduction and restructuring measures, typ-
ically overlooked in decarbonisation scenarios, bring for climate change mati-

gation?

The analysis in Chapter 3 reveals that reducing and restructuring energy service demand
can reduce the pace of technology uptake such as offshore wind, EVs and heat pumps to
meet a given climate goal. It can also increase the pace of near-term decarbonisation. Re-
ducing energy service demands can alleviate the immediate pressure for rapid adoption of
capital-intensive and novel fuels and technologies such as carbon dioxide removal (CDR)
technologies and hydrogen. The results reveal that investments needed in the energy system
are lower in the ILED pathway by more than 40%. EV uptake rates are up to 90% lower
(especially in the near-term) while requirement of novel technology like BECCS is about
23-38% lower in the ILED pathway relative to business-as-usual demand growth pathways.
Demand reduction measures can improve energy security, as also highlighted by Bento et al.
(2024), in developed countries like Ireland through lower reliance on fossil imports especially
under current geopolitical uncertainties. Demand reduction helps meet decarbonisation tar-
gets at lower costs since the size of the energy system decreases and the need for expensive

infrastructure investments in new energy generation and distribution goes down.

Chapter 3 is national-level study that utilises specific data and policy measures. It allows

an in-depth discussion of the potential and feasibility of such LED-type scenarios within the
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national context. Such analysis is crucial for policymakers to understand the capacity of

demand-side oriented policies to meet climate goals.

RQ3: What is the tmpact of spatial settlement patterns on energy service
demand? How can such drivers of energy service demand be parameterised in

an energy systems model?

Spatial settlement patterns and urban forms greatly impact demand for energy services,
particularly in the residential and passenger transport sectors. Spatial distribution and
density of settlement also determine the viability of networked infrastructure such as district

heating and public transport.

The exploratory data analysis undertaken in Chapter 4 showed that population dispersal is
highly correlated to energy and carbon intensity of energy service demands in Ireland. The
residential and transport GHG emissions are, respectively, 62% and 52% lower for popula-
tions living in the highest density regions than in the lowest. The highly dispersed in nature
of the Irish stock, with rural one-off housing still being built across the country, has locked
households’ living in sparsely populated areas into carbon and energy intensive consumption
patterns. This dispersion presents a challenge for decarbonisation efforts, given the absence

or economic infeasibility of networked infrastructure in sparsely populated regions.

The analysis provides useful insights for developing countries that are undergoing infras-
tructure expansion. Whether future population settlement will be compact or dispersed will
heavily determine networked infrastructure development and mitigation options. Strategic
urban planning, coupled with simultaneous infrastructure development, offers a pathway
to enhancing access to essential amenities and services while reducing energy poverty and

carbon emissions.

The relationships established in this chapter allow future modelling studies to include spatial
settlement patterns as a mitigation lever. By developing scenarios of future population
growth in varying densities, multiple energy service demand scenarios can be analysed using

an ESOM or IAM.

RQ4: What is the impact of electrifying spatially dispersed household heating

demand on the Irish power system?

Residential heating electrification is an important heat decarbonisation strategy in countries
like Ireland, where the population is dispersed and there is a lack of other options like district

heating. One of the main results of the analysis in Chapter 5 is that spatially distributed
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demand plays a pivotal role in shaping power investments. Under an ambitious renewable
energy target, the investment in heat pumps is higher in regions with higher heating de-
mand such as Dublin rather than in regions with high offshore wind capacity such as the
West Coast. The electrification of heating demand leads to a reduction in investments in
transmission infrastructure and an increase in storage. Offshore wind is spatially concen-
trated while the demand and storage is spatially dispersed. This result further confirms that
the spatially dispersed nature of demand plays a role in determining power system invest-
ments and is complemented by storage rather than transmission infrastructure. Further, the
addition of heat pump as a load to the power system reduces renewable curtailment and

transmission losses.

RQ@Q5: How can the quantification of sustainable mobility scenarios for the
Global South be improved to avoid biases arising from reliance on data, liter-

ature, and particular phenomena from the Global North?

Global level IAMs and ESOMs are generally very aggregated, spatially and demographically.
Furthermore, it has been noted that these models, and consequently the exogenous scenarios
they employ to assess alternative mitigation pathways, often exhibit a bias toward the Global
North. This bias arises from an over reliance on data and observations from Global North

regions.

To address this gap, Chapter 6 presents a novel framework that quantifies sustainable mo-
bility scenarios for South Asian countries. The development of the framework begins with
a literature review of measured causal relationships between passenger mobility and various
phenomena such as transit oriented development, urbanisation, ride hailing and infrastruc-
ture development. The passenger mobility parameters that these phenomena influence are
parameterised from the literature using evidence primarily from Global South. Further, a
novel passenger mobility model is developed, calibrated to Indian Census 2011 and other
regional data, that is designed to interface with an IAM. The mobility projection model
considers various phenomena and their impact to quantify passenger transport scenarios for

the region.

Overall, by combining a comprehensive literature review with the development of a region-
specific mobility model, the framework offers a novel methodology for improving the quan-
tification of sustainable mobility scenarios while minimising biases originating from data and

observed phenomena measured in Global North regions.
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RQ6: How can the countries in Global South leapfrog private car dependency

towards a more sustainable development of the passenger transport system?

The Global South countries, and especially urban areas, are experiencing a faster population
and economic growth relative to the Global North. This has led to continuous expansion
of their transport energy systems and GHG emissions. However, stark income inequalities
in these nations resulted in an unequal distribution of access to transport energy services.
Achieving decarbonisation of this system while ensuring sustainable development requires
exploring mitigation options that include a combination of innovative strategies and targeted

policies.

The analysis in Chapter 6 reveals that developing a robust public transport system is key in
South Asian countries to reduce carbon intensity of the transport system while improving
access to mobility, particularly for the disadvantaged. Hence, there is a need to design
and implement policies aimed at improving and encouraging the use of public transport

services.

The number of private vehicles (2-Wheelers and LDVs) is anticipated to increase substan-
tially in this region which underscores the necessity of electrifying the private fleet. Moreover,
to mitigate or minimize the traffic externalities linked with the expansion of private vehi-
cles—such as noise pollution, air pollution, and urban congestion—policy instruments are
imperative. These may include measures such as restricting vehicle usage or parking in
urban centres, implementing parking or congestion charges, and incentivising practices like

carpooling.

As urban peripheries continue to expand in these countries, transit-oriented development will
emerge as a pivotal strategy for mitigating and managing transport energy service demand.
Compact development will also enhance the feasibility of networked public infrastructure.
However, it is essential to approach these initiatives with caution to avoid exacerbating
existing urban challenges, such as overcrowding and the proliferation of informal settlements.
Moreover, transport decarbonisation cannot be achieved by designing transport policies in
silos but requires holistic and coherent interaction with other sectors such as land-use and

urban planning (Danielis et al., 2022).

7.3 Policy insights

Achieving the necessary behavior and lifestyle changes to reduce energy and carbon intensity

requires more than just individual efforts—it necessitates effective policy design and invest-
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ments in supporting infrastructure. Policy designs should involve implementing regulations,
incentives, and frameworks that influence individual and collective behavior toward more
sustainable practices. For example, policies could include subsidies for renewable technology
uptake and incentivise best practices such as car pooling. Similarly, investments in robust
public transport infrastructure, district heating networks, and improving energy efficiency
of buildings are needed. Beyond individual policies and infrastructure investments, broader
systemic changes are needed to address the underlying drivers of GHG emissions. This
may involve economic restructuring that promotes sustainable consumption and production
patterns, or fostering societal norms such as the ‘Flygskam’ (a movement in Sweden that
discourages flying) that prioritise environmental stewardship. Such systemic changes require
coordinated efforts across multiple sectors and levels of governance. And hence, effective poli-
cies cannot be designed silos. For example, combining transport policy with urban planning

is essential to reduce private vehicle dependency.

Policies aimed at promoting technology uptake, such as subsidies for heat pumps or EVs,
must carefully consider the potential for policy failure resulting from income inequality. As
discussed in Chapter 5, the dwelling retrofit and heat pump costs are the most substantial
component of the policy. Further, since high income households have greater purchasing
power and generally better access to information, they are more likely to benefit from poli-
cies aimed at technology uptake, thereby exacerbating existing disparities between high- and
low-income households. To mitigate the risk of such policy failure, policymakers must design
targeted interventions that ensure equitable access to subsidies and incentives for technology
uptake. This may involve implementing means-tested subsidy programs that provide greater
support to low- and moderate-income households or offering alternative financing options,
such as low-interest loans or income-based repayment plans. Policymakers should also con-
sider complementary measures to promote inclusivity and accessibility, such as investing in
public infrastructure for EV charging stations or retrofitting social housing units. The analy-
sis in Chapter 4 shows that populations living in dispersed rural areas are at the risk of being
locked into carbon intensive practices due to lack of access to cleaner alternatives. Hence,
policies must ensure just transition for all and must be carefully designed based on urban /ru-
ral context. Additionally, outreach and education campaigns can help raise awareness and
empower marginalised populations to take advantage of available incentives and resources.
Addressing income disparities and ensuring equitable access to sustainable technologies can

create a more inclusive and resilient society while transitioning to a low-carbon future.

Sustainable development policies, especially in Global South regions, should encompass

strategies beyond emission reduction and meeting climate goals; they must aim for improving
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well-being, promoting equality, and ensuring equitable access to resources and opportuni-

ties.

7.3.1 Policy impact

The Irish Low Energy Demand (ILED) scenario which is discussed in Chapter 3 has had a
tangible effect on the Irish climate action discourse. It formed a part of recommendations
submitted by the Climate Change Advisory Council (CCAC) (Climate Change Advisory
Council, 2021). The CCAC is an independent, statutory body providing advice to the
Government on national policy relating to climate change. The scenario and its implication

were discussed in the Dail Eireann debate (national parliament of Ireland).

7.4 Recommendations for future work

While the future work emanating from the above research questions has been addressed in
the corresponding individual chapters, the following recommendations stem directly or more

subtly from these discussions.

e This thesis highlights the essential role of behaviour, lifestyle patterns and societal
change in energy transition. Income and its distribution play a critical role in shaping
individual behaviors, consumption patterns, vulnerability to climate impacts, policy
outcomes, and societal dynamics—all of which are integral to the success of transitions
needed to meet climate goals (Luciani, 2020). Since low-to-median-income households
have higher impediments to technology uptake and upgrade, energy transition can
further exacerbate income inequality (Wang et al., 2024). This income inequality can
undermine social cohesion and trust, making it more challenging to garner collective
action towards sustainability (Schlesewsky et al., 2018). Furthermore, considering
local contextual factors such as access to networked resources is very important in
determining policies for equitable transition. It is therefore necessary to assess the role

of income and distribution with respect to energy transition policies at regional level.

e Chapter 3, 4 and 6 stress the pivotal role of investments in low-carbon infrastructure
in order to reduce carbon intensity of energy service demands. However, for planning
and budgeting, and better resource allocation it is necessary to quantify these future
investment costs. Quantifying investments can facilitate cost-benefit analysis, risk

assessment, and targeted policy development.

e To leverage population density as a mitigation lever for energy demand in Ireland, the
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established mathematical relationship between population density and energy service
demands, as outlined in Chapter 4, must be integrated into the TIMES-Ireland model
(TIM). This involves developing future scenarios of population growth based on how
population density might change over time. By using the relationships in this chapter,
the energy service demands corresponding to various scenarios of population density
can be calculated. These energy service demand will further serve as inputs to TIM.
This approach enables policymakers and planners to anticipate and address the impli-
cations of population density changes on energy demand, facilitating the development
of effective strategies for sustainable energy infrastructure and resource management
in Ireland. The methodology can also be used in other ESOMs and TAMs.

Future work emanating from Chapter 6 involves linking the passenger mo-
bility demand to MESSAGEix-Transport—which is a technology rich rep-
resentation of the transport sector within the global IAM framework at
International Institute for Applied Systems Analysis (ITASA). Upon linking the mod-
els, a whole energy systems impact of the sustainable mobility scenarios can be analysed

and the cost of meeting each of the scenarios can be computed.

In future work, it’s essential to expand the sustainable mobility scenario narratives
outlined in Chapter 6 to encompass multiple potential outcomes of phenomena. Given
the contested nature of concepts related to passenger mobility, considering diverse
outcomes for each phenomenon is crucial for capturing a comprehensive range of pos-
sibilities. However, this can give rise internal inconsistency between phenomena (Tori
et al., 2023). To address this challenge, it is imperative to develop storylines in a way

that maintains narrative consistency.

It has been discussed previously that models like TIMES and MESSAGEix have some
inherent limitations; while some shortcomings can be effectively addressed within ex-
isting frameworks, others may necessitate alternate tools and analytical methods for
comprehensive analysis. For example, these modelling tools often overlook elements of
system inertia, such as considering the time it takes to obtain planning permissions for
or public acceptance of projects like wind farms. Both these elements will determine
cumulative emissions trajectory, which is generally not captured by ESOMs and IAMs.

It is recommended to include additional insights from other quantitative frameworks.

It is being recognized that macroeconomic measures of well-being such as GDP might
not be able to capture and present the full picture of actual living conditions of ordinary

people. Other measured concepts related to energy access such as passenger distance
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travelled (PDT) are often used as a proxy for well-being. However, a higher PDT is not
necessarily associated with higher well-being; higher PDT indicates greater commuting
distances which reduces quality of life and therefore well-being. There is a necessity to
redefine “growth” to focus on well-being and develop more comprehensive frameworks

to measure this factor.

Climate change impacts are unequal, with poorer nations having lower resources to
tackle such issues. Moreover, energy transition such as EV and heat adoption can
exacerbate income inequality in communities. It is therefore important to integrate
insights from other disciplines to account for the many dimensions of energy related
transition. Interdisciplinary research allows to include more qualitative and very im-
portant concepts such as justice and equity of transition. This will ensure that the
transition needed to mitigate climate change impacts is fair, equal and creates more

resilient societies.
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Appendix

A. Supplementary material Chapter 5

A.1 Mathematical formulation of the Electricity Network and Gen-
eration INvEstment (ENGINE) model

Nomenclature

Indices and Sets

g/ Index/set of all generators

i/Q Index/set of all nodes

k/QF Index/set of all lines

s/ Index/set of scenarios

w/QY Index/set of operation states (e.g. hours)
Qe /ot Set of existing/new lines

t/Q Index/set of planning stages
Parameters

coptr Coefficient of performance of heat pump
« Losses in transmission network

Ps Probability of a scenario

T Weight of an operational state (hours)
Nen [ Ndeh Storage charging/discharging efficiency
Nstg Storage efficiency

PDY,, Active load before DR (MW)

QDi’Evﬂf Reactive load before DR, (MVAr)

r Interest rate (%)

Variables

Py st Active power flows in a line (MW)
Pt Active power production (MW)
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PNS
2,8,W,t

%
PDs,w,t

PLk,s,w,ta QLk:,s,w,t
Qk,s,w,t

gen
gv’Lstwvt

PNS
2,8,W,t

rs
2,8,W,t

QDé,w,t

HPi
Ps,w,t

HP,i
Qs,w,z
dch,i
Qsant
h.i
Qs

Qunserved,i
s,w,t

TES:

s,w,t

Functions
ECy"
EmiC{™"
InvCp*
ENSC,
MntCy"
MntCptk
MntC!™®
OpnCJ*

Objective function

Unserved active power (MW)

Active power demand with DR (MW)
Active/reactive losses (MW, MVAr)
Reactive power flows in a line (MVAr)
Reactive power production (MVAr)
Unserved reactive power (MVAr)
Reactive power injected/absorbed at node i by a capacitor/reactor (MVAr)
Reactive power demand with DR (MVAr)
Active power demand by HP

Heat supplied directly (MJ)

TES discharging variable (MJ)

TES charging variable (M.J)

TES discharging variable (MJ)

Thermal energy storage level (MJ)

Expected cost of supplied energy (€)
Expected emission cost (€)
Network-related investment cost (€)
Expected cost of unserved energy (€)
Maintenance cost of generators (€)
Network-related maintenance cost (€)
Heat pump’s maintenance cost (€)

Heat pump’s operation cost (€)

The transmission expansion planning (TEP) problem with integrated heat sector consists of

an objective function that minimizes the overall system cost. This is similar to the objective

the function given in Fitiwi et al. (2020a), except the additional cost terms added here that

are associated with the operation and maintenance of heat pumps. The objective function

is described as in (1) and consists of the net present values (NPV) of investment (7'InvC'),
maintenance (T'MC'), operation (T'EC), load shedding (TTENSC'), emissions (T'EmiC') and
heat pump operation and maintenance (HPC') with certain relevance factor 7,,; Vm €

{1,2,...,6}. Further information on the terms can be found in Fitiwi et al. (2020a).
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Min TC =y +TInvCH+~yxTMC+~3xTEC 4y« TENSCH+~5%xT EmiC+~s+ HPC (1)

where,
TInvC = Z(l + ) InuCk (2)
teQ?t
TMC = (1+7) " (MntC{™" + MntC;™) (3)
teQ?t
TEC = Z(l + 1) EgyC{" (4)
teQt
TENSC = (14r)'ENSC, (5)
teQt
TEmiC = (1+7)" EmiC{*" (6)
teQ?t
HPC =Y _(1+ 7)™ (MntC{" + OpnC{®) (7)
teQt

Electrical Network

We use an extended version of the model in Fitiwi et al. (2020a) to represent the physical
characteristics of the electrical network. The active power demand balance equation at each
node or Kirchhoff’s current law is expressed as in (8). This includes part of the electricity
demand that goes directly for heating purposes. In this paper, we assume that the reactive
power demand balance is not affected by the introduction of HPs, and hence is the same as
in Fitiwi et al. (2020a).

§ 2 : 1 , .
gen PNS _ i HP,i
Pg,i,s,w,t + Pi,s,w,t + thvavt - § : kasvwvt - E : EPLkvsawat + PDs,w,t + Ps,w,t

ge9 in,keQk out,keQk in,weNI
kei; geq

(8)

Others such as network flow constraints, those related to power losses, generator limits,
and logical constraints that represent irreversibility of investment decisions are the same
as in Fitiwi et al. (2020a). However, the emission reduction potential changes due to the

electrification of the heating sector. The RES integration target is imposed as in (9):
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Yoo D> e Y, D> P L Zmex > pe Y Ty (PDL + P (9)

s€Qs weQw geEQRES e s€Qs wew 1€Q?

Modelling E-Heating The portion of heating needs that is electrified in the whole Island
is aggregated to the transmission level. The underlying assumption here is that a certain
percentage of the total heat demand is electrified, and supplied through heat pumps inte-
grated with thermal energy storage systems. The first constraint associated with the heating

sector is the heat demand balance equation, which is defined in Equations (10)—(12):
P (1= @) = (QsuwiBHP,i + Qy6ch, i)/ COPHP (10)

In (10) it is assumed that a certain percentage («) of the total heat demand is lost in the

form of losses in the heating network.
HP, dch, d,i
Qs,wz + Qscw z = Qs w,t Q?Z}S,irve ' (11)
HP;i h.i i
(Quuy + Q) < O (12)

Equations (13)—(16) represent constraints related to the thermal energy storage system,
Equation (13) refers to the thermal energy balance. Equation (14) imposes the storage
limits. The levels of charging and discharging variables of the TES cannot exceed preset

limits as in (15) and (16), respectively.

TES; wt — nsthES;wfl,t + ncthfZ;i,t glcg :/Udch (13)
TESI™" < TES:,, < TES:"% (14)
0 S Qghwzt < QTES,Z,maJ; (15)
ch,i S,i,max
0 < Qimi < Qi (16)
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B.

Supplementary material Chapter 6

B.1 Detailed description of definition of each phenomenon

Table B1: Modelling approach for each phenomenon in the framework

Phenomenon Parameter Description
Short-run Long-run

Urbanisation PDT % growth between 2011 % growth between 2030 and
and 2030 2050

Autonomous vehicle

LDV based PDT

% growth between 2011 and 2050

PT share % reduction in bus-based between 2011 and 2050
VDT % growth in taxi-based VDT between 2011 and 2050
Ride hailing NMT share % in NMT-based PDT % reduction between 2030
reduction between 2011 and 2050
and 2030
PT share % reduction in bus-based % reduction between 2030

PDT between 2011 and
2030

and 2050

Vehicle ownership

% reduction between 2011 and 2050

Ride sharing

VDT

% reduction in taxi- % growth in taxi-based

based PDT between 2011 PDT between 2011 and
and 2030 2030 (rebound effect)

High speed rail in-

Share in long dis-

% growth of rail-based PDT between 2011 and 2050;

frastructure tance travel equivalent reduction in share of road-based travel

NMT infrastructure NMT share % shift in PDT from 2-wheelers and LDVS to NMT
between 2011-2050 for trips <5km

PT infrastructure PT share % growth in bus-based % growth in bus-based

PDT between 2011-2030 PDT between 2030-2050
due to shift from 2-wheelers

and LDVs

Environmental awareness

EV sale share

% growth between 2011-
2030

% growth between 2030-2050

Higher standard of living

LDV ownership

% growth between 2011 and 2050

e-life Trip rate % reduction between % reduction between 2030
2011 and 2030 and 2050
MaaS - Combination of ride hailing and ride sharing
PDT % reduction between % reduction between 2030
Transit oriented 2011 and 2030 and 2050
development NMT share % growth in NMT-based % growth in NMT-based

PDT between 2030 and
2050

PDT between 2011 and
2030
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PT share % growth in bus-based % growth in bus-based PDT
PDT between 2011 and between 2030 and 2050

2030

Vehicle ownership % reduction between 2030 and 2050

B.2 Share of urban population in each area type for each country
in 2011

Table B2: Distribution of population between urban area types in 2011

Country Large city City Town
Afghanistan 5% 31%  12%
Bangladesh 34% 30%  36%
Bhutan 41%  33% 26%
India 43%  23% 34%
Maldives 4%  14%  39%
Nepal 2%  31% 2%
Pakistan 54%  33% 13%
Sri Lanka 20% 50% 30%

B.3 Daily travel model estimated using Indian Census 2011

Table B3: Daily travel demand model

Area type Trip distance Typical Trip LDV  Bus NMT 2-Wheeler Rail IPT Not
category distance share stated
in km
No travel 0 19% - - - - - - -
0001 0.5 16% 3% 4%  80% 9% 1% 2% 1%
0205 3.5 25% 6% 18% 44% 22% 3% 6% 1%
. 06-10 8 19% 9%  28% 29% 23% % 5% 1%
Large city
1120 15.5 2%  15% 33% 5% 25% 17% 4% 1%
2130 25.5 5% 16% 26% 13% 15% 25% 4% 1%
31.50 40.5 3% 15% 22% 0% 12% 43% 6% 1%
51+ 60 1% 10% 19% 0% 8% 53% 7% 3%
No travel 0 25% - - - - - - -
0001 0.5 15% 2% 2% 8% 14% 1% 2% 1%
0205 3.5 29% 4% 1%  51% 29% 1% 5% 1%
City 06-10 8 18% 5%  19%  39% 30% 1% 6% 1%
1120 15.5 7% 8%  31% 15% 35% 2% ™% 1%
2130 25.5 3% % 25%  43% 16% 1% 4% 1%
31.50 40.5 2% 13%  42% 0% 24% 13% ™% 2%
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51+ 60 2% 8%  36% 0% 10% 38% 4% 3%
No travel 0 27% - - - - - - -
00_01 0.5 20% 1% 2% 81% 14% 1% 1% 1%
02_05 3.5 28% 3% % 58% 26% 1% 5% 1%
Town 06-10 8 13% 4% 17% 4% 23% 2% 6% 1%
1120 15.5 5% 8% 3™% 11% 29% 8% 6% 2%
2130 25.5 3% 5%  30%  36% 14% 11% 3% 1%
31.50 40.5 2% 8% 45% 0% 18% 22% 5% 2%
51+ 60 2% 7%  44% 0% 8% 35% 3% 4%
No travel 0 39% - - - - - - -
00-01 0.5 14% 1% 2% 90% 5% 1% 1% 1%
02_05 3.5 18% 2% 8% 72% 12% 1% 4% 1%
Rural 06.10 8 13% 2% 18%  56% 15% 1% 6% 2%
1120 15.5 7% 4%  3™%  23% 23% 3% 8% 2%
2130 25.5 4% 4%  38%  32% 15% 5% 5% 2%
31.50 40.5 3% 5% 57% 0% 15% 15% 5% 3%
o1+ 60 3% 4% 50% 0% 5% 34% 2% 5%

B.4 Long distance travel estimated in all countries in 2011

Table B4: Long distance travel estimated in billion passenger kilometers

Country Rail Bus LDV
Afghanistan 0.9 14.7 2.8
Bangladesh 8.1 49.6 9.4
Bhutan - 0.4 0.1
India 978.5 4657.7 887.2
Nepal - 14.4 2.7
Pakistan 16.1  121.7  23.2
Sri Lanka 4.6 28.2 5.4
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B.5 Trends in mode composition of growth in daily travel

Figure B1 outlines the share of modes in daily travel in each country for every mode share

trajectory and scenario in 2050 and compared with country level mode share in 2011.
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