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ARTICLE INFO ABSTRACT

Keywords: Typically, energy system decarbonisation scenarios neglect the mitigation opportunities from reducing and re-
Climate change mitigation structuring energy service demands (ESDs), focusing instead on technology and fuel substitutions. Models tend
Decarbonization

to be designed to factor technologies explicitly while ESDs are exogenous. However, existing literature suggests
that the scale and speed of decarbonisation 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 legislated 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 Irish Low Energy De-
mand (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 decoupled from economic growth by shifting
travel, increasing end-use efficiency, densifying urban settlement, focusing on low-energy intensive economic ac-
tivities 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.

Lifestyle change
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1. Introduction form the techno-economic feasibility of measures adopted to curb emis-

sions. Pathways that limit global warming to 1.5° C this century require

The IPCC’s Special Report on global warming of 1.5° C (SR1.5) pub-
lished in 2018 had a profound impact on international and national
climate policy discussions [1]. It emphasised the need to reduce global
annual CO, emissions by half by 2030, relative to 2010, and to net-zero
by 2050, to limit global temperature rise. The report prominently fea-
tures climate mitigation scenarios and development pathways that in-

rapid and deep transformations in the energy and industrial systems,
land use and urban infrastructure.

Energy consumption has always been strongly coupled with eco-
nomic growth and if this correlation exists in the future, meeting cli-
mate goals will require unprecedented changes in energy technologies,
fuels and infrastructure, requiring innovations and large-scale negative
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Fig. 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 SSP1,
SSP2 and SSP5 respectively [19-21]

emission technologies [1]. 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 decoupled from resource use and CO, emissions [2].
However, some studies argue that existing empirical evidence does not
fully support this theory, partly due to the economy-wide rebound ef-
fect [3-5]. Other concepts such as degrowth, energy sufficiency, and
consumption corridors have been widely discussed in the literature but
not integrated with energy transition pathways [6-9].

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 technologies (NETs) to meet the end-of-century cli-
mate goals [1]. Most of the scenarios modelled for this report feature a
temporary overshoot in the increase of the global temperature of 1.5°
C above preindustrial levels, and use NETs to reduce atmospheric con-
centrations of GHGs and return to the 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 [10-15]. Some NETs can have adverse impacts
on ecosystem and questions about their feasibility in terms of cost, land
availability and competition for food production, feedstock resource po-
tential, social acceptance, and safety are yet to be addressed along with
other geophysical and institutional barriers [10,14,16]. Hence, there is
a need to explore alternate mitigation pathways that limit or do not use
NETs [17].

The SR1.5 also features a relatively new pathway called ‘Low Energy
Demand’ (LED) developed by Grubler et al. [18] wherein the future en-
ergy demand is lowered from current level. Figure 1 shows the CO,
emissions in the four 1.5° C consistent illustrative pathways featured in
SR 1.5 [1,19-21]. It can be clearly seen that the LED pathway has the
lowest negative emissions among other featured scenarios.

Alternate deep mitigation pathways include the impact of techno-
logical changes, structural changes in the economy, and societal trans-
formations on the drivers of energy demand [22,23]. Mitigation scenar-
ios have traditionally focused on the supply side of the energy system
while behavioural and end-use demands have received less attention
[24]. 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 capabilities for endogenously representing new behavioural
changes or social structures that can affect energy demand, whereas,
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representing technology and fuel switches are straightforward [25,26].
Van Soest et al. [27] found that the United Nation’s Sustainable Develop-
ment Goals (SDGs) related to human development and governance are
not well represented in IAMs. Most models produce future energy mixes
based on exogenous energy service demand projections driven by his-
torical relationship between population and economic growth. Though
efficiency improvements are often included such as building retrofits,
electrification and fuel switching, and technology upgrades, other solu-
tions 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 [18,28-30]. Although full endogenisation of all
mitigation options is not possible within IAMs and ESOMs, linking them
through exogenous assumptions and narratives is a common approach
[27].

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 [31-34].
Better representation of demand-side policies and integrating multidisci-
plinary insights from social sciences, economics, and engineering could
help policymakers devise effective plans for future changes [31,33,35].
This is further confirmed by two recent reports at the global level from
the International Energy Agency, World Energy Outlook 2020 [36] and
Net Zero by 2050 [30]. They emphasise that behavioural change will
be an integral part of decarbonisation pathways. These reports estimate
that about 1.7-2 Gt of CO, emissions can be avoided by 2030 if be-
havioural 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 broaden-
ing mitigation scenarios to include Low Energy Demand (LED) path-
ways, which include changes in both the structure and trajectory of
energy service demands' (ESDs) as a mitigation option. We begin by
discussing the importance of considering LED pathways in climate mit-
igation scenarios and the role they might play in achieving the Paris
Agreement temperature targets (Section 1.1). Then, we explore the mea-
sures through which demand could be modified along with their inter-
dependencies (Section 1.2). Second, we review the LED-type scenarios
available in the energy system modelling literature including scenario
narratives and corresponding parameters (Section 2). Third, we present
a case study for Ireland using the newly-developed TIMES Ireland Model
(TIM) (Section 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 5 and 6 respectively.

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, con-
sumer 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 [18].

A lower level of energy demand services implies downsizing of the
entire energy system, compared to a BAU growth in ESDs, making it eas-
ier to decarbonise the supply side [18,37]. Along with enabling a clean
energy transformation, the LED pathway requires lower deployment of

! Energy 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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CDR and biofuels [37]. 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 [10,18,38].

Long-term decarbonisation pathways are dependent on short-term
policies, and feasible only if actions are taken sooner rather than later
[39-41]. However, achieving the near-term (2030) steep decarbonisa-
tion targets necessary to meet the Paris Agreement goals is challeng-
ing 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
[42,43]. In such a scenario, the LED can play a crucial role in over-
coming the impacts of delayed response and making near-term targets
feasible (see Section 4).

An important point to note is that the LED pathway proposes a reduc-
tion in energy demand without compromising quality of life [18,38]. 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 co-benefits of the LED path-
way include reduced air pollution, better indoor environment, healthier
lifestyles, and lower energy bills [18,38]. 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 [8].

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. How-
ever, there is a lack of detailed discussion on how this can be practically
achieved [44]. Energy demand can be reduced in several ways:

e By improving device efficiency, where the same level of energy ser-
vice demand is met with less energy consumed through more effi-
cient 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 con-
struction materials from carbon-intensive products such as cement
to timber, or

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 [45].

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. Al-
though LED scenarios consider efficiency improvements in their narra-
tives, 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 pro-
duction, 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. [46].

The enablers of modifying ESDs can be broadly classified into
four categories, namely: Technological, economic system transition, be-
havioural and lifestyle changes, and policy interventions (Figure 2). The
enablers are methods or changes through which end-use service de-
mands can be reduced directly or indirectly. For instance, remote work-
ing and online shopping directly reduce passenger kilometres whereas
public transport infrastructure has an indirect impact of lowering ve-
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hicle kilometres through shifting to higher occupancy modes. We ac-
knowledge that the interactions shown in the figure are not exhaustive.

Among the options described in Figure 2, IAMs and ESOMs often en-
dogenously represent efficiency improvements and technological sub-
stitution while lifestyle changes are usually exogenous and in a stylised
form in such models [27,47]. Apart from efficiency and technology, de-
mand reduction can be analysed endogenously in ESOMs like TIMES
through cross-price elasticities as shown by Kesicki and Anandarajah
[29].

Some studies have also incorporated behavioural constraints in IAMs
and ESOMs to endogenously represent behavioural measures. For exam-
ple, McCollum et al. [48] 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 [48]. Daly et al. [49] 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
and Daly [50] to include the rate of modal shift and maximum modal
shift potential. Both these studies demonstrate that behavioural mea-
sures are an important mitigation strategy for decarbonising passenger
transport. Tattini et al. [51] further elaborate the previous two stud-
ies and assess modal shift dynamics in an integrated energy system in
TIMES for the whole country. This study shows that modal shift en-
ables 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 [51]. Tattini et al. [52] 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 and Maizi [53] 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 IAMs 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 bring-
ing about behaviour change are typically not captured and these stud-
ies focus on sectors in isolation, rather than taking a whole-systems
approach.

2. 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 cov-
ering multiple ESDs. We found two studies that consider the global en-
ergy system and exclusively focus on the potential for lower demand
scenarios and their implications for the energy system, called ‘Low En-
ergy Demand’ (LED) by Grubler et al. [18] and ‘Societal Transformation
Scenario’ (STS) by Kuhnhenn et al. [38]. Figure 3 shows the layout of
narratives in the LED and STS scenarios. Both scenarios broadly rely on
a combination of technological innovations, economic transitions, be-
havioural and lifestyle changes to bring about major reductions in en-
ergy service demands. The key premise in both scenarios is to maintain
energy consumption at a sufficient level for a decent standard of living
for all. The studies also evaluate their impact on SDGs. These scenarios
convert behavioural and lifestyle change narratives into relevant param-
eters 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 sys-
tem. Secondly, in the LED, changing energy service demands have im-
pacts on upstream sectors, covering a greater part of the energy and
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Fig. 2. Drivers, options and enablers of reducing energy service demands along with direct and indirect impact interactions

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 al-
low consideration of socioeconomic trends and technology uptake rates
[54]. As an application of the Grubler et al. [18] LED scenario, Fishman
etal. [54] develop detailed scenario parameters for the residential build-
ings and private transport sectors, covering 20 global regions. Dwelling
area is assumed to converge to 30m?/capita by 2060 globally and pas-
senger 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 vehicles. The material efficiency improvement poten-
tials 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 others.

Several other global studies have modelled low energy demand-type
scenarios for particular sectors. Sharmina et al. [55] focus on difficult-to-
decarbonise sectors: aviation, shipping, road freight, and industry using
IMAGE. Demand reduction options for the various sectors are as fol-

lows: 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 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 depend on the deployment of CDR
technologies.

Napp et al. [56] use the TIMES Integrated Assessment Model-
Grantham (TIAM-Grantham) to explore the role that advanced tech-
nologies and energy demand reductions through behavioral changes can
have for the global industry and transport sectors. The demand reduc-
tion potential 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% [56].

At the national level, two studies were found that present LED sce-
narios using an energy system model with exogenous energy service
demand projections [57,58]. Barrett et al. [57] present a comprehen-
sive 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
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Fig. 3. Comparison of narratives of two global
low energy demand scenarios
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and infrastructure 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 con-
clude 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 investment 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. [58] present a LED scenario for Japan called ‘LoDem’
scenario that considers energy service demand reduction measures such
as dematerialisation, material efficiency improvement, reducing hot wa-
ter usage, adjusting thermostat level, shifting to non-motorised and pub-
lic transport, reducing passenger trip frequency, and lower freight de-
mand. Implementing energy service demand reduction measures along
with energy-efficient technologies could reduce final energy demand up
to 37% by 2050 [58]. These measures could also reduce dependency
on 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 im-
provements [59]. We found two studies that present LED pathways ex-
clusively for the industrial sector, one at the global level and the other
at the national level for Japan [59,60]. 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 in-
creased recycling are considered alongside lower material demand [59].
On the other hand, Ju et al. [60] present climate mitigation scenarios for
Japan’s industries using four energy-economic models and IAMs. They
present two low energy demand scenarios. 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, nat-
ural disasters, financial crisis, etc. The multi-model analysis shows that
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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 set-
tlement patterns and, socioeconomic and technological transitions. Be-
havioural and lifestyle changes have huge impacts on transport energy
consumption enabled by public and active transport infrastructure and,
planning and policy signals that favour these modes over private cars
[61]. Four studies, three at the national level and one at the global level,
analyse a low energy demand pathway for passenger transport. de Blas
et al. [62] use MEDEAS-World IAM to analyse global transport decar-
bonisation strategies for 2050. Among the simulated scenarios, the ‘De-
growth’ scenario accounts for demand reduction through behavioural
and cultural change that leads to change in mobility patterns. This sce-
nario 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. Results show that only the degrowth scenario
meets decarbonisation targets while maintaining minimum mineral re-
serves for critical materials.

Two studies describing passenger transport decarbonisation scenar-
ios for Japan find that teleworking, online shopping, better public trans-
port, carpooling and ride sharing, and efficient urban planning are fac-
tors that will lead to a decrease in passenger kilometres [63,64]. Besides
a decline in individual mobility, an ageing society leads to a decrease
in total passenger kilometres despite economic growth [64]. Although
both studies have similar narratives, Gi et al. [63] present a very de-
tailed 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. [64].

Brand et al. [61] present contrasting futures using a simula-
tion model and quantitative scenarios that consider transport-related
lifestyle change along with techno-economic transition for Scotland.
They find that carbon budgets are achievable only in the ‘Combined
lifestyle and EV’ (radical change in travel patterns, mode choice,
high electrification and phasing out of conventional petrol and diesel
road vehicles) scenario, in which the average number of trips de-
crease by 55/person/year and distance travelled decreases by 1653
km/person/year by 2050 relative to 2012 [61]. In this scenario, lower
demand is met by modal shift which includes less private cars, more
public transport, and ride sharing along with higher occupancy in vehi-
cles, higher fuel efficiency, and new low carbon technologies [61]. For
the residential sector, Levesque et al. [65] explore the potential of low
energy consuming practices that include new behaviours and uptake of
green technologies. Their analysis reveals that these practices could re-
duce 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. [7] present
a global energy scenario using a bottom-up modelling approach that
combines activity levels and energy intensities 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 4 summarises all the options discussed in the literature pre-
sented above. We use the “Avoid-Shift-Improve” (ASI) framework to cat-
egorise all the options. Although generally used for the transport sector,
this framework is now being extended to include other demand-side sec-
tors as well [66]. This ASI framework is associated with a modified ‘Kaya
identity’, which helps to identify how each option has the potential to
reduce emissions [67]. In this form of the identity, carbon emissions
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are decomposed into four parts namely activity, structural change, en-
ergy intensity, and fuel mix (carbon intensity). 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’ category is endogenous in
IAMs and ESOMs while the ‘avoid’ and ‘shift’ categories are generally
€x0genous.

The literature above suggests that LED scenarios can play an impor-
tant role in mapping energy 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 reduc-
tion targets. They demonstrate the importance of diversifying and ex-
panding the mitigation space. Without considering demand sector miti-
gation options, the burden of decarbonising the energy sector is on NETs,
which has uncertainty in its deployment.

The mitigation options above cannot be achieved through respon-
sible 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 en-
ergy 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.

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 path-
ways [35]. 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. 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 encom-
passes a scenario with densification of settlement patterns, very signifi-
cant investment in public transport and walking and cycling infrastruc-
ture, 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’ category as per Figure 4. Models mainly
have an ‘improve‘ category, but through this scenario we are adding the
‘avoid’ and ‘shift’ options as well.

3.1. Background

Ireland’s energy system accounted for 59% of the total GHG emis-
sions in 2018 of which the transport (19.6%), energy industries (17%)
and residential (11%) sectors had the highest shares [68]. Further, the
CO, intensity of energy supply in Ireland is 20% higher than the Eu-
ropean average, which makes long-term decarbonisation goals a chal-
lenge [69]. The Irish Government has enacted the Climate Action and
Low Carbon Development (Amendment) Act 2021 which sets in place
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Fig. 4. Categorisation of options to reduce energy service demands in LED pathways into Avoid-Shift-Improve framework (adopted from [67])

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 CO, by 2050 [70].

However, there are several challenges that Ireland must overcome
to achieve these targets. Firstly, 35% of GHG emissions arise in the agri-
culture 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 re-
cent Climate Action Plan published in 2021 by the government sets out
a sectoral decarbonisation range of 20-30% for the agriculture sector
to 2030, which would require CO, 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 de-
mands. Dispersed settlement patterns and an inefficient building stock
make decarbonisation particularly challenging [71]. Finally, decarbon-
ising 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 [72].

To demonstrate how very steep decarbonisation of the energy system
may be achieved, both to 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.

3.2. TIMES-Ireland Model and ILED Scenario Description

This study models the ILED scenario in an energy system optimisa-
tion model (ESOM). For our purpose, we have used the TIMES Ireland
Model (TIM), a successor to the Irish TIMES model, which has provided
inputs to Irish energy policies for over a decade [73-76]. This new model
has been recently finalised and accounts for the changing energy system,
advances in modelling methodology, and the ambitious mitigation tar-
gets for Ireland [73]. The original model [77], as well as the version
used in this study [78] are archived on Zenodo.
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Fig. 5. Reference energy system in the newly developed TIMES-Ireland Model (TIM)

Table 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 2050_ILED

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%

Figure 5 shows a simplified reference energy system (RES) in TIM.
The RES consists of two main modules: Supply and Demand. The sup-
ply module consists of resources, fuel production and conversion tech-
nologies, 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 SEAI’s 2018 energy balance [79]. A social discount?
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 [80]. We use
the annual period definition, single region, and the 40 timeslice version
of TIM in this study.

The business-as-usual (BAU) ESDs in end-use sectors are driven by
growth in the population and the economy. The energy service de-
mands are sufficiently disaggregated to allow for alternative scenarios
for these drivers to feed into alternative energy service demand projec-
tions, namely ILED. Further information on BAU energy service demands
can be found in Appendix A. Table 2 outlines the key assumptions for
the ILED scenario.

The ILED pathway parameters are based on literature view, histori-
cal trends and comparison with other developed nations that lead to low
energy demand. These parameters are not only based on technical de-
tails such as efficiencies but also on behavioural and societal transforma-

2 In the context of climate change, social discount rate represents the value of
investments today to avoid climate change impacts later.

tions such as choosing more sustainable modes of transport or lowering
internal heating temperatures in homes. The assumptions on parame-
ter 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

e Freight transport: The total road freight activity was approxi-
mately 11.5 billion 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 6 shows the historical
freight tkm in Ireland in comparison to Great Britain (GBR),
United States (USA), Japan (JPN) and the EU average [81].
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 con-
sumer demands, particularly for heavy materials such as con-
struction 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.
Passenger transport: Road-based passenger transport activity (ve-
hicle kilometres (vkm)) increased by about 36% between 2000
and 2018 [82]. The total passenger transport resulted in about
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Table 2
Comparison of energy service demand values in BAU and ILED scenario

Sector Parameter Unit Value
2018 2050_BAU 2050_ILED
Transport Freight tonne kilometres (tkm) 2375 tkm/capita 4307 tkm/capita 1525 tkm/capita
Passenger transport passenger kilometres (pkm) 15342 pkm/capita 17000 pkm/capita 12000 pkm/capita
Dwellings Apartments ’000 units 206.799 628.932 686.467
Attached ’000 units 766.352 1056.500 1120.427
Detached ’000 units 724.430 889.756 768.294
Residential old New old New old New
Space heating Apartments ~ MWh/dwelling 3.85 1.23 3.85 1.23 3.08 0.98
Attached MWh/dwelling 7.85 2.85 7.85 2.85 5.81 2.11
Detached MWh/dwelling 1441  6.74 14.41 6.74 10.66  4.99
Water heating Apartments ~ MWh/dwelling 3.41 2.20 3.41 2.20 2.39 1.54
Attached MWh/dwelling 3.01 2.35 3.01 2.35 211 1.65
Detached MWh/dwelling 3.81 2.49 3.81 2.49 2.66 1.75
Lighing/Pumps & fans ~ Apartments =~ MWh/dwelling 0.54 0.69 0.54 0.69 0.49 0.62
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
Services Commercial buildings m?/capita 5.95 7.65 5.3
Public buildings m?/capita 11.97 15.39 10.7
Public lighting units million lamps 0.48 0.575 0.54
Table 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 transport pkm/capita in 2050 is approximately equal to current EU average [89]
Residential Dwellings Dense urban development and utilise existing built-area footprint [83]
Space heating Demand per dwelling to decrease by 20% [85,86]
Water heating Demand per dwelling to decrease by 30% [87]
Refrigeration Efficiency improvement from 80 to 85% in 2050 Based on assumptions for future technology in TIM [73]
Cooking
Cloth washing 20% reduction in energy demand [18]
cloth drying 20% reduction in energy demand [18]
Dish washing 20% reduction in energy demand [18]
Electrical appliances 20% reduction in energy demand [18]
Industry Energy intensity Energy intensity to decrease by 30% by 2030 and further 15% by 2050 [36]-2030, own assumption-2050
Cement 50% reduction from 2018 [83,88]
Services Commercial buildings 11% reduction in space requirements from 2018 level [83], own assumption
Public buildings
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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 vehi-
cles, and a large share of the labour force working from home by
2050. Population assumptions are as in Table A.4. Hence total
pkm in 2050 is 12,000 * 6.19 = 74.3 billion pkm. The long-term
development strategy of the Irish government is to ensure com-
pact growth of cities such as to reduce travel distances which is
to be enabled through infrastructure and supporting amenities
[83]. 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, ac-
counting 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 8. Private cars make up about 80% of total passenger
transport in Ireland. In the ILED scenario we assume a change
in travel pattern that encourages more of active modes and pub-
lic services, and less of private cars as shown in Table 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 decrease by 21% and that of large PSVs increase by 9%.

* Residential sector: The residential sector accounted for 24% of fi-

nal energy consumption and about 17.4% of CO, emissions in 2018.
A total 1.7 million houses and apartments were occupied by res-
idents 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 mil-
lion by 2050, with 24.4% apartments, 41.1% attached and 34.5%
detached dwellings in the BAU case. The planned urbanisation in
[83] talks about 50% of new dwellings to be delivered within exist-
ing 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
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replacing existing ones, and of the new houses required, 60% will be
apartments and 40% attached dwellings due to planned urbanisation
[83]. Figure 9 shows the comparison of dwelling types for the BAU
projection and ILED. Further, behavioural and efficiency improve-
ments reduce the energy service demands within households. Space
and water heating account for about 80% of residential energy de-
mand. The ILED assumes that space heating demand per dwelling de-
creases by 20% by 2050, 10% of which is to be achieved by lowering
heating temperature by 1° C [85,86]. 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, insulat-
ing tanks and installing immersion timers [87]. Energy demand for
lighting and, pumps and fans are assumed to decrease by 10% each.
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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-
ing machines to their full capacity. Electrical appliances also re-
duce consumption by 20% relative to BAU ESD projections due to
efficiency improvements and unplugging devices to avoid stand-by
mode power consumption.

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 ac-
tivity is expected to decline by 30% in the next decade, mentioned

in the World Energy Outlook 2020 [36]. 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 in-
creasing production efficiency and better usage of materials (e.g., re-
cycling, 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 foot-

print [83,88]. 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 en-
ergy demand in Ireland in 2018. At current level, commercial and
public service buildings amount to 6m?/capita and 12m?/capita
respectively, with current projections foreseeing an increase to
7.65m?/capita and 15.39m?/capita. In the ILED scenario, we as-
sume instead that space reduces to 5.3m?/capita and 10.7m?/capita
for the commercial and public buildings by 2050. It is a 11% re-
duction in per capita space requirements owing to to dense ur-
ban development and work from home, teleworking, etc. [83]. 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 of-
fices needed) and dense urban development (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.

4. Results

In this case study, we explore a total of three mitigation pathways
along with two demand variations for each which are enumerated be-
low. 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 consistent with the national cli-
mate target of reducing economy-wide emissions by 51% and require
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-ETS GHG emissions are to be reduced
by 30% in 2030 relative to 2005 and by 80% in 2050 relative to 1990.
Figure 10 shows the CO, emission pathways modelled in this case study.

Each mitigation pathway is modelled with two different energy sys-
tem demand scenarios: BAU (described in Appendix A) and ILED, de-
scribed in the previous section.

4.1. Impact on costs
Figure 11 shows the average marginal abatement cost (MAC) for sub-

sequent 5-year periods between 2025 and 2050. The MAC represents
the cost of mitigating the most expensive tonne of CO, in each scenario
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for the energy sector. The E61 scenario has the highest MAC between
2055 and 2030 since this is the most ambitious decarbonisation sce-
nario among those explored in this study. The E51 scenario also has a
very high MAC relative to others, implying that achieving near term am-
bitious 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
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.

The total undiscounted annual system cost is shown in Figure 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 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.

Figure 14 shows the personal investments per person needed in the
housing and transport sectors. The cash flow needed in the ILED path-
ways for meeting climate goals is much less than the BAU ESD pathways.

The ILED pathways bring down the MAC considerably which shows
their importance, particularly for meeting near-term decarbonisation
targets. Further, the ILED pathways significantly reduce the total sys-
tem 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 path-
ways.

4.2. Impact on energy consumption and technology uptake

Figures 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
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natural gas is high as compared to the scenarios with BAU ESD projec-
tion. 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 path-
ways still have higher share of natural gas and oil in 2050.

Figure 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

II o /I. .-
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Average marginal abatement cost of per kilo tonne of CO, for every 5 years between 2025-2050

challenging 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, partic-
ularly in E61_ILED. Around 4,000 EVs were sold in Ireland in 2020 and
about 8,000 in 2021 until October [90]. 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 [90]. 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 mil-
lion 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,
quiet a few retrofits are pushed beyond 2040 in the ILED pathways.

These results indicate that the ILED pathways decrease the require-
ment of 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 tech-
nological 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 is much lower in the ILED pathways.

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 up-
take, which is expensive. Secondly, the ILED pathways postpone the
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Fig. 14. Annual per capita personal investments in residential (retrofits) and
transport sectors (new private car) in addition to the No_mitigation scenario

need for technology uptake, allowing greater timeframe to achieve cli-
mate goals.

4.3. Impact on CO, emissions

Figure 17 shows the cumulative CO, emissions of every sector be-
tween 2020 and 2050. The total cumulative emissions are the same in
BAU ESD projection and ILED pathways, however there are some differ-
ences 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 18 shows the cumulative amount of CO, capture from BECCS
needed between 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 decarbonisa-
tion 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.

13
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Fig. 15. Final energy consumption per capita
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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.

5. Discussion
5.1. Key insights
This paper presents a low energy demand scenario that considers

a number of demand-side mitigation options, often missing in main-
stream 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 dis-
cussions. The ILED scenario parameters 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. Per-
sonal 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

14
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climate change mitigation targets following a low investment trajectory.
Lowering energy demand decreases the size of the energy system, bring-
ing down the costs of transforming the energy sector.

Technology uptake rate is smaller in the ILED pathway. Power gen-
eration 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 resi-
dential sector foresees fewer number of retrofits in the ILED pathways,
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with some retrofits postponed to beyond 2040. Share of novel fuel 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 ICE’s 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 climate goals. A slow tran-
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sition, however, suggests that the CO, emissions are not significantly
lower in the LED pathway despite lower demand. In fact, for the resi-
dential and power sector, the emissions are higher due to a lack of fuel
switching in these sectors. Lower energy demand is offset by fossils, re-
sulting in slightly higher emissions from these sectors. On the flip side,
cumulative negative emissions from BECCS is about 23-38% lower in
ILED pathways, decreasing the dependency of the energy system on un-
certain 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 of ‘novel
fuels and technologies are needed to meet climate goals’, which may
lead to overshoot in carbon budgets if not fruitful.

5.2. Limitations and Future work

The empirical values used in the ILED scenario should be considered
in light of some limitations. In the absence of empirical data for Ire-
land, some values for ESDs are arbitrary (for example, assuming they
will revert to values in a historical year), while others are based on in-
ternational 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 [57].

LED demand reduction in passenger transport assumes an immediate
saving due to sustained low transport demand following COVID. How-
ever, 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 overesti-
mated.

The ILED pathway would likely impact the Irish economy and at
the same time could bring about considerable improvements in health,
wellbeing 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.

5.3. Policy implications

Climate mitigation policy in Ireland and elsewhere has to date fo-
cused largely on technology and fuel substitution. However, rapidly-
increasing urgency to mitigate climate change requires that policymak-
ers 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% be-
tween 2018 and 2030.

As discussed, this study demonstrates the very strong benefits of ad-
dressing energy demand for meeting climate mitigation targets. To meet
the mitigation potential from an LED pathway, policymakers must ex-
pand the arsenal of mitigation measures, beyond policies that promote
renewable energy deployment and energy efficiency. The transforma-
tion required to meet climate targets must therefore must expand be-
yond technologies and also encompass societal and economic domains,
which has wide-ranging implications for policymakers and state institu-
tions.
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To reduce energy demand in transport, policies can promote active
and public transport modes and disincentivise private car use. This re-
quires 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 [91]. Private car ownership and use can also
be reduced by complementary measures targeting taxation, parking re-
strictions, road use charges and allocating road space away from private
car use [92]. Countries who raise significant revenue through vehicle
registration taxes and road fuel excuse 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 over-
all private transport demand, and makes alternative modes more viable.
Dense urban development also improves freight logistics and lowers de-
mand.

Spatial planning and denser development in particular can also lower
heat demand by lowering floor area of both homes and offices - de-
tached, 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 electric-
ity can be rolled out will be an important bottleneck in meeting Ire-
land’s decarbonisation target this decade. Therefore measures targeting
a moderation of electricity demand growth will support mitigation tar-
gets alongside renewables deployment, such as energy efficiency, pri-
oritising transport demand reduction and mode switching over electrifi-
cation, and moderating growth in large users of electricity such as data
centres.

Such measures pose new challenges for policymakers and state insti-
tutions. Improved cooperation between local and central government,
as well as, across functional areas (e.g., housing, transport, planning,
etc.) is necessary to successfully implement such initiatives.

6. Conclusion

While the importance of limiting global warming to 1.5° C is recog-
nised, 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 es-
tablished that the LED pathway is especially valuable to meet near-term
deep mitigation targets, where technology alone cannot bring about the
necessary reductions in CO, emissions without costly early retirement
of fossil fuelled technologies. Our main results find that the LED path-
way 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 ben-
efits, and a better standard of living from active travel and more com-
fortable 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 inten-
sive services such as private cars. The overall impact of reducing energy
consumption on the economy and rebound effects have not been quan-
tified. 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 vol-
untary behaviour changes from people and companies but must be en-
abled through sector-specific and targeted policies. Large-scale invest-
ment into sustainable mobility, better planning to allow housing den-
sification, 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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Appendix A. Summary of energy service demand projections in
TIM

The full methodology used to project each ESD is outlined in [73].
This section provides an overview of the drivers of all ESDs in TIM and
their corresponding values for 2018 and 2050.

Al. Drivers

Al.1. Population
Historical population estimates and future projections are obtained
from the Central Statistics Office (CSO), Ireland [93]. We use the M2F1
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Table Al
Population [95]
Year Population (millions)
2018 4.85
2020 4.98
2030 5.40
2040 5.82
2050 6.19

scenario since it represents medium growth in population and is in line
with population projections used in other national sources [94].

Al.2. Economic growth

e Historical Gross Value Added (GVA) for the required NACE cate-
gories in the Services and Industry sectors is obtained from EURO-
STAT database. Projections for GVA are outputs of the Ireland Envi-
ronment, Energy and Economy (I3E) model [94].

¢ Gross Domestic Product (GDP) - Historical and future projections for
GDP is obtained from Organisation for Economic Co-operation and
Development (OECD) [96].

e Income - Historical values of total incomes are taken from CSO’s
database [97]. Assumption about income growth in the future are
that from the National Transport Model [98].

Modified Gross National Income (GNI*)- Derived from CSO’s labour
force scenario combined with a forecast for output per person [99].

Table A2
Energy service demands in TIM

Energy Service Demand Unit
Non-Energy Mining [05-09] PJ
Food and beverages [10-11] PJ
Textiles and textile products [13-14] PJ
Wood and wood products [16] PJ
Pulp, paper, publishing and printing [17-18] PJ
Chemicals and man-made fibres [20-21] PJ
Rubber and plastic products [22] PJ
Other non-metallic mineral products [23] PJ
Basic metals and fabricated metal products [24-25] PJ
Machinery and equipment n.e.c. [28] PJ
Electrical and optical equipment demand [26-27] PJ
Transport equipment manufacture [29-30] PJ
Other manufacturing [31-33,12 & 15] PJ
Construction [41-43] PJ
Short-range passenger travels BPKM
Medium-range passenger travels BPKM
Long-range passenger travels BPKM
Goods vehicle for freight BTKM
Tourism fuel PJ
Navigation fuel PJ
Unspecified fuel PJ
Aviation domestic PJ
Aviation international PJ
Residential Apartment Demand 000’
Residential Attached Demand 000’
Residential Detached Demand 000’
Residential Refrigeration Demand PJ
Residential Cooking Demand PJ
Residential Cloth Washing Demand PJ
Residential Cloth Drying Demand PJ
Residential Dish Washing Demand PJ
Residential ELC Appliances Demand PJ
Residential Other Applications Demand PJ
Services - Commercial Services Mm?
Services - Public Services Mm?

SRV-Commercial Services: Data centers PJ
SRV-Public Services: Public lighting

Mlamps

Driver Value
2018 2050
GVA per capita, Population 2.07 0.13
GVA per capita, Population 22.25 34.00
GVA per capita, Population 1.20 4.97
GVA per capita, Population 6.69 7.65
GVA per capita, Population 0.67 2.31
GVA per capita, Population 10.60 13.11
GVA per capita, Population 1.14 0.89
Modified investment, GNI* 17.77 24.82
GVA per capita, Population 19.54 21.73
GVA per capita, Population 1.29 1.69
GVA per capita, Population 4.27 16.37
GVA per capita, Population 0.17 0.04
GVA per capita, Population 4.25 6.12
GVA per capita, Population 4.02 5.90
Income, population 14.56 21.07
Income, population 31.28 45.29
Income, population 27.13 38.97
Growth rate from [98] 11.54 25.14
7.72 0.00
GDP 3.51 10.04
21.78 0.00
0.23 0.23
International Aviation Passengers 45.94 62.63
Population 206.80  628.93
Population 766.35 1056.50
Population 724.43  889.76
Residential dwelling growth (total) 1.13 1.71
Residential dwelling growth (total) ~ 2.00 3.03
Residential dwelling growth (total) 0.77 1.17
Residential dwelling growth (total) 1.03 1.56
Residential dwelling growth (total) 0.83 1.26
Residential dwelling growth (total) ~ 9.22 13.98
Residential dwelling growth (total) ~ 0.00 0.00
GNI* 28.90 47.39
GNI* 58.15 95.35
From EirGrid 5.63 40.30
From [100] 0.48 0.58
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A1.3. Energy service demands

Table A.5 lists the energy service demands in TIM along with their
corresponding drivers and values for 2018 and 2050. The Nomenclature
of Economic Activities (NACE) code is mentioned for all the industries.

References

[1]

[2]

[3

—

[4]

[5]

[6

—

[7

—

[8]
[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

V. Masson-Delmotte, P. Zhai, H.-O. Portner, D. Roberts, J. Skea, P.R. Shukla, A. Pi-
rani, W. Moufouma-Okia, C. Péan, R. Pidcock, et al., Global warming of 1.5 ¢, An
IPCC Special Report on the impacts of global warming of 1 (2018) 1-9.

AR. Gill, K.K. Viswanathan, S. Hassan, The environmental kuznets curve (ekc) and
the environmental problem of the day, Renewable and Sustainable Energy Reviews
81 (2018) 1636-1642.

J. Hickel, G. Kallis, Is green growth possible? New Political Economy 25 (4) (2020)
469-486.

H. Haberl, D. Wiedenhofer, D. Virag, G. Kalt, B. Plank, P. Brockway, T. Fishman,
D. Hausknost, F. Krausmann, B. Leon-Gruchalski, et al., A systematic review of the
evidence on decoupling of gdp, resource use and ghg emissions, part ii: synthesizing
the insights, Environmental Research Letters 15 (6) (2020) 065003.

P.E. Brockway, S. Sorrell, G. Semieniuk, M.K. Heun, V. Court, Energy efficiency
and economy-wide rebound effects: A review of the evidence and its implications,
Renewable and Sustainable Energy Reviews (2021) 110781.

J. Hickel, Degrowth: a theory of radical abundance, Real-world Economics Review
87 (19) (2019) 54-68.

J. Millward-Hopkins, J.K. Steinberger, N.D. Rao, Y. Oswald, Providing decent living
with minimum energy: A global scenario, Global Environmental Change 65 (2020)
102168.

J.S. Kikstra, A. Mastrucci, J. Min, K. Riahi, N.D. Rao, Decent living gaps and energy
needs around the world, Environmental Research Letters 16 (9) (2021) 095006.
M. Sahakian, D. Fuchs, S. Lorek, A. Di Giulio, Advancing the concept of consump-
tion corridors and exploring its implications, Sustainability: Science, Practice and
Policy 17 (1) (2021) 305-315.

K. Anderson, G. Peters, The trouble with negative emissions, Science 354 (6309)
(2016) 182-183.

European Academies Science Advisory Council, Negative emission technologies:
What role in meeting Paris Agreement targets? Technical Report, European
Academies Science Advisory Council, 2018. https://easac.eu/fileadmin/PDF _s/repo
rts_statements/Negative_Carbon/EASAC_Report_on_Negative_Emission_Technologi
es.pdf

C. Holz, L.S. Siegel, E. Johnston, A.P. Jones, J. Sterman, Ratcheting ambition to
limit warming to 1.5 c-trade-offs between emission reductions and carbon dioxide
removal, Environmental Research Letters 13 (6) (2018) 064028.

G. Realmonte, L. Drouet, A. Gambhir, J. Glynn, A. Hawkes, A.C. Kéberle, M. Tavoni,
An inter-model assessment of the role of direct air capture in deep mitigation path-
ways, Nature Communications 10 (1) (2019) 1-12.

J. Hilaire, J.C. Minx, M.W. Callaghan, J. Edmonds, G. Luderer, G.F. Nemet, J. Ro-
gelj, M. del Mar Zamora, Negative emissions and international climate goals-learn-
ing from and about mitigation scenarios, Climatic Change 157 (2) (2019) 189-219.
N. Grant, A. Hawkes, T. Napp, A. Gambhir, Cost reductions in renewables can
substantially erode the value of carbon capture and storage in mitigation pathways,
One Earth 4 (11) (2021) 1588-1601.

P. Smith, S.J. Davis, F. Creutzig, S. Fuss, J. Minx, B. Gabrielle, E. Kato, R.B. Jack-
son, A. Cowie, E. Kriegler, et al., Biophysical and economic limits to negative co 2
emissions, Nature Climate Change 6 (1) (2016) 42-50.

K. Anderson, J. Jewell, Debating the bedrock of climate-change mitigation scenar-
ios, Nature 573 (7774) (2019) 348-349, doi:10.1038/d41586-019-02744-9.

A. Grubler, C. Wilson, N. Bento, B. Boza-Kiss, V. Krey, D.L. McCollum, N.D. Rao,
K. Riahi, J. Rogelj, S. De Stercke, et al., A low energy demand scenario for meet-
ing the 1.5 c target and sustainable development goals without negative emission
technologies, Nature Energy 3 (6) (2018) 515-527.

K. Riahi, D.P. van Vuuren, E. Kriegler, J. Edmonds, B.C. O’Neill, S. Fujimori,
N. Bauer, K. Calvin, R. Dellink, O. Fricko, W. Lutz, A. Popp, J.C. Cuaresma, S. KC,
M. Leimbach, L. Jiang, T. Kram, S. Rao, J. Emmerling, K. Ebi, T. Hasegawa, P. Hav-
lik, F. Humpender, L.A.D. Silva, S. Smith, E. Stehfest, V. Bosetti, J. Eom, D. Ger-
naat, T. Masui, J. Rogelj, J. Strefler, L. Drouet, V. Krey, G. Luderer, M. Harmsen,
K. Takahashi, L. Baumstark, J.C. Doelman, M. Kainuma, Z. Klimont, G. Marangoni,
H. Lotze-Campen, M. Obersteiner, A. Tabeau, M. Tavoni, The shared socioe-
conomic pathways and their energy, land use, and greenhouse gas emissions
implications: An overview, Global Environmental Change 42 (2017) 153-168,
doi:10.1016/j.gloenvcha.2016.05.009.

J. Rogelj, A. Popp, K.V. Calvin, G. Luderer, J. Emmerling, D. Gernaat, S. Fujimori,
J. Strefler, T. Hasegawa, G. Marangoni, V. Krey, E. Kriegler, K. Riahi, D.P. van
Vuuren, J. Doelman, L. Drouet, J. Edmonds, O. Fricko, M. Harmsen, P. Havlik,
F. Humpender, E. Stehfest, M. Tavoni, Scenarios towards limiting global mean
temperature increase below 1.5 °c, Nature Climate Change 8 (4) (2018) 325-332,
doi:10.1038/541558-018-0091-3.

M.J. Gidden, K. Riahi, S.J. Smith, S. Fujimori, G. Luderer, E. Kriegler,
D.P. van Vuuren, M. van den Berg, L. Feng, D. Klein, K. Calvin, J.C. Doel-
man, S. Frank, O. Fricko, M. Harmsen, T. Hasegawa, P. Havlik, J. Hilaire,
R. Hoesly, J. Horing, A. Popp, E. Stehfest, K. Takahashi, Global emissions path-
ways under different socioeconomic scenarios for use in cmip6: a dataset of
harmonized emissions trajectories through the end of the century, Geoscientific
Model Development 12 (4) (2019) 1443-1475, doi:10.5194/gmd-12-1443-2019.
https://www.geosci-model-dev.net/12/1443/2019/

18

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Renewable and Sustainable Energy Transition 2 (2022) 100024

D.P. Van Vuuren, E. Stehfest, D.E. Gernaat, M. Van Den Berg, D.L. Bijl, H.S. De
Boer, V. Daioglou, J.C. Doelman, O.Y. Edelenbosch, M. Harmsen, et al., Alternative
pathways to the 1.5 c target reduce the need for negative emission technologies,
Nature Climate Change 8 (5) (2018) 391-397.

C. Le Quéré, J.I. Korsbakken, C. Wilson, J. Tosun, R. Andrew, R.J. Andres,
J.G. Canadell, A. Jordan, G.P. Peters, D.P. van Vuuren, Drivers of declining co
2 emissions in 18 developed economies, Nature Climate Change 9 (3) (2019)
213-217.

F. Creutzig, J. Roy, W.F. Lamb, .M. Azevedo, W.B. De Bruin, H. Dalkmann,
0.Y. Edelenbosch, F.W. Geels, A. Grubler, C. Hepburn, et al., Towards demand-
side solutions for mitigating climate change, Nature Climate Change 8 (4) (2018)
260-263.

A. Gambhir, Planning a low-carbon energy transition: what can and can’t the mod-
els tell us? Joule 3 (8) (2019) 1795-1798.

F. Creutzig, B. Fernandez, H. Haber], R. Khosla, Y. Mulugetta, K.C. Seto, Beyond
technology: demand-side solutions for climate change mitigation, Annual Review
of Environment and Resources 41 (2016) 173-198.

H.L. Van Soest, D.P. Van Vuuren, J. Hilaire, J.C. Minx, M.J. Harmsen, V. Krey,
A. Popp, K. Riahi, G. Luderer, Analysing interactions among sustainable devel-
opment goals with integrated assessment models, Global Transitions 1 (2019)
210-225.

S. Pye, O. Broad, C. Bataille, P. Brockway, H. Daly, R. Freeman, A. Gambhir,
O. Geden, F. Rogan, S. Sanghvi, et al., Modelling net-zero emissions energy sys-
tems requires a change in approach, Climate Policy (2020) 1-10.

F. Kesicki, G. Anandarajah, The role of energy-service demand reduction in global
climate change mitigation: Combining energy modelling and decomposition anal-
ysis, Energy Policy 39 (11) (2011) 7224-7233.

International Energy Agency, Net Zero by 2050 A Roadmap for the, Technical Re-
port, 2021. https://www.iea.org/reports/net-zero-by-2050

L. Hardt, P. Brockway, P. Taylor, J. Barrett, R. Gross, P. Heptonstall, Modelling
demand-side energy policies for climate change mitigation in the uk: a rapid evi-
dence assessment, 2019.

J.-Y. Liu, S. Fujimori, K. Takahashi, T. Hasegawa, W. Wu, Y. Geng, J. Takakura,
T. Masui, The importance of socioeconomic conditions in mitigating climate change
impacts and achieving sustainable development goals, Environmental Research Let-
ters 16 (1) (2020) 014010.

R. Hanna, R. Gross, How do energy systems model and scenario studies explicitly
represent socio-economic, political and technological disruption and discontinuity?
implications for policy and practitioners, Energy Policy 149 (2021) 111984.

J. Anable, C. Brand, M. Tran, N. Eyre, Modelling transport energy demand: A so-
cio-technical approach, Energy Policy 41 (2012) 125-138.

E. Brutschin, S. Pianta, M. Tavoni, K. Riahi, V. Bosetti, G. Marangoni, B.J. van
Ruijven, A multidimensional feasibility evaluation of low-carbon scenarios, Envi-
ronmental Research Letters 16 (6) (2021) 064069.

International Energy Agency, World Energy Outlook 2020, 2020, doi:10.1787
/557a761b-en. https://www.oecd-ilibrary.org/content/publication/557a761b-en
P. Fragkos, Global energy system transformations to 1.5° c: The impact of revised
intergovernmental panel on climate change carbon budgets, Energy Technology 8
(9) (2020) 2000395.

K. Kuhnhenn, L.F.C. da Costa, E. Mahnke, L. Schneider, S. Lange, A societal transfor-
mation scenario for staying below 1.5° C, Technical Report, Schriften zu Wirtschaft
und Soziales, 2020.

S. Pye, F.G. Li, J. Price, B. Fais, Achieving net-zero emissions through the reframing
of uk national targets in the post-paris agreement era, Nature Energy 2 (3) (2017)
1-7.

B. Solano-Rodriguez, A. Pizarro-Alonso, K. Vaillancourt, C. Martin-del Campo, Mex-
ico’s transition to a net-zero emissions energy system: Near term implications of
long term stringent climate targets, in: Limiting Global Warming to Well Below 2°
C: Energy System Modelling and Policy Development, Springer, 2018, pp. 315-331.
A. Vogt-Schilb, S. Hallegatte, C. De Gouvello, Marginal abatement cost curves and
the quality of emission reductions: a case study on brazil, Climate Policy 15 (6)
(2015) 703-723.

K. Riahi, E. Kriegler, N. Johnson, C. Bertram, M. Den Elzen, J. Eom, M. Schaeffer,
J. Edmonds, M. Isaac, V. Krey, et al., Locked into copenhagen pledges-implications
of short-term emission targets for the cost and feasibility of long-term climate goals,
Technological Forecasting and Social Change 90 (2015) 8-23.

J. Eom, J. Edmonds, V. Krey, N. Johnson, T. Longden, G. Luderer, K. Riahi, D.P. Van
Vuuren, The impact of near-term climate policy choices on technology and emis-
sion transition pathways, Technological Forecasting and Social Change 90 (2015)
73-88.

J.M. Cullen, J.M. Allwood, E.H. Borgstein, Reducing energy demand: what are the
practical limits? Environmental Science & Technology 45 (4) (2011) 1711-1718.
G.P. Hammond, Editorial: Progress in energy demand reduction - from here to
2050, Proceedings of the Institution of Civil Engineers - Energy 167 (3) (2014)
89-104, doi:10.1680/ener.167.3.89.

F.W. Geels, T. Schwanen, S. Sorrell, K. Jenkins, B.K. Sovacool, Reducing energy
demand through low carbon innovation: A sociotechnical transitions perspective
and thirteen research debates, Energy Research & Social Science 40 (2018) 23-35.
N.J. van den Berg, A.F. Hof, L. Akenji, O.Y. Edelenbosch, M.A. van Sluisveld,
V.J. Timmer, D.P. van Vuuren, Improved modelling of lifestyle changes in inte-
grated assessment models: cross-disciplinary insights from methodologies and the-
ories, Energy Strategy Reviews 26 (2019) 100420.

D.L. McCollum, C. Wilson, H. Pettifor, K. Ramea, V. Krey, K. Riahi, C. Bertram,
Z. Lin, O.Y. Edelenbosch, S. Fujisawa, Improving the behavioral realism of global
integrated assessment models: An application to consumers’ vehicle choices, Trans-
portation Research Part D: Transport and Environment 55 (2017) 322-342.


http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0001
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0001
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0001
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0001
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0001
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0001
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0001
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0001
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0001
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0001
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0001
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0001
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0002
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0002
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0002
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0002
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0003
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0003
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0003
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0004
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0004
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0004
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0004
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0004
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0004
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0004
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0004
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0004
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0004
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0004
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0004
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0005
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0005
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0005
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0005
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0005
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0005
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0006
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0006
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0007
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0007
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0007
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0007
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0007
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0008
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0008
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0008
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0008
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0008
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0008
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0009
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0009
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0009
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0009
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0009
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0010
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0010
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0010
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0011
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0011
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0011
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0012
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0012
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0012
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0012
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0012
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0012
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0013
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0013
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0013
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0013
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0013
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0013
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0013
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0013
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0014
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0014
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0014
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0014
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0014
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0014
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0014
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0014
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0014
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0015
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0015
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0015
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0015
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0015
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0016
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0016
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0016
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0016
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0016
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0016
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0016
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0016
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0016
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0016
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0016
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0016
https://doi.org/10.1038/d41586-019-02744-9
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0018
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0018
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0018
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0018
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0018
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0018
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0018
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0018
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0018
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0018
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0018
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0018
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1038/s41558-018-0091-3
https://doi.org/10.5194/gmd-12-1443-2019
https://www.geosci-model-dev.net/12/1443/2019/
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0022
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0022
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0022
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0022
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0022
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0022
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0022
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0022
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0022
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0022
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0022
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0022
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0023
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0023
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0023
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0023
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0023
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0023
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0023
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0023
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0023
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0023
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0023
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0024
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0024
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0024
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0024
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0024
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0024
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0024
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0024
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0024
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0024
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0024
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0024
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0025
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0025
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0026
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0026
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0026
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0026
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0026
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0026
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0026
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0027
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0027
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0027
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0027
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0027
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0027
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0027
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0027
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0027
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0027
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0028
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0028
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0028
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0028
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0028
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0028
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0028
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0028
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0028
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0028
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0028
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0028
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0029
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0029
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0029
https://www.iea.org/reports/net-zero-by-2050
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0032
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0032
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0032
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0032
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0032
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0032
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0032
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0032
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0032
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0033
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0033
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0033
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0034
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0034
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0034
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0034
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0034
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0035
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0035
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0035
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0035
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0035
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0035
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0035
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0035
https://doi.org/10.1787\penalty -\@M /557a761b-en
https://www.oecd-ilibrary.org/content/publication/557a761b-en
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0037
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0037
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0038
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0038
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0038
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0038
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0038
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0038
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0039
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0039
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0039
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0039
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0039
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0040
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0040
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0040
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0040
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0040
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0041
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0041
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0041
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0041
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0042
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0042
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0042
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0042
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0042
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0042
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0042
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0042
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0042
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0042
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0042
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0042
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0043
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0043
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0043
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0043
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0043
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0043
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0043
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0043
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0043
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0044
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0044
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0044
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0044
https://doi.org/10.1680/ener.167.3.89
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0046
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0046
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0046
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0046
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0046
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0046
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0047
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0047
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0047
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0047
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0047
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0047
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0047
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0047
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0048
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0048
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0048
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0048
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0048
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0048
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0048
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0048
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0048
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0048
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0048

A. Gaur, O. Balyk, J. Glynn et al.

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

691
[70]

[71]

[72]

H.E. Daly, K. Ramea, A. Chiodi, S. Yeh, M. Gargiulo, B.O. Gallachéir, Incorporating
travel behaviour and travel time into times energy system models, Applied Energy
135 (2014) 429-439.

S. Pye, H. Daly, Modelling sustainable urban travel in a whole systems energy
model, Applied Energy 159 (2015) 97-107.

J. Tattini, M. Gargiulo, K. Karlsson, Reaching carbon neutral transport sector in
denmark-evidence from the incorporation of modal shift into the times energy
system modeling framework, Energy Policy 113 (2018) 571-583.

J. Tattini, K. Ramea, M. Gargiulo, C. Yang, E. Mulholland, S. Yeh, K. Karls-
son, Improving the representation of modal choice into bottom-up optimiza-
tion energy system models—the mocho-times model, Applied energy 212 (2018)
265-282.

J.-M. Cayla, N. Maizi, Integrating household behavior and heterogeneity into the
times-households model, Applied Energy 139 (2015) 56-67.

T. Fishman, N. Heeren, S. Pauliuk, P. Berrill, Q. Tu, P. Wolfram, E.G. Hertwich, A
comprehensive set of global scenarios of housing, mobility, and material efficiency
for material cycles and energy systems modeling, Journal of Industrial Ecology 25
(2) (2021) 305-320.

M. Sharmina, O. Edelenbosch, C. Wilson, R. Freeman, D. Gernaat, P. Gilbert,
A. Larkin, E. Littleton, M. Traut, D. Van Vuuren, et al., Decarbonising the critical
sectors of aviation, shipping, road freight and industry to limit warming to 1.5-2
¢, Climate Policy 21 (4) (2021) 455-474.

T. Napp, S. Few, A. Sood, D. Bernie, A. Hawkes, A. Gambhir, The role of advanced
demand-sector technologies and energy demand reduction in achieving ambitious
carbon budgets, Applied Energy 238 (2019) 351-367.

J. Barrett, S. Pye, S. Betts-Davies, N. Eyre, O. Broad, J. Price, J. Norman, J. Anable,
G. Bennett, C. Brand, et al., The role of energy demand reduction in achieving
net-zero in the uk, 2021.

K. Oshiro, S. Fujimori, Y. Ochi, T. Ehara, Enabling energy system transition toward
decarbonization in japan through energy service demand reduction, Energy 227
(2021) 120464.

K. Kermeli, W.H. Graus, E. Worrell, Energy efficiency improvement potentials and
a low energy demand scenario for the global industrial sector, Energy Efficiency 7
(6) (2014) 987-1011.

Y. Ju, M. Sugiyama, E. Kato, Y. Matsuo, K. Oshiro, D.S. Herran, Industrial decar-
bonization under japan’s national mitigation scenarios: a multi-model analysis, Sus-
tainability Science 16 (2) (2021) 411-427.

C. Brand, J. Anable, C. Morton, Lifestyle, efficiency and limits: modelling transport
energy and emissions using a socio-technical approach, Energy Efficiency 12 (1)
(2019) 187-207.

I. de Blas, M. Mediavilla, I. Capellan-Pérez, C. Duce, The limits of transport decar-
bonization under the current growth paradigm, Energy Strategy Reviews 32 (2020)
100543.

K. Gi, F. Sano, K. Akimoto, Bottom-up development of passenger travel demand
scenarios in japan considering heterogeneous actors and reflecting a narrative of
future socioeconomic change, Futures 120 (2020) 102553.

M. Kainuma, T. Masui, K. Oshiro, R. Zhang, Pathways to deep decarbonization of
the passenger transport sector in japan, Institute for Sustainable Development and
International Relations (IDDRI), Paris (2017).

A. Levesque, R.C. Pietzcker, G. Luderer, Halving energy demand from buildings:
The impact of low consumption practices, Technological Forecasting and Social
Change 146 (2019) 253-266.

C. Wilson, L. Kerr, F. Sprei, E. Vrain, M. Wilson, Potential climate benefits of digital
consumer innovations, Annual Review of Environment and Resources 45 (2020)
113-144.

N.J. van den Berg, A.F. Hof, K.-I. van der Wijst, L. Akenji, V. Daioglou, O.Y. Edelen-
bosch, M.A. van Sluisveld, V.J. Timmer, D.P. van Vuuren, Decomposition analysis
of per capita emissions: a tool for assessing consumption changes and technology
changes within scenarios, Environmental Research Communications 3 (1) (2021)
015004.

Environment Protection Agency, Latest emissions data, 2021. https://
www.epa.ie/our-services/monitoring—assessment/climate-change/ghg/latest-
emissions-data/#.

Sustainable Energy Authority of Ireland, Energy-related CO, Emissions in Ireland
2005-2018, Technical Report, 2020.

Climate Action and Low Carbon Development (Amendment) Bill 2021Technical
Report, 2021.

SEAI, Energy in the Residential Sector, Technical Report, Sustaianble
Energy Authority of Ireland, 2018. https://www.seai.ie/publications/Energy-in-the
-Residential-Sector-2018-Final.pdf

EirGrid, All-Island Generation Capacity Statement 2021-2030, Technical Report,
EirGrid, 2021. https://www.eirgridgroup.com/site-files/library/EirGrid/208281-A
1l-Island-Generation-Capacity-Statement-LR13A.pdf

19

[73]

[74]

[75]

[76]

771

[78]

[79]

[80]

[81]
[82]
[83]

[84]

[85]

[86]
[87]
[88]

[89]
[90]

911

[92]

[93]
[94]

[95]
[96]

971

[98]

[99]

[100]

Renewable and Sustainable Energy Transition 2 (2022) 100024

O. Balyk, J. Glynn, V. Aryanpur, A. Gaur, J. McGuire, A. Smith, X. Yue,
H. Daly, Tim: Modelling pathways to meet ireland’s long-term energy system chal-
lenges with the times-ireland model (v1.0), Geosci. Model Dev. Discuss. (2021),
doi:10.5194/gmd-2021-359.

B. O Gallachéir, P. Deane, J. Glynn, F. Rogan, The Role of Energy Tech-
nology in Climate Mitigation in Ireland: Irish TIMES Phase 3, Technical
Report, Environmental Protection Agency, Dublin, Ireland, 2020. https://www.
epa.ie/publications/research/climate-change/Research_Report_326.pdf

P. Deane, J. Curtis, A. Chiodi, M. Gargiulo, F. Rogan, D. Dineen, J. Glynn,
J. FitzGerald, B. O Gallachéir, DECLG, UCC, ESRI, Technical support
on developing low carbon sector roadmaps for Ireland: Low Carbon Energy
Roadmap for Ireland, Technical Report, Department of Environment,
Community and Local Government, Dublin, Ireland, 2013. https://www.
esri.ie/system/files?file=media/file-uploads/2015-07/BKMNEXT292.pdf

J. Glynn, M. Gargiulo, A. Chiodi, P. Deane, F. Rogan, B. O Gallachéir, Zero
carbon energy system pathways for Ireland consistent with the Paris Agree-
ment, Climate Policy 19 (1) (2019) 30-42, doi:10.1080/14693062.2018.1464893.
https://www.tandfonline.com/doi/full/10.1080/14693062.2018.1464893

O. Balyk, J. Glynn, V. Aryanpur, A. Gaur, J. McGuire, A. Smith, X. Yue,
A. Chiodi, M. Gargiulo, H. Daly, TIMES-Ireland Model (v1.0), Zenodo (2021),
doi:10.5281/zenodo.5708681.

A. Gaur, O. Balyk, J. Glynn, V. Aryanpur, J. McGuire, A. Smith, X. Yue,
A. Chiodi, M. Gargiulo, H. Daly, TIMES-Ireland Model (v1.0.0-s.1), Zenodo (2022),
doi:10.5281/zenodo.6531582.

SEAL, Ireland’s Energy Balance 2018, Technical Report, Sustaianble En-
ergy Authority of Ireland, 2019. https://www.seai.ie/publications/2018-National
-Energy-Balance-Final.pdf

V. Aryanpur, O. Balyk, H. Daly, B.O. Gallachéir, J. Glynn, Decarbonisation of pas-
senger light-duty vehicles using spatially resolved times-ireland model, Applied
Energy 316 (2022) 119078.

OECD, Freight transport (indicator), 2021. 10.1787/708eda32-en.

CSO, Road Traffic Volumes, 2021. https://data.cso.ie/table/THA10.

Government of Ireland, Project Ireland 2040- National Planning Framework, Tech-
nical Report, 2018.

V. O'Riordan, F. Rogan, B.0. Gallachéir, T. Mac Uidhir, H. Daly, How and why we
travel-mobility demand and emissions from passenger transport, Transportation
Research Part D: Transport and Environment 104 (2022) 103195.

J. Palmer, N. Terry, P. Pope, How much energy could be saved by making small
changes to everyday household behaviours, A report for Department of Energy and
Climate Change (2012).

SEAI, Save Energy at Home, 2021. https://www.seai.ie/home-energy/take-
climate-action/save-energy-at-home/.

Electric Ireland, Energy efficient water heating, 2021. https://www.elec
tricireland.ie/residential/help/efficiency/energy-efficient-water-heating.

F.N. Duffy, Against the grain: Why is timber underutilised in the irish construction
industry, given its environmental properties? Against the Grain (2018) 1.

OECD, Passenger transport (indicator), 2022. 10.1787/463da4d1-en.

CSO, New Vehicles Licensed for the First Time, 2021. https://data.cso.ie
/table/TEM12.

S. Thacker, D. Adshead, M. Fay, S. Hallegatte, M. Harvey, H. Meller, N. O’Regan,
J. Rozenberg, G. Watkins, J.W. Hall, Infrastructure for sustainable development,
Nature Sustainability 2 (4) (2019) 324-331.

A. Busch-Geertsema, M. Lanzendorf, N. Klinner, Making public transport irre-
sistible? the introduction of a free public transport ticket for state employees and
its effects on mode use, Transport Policy 106 (2021) 249-261.

CSO, Projected Population 2016 Based, 2020. https://data.cso.ie/table/pea22.
AM. Yakut, K. de Bruin, Technical documentation of I3E model, Version
3, Technical Report, Economic and Social Research Institute, Dublin, Ire-
land, 2020, doi:10.26504/sustat91. https://www.esri.ie/publications/technical-
documentation-of-i3e-model-version-3

CSO, Projected Population 2016 Based, 2020. https://data.cso.ie/table/PEA22.
OECD, Economic Outlook No 103 - July 2018 - Long-term baseline projections,
2018. https://stats.oecd.org/Index.aspx?DataSetCode=EO0103%7B%5C_%7DLTB.
CSO, Estimates of Household Income, 2021. https://ws.cso.ie/public/api.restful /P
xStat.Data.Cube_API.ReadDataset/CIA02/CSV/1.0/en.

AECOM, National Transport Model Update: Travel Demand Forecasting
Report, Technical Report, AECOM, Dublin, Ireland, 2019. https://www.tii.
ie/tii-library/strategic-planning/national-transport-model/NTpM-Vol3-Travel-De
mand-Forcasting-Report.pdf

CSO, Population and Labour Force Projections 2017 - 2051, 2018.
https://www.cso.ie/en/releasesandpublications/ep/p-plfp/populationandlabourf
orceprojections2017-2051/.

Project Ireland 2040 - National Planning FrameworkTechnical Report, Department
of Housing, Planning and Local Government, 2018. https://npf.ie/


http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0049
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0049
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0049
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0049
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0049
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0049
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0049
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0050
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0050
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0050
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0051
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0051
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0051
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0051
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0052
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0052
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0052
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0052
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0052
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0052
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0052
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0052
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0053
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0053
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0053
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0054
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0054
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0054
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0054
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0054
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0054
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0054
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0054
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0055
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0055
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0055
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0055
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0055
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0055
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0055
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0055
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0055
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0055
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0055
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0055
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0056
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0056
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0056
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0056
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0056
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0056
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0056
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0057
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0057
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0057
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0057
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0057
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0057
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0057
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0057
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0057
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0057
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0057
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0057
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0058
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0058
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0058
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0058
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0058
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0059
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0059
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0059
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0059
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0060
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0060
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0060
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0060
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0060
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0060
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0060
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0061
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0061
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0061
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0061
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0062
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0062
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0062
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0062
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0062
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0063
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0063
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0063
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0063
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0064
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0064
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0064
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0064
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0064
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0065
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0065
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0065
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0065
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0066
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0066
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0066
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0066
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0066
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0066
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0067
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0067
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0067
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0067
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0067
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0067
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0067
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0067
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0067
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0067
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0069
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0069
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0070
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0071
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0071
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0071
https://www.eirgridgroup.com/site-files/library/EirGrid/208281-All-Island-Generation-Capacity-Statement-LR13A.pdf
https://doi.org/10.5194/gmd-2021-359
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0074
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0074
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0074
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0074
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0074
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0074
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0075
https://doi.org/10.1080/14693062.2018.1464893
https://www.tandfonline.com/doi/full/10.1080/14693062.2018.1464893
https://doi.org/10.5281/zenodo.5708681
https://doi.org/10.5281/zenodo.6531582
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0079
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0079
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0079
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0080
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0080
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0080
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0080
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0080
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0080
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0083
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0083
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0084
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0084
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0084
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0084
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0084
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0084
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0085
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0085
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0085
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0085
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0088
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0088
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0091
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0091
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0091
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0091
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0091
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0091
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0091
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0091
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0091
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0091
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0091
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0092
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0092
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0092
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0092
https://doi.org/10.26504/sustat91
https://www.stats.oecd.org/Index.aspx?DataSetCode=EO103
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0098
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0098
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0098
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0100
http://refhub.elsevier.com/S2667-095X(22)00008-3/sbref0100

	Low energy demand scenario for feasible deep decarbonisation: Whole energy systems modelling for Ireland
	1 Introduction
	1.1 Rationale for low energy demand pathway
	1.2 Reducing energy service demand: options and modelling

	2 Low energy demand scenarios
	3 A Low Energy Demand pathway for Ireland (ILED)
	3.1 Background
	3.2 TIMES-Ireland Model and ILED Scenario Description

	4 Results
	4.1 Impact on costs
	4.2 Impact on energy consumption and technology uptake
	4.3 Impact on CO2 emissions

	5 Discussion
	5.1 Key insights
	5.2 Limitations and Future work
	5.3 Policy implications

	6 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Summary of energy service demand projections in TIM
	A1 Drivers
	A1.1 Population
	A1.2 Economic growth
	A1.3 Energy service demands


	References


