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Abstract

Energy poverty measurement at the household level is
sensitive to indicator choice and data availability. This
study evaluates energy poverty in Dublin using a set of
expenditure-based, income-sensitive, and needs-based
indicators with a Building Energy Rating (EPC) dataset.
Household income uncertainty is addressed through
scenario-based income assumptions, enabling estimation
of indicator-specific thresholds and escape income levels.
Results reveal divergence in household classification
across indicators, driven largely by structurally high
energy costs linked to dwelling characteristics. The
findings highlight the limitations of single-indicator
approaches and demonstrate the value of comparative,
household-level frameworks for informing targeted
energy poverty interventions in data-constrained contexts.

Introduction

Energy poverty is increasingly recognised as a
multidimensional condition arising from the interaction of
low household income, high energy costs, and poor
dwelling energy efficiency, which together restrict access
to essential domestic energy services. This concept
extends beyond traditional fuel poverty that focuses
primarily on heating affordability, and instead
encompasses the broader set of energy services required
for an acceptable standard of living, including space
heating, water heating, lighting, and appliance use
(Boardman 1991; Gonzalez-Eguino 2015; Bouzarovski et
al. 2014; Bouzarovski and Simcock 2017; Thomson et al.
2017; Scarpellini et al. 2019; Shahzad et al. 2022).

Across Europe, energy poverty has emerged as a growing
policy concern, driven by a combination of rising energy
prices, ageing building stock, and persistent income
inequality. Recent estimates suggest that a substantial
share of households experience difficulties in maintaining
adequate indoor thermal comfort or meeting essential
energy needs, with impacts extending beyond energy
affordability to health, well-being, and social inclusion
(European Commission et al. 2024; Thomson et al. 2017;
2017). In Ireland, these challenges are particularly
pronounced due to a housing stock characterised by low
energy efficiency, high dependence on fossil fuels for
space heating, and comparatively slow rates of deep
retrofit, increasing the exposure of households to energy
cost shocks (ESRI et al. 2022).

Despite growing policy attention, the identification and
measurement of energy poverty remain contested.
Existing approaches rely heavily on single-dimensional
indicators, such as fixed expenditure thresholds or
income-based rules, which are often unable to capture the
combined effects of affordability constraints and
dwelling-related energy needs. Indicators such as the 10%
rule or income-only measures may misclassify
households that under-consume energy due to
affordability pressures, or overlook those living in
energy-inefficient dwellings with structurally high energy
requirements (Hills 2011; Palma et al. 2024;
Wojewddzka-Wiewiorska et al. 2024; Al Kez et al. 2024).
As a result, the scale and nature of energy poverty can
vary substantially depending on the indicator applied,
raising concerns regarding robustness, comparability, and
policy relevance.

In the Irish context, the measurement of energy poverty is
further constrained by data availability and scale. While
national surveys provide valuable insights into income
and self-reported deprivation, they lack the spatial and
technical resolution required to assess dwelling-specific
energy needs. Conversely, the EPC database offers
detailed information on building characteristics and
modelled energy demand at the household level, but does
not contain direct information on household income. This
separation between economic and technical data has
limited the ability to evaluate energy poverty consistently
across indicators and at fine spatial scales, creating a
methodological gap between policy monitoring and
building-level intervention design.

Building on these conceptual and methodological debates
in the energy poverty literature, the following section
outlines the data sources and analytical framework used
to operationalise and compare multiple energy poverty
indicators at the household level in Dublin.

Methodology

The methodology consists of three main stages: (i)
preparation and preprocessing of EPC data, (ii)
Application of leading energy poverty indicators on a
common analytical baseline, and (iii) household-level
result generation and cross-indicator comparison for the
Dublin residential stock.



Step 1: EPC dataset preparation and preprocessing

This study uses a cleaned and validated Irish EPC dataset
for residential dwellings in Dublin as the primary
technical evidence base. Each record represents an
individual dwelling and includes dwelling descriptors,
delivered energy by end use, heating fuel types, and
energy performance ratings. The analysis is conducted at
dwelling (household proxy) level.
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Figure 1: Methodological workflow for household-level energy
poverty assessment using EPC data.

Variable selection and analytical dataset construction

To  ensure methodological  transparency  and
reproducibility, the full EPC dataset was reduced to a
minimum set of variables required to apply the selected
energy poverty indicators and to compute annual required
energy costs. The retained variables were grouped into
three categories: 1. Dwelling descriptors (unique dwelling
identifier, dwelling archetype, Year of Construction, and
BER Rating), 2. Delivered energy by end use (kWh/year)
(space heating, water heating, lighting, fans and pumps,
and other electricity uses where available), and Fuel type
metadata (Main Space Heating Fuel and Main Water
Heating Fuel).

These variables form the common input layer for all
subsequent indicator implementations.

Estimation of required annual household energy Costs

Annual required household energy costs were estimated
by converting delivered energy to cost using fuel-type-
specific unit prices. Space-heating and water-heating
costs were calculated by multiplying delivered energy
(kWh/year) by the assigned unit price of the
corresponding heating fuel. Electricity costs were
computed by aggregating electricity-related end uses
(lighting, pumps/fans, and recorded electricity
consumption where available) and applying the electricity
unit price. The total annual required energy cost for each
dwelling was then calculated as:
Ci:Cispace_;,_Ciwater_;’_Cielec

where C; is the total required energy cost for dwelling i.
This cost measure is treated as a required energy cost
proxy derived from EPC data, enabling consistent
comparison of structural energy burden across dwellings
prior to introducing any income assumptions.

The resulting dataset provides a harmonised dwelling-
level input layer comprising building descriptors,
delivered energy by end use, fuel type information, and an
estimated annual required energy cost, which together
underpin the implementation of all subsequent energy
poverty indicators.

Step 2: Application of energy poverty indicators

Following the preparation of a harmonised EPC-based
analytical dataset and the estimation of required annual
household energy costs, energy poverty was determined
using a suite of leading indicators identified from the
literature. To ensure comparability, all indicators were
applied on a common technical baseline and evaluated
consistently at dwelling (household proxy) level.

Given the absence of household income information in
EPC data, income uncertainty was addressed through a
scenario-based assumed-income framework, rather than
income imputation or spatial proxies. This approach
enables transparent sensitivity analysis and avoids
introducing hidden bias into indicator application.

Income representation and poverty threshold

Household income was represented using a discrete set of
assumed annual income levels spanning low to high
income ranges. These income scenarios were applied
uniformly across all dwellings, allowing assessment of
how energy poverty classification responds to changes in
income while holding building characteristics constant.

Low-income status was defined using the national at-risk-
of-poverty threshold for Ireland, corresponding to 60% of
the median equivalised disposable income. For the
purposes of this study, the 2024 poverty line of €17,998
was adopted. This threshold was used consistently across
all indicators incorporating income or residual income
criteria.

Low income high costs (LIHC)

The LIHC indicator was implemented following the
residual income formulation widely adopted in EU and
UK methodological guidance. A dwelling was classified
as energy poor if it simultaneously satisfied:

e High-Cost condition: Required annual energy cost
exceeds the median energy cost of the Dublin sample
(€2,129).

e Low Income condition: Residual household income

after paying required energy costs falls below the
poverty threshold (€17,998).

Formally, for dwelling i with assumed income Y and
required energy cost C;, energy poverty occurs when:

Ci > Median(C) A (Y—C;) <PL
where PL denotes the national poverty line.

In addition to binary classification, a dwelling-specific
escape income was derived, defined as the minimum



income required for a household to avoid LIHC
classification given its energy cost.

Combined TEE & BRDE indicator

To reduce misclassification associated with single-
threshold indicators, a combined TEE & BRDE indicator
was applied. A dwelling was classified as energy poor if
it simultaneously satisfied:

1. Energy expenditure exceeding 10% of
household income (TEE),

Required energy cost above the median (BRDE),

3. Residual income after energy costs below the
poverty threshold.

This combined formulation integrates affordability stress,
relative energy burden, and income vulnerability within a
single classification framework.

Low income combined with energy expenditure
indicators (LICEEIs)

LICEEIs were implemented to capture households
experiencing energy poverty due to the interaction of low
income and energy-related constraints, including hidden
energy poverty. The indicator combines low residual
income status with either:

¢ high required energy costs, or

e unusually low energy consumption relative to
dwelling characteristics (used as a proxy for under-
heating).

This formulation enables identification of households
whose energy poverty may not be fully captured by
expenditure-based thresholds alone.

CEI (composite expenditure indicator)

CEI integrates multiple expenditure and income
dimensions into a single composite score. Required
energy costs and income measures were normalised and
combined to produce a continuous vulnerability index,
allowing households to be ranked by degree of energy
poverty severity rather than classified using a binary
threshold.

BREDEM-type model-based indicator

A BREDEM-type indicator was applied using EPC-
derived delivered energy and building characteristics as
proxies for required energy needs. By focusing on
modelled energy demand rather than observed
consumption, this indicator captures structurally driven
energy needs and enables identification of hidden energy
poverty associated with constrained energy use.

Step 3: results generation and comparative analysis

Following the application of the selected energy poverty
indicators, results were generated and analysed at
dwelling (household proxy) level for the residential
building stock of Dublin. This step focuses on three
complementary result layers: (i) initial household-level
insights, (ii) indicator-specific outcomes, and (iii) cross-
indicator comparison.

Initial household-level results for Dublin

The first stage of analysis examines the distribution of key
energy poverty-related variables across the full sample of
dwellings. This includes:

e distribution of required annual household energy
costs,

e identification of high-cost dwellings,

e distribution of residual income under assumed
income scenarios,

e derivation of dwelling-specific escape income
thresholds.

These results provide an initial overview of structural
energy burden and affordability stress within the Dublin
housing stock. By analysing required energy costs prior to
applying any indicator-specific thresholds, this stage
isolates the role of building energy performance in
shaping household vulnerability.

Descriptive statistics and distributions are used to
highlight heterogeneity across dwellings and to identify
segments of the housing stock exposed to
disproportionately high energy costs, independent of
income assumptions.

Indicator-specific results

In the second stage, results are analysed separately for
each energy poverty indicator. For each indicator, the
following outputs are produced:

o the number and proportion of dwellings classified as
energy poor,

o sensitivity of classification to assumed household
income levels,

e relationship between classification outcomes and
dwelling characteristics (e.g. typology, construction
period, energy rating).

For expenditure-based indicators (LIHC, TEE, TEE &
BRDE), particular attention is given to the income levels
at which households transition into or out of energy
poverty. Dwelling-specific escape income thresholds are
used to quantify how much income is required for
households to avoid energy poverty conditional on
building energy performance.

For composite and model-based indicators (LICEEIs,
CEIL, BREDEM-type), results are interpreted in terms of
vulnerability intensity and structural energy need,
enabling identification of households experiencing hidden
or borderline energy poverty.

This indicator-specific analysis allows differences in
sensitivity, strictness, and diagnostic capacity across
indicators to be systematically assessed.

Cross-indicator comparison

The final stage of analysis compares results across all
implemented indicators. This includes:

e comparison of the proportion of households identified
as energy poor by each indicator,



e assessment of overlap and divergence in household
classification,

e identification of households consistently classified as
energy poor across multiple indicators,

e evaluation of how indicator choice influences
conclusions regarding the scale and nature of energy
poverty.

By applying all indicators to a common technical and
income-scenario baseline, the analysis enables direct
comparison of indicator behaviour and robustness.
Differences in classification outcomes are interpreted in
relation to each indicator’s underlying conceptual focus,
distinguishing between income-driven, expenditure-
driven, and structure-driven vulnerability.

This comparative analysis forms the basis for identifying
strengths and limitations of existing indicators and
provides empirical grounding for the future development
of a refined multidimensional energy poverty indicator
tailored to the Irish context.

Result

Initial household-level outputs

The initial stage of the results focuses on household-level
outputs derived directly from the cleaned and validated
EPC dataset for Dublin. This stage aims to characterise
the distribution of required energy costs, identify
structurally high-cost dwellings, and assess affordability
pressures prior to the application of income-based energy
poverty indicators.

Distribution of required annual energy costs

Figure 2 illustrates the distribution of required annual
household energy costs derived from the cleaned EPC
dataset for Dublin. The distribution is markedly right-
skewed, indicating substantial heterogeneity in energy
cost requirements across the housing stock. While the
majority of dwellings cluster at relatively low to moderate
cost levels, a pronounced upper tail is observed, reflecting
a subset of dwellings with exceptionally high required
energy costs.

The dashed vertical line denotes the median energy cost
threshold (€2,129), which serves as the structural high-
cost benchmark within the LIHC framework. A
considerable proportion of dwellings lie to the right of this
threshold, demonstrating that high required energy costs
are a widespread structural feature of the housing stock
rather than a marginal phenomenon. This pattern indicates
that energy affordability pressures in Dublin are not
confined to a small number of extreme cases, but instead
affect a substantial segment of dwellings prior to the
application of income-based criteria.

Overall, Figure 3.1a provides direct empirical evidence
that required energy costs are unevenly distributed and
structurally  driven, justifying the  subsequent
identification of high-cost dwellings and the application
of income-sensitive energy poverty indicators in the
following analysis.

To better visualise the upper tail of the cost distribution,
the same data are shown on a logarithmic scale in Figure
3. This representation reveals a long and continuous upper
tail, confirming that extremely high energy cost values are
structurally embedded within the dataset rather than being
isolated outliers. These high-cost dwellings are likely
associated with unfavourable building characteristics,
inefficient heating systems, or large floor areas,
underscoring the importance of building-related factors in
energy poverty analysis.
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Figure 2: Distribution of required annual household energy
costs (Dublin)

This pattern confirms that a subset of dwellings faces
structurally elevated energy requirements spanning
several orders of magnitude, reinforcing the role of
building-related characteristics in shaping energy
affordability pressures. The persistence of high-cost
values beyond the median threshold further supports the
identification of structurally high-cost dwellings prior to
the application of income-based energy poverty
indicators.
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Figure 3: Distribution of required annual household energy
costs (Dublin — log scale)

Identification of structurally high-cost dwellings

Using the median required annual energy cost (€2,129) as
a structural threshold, dwellings were classified into high-
cost and non-high-cost groups. Approximately 37% of
dwellings in Dublin were identified as structurally high-
cost, indicating that a substantial share of the housing
stock faces elevated energy requirements independent of



household income. This classification provides the basis
for subsequent residual income and escape income
analyses within the LIHC framework.

Escape income distribution for structurally high-cost
dwellings

Escape income distribution for high-cost dwellings (2024 poverty line)

—=— Poverty line 2024 (€17,998)
35000 4

30000

250004

20000+

15000 +

Number of high-cost dwellings

10000

5000

v 7 T T T T T T
20000 25000 30000 35000 40000 45000 50000 55000
Required household income to escape HC (€)

Figure 4. Distribution of escape income for high-cost dwellings

Indicator-specific results

The results reveal pronounced differences in both
prevalence levels and income sensitivity —across
indicators. At very low assumed income levels (€10,000—
€17,998), income-driven indicators such as LIHC, TEE &
BRDE, and CEI identify approximately 37% of dwellings
as energy poor, corresponding closely to the share of
structurally high-cost dwellings. In contrast, indicators
incorporating energy need and under-consumption
dimensions exhibit substantially higher prevalence.
LICEEI identifies approximately 52% of dwellings as
energy poor, while the BREDEM-based proxy classifies
up to 88% of dwellings as energy poor at the lowest
income scenario. This divergence highlights the extent to
which needs-based indicators capture vulnerability
beyond income inadequacy alone.

As assumed household income increases, marked
differences emerge in indicator sensitivity. For LIHC,
TEE & BRDE, and CEI, energy poverty prevalence
remains constant up to the poverty-line threshold
(€17,998) and then declines sharply beyond €20,000,
falling below 1% at €25,000. This stepwise reduction
reflects the threshold-based nature of these indicators and
their strong dependence on income adequacy.

In contrast, LICEEI and BREDEM exhibit a more gradual
decline with rising income. Notably, at an assumed
income of €20,000, LICEEI continues to classify 38% of
dwellings as energy poor, while BREDEM identifies over
42%, indicating persistent vulnerability driven by high
structural energy needs rather than low income alone.
However, at higher income levels (€25,000 and above),
convergence across indicators is observed, with
prevalence dropping to negligible levels for all measures.

Overall, these results demonstrate that indicator choice
substantially influences both the scale and interpretation
of energy poverty. Income-driven indicators primarily
identify affordability-driven vulnerability, while needs-
based indicators reveal a broader set of households

exposed to structurally driven energy hardship. This
finding provides strong empirical justification for cross-
indicator comparison and for the development of
multidimensional —approaches to energy poverty
assessment.

Cross-indicator comparison

Figure 5 compares the sensitivity of energy poverty
classification to assumed household income across all
examined indicators. Clear and systematic differences are
observed in both the level and persistence of energy
poverty identified by each indicator, highlighting the
strong influence of methodological choice on assessment
outcomes.

At low assumed income levels (€10,000—€17,998),
income-driven indicators (LIHC, TEE & BRDE, and CEI)
converge at approximately 37%, closely matching the
income-independent share of structurally high-cost
dwellings. This indicates that, at low incomes,
affordability  constraints  dominate  classification
outcomes, and energy poverty identification is primarily
driven by the high-cost condition embedded within these
indicators.

In contrast, indicators incorporating building energy
needs and consumption constraints exhibit substantially
higher prevalence. LICEEI identifies around 52% of
dwellings as energy poor across low-income scenarios,
while the BREDEM-based proxy reaches values as high
as 88% at the lowest assumed income. This divergence
demonstrates that needs-based indicators capture a
broader set of vulnerable dwellings, including those
facing high structural energy requirements that are not
fully reflected in income-based measures.

As assumed income increases, sharp discontinuities
emerge for income-sensitive indicators. For LIHC, TEE
& BRDE, and CEI, energy poverty prevalence collapses
rapidly beyond €20,000, approaching zero at €25,000 and
above. This stepwise behaviour reflects the threshold-
based structure of these indicators and underscores their
strong dependence on income adequacy rather than
persistent dwelling-level energy demand.

By contrast, LICEEI and BREDEM display a more
gradual decline with increasing income. Notably, both
indicators continue to identify a substantial share of
households as energy poor at €20,000, indicating that
elevated energy needs remain a significant source of
vulnerability even when income approaches moderate
levels. However, convergence across all indicators is
observed at higher incomes, where prevalence becomes
negligible, suggesting that income sufficiency eventually
offsets structural energy cost pressures.

Overall, the cross-indicator comparison confirms that
energy poverty is inherently multidimensional. Income-
based indicators primarily identify affordability-driven
vulnerability, while needs-based indicators reveal
structurally driven energy hardship linked to building
performance. These findings demonstrate that reliance on
a single indicator risks mischaracterising both the scale
and nature of energy poverty, providing strong empirical



support for comparative and multidimensional assessment
approaches.
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Figure 5: Sensitivity of EP share to income (all indicators)

Discussion and future directions

The results demonstrate that energy poverty in Dublin is
strongly shaped by both household income and
structurally driven energy costs associated with building
performance. The initial household-level analysis shows
a highly uneven distribution of required energy costs, with
a substantial share of dwellings facing structurally high
energy requirements. This structural heterogeneity
directly translates into elevated escape income thresholds
for many households, indicating that energy poverty
cannot be explained by low income alone.

The indicator-specific and cross-indicator analyses
further reveal that energy poverty prevalence and
classification are highly sensitive to the choice of
indicator. Income-based measures such as LIHC and TEE
& BRDE primarily identify affordability-driven
vulnerability and exhibit sharp threshold effects as
income increases. In contrast, needs-based indicators,
including LICEEI and the BREDEM-based proxy,
capture a broader and more persistent form of
vulnerability linked to building inefficiency and elevated
energy demand. These findings confirm that reliance on a
single indicator risks mischaracterising both the scale and
nature of energy poverty.

From a policy perspective, the results highlight the need
for integrated assessment frameworks in the Irish context.
While income support measures may alleviate energy
poverty for some households, the persistence of
vulnerability among structurally high-cost dwellings
underscores the importance of targeted building retrofit
interventions. Future work in Ireland could benefit from
the development of multidimensional energy poverty
indicators that combine economic affordability, building
energy performance, and aspects of household comfort
and well-being, such as thermal adequacy and the ability
to maintain healthy indoor conditions.

Several limitations should be acknowledged. The analysis
relies on EPC-derived estimates of required energy costs
rather than measured consumption, which may not fully
capture behavioural effects such as under-heating or
rebound. Household income was represented through
assumed income scenarios, rather than observed
microdata, which limits the ability to reflect actual income

distributions. In addition, comfort-related dimensions
were not explicitly quantified in the current framework.

Future research should therefore focus on integrating EPC
data with household survey datasets and measured energy
consumption where available, enabling more robust
validation of energy poverty indicators. Expanding the
framework to incorporate multidimensional well-being
and comfort metrics would further enhance its relevance
for policy design and evaluation, supporting more
effective and equitable energy poverty interventions in
Ireland.

References

Al Kez, Dlzar, Aoife Foley, Christopher Lowans, and
Dylan Furszyfer Del Rio. 2024. “Energy Poverty
Assessment:  Indicators and Implications for
Developing and Developed Countries.” Energy
Conversion and Management 307 (May): 118324.
https://doi.org/10.1016/j.enconman.2024.118324.

Boardman, Brenda. 1991. “Fuel Poverty: From Cold
Homes to Affordable Warmth.” (No Title).

Bouzarovski, Stefan, Saska Petrova, and Sergio Tirado-
Herrero. 2014. “From Fuel Poverty to Energy
Vulnerability: The Importance of Services, Needs and
Practices.” SSRN Electronic Journal, ahead of print.
https://doi.org/10.2139/ssrn.2743143.

Bouzarovski, Stefan, and Neil Simcock. 2017.
“Spatializing Energy Justice.” Energy Policy 107
(August): 640-48.

https://doi.org/10.1016/j.enpol.2017.03.064.

ESRI, Michelle Barrett, Niall Farrell, ESRI, Barra
Roantree, and ESRI. 2022. Energy Poverty and
Deprivation in Ireland. ESRI.
https://doi.org/10.26504/rs144.

European Commission, E3M., Trinomics., IEECP., and
Wuppertal Institut. 2024. Study on Optimisation of
Energy Poverty Indicators Collected at EU and
National Level: Final Report. Publications Office.
https://data.europa.cu/doi/10.2833/6627986.

Gonzalez-Eguino, Mikel. 2015. “Energy Poverty: An
Overview.” Renewable and Sustainable Energy
Reviews 47 (July): 377-85.
https://doi.org/10.1016/j.rser.2015.03.013.

Hills, John. 2011. Fuel Poverty: The Problem and Its
Measurement.

Palma, Pedro, Roberto Barrella, Jodo Pedro Gouveia, and
José Carlos Romero. 2024. “Comparative Analysis of
Energy Poverty Definition and Measurement in
Portugal and Spain.” Utilities Policy 90 (October):
101770. https://doi.org/10.1016/j.jup.2024.101770.

Scarpellini, Sabina, M. Alexia Sanz Hernandez, José M.
Moneva, Pilar Portillo-Tarragona, and Maria Esther
Loépez Rodriguez. 2019. “Measurement of Spatial
Socioeconomic Impact of Energy Poverty.” Energy



Policy 124 (January): 320-31.
https://doi.org/10.1016/j.enpol.2018.10.011.

Shahzad, Umer, Mansi Gupta, Gagan Deep Sharma,
Amar Rao, and Ritika Chopra. 2022. “Resolving
Energy Poverty for Social Change: Research Directions
and Agenda.” Technological Forecasting and Social
Change 181 (August): 121777.
https://doi.org/10.1016/j.techfore.2022.121777.

Thomson, Harriet, Stefan Bouzarovski, and Carolyn
Snell. 2017. “Rethinking the Measurement of Energy
Poverty in Europe: A Critical Analysis of Indicators
and Data.” Indoor and Built Environment 26 (7): 879—
901. https://doi.org/10.1177/1420326X17699260.

Wojewddzka-Wiewiorska, Agnieszka, Hanna Dudek, and
Katarzyna Ostasiewicz. 2024. “Household Energy
Poverty in European Union Countries: A Comparative
Analysis Based on Objective and Subjective
Indicators.” Energies 17 (19): 4889.
https://doi.org/10.3390/en17194889.



