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ll Key Points

A global energy sufficiency floor (ESF) of 1,239 kWh per capita per year defines a minimum level consistent with basic services.

Applied globally, 17.0% of the population (1.37 billion people) falls below this threshold in 2023, with 2.2% in severe deficit
(< 75% of ESF).

The total shortfall required to close this gap is 260.8 TWh per year and is heavily concentrated in absolute terms in Asia.

Regional contrasts are stark: Africa has the highest incidence (36.5%), while Asia hosts the largest deprived population
(728.9 million).

High averages mask gaps: the Middle East has 22.2% below ESF despite 4,456 kWh/capita.
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Bl Abstract

Residential energy services - clean cooking, lighting, and thermal comfort - are central to
human development and increasingly shaped by climate stressors. Yet global monitoring
largely relies on binary “headcount” metrics. While these provide aggregate access

rates, they do not reveal whether households can secure a minimum bundle of services
at adequate quantity and quality. We introduce an energy sufficiency floor (ESF): an
empirically derived, climate- and structure-conditioned benchmark of residential final
energy use consistent with basic services, estimated from the conditional lower envelope
of observed consumption under near-universal modern energy access, while accounting
for structural determinants that shift requirements. Using a panel of 186 countries
(1990-2023), we estimate population-weighted quantile models with controls for income,
urbanization, demographics, and climate conditions. A global ESF of 1,239 kWh per capita
per year is estimated based on the 15th-percentile threshold and averaged over the period
2018-2023. Applied to observed consumption, the ESF identifies persistent lower-tail
deficits: in 2023, 17.0% of the world's population falls below the benchmark and 2.2%
consumes below 75% of the global ESF threshold, with an average shortfall of 191 kWh
per capita among the deprived, implying a global shortfall of 260.8 TWh per year to close
the residential energy poverty gap. Regional patterns separate incidence from depth:
Africa has the highest deprivation share (36.5%), while Asia accounts for the largest
deprived population in absolute terms (728.9 million). ESF complements Sustainable
Development Goal 7 (SDG7) access metrics by enabling consistent cross-country diagnosis
of deprivation and by quantifying its incidence, volume, and depth. It also identifies
contexts where expanding connections alone may not secure adequate services without
parallel improvements in affordability and reliability.

Keywords: ESF, Residential Energy Poverty, SDG7, Clean Cooking, Climate Conditions, Quantile Regression,
Distributional Inequality
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Despite three decades of electrification gains, access remains deeply unequal and
incomplete. In 2022, 685 million people still lacked electricity, and 2.1 billion relied on
polluting cooking fuels and technologies (World Bank 2024; IEA et al. 2024). These figures
reveal not only infrastructure gaps but also a deeper problem of adequacy: connections
do not guarantee that households can secure clean cooking, reliable lighting, and thermal

comfort at sufficient and affordable levels.

As climate mitigation policies reshape energy systems, the
distributional implications of these shortfalls become more
pronounced, raising questions about whose basic needs are
safeguarded in the transition (Jenkins et al. 2016; Bouzarovski
and Petrova 2015; Belaid and Hejazi 2026).

The most immediate consequences of these adequacy deficits
manifest in health outcomes (Belaid, Cost, and Massié Gamard
2025). In many low- and middle-income settings, cooking with
solid fuels and kerosene produces household air pollution at

exposure levels incompatible with healthy indoor environments.

The World Health Organization estimates that household air
pollution caused 2.9 million deaths in 2021, including more than
300,000 among children under five (WHO 2025).

A systematic review and meta-analysis documents elevated
risks of child mortality associated with household air pollution
exposure, reinforcing the fact that clean cooking is a public-
health intervention as well as an energy transition measure (Lee
et al. 2020). These pathways affect pregnancy outcomes and
early childhood development: prenatal and early-life exposures
increase susceptibility to low birth weight, respiratory
infections, and impaired immune responses, while time and
income burdens associated with fuel collection and inefficient
cooking compound nutritional and care constraints (WHO 2025).

Despite this health and development rationale, the empirical
basis for assessing whether populations achieve minimum
residential energy services remains fragmented. Sustainable
Development Goal 7 (SDG7) monitoring has appropriately
emphasized access to electricity and clean cooking, but binary
access indicators do not establish whether households can
secure essential services at adequate quantity and quality
(Bhatia and Angelou 2015; IEA et al. 2024). The multi-tier
framework broadened measurement to include reliability,
affordability, and safety (Bhatia and Angelou 2015), but it is
survey-intensive and does not provide a globally comparable,
annually updated benchmark expressed in common

physical units.

Parallel literatures propose energy-poverty indices and service-
based conceptualizations (Hills 2012; Nussbaumer, Bazilian, and
Modi 2012; Bouzarovski and Petrova 2015; Belaid 2022a, 2022b),
yet these household-centric frameworks prioritize affordability
detection over transparent per capita floors that enable
consistent accounting of shortfall incidence and depth across
countries and over time.

A corresponding strand estimates minimum energy needs
through engineering or “decent living” approaches. Research on
decent living standards formalizes essential service bundles and
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maps them to energy requirements under explicit technological
and climatic assumptions, highlighting the mediating roles

of climate, housing, and technology (Rao, Min, and Mastrucci
2019; Millward-Hopkins et al. 2020). Related research shows
that conventional SDG7 electricity metrics can understate
deprivation where essential cooling is unavailable under heat
stress (Mastrucci et al. 2019). These studies formalize normative
service bundles and their material requirements, but they

often rely on scenario assumptions, technology archetypes, or
granular bottom-up inputs that are challenging to implement
consistently across a large cross-country panel and extended
historical horizon.

Building on these efforts, a recent study proposes normative
architectures, such as the minimum energy requirements
framework, to align global climate policy with energy access
parameters (Belaid and Taylor 2026), but such constructs were
designed to act as conceptual policy scaffolds rather than
measurable empirical floors. A practical gap therefore persists
between access-centered monitoring and engineering-based
benchmarks: the literature lacks an empirically grounded,
climate-conditioned threshold that is comparable across
countries, trackable over time, and anchored in observed
consumption patterns.

This study addresses that gap by proposing an energy
sufficiency floor (ESF) for residential energy services. Unlike
fixed per capita thresholds or engineering-based minimum
energy baskets, the ESF is derived directly from observed
consumption patterns while explicitly conditioning on structural
determinants that shift service requirements. ESF is defined

as a conditional sufficiency benchmark: a minimum level of
residential final energy use per capita consistent with essential
services, conditional on climate, demographic structure,
settlement patterns, and income capacity.
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Operationally, ESF is estimated from the lower conditional
envelope of observed residential energy use. A central
identification challenge is that the lower tail of observed
consumption may reflect suppressed demand or restriction
due to incomplete access, unreliable supply, or affordability
constraints rather than efficient provision of basic services. To
mitigate this risk, we anchor adequacy-revealing observations
using SDG7 conditions for electricity and clean cooking and
apply smooth reference weights, reducing the influence of
country-years where low consumption is likely constraint-driven
without imposing hard sample cutoffs. This weighting design
prevents poverty-driven underconsumption from mechanically
defining the benchmark while preserving cross-country
variation in structural need.

Methodologically, the contribution lies in combining access
thresholds, smooth probabilistic weighting, and lower-tail
quantile estimation to recover a needs-consistent empirical
sufficiency frontier at a global scale. The resulting benchmark
may complement existing SDG7 access and multi-tier metrics by
enabling cross-country diagnosis of deprivation, quantifying its
incidence and depth in common physical units, and identifying
settings where expanding connections alone may not secure
adequate services if reliability, affordability, or clean-cooking
transitions remain binding.

The remainder of the paper proceeds as follows. Section 2
describes the data, the sufficiency reference strategy, and

the econometric specifications. Section 3 presents global and
regional ESF estimates, documents heterogeneity associated
with climate and settlement structure, and compares ESF-based
shortfalls with conventional SDG7 access indicators. Section 4
discusses implications for monitoring and policy prioritization.
Section 5 concludes and outlines directions for future research.



Data and Methods
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The analysis uses an unbalanced panel of 186 countries spanning 1990-2023, combining
residential energy consumption data from Enerdata’s Global Energy & o, Database

with macroeconomic, demographic, and climatic covariates from the World Bank (2025)
and the Climate Change Knowledge Portal (2025). The outcome variable is residential
final energy consumption per capita, harmonized to kilowatt-hours per person per year
and estimated in logarithmic form. Climate-related service requirements are captured
using annual heating degree days (HDD) and cooling degree days (CDD), while structural
conditions are represented by income capacity (GDP per capita at purchasing power parity
(PPP)), settlement structure (urban population share), and demographic composition
(population aged 65 and above). The overall analytical sequence, from data integration to

benchmark recovery, is illustrated in Figure 1.

The empirical objective is to identify an ESF, defined as the
minimum level of residential energy use consistent with
securing essential household energy services, conditional on
structural and climatic circumstances. As shown in the empirical
framework (Figure 1), a central identification challenge is

that low observed consumption may reflect poverty-driven
underconsumption rather than efficient provision of basic
services. To address this, the ESF is estimated as a needs-
consistent conditional lower bound using weighted quantile
regression with year fixed effects.

Identification is anchored to a sufficiency reference set (SRS)
based on near-universal access to electricity and clean cooking
(SDG7). Rather than restricting the sample, observations are
assigned continuous adequacy weights that increase smoothly
with access levels, ensuring that the lower envelope is informed
primarily by contexts in which basic energy services are

demonstrably met. In addition, GDP per capita is treated as a
normative capacity variable: an adequacy-consistent income
floor, derived from high-access observations, prevents the
benchmark from being mechanically anchored to scarcity-
constrained income levels, while a high-income saturation
level allows for diminishing marginal energy requirements at
advanced income levels.

The ESF is recovered from the fitted conditional quantiles
(T=0.10, 0.15, 0.20), with predicted values transformed back to
levels. The preferred specification summarizes thermal demand
using a composite climate index, with alternative regime-
based formulations and access-augmented models used for
robustness. Full variable definitions, data sources, estimation
equations, diagnostics, and robustness checks are reported in
Appendix A.
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Figure 1. Methodological workflow.
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3.1 Regression Results: Drivers of Residential Energy Use

We estimate weighted quantile regressions of log residential final energy use per capita at
7€ {0.10, 0.15, 0.20} to examine whether the correlates of lower-tail residential energy

use - interpreted as the needs-consistent envelope from which the ESF is recovered -
differ between lower-quantile and higher-quantile settings. We emphasize income and
climate conditions because they shape the benchmark construction and provide an
interpretable lens on cross-country differences.

Across quantiles, the income-residential energy use association
is positive but attenuates as one moves up the conditional
distribution in the baseline specification with total climate
conditions (Spec 1). The estimated income elasticity declines
from 0.929 at T = 0.10 t0 0.869 at T = 0.15 and 0.763 at

T = 0.20 (Tables A2-A4). Figure 2 displays the same gradient.
Near the lower envelope, incremental income is more tightly
aligned with achieving modeled minimum service levels; at
higher conditional quantiles, the proportional association
weakens.

Allowing the income-residential energy use gradient to change
above a high-income threshold points to a different relationship
at the top of the income distribution. The threshold interaction
term In (GDP) x (GDP > 70k) is negative across quantiles
(Tables A2-A4), implying that fitted lower-quantile residential
energy use (and hence the implied ESF) increases with income
below $70,000 at PPP, but the conditional association flattens
and - within this cross-country specification - reverses above
the threshold (i.e., the fitted partial slope on income changes
sign holding other covariates and year effects constant)
(Figure A1).

At T = 0.15, for example, the baseline coefficient on incomeis
0.8685, while the interaction term equals -1.3862. The implied
marginal slope above $70,000 is therefore —-0.5177 (the sum of
the baseline and interaction terms).

Thus, below $70k, the fitted lower-quantile energy level
increases proportionally with income (elasticity = 0.87),
whereas above the threshold, the slope turns negative
(elasticity = —0.52), indicating that energy consumption begins
to decline as income rises beyond this point.

A similar pattern appears at T = 0.10 and T = 0.20. Importantly,
this reversal does not imply that energy use mechanically
declines with income within countries; rather, it reflects a
cross-country conditional relationship in which high-income
countries with comparable structural characteristics tend

to exhibit lower modeled minimum envelopes when income
exceeds the threshold.
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One interpretation consistent with this pattern is a saturation
regime: beyond high income levels, cross-country variation

in the lower envelope appears less income-driven and more
aligned with structural efficiency - that is, building standards,
technology adoption, and service delivery performance. These
coefficients summarize conditional cross-country associations
and are not interpreted as causal effects.

Climate pressure is also positively associated with residential
energy use, with larger coefficients in the lower tail. In Spec 1,
total climate conditions enter positively at all three quantiles,
and their magnitude declines from T = 0.10to T = 0.20
(Tables A2-A4). Figure 2 reflects the same ordering.

One interpretation consistent with the estimates is that
thermal-service requirements weigh more heavily in
low-quantile contexts - where housing quality, appliance
efficiency, and adaptive capacity may be more constrained -
while higher-quantile contexts may partially buffer thermal

Figure 2. Quantile regression coefficient profiles.
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loads through building standards, technologies, and reliability
of supply (Figure 2; Table 1).

The remaining covariates serve mainly as controls but also
provide additional structure. The share of the population aged
65+ is positively associated with residential energy use across
quantiles (Tables A2-A4), consistent with higher baseline
service needs and greater time spent at home.

Urbanization is negative at the lower quantile and attenuates
toward zero at T = 0.20 (Tables A2-A4). At T = 0.10, the
coefficient (-0.0076) implies that a 10-percentage-point
increase in urban population share is associated with roughly
7%-8% lower residential energy use per capita, conditional
on income, climate, demographics, and year effects. The
magnitude is modest relative to the income and climate
gradients.

Key covariates from Specification 1 (Climate conditions) « Larger points indicate statistical significance at 95% level
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Although urban residence is typically correlated with higher
energy consumption through income and access channels,
these effects are absorbed by the controls in the regression. The
remaining negative sign is consistent with density economies in
residential energy demand: smaller dwellings, shared building
envelopes, and compact settlement patterns reduce per capita
thermal requirements near the minimum-service envelope.
Because the dependent variable covers only residential final
energy, this association does not extend to transport or
commercial energy use.

The attenuation toward zero at higher quantiles indicates that,
beyond basic service levels, cross-country variation in the
modeled sufficiency envelope is less systematically related to
aggregate urbanization rates.

Results remain qualitatively stable across the dominant-
climate specification (Spec 2) and when electricity and clean
cooking access are added directly to the regression (Spec 3).
The persistence of the income threshold and climate gradients
across specifications indicates that the estimated lower-
envelope structure is not driven by multicollinearity in climate
variables or by residual access heterogeneity.

3.2 Nonlinearity and
Structural Constraints: Income
Saturation and Climate
Pressure

Two regularities in the quantile estimates frame the
interpretation that follows and motivate the benchmark
construction in Section 4.3. First, the income-lower-tail
residential energy use relationship is not well summarized by

a single gradient across the full distribution: the association
changes once countries move into a high-income range.
Second, climate-related service needs remain associated with
lower-tail residential energy use (the segment used to infer

the ESF) after conditioning on income and other covariates, and
this association is stronger in the lower tail. These patterns are
descriptive, but they provide a consistent way to connect the
regression evidence to the fitted ESF trajectories used to define
the global benchmark.

The threshold specification allows the income-residential
energy use gradient to differ above and below $70,000 at PPP.

Figure A1 reports the composite marginal effect implied by the
specification, defined as din (ESF)/ din (GDP) = ﬁ1+ ﬁz )

(GDP > 70k), thereby making explicit how the estimated
coefficients translate into a piecewise income gradient.

Below $70k, the estimated elasticities are positive across
quantiles - 0.929 at T = 0.10, 0.869 at T = 0.15, and 0.763 at

T = 0.20 (Tables A2-A4, Figure A1). The interaction term that
applies above the threshold is negative across quantiles

(Tables A2-A4), so the implied income elasticity declines sharply
and - within this cross-country specification - becomes negative
for observations above $70k (Figure A1).

A cautious interpretation is that, in cross-country comparisons,
differences in fitted lower-quantile residential energy use
(used to recover the ESF) at low and middle incomes closely
track income, consistent with a phase in which the expansion
of basic residential energy services still coincides with higher
effective energy use. Among high-income observations,

by contrast, additional income is not aligned with higher

fitted lower-tail predictions in the same way. This pattern is
consistent with a saturation regime in which cross-country
differences in the modeled sufficiency floor are more plausibly
related to how services are delivered - such as efficiency,
standards, housing and settlement form, and substitution
across fuels - than to further expansion of the basic service
bundle. As throughout, these are conditional cross-sectional
associations and should not be interpreted as within-country
income dynamics.

Climate conditions enter positively at all quantiles and decline in
magnitude from the lower tail to higher parts of the conditional
distribution (Figure 1, Tables A2-A4). Holding income,
urbanization, demographic structure, and year effects constant,
higher heating/cooling degree-day burdens are associated

with higher fitted lower-quantile residential energy use, with
the association most pronounced at T = 0.10 and weaker by

T = 0.20 (Figure 2). One interpretation consistent with this
ordering is heterogeneity in buffering capacity: for a given
income level, low-quantile settings appear more exposed to
climate-driven service needs, whereas higher-quantile settings
may partly offset thermal loads through building envelopes,
appliance efficiency, and more reliable supply.

Table A5 in the Appendix summarizes these two regularities
and their interpretation. Together, they motivate constructing
the benchmark from fitted lower-tail predictions that remain
sensitive to development stage and climatic load.
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3.3 Constructing a Global ESF
Benchmark from Quantile
Models

This section converts the quantile-regression estimates into two
policy-relevant outputs: (i) an annual global series describing
the evolution of modeled residential energy service floors,

and (ii) a single benchmark used to evaluate deprivation gaps.
The benchmark is derived from the model's lower-quantile
predictions after applying the reference-weighting scheme that
down-weights scarcity-constrained observations. At the same
time, cross-country heterogeneity in predicted ESF levels is
reported explicitly through dispersion measures rather than
absorbed into a single global requirement.

3.3.1 Prediction of the Global ESF Benchmark

For each T€ {0.10, 0.15, 0.20}, we generate country-year ESF
predictions and summarize the global distribution each year
using a median and a p10 — p 90 interval. The median provides
a stable reference for benchmarking in a skewed global
distribution, while the p10-p90 band describes the spread of
structural requirements across countries.
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Two empirical patterns emerge. First, the median ESF
trajectories for T = 0.10, T = 0.15, and T = 0.20 converge

in the recent period. In the final year, the medians cluster
around 1,048-1,051 kWh per capita per year (Figure 3a).

This tight clustering indicates that the benchmark level is not
sensitive to moderate shifts in the quantile used to recover
the lower envelope. Figure 3a also shows a sizeable decline
in the predicted floor over time (about 50%). One plausible
interpretation is that the conditional lower-envelope frontier
has shifted downward - consistent with gradual reductions
in the energy required to deliver a basic bundle of residential
services as technologies and housing characteristics evolve -
although the time component may also absorb other common
changes not explicitly modeled.

Second, the dispersion of predicted ESF levels widens over
time and increases with the quantile level (Figure 3b). In the
final year, the p90-p10 range reaches 3,455 kWh per capita for
T = 0.10, 4,018 kWh for T = 0.15, and 4,273 kWh for T = 0.20 -
equivalent to increases of approximately 55%, 80%, and 92%
relative to the baseline year shown in the figure. Thus, while
the global median remains comparatively stable, the gap
between low- and high-requirement contexts expands. Figure
3b, therefore, separates two distinct features of the distribution:
stability of the central benchmark and widening cross-country
heterogeneity in modeled service requirements.

Figure 3. Benchmark stability masks widening cross-country inequality in energy service floors.
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Note: (a) Population-weighted median predicted ESF (kWh/capita/year) implied by quantile-regression specifications at T € {0.10,0.15,0.20}. Solid lines show annual

population-weighted medians across countries. Gray bands denote the population-weighted p10-p90 interval. (b) Cross-country dispersion measured as the population-
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constructed as E/S?: exp(ln(E/S? )) and summarized using population weights. Models include year fixed effects and controls for income, urbanization, demographics, and total

climate conditions.

Source: Author's design.
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For deprivation-gap calculations, the benchmark adopts the

T = 0.15 specification. The global ESF level is defined as the
mean of the annual population-weighted medians over the
period 2018-2023, yielding 1,239 kWh per capita per year.

Using a recent multi-year window limits sensitivity to short-term
fluctuations while anchoring the benchmark in the lower portion
of the conditional distribution rather than the extreme tail.

The benchmark’s internal stability is a necessary but not
sufficient condition for its validity as a welfare metric. A
threshold that is insensitive to specification choices may still fail
to correspond to meaningful deprivation in practice. To assess
whether the ESF boundary carries substantive welfare content,
we conduct a cross-sectional external validation exercise using
five World Bank World Development Indicators for 2023 - clean

cooking access, electricity access, life expectancy at birth,
under-5 mortality, and undernourishment prevalence.

These indicators are entirely independent of the ESF estimation:
none entered the quantile regression, and all are sourced from

a distinct data infrastructure. They were selected because they
capture dimensions of human welfare - energy service access,
health, and food security - that the development literature
consistently associates with energy poverty at the household level.

Figure 4 plots each outcome against the continuous ESF gap
(the percentage deviation of residential consumption from the
1,239-kWh benchmark, negative values denoting deprivation).
Two features emerge. First, across all panels, countries

below the ESF threshold cluster in the adverse region of each

Figure 4. External validation of the ESF: alignment with independent deprivation indicators.
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outcome distribution - lower clean cooking and electricity
access, shorter life expectancy, higher child mortality, and
higher undernourishment. Second, the population-weighted
LOESS curves steepen near the threshold, indicating a sharper
deterioration in outcomes as countries fall below the benchmark
rather than a uniform gradient across the distribution.

This pattern is consistent with the threshold interpretation
underlying the ESF concept, although it remains descriptive
rather than causal.

The population-weighted group comparisons reported in Table 1
corroborate this pattern quantitatively. Countries below the ESF
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threshold (n = 33) exhibit clean cooking access 19 percentage
points lower than the above-threshold group, electricity access
10 percentage points lower, life expectancy 8.2 years shorter,
under-5 mortality 30.2 deaths per 1,000 births higher, and
undernourishment prevalence 5.5 percentage points higher -
differences that are consistent across all five indicators.

Because these outcomes are not used in constructing the ESF,
this comparison constitutes an out-of-sample validation of the
threshold's ability to distinguish systematically different welfare
conditions.

Table 1. External validity of the ESF: population-weighted differences across welfare indicators.

Context Independent external deprivation signals
Clean Electricity Life Under-5
Residential cooking access expectancy mortality

] Population energy (% access - (% access - (years at (per 1,000 Undernourishment

(countries) (millions) (kWh/capita/year) SDG 7.1.2) SDG 7.1.1) birth) births) (% of population)
Below ESF 33 1,368 1,049 58.3 83.3 66.5 49.7 13.6
Above ESF 153 6,684 3,371 77.7 93.3 74.7 19.5 8.1
Delta above

. = = +2,322.6 +19.4 +10.1 +8.2 -30.2 =5.5

minus below

Sources: Enerdata (2025) (basis for ESF, for residential energy); WDI (2025) for outcomes (clean cooking (EG.CFT.ACCS.ZS), electricity access (EG.ELC.ACCS.ZS), life
expectancy (SP.DYN.LEOO.IN), US mortality (SH.DYN.MORT), undernourishment (SN.ITK.DEFC.ZS)).

Sensitivity to alternative benchmark definitions is reported in
Appendix B (Figure B1), where alternative rules are treated
as bounds around the baseline rather than as competing
thresholds.

Two limitations of this exercise merit acknowledgment. First,
the cross-sectional design does not establish causality; the
associations reflect the co-distribution of energy consumption
and welfare outcomes across countries rather than the

effect of crossing the threshold. Second, the ESF is a macro-
level estimate derived from aggregate data and will require
refinement as more detailed information on household energy
use and service quality becomes available.

Within these limits, the consistent alignment across
independent indicators suggests that the ESF captures a region
of the global residential energy distribution associated with
multidimensional welfare deficits, rather than merely reflecting
an internally consistent statistical construction.

3.4 What ESF Reveals:
Stratification, Dynamics, and
Policy-Relevant Groupings

The ESF benchmark is used as a distributional reference for
observed residential final energy use per capita, not as a welfare
optimum. Its role is operational: it expresses cross-country
differences in residential energy use in three comparable
metrics - incidence (population below the floor), depth (average
shortfall among those below), and volume (total energy
required to bring all those below up to the floor). Together,
these measures support geographic mapping of deficits

and organize policy diagnostics around where shortfalls are
concentrated, how severe they are, and what scale of additional
service provision is implied.
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We therefore ask: (i) how deprivation is stratified in the consistent with the structural patterns previously identified.
lower tail, (ii) whether the lower tail has moved toward a A companion GDP-energy scatter with the ESF line is provided
contemporary minimum over time, and (iii) whether the in Figure 5 to situate the benchmark in the development space.

cross-section supports a small set of policy-relevant groupings

Figure 5. GDP per capita and residential final energy use relative to the ESF benchmark (2023).
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3.4.1 Global Stratification in 2023: Incidence,
Depth, and Aggregate Scale

Applying the global ESF benchmark (1,239 kWh/capita/year)
separates quantities that are often conflated in discussions

of residential energy poverty: the share below the floor, the
typical shortfall among those below it, and the aggregate
shortfall implied by closing the gap. Table 2 shows that average
global residential energy use remains above the benchmark,
yet a persistent lower tail remains. In 2023, 17.0% of the

global population falls below the benchmark, and 2.2% falls

Table 2. Global energy deprivation: key statistics.

Reference

<@

below 75% of the benchmark (used here to distinguish deeper
deficits). Expressed in physical units, the implied shortfall
required to lift all those below the benchmark up to the
benchmark is 260.8 TWh/year in 2023 (Table 2).

Read jointly, these indicators distinguish contexts where
deprivation is widespread but near the threshold from those
where fewer people are affected, but deficits are deeper -
differences that matter for targeting, delivery mechanisms, and
expected resource requirements.

Incidence Depth Volume

Avg. shortfall

ESF benchmark Average actual Below ESF Severely deprived (kWh/capita/year, Total shortfall

(kWh/capita/year) (kWh/capita/year) (% of pop.) (% of pop.)’ deprived only)** (TWh/year)?
1990 1,239 3,134 6.2 3.5 603 198.1
2000 1,239 3,028 6.8 1.6 259 107.8
2010 1,239 3,01 4.1 1.7 430 123.3
2020 1,239 2,961 8.9 1.7 317 220.1
2023 1,239 2,977 17.0 2.2 191 260.8

Note: ' Severely deprived: residential consumption below 75% of the ESF benchmark. 2 Average energy shortfall (kWh/capita/year) among deprived individuals only

(consumption < ESF benchmark). * Total shortfall, a (TWh/year) needed to bring all deprived individuals to the ESF benchmark; zero for non-deprived.

Because the benchmark is anchored to the recent reference
window (2018-2023), applying it retrospectively provides a
consistent lens on whether the lower tail has closed the gap to a
contemporary minimum. This exercise should be interpreted as a
fixed-benchmark comparison rather than as a direct measure of
how underlying service requirements evolved over time. Table 2
indicates that this adjustment has not followed a steady path.

The share below the benchmark declines between 1990 and
2010, then rises sharply by 2023. Depth follows a different
pattern: the average shortfall among the deprived falls overall,
from 603 kWh/capita/year in 1990 to 191 kWh/capita/year in
2023. This should not be interpreted as a general improvement
in deprivation. Rather, it describes a dynamic in which a
growing population falls below the threshold, while individual
consumption levels cluster closer to it, mathematically
narrowing the average gap.

Part of this narrowing in average per-capita gaps may also be
consistent with gradual improvements in end-use efficiency,

housing quality, appliance stocks, fuel mixes, or changes in data
coverage over time, none of which can be separately identified
in this exercise. Over the same period, the implied aggregate
shortfall increases, reaching 260.8 TWh in 2023 (Table 2).

These movements are therefore not interpreted as a pure

time trend in deprivation, but as the evolution of the lower tail
relative to a fixed contemporary reference. The divergence
between incidence, average depth, and aggregate volume is
largely invisible in global averages, reinforcing why incidence,
depth, and volume are treated as distinct outcomes rather than
as derivatives of mean consumption.

Interpreting the time profile also requires keeping the structural
channels in view. The quantile results point to nonlinearity in
the income-lower-tail relationship and a positive association
between climate-related service requirements and the implied
floor, strongest toward the lower tail (Sections 3.1-3.2).
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Benchmark-based patterns are therefore read as the joint population scale. This contrast matters for policy: the global
shortfall is shaped by both high-incidence and large-population
contexts, where a moderate incidence translates into large

absolute numbers of people below the floor.

outcome of constraints on effective consumption (including
affordability and service conditions) and context-dependent
requirements (notably thermal demand), rather than as a single
monotonic “energy scarcity” gradient.

Depth does not mechanically track mean consumption. The
Middle East illustrates this divergence: average residential
consumption is high (4,456 kWh/capita/year), yet 22.2% of the
population remains below ESF, and the mean shortfall among
the deprived is large (66.4% below ESF on average; Table 3).
This pattern is consistent with substantial within-region
heterogeneity - high average use coexisting with pockets

of under-consumption - and underscores why incidence is
most informative when interpreted alongside depth and total
shortfall volume.

3.4.2 Where Shortfalls Concentrate: Regional
Contrasts, Geographic Clustering, and Policy

Typology

Regional aggregation shows that energy deprivation differs

in prevalence, headcount, and depth (Table 3). Africa exhibits
the highest incidence (36.5% below ESF), while Asia accounts
for the largest deprived headcount (728.9 million), reflecting

Table 3. Regional energy deprivation profile (2023).

Population Deprivation metrics Energy consumption
Countries Total pop. Deprived Deprived Gap intensity Energy Actual ESF
(n) (millions) pop. share (% below ESF, shortfall consumption benchmark
(millions)’ (% of pop.) deprived only)’ (TWh/yr)? (kWh/cap/yr)  (kWh/cap/yr)
Africa 54 1,479.0 539.6 36.5% 18.1% 120.9 TWh 1,.SE8 1,239
Middle-East 13 284.1 63.0 22.2% 66.4% 51.8 TWh 4,456 1,239
Asia 26 4,289.2 728.9 17.0% 8.7% 78.6 TWh 2,178 1,239
Pacific 9 44.8 2.1 4.8% 23.3% 0.6 TWh 3,871 1.239
America 35 1,030.8 26.9 2.6% 14.0% 4.7 TWh 4,556 1.239
CIs 12 290.9 7.4 2.5% 44.9% 4.1TWh 7,720 1,239
Europe 37 633.1 0.0 0.0% 0.0% 0.0 TWh 5,349 1,239
Total — - 8,051.8 1,367.9 - — 260.8 - -

IDeprived population: individuals in countries whose residential consumption falls below the ESF benchmark.
2Gap Intensity: population-weighted mean of (ESF - consumption) / ESF, restricted to deprived individuals only.
3 Aggregate energy deficit (TWh/yr) required to bring all deprived individuals to the ESF benchmark; zero for non-deprived.

Note: All regions are evaluated against the same global ESF threshold. Regions sorted by deprivation severity (highest first).

Figure 4 localizes these contrasts by classifying countries

by consumption relative to ESF - critical (< 50%), severe
(50%-75%), and moderate (75%-100%) - and overlaying the
total shortfall volume (bubble size). The map clarifies that

the largest aggregate shortfalls do not necessarily coincide
with the lowest relative consumption, because volume reflects
both the number of people below the floor and the size of the
per-capita gap.

Taken together, Table 3 and Figure 6 point to distinct deprivation
profiles: settings where deprivation is widespread, settings
where it is concentrated in large populations, and settings
where meaningful underconsumption persists despite high
average use.
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Figure 6. Energy deprivation severity mapping.
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Source: Author's design.

To translate these diagnostics into a compact policy

typology, Figure 7a summarizes the incidence-depth-volume
decomposition for below-ESF countries in 2023. Countries

are positioned by (i) their global incidence contribution,

which is the country’s share of the world population residing
in deficit-state settings, and (ii) depth, which is the national
mean per-capita shortfall relative to the benchmark. Three
groupings follow directly from this representation. Critical
shortfall (<50% of ESF) reflects deep per-capita gaps where
expansion and stabilization of basic service delivery are likely
prerequisites. Severe shortfall (50%-75%) combines material
depth with heterogeneous aggregate volumes, consistent with
multiple constraints operating jointly (reliability, affordability,
and clean cooking transition among them). Moderate shortfall
(75%-100%) involves smaller per-capita gaps but can still
imply large aggregate shortfalls in high-population settings;

here, incremental improvements in affordability, reliability, and
end-use delivery conditions may move large populations above
the floor, provided planning accounts for the implied energy
volumes.

Figure 7b complements the cross-section by reporting global
incidence, depth, and volume jointly over 1990-2023. It shows
that incidence and aggregate volume rise markedly in the

late period, even as average depth declines - indicating an
expanding deprived population with, on average, smaller
per-capita shortfalls but a larger total deficit.

Across these groupings, ESF is not presented as a substitute for
SDG7 indicators but as a complementary diagnostic expressed
in common physical units, designed to preserve the distinction
between incidence, depth, and scale.



20 A Global Energy Sufficiency Floor to Map Residential Energy Poverty Beyond SDG7 Access Metrics

Figure 7a. Country profiles of global energy deprivation in 2023 - incidence contribution, depth, and volume.
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Figure 7b. Global incidence, depth, and volume of energy deprivation over time (1990-2023).
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Policy Implications
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The ESF is not a normative welfare threshold and should not be interpreted as a universal
requirement for residential energy use - its role is diagnostic. It expresses observed
residential energy consumption relative to a context-conditioned lower envelope
estimated from cross-country data and decomposes shortfalls into incidence, depth,

and aggregate volume. Because the benchmark is defined in common physical units and
updated annually, it provides a tractable complement to SDG7 access monitoring, enabling
distributional comparisons across countries and over time without relying on detailed

service-level surveys.

The empirical results in Section 3 provide the basis for
interpreting ESF diagnostics. The quantile regressions identify
the lower-envelope structure that defines the benchmark,
while the global predictions show that the central ESF level
remains relatively stable even as cross-country dispersion
widens. This combination - a stable benchmark with increasing
heterogeneity in predicted service floors - means that policy
attention should focus less on global averages and more on the
distribution of shortfalls relative to the floor.

The incidence-depth-volume decomposition provides
information that averages alone cannot capture. A regional

or global average consumption may exceed the ESF while a
substantial share of individual countries remains below it.
Similarly, changes in the cross-country incidence of deprivation
can occur independently of changes in the typical national
shortfall among those deficit nations.

Reporting all three metrics alongside SDG7 electricity and clean
cooking access helps distinguish whether underconsumption
reflects widespread but shallow gaps or smaller populations
experiencing deeper deficits. Incidence indicates how

widespread the shortfall is, depth captures the average distance
below the floor among the deprived, and volume translates
these gaps into an aggregate quantity relevant for planning.

To translate these diagnostics into high-level prioritization

and macro-planning guidance, Table 4 organizes below-ESF
outcomes into three profiles defined by the relative position

of observed consumption to the floor and by the distributional
structure of the shortfall. The typology follows directly from the
ESF metrics rather than from average consumption levels.

In critical shortfall contexts (< 50% of the ESF), Table 4 shows
that depth typically dominates, with large per-capita deficits
often accompanied by meaningful incidence. Such patterns
indicate that minimum service delivery remains incomplete.
Policies consistent with the ESF framework, therefore,
emphasize broad strategic support for the expansion and
stabilization of basic services, reliability improvements,
affordability protections for subsistence consumption, and
enabling conditions for end-use services such as safe cooking
and minimum thermal comfort.
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The volume metric provides an operational planning signal for
prioritizing resource allocation by indicating the scale of the
total deficit relative to the floor.

In severe shortfall settings (50%-75% of ESF), incidence and
depth both remain relevant (Table 4), suggesting that multiple
constraints suppress effective consumption. Under these
conditions, access expansion alone may not resolve the deficit.
The ESF framework therefore points toward integrated delivery
approaches that combine targeted subsidy design, reliability
improvements, and policies addressing fuel availability

and adoption barriers in clean cooking transitions. Volume
accounting clarifies at a macro level the scale of the remaining
gap that such integrated packages would need to address.

In near-threshold contexts (75%-100% of ESF), per-capita

gaps are smaller but incidence can remain substantial (Table
4). In large-population settings, these modest individual

gaps can translate into sizable aggregate deficits. Strategic
policy emphasis, therefore, shifts toward service-quality
improvements, marginal affordability measures, and demand-
side or end-use capability improvements that allow households
to move above the floor. The volume metric is useful here
because it reveals when small per-capita gaps imply nontrivial
system-level requirements.

Two empirical regularities from the ESF regressions help
interpret these diagnostics. First, the cross-country association
between income and the modeled floor weakens and reverses
above the high-income threshold in the specification. This
pattern is consistent with a saturation regime in which structural
factors - such as building standards, technologies, and service
delivery conditions - play a larger role in determining the lower
envelope than additional income. In such contexts, policy
attention may focus on broad support for distribution and
service quality rather than on raising average consumption.

Second, climate exposure enters positively in the ESF
regressions and is more pronounced near the lower tail of the
distribution. This indicates that thermal service requirements
are more strongly reflected in the modeled floor, where
buffering capacity is limited. Accordingly, interpreting adequacy

<@

through a climate-neutral benchmark would risk understating
service needs in high heating- or cooling-demand environments.

These results also clarify the relationship between energy
access and effective service provision. SDG7 indicators capture
whether households are connected to modern energy sources,
but the ESF comparison shows that connection does not always
translate into floor-consistent consumption. Affordability
constraints, supply reliability, or limited end-use capability may
suppress energy use even where formal access indicators are
high. Where clean cooking transitions remain incomplete, these
constraints may coexist with continued reliance on polluting
fuels, underscoring cooking as a central residential energy
service.

The volume metric links distributional diagnostics to system
planning by translating below-floor consumption into an
aggregate quantity. This quantity should not be interpreted as

a mechanical requirement to expand energy supply by the full
shortfall. Technology choice, appliance efficiency, and service
delivery conditions determine how energy services are provided.
Rather, interpreted within a macro-diagnostic framework, the
volume estimate provides an order-of-magnitude indication of
the scale of remaining deficits relative to the ESF.

Finally, high average residential consumption does not
preclude the presence of below-ESF populations. The ESF
diagnostic supports the view that localized deprivation may
persist even in countries where mean consumption exceeds
the benchmark. While identifying the sub-national distribution
of this deprivation requires granular intra-country data

beyond the scope of this study, the macro-diagnostic pattern
conceptually supports targeted approaches focused on pockets
of underconsumption rather than untargeted policies that raise
average consumption without resolving distributional gaps.

Taken together, the ESF framework supports a monitoring
approach that reports incidence, depth, and volume alongside
SDG7 access indicators, interprets the floor as a conservative
diagnostic benchmark, and aligns broad policy emphasis with
the distributional structure of residential energy shortfalls
summarized in Table 4.
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Table 4. ESF-based policy typology: diagnostic indicator and planning measure.

Below-ESF profile ESF diagnostic signal

Policy emphasis consistent with

Planning signal from volume
(macro-diagnostic context)

Critical
(< 50% of the ESF)

Depth dominates (large
per-capita gaps), often
alongside meaningful
incidence.

Severe
(50%-75% of the ESF)

Incidence and depth both
matter; constraints tend to
be joint.

Near-threshold
(75%-100% of the ESF)

Incidence can be large
with small per-capita gaps;
volume can be large in
high-population settings.

macro-planning logic

Expansion and stabilization of basic
service delivery; reliability improvement;
affordability protections for subsistence use;
end-use enabling conditions (including safe
cooking and minimum thermal comfort).

Integrated delivery: targeted subsidy
design (avoiding blanket price suppression),
reliability performance regulation, and clean
cooking policies addressing fuel availability
and adoption barriers.

Service-quality and marginal
affordability measures; demand-side and
end-use capability improvements to lift
households above the floor.

Size the total gap to scale delivery needs;
use it to scale delivery needs, while allowing
efficiency and technology choices to determine
how the service is supplied.

Prioritize and phase integrated packages
across constraints by clarifying the total
shortfall the package needs to close.

Show when small per-capita gaps multiplied
by large populations imply a large total
requirement. Use it for realistic pacing and
resource allocation even when individual gaps
appear modest.

Note: Interpret profiles alongside SDG7 electricity and clean cooking access and the climate-conditioned nature of the ESF; entries summarize policy emphasis consistent

with the framework and do not imply causal attribution.



Conclusion
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Residential energy services remain central to both development and climate policy
because they shape whether households can cook safely, maintain basic comfort, and
secure everyday capabilities. This paper responds to a persistent measurement gap by
proposing an ESF - an empirically derived, context-conditional benchmark of residential
final energy use per capita that complements SDG7 access metrics with an annually

trackable reference in common physical units.

ESF is recovered from the lower conditional envelope of
observed residential consumption while guarding against a core
identification risk: low observed use may reflect constraints -
limited access, unreliable supply, or affordability pressure -
rather than the efficient provision of basic services. To reduce
this risk, the benchmark is anchored to “adequacy-revealing”
observations using SDG7 electricity access and clean cooking
conditions and smooth reference weights rather than hard
cutoffs. The resulting framework is deliberately operational
rather than normative. Its purpose is not to declare a universal
welfare standard, but to provide a consistent way to compare
residential energy shortfalls across countries and over time.

Two empirical regularities shape the interpretation of a needs-
consistent floor. First, the modeled relationship between
income and lower-tail residential energy use weakens across
the conditional distribution and changes in high-income
settings, consistent with a cross-country saturation or efficiency
regime in which standards, technologies, and service delivery
conditions matter more than additional income for the implied
floor. Second, climate conditions remain positively associated
with lower-tail use and are more strongly reflected in the

lower quantiles, consistent with heterogeneity in buffering
capacity and in the ability to deliver thermal services efficiently
and reliably. These patterns motivate a context-conditioned
benchmark rather than a single, income-only threshold.

ESF also clarifies what access indicators alone can miss.
Electrification and clean cooking access are necessary
conditions, but they do not by themselves ensure that
households can consume enough energy, with sufficient
reliability and affordability, to secure basic services. By
expressing shortfalls in incidence, depth, and aggregate scale,
ESF separates problems that require different responses:
widespread near-threshold deficits are not the same as deep
shortfalls concentrated in smaller populations, and neither

is captured by average consumption. This separation matters
because global and regional averages can rise while pockets of
underconsumption persist, including in settings with high mean
residential use.

Applied to global data, the ESF benchmark yields a
distributional diagnosis that is readable for policy: a nontrivial
share of the world population remains below a conservative
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floor, shortfalls differ sharply across regions in prevalence and
headcount, and within-region heterogeneity can coexist with
high averages. These findings support a practical typology of
below-floor contexts - critical, severe, and near-threshold -
intended to guide instrument matching toward the constraints
most likely to bind, from service expansion and stabilization to
affordability, reliability, and end-use enabling conditions.

Several limitations remain. ESF is inferred from consumption,
so even with anchoring and weighting it can still confound
efficiency with suppressed demand. The associations are
cross-country and descriptive, not causal. Technologies, service

norms, and residential energy accounting practices evolve,
and cross-country comparability depends on the quality and
consistency of underlying statistics and proxies.

Overall, ESF offers a restrained way to track minimum
residential energy service shortfalls in comparable units

while keeping uncertainty and identification risks explicit. The
central takeaway is that a context-conditional floor, paired with
incidence-depth-volume accounting, strengthens diagnosis of
underconsumption beyond what averages or access indicators
can provide.
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Il Appendix

A. Data and Methods

A1l. Data

The analysis draws on an unbalanced panel of 186 countries spanning 1990-2023. Coverage depends on the availability of Enerdata’s
residential energy series and corresponding country-year covariates.

The main variable of interest is residential final energy consumption per capita, harmonized to kilowatt-hours per person per year.
For estimation, this quantity E;fs is expressed in logarithmic form as y,= In(E:_fs). Residential energy use comes from Enerdata
(2025).

The empirical specifications rely on a set of structural covariates that capture economic capacity, settlement patterns, demographic
composition, and climatic demand. GDP per capita at purchasing power parity represents income capacity. Urban population

share proxies settlement structure and density-related efficiency. The share of the population aged 65+' captures demographic
differences in time-at-home and thermal sensitivity. Thermal service requirements are measured using annual heating and cooling
degree days (HDD, CDD) from the World Bank (2025).

Two SDG7 indicators - access to electricity and access to clean cooking - are used to construct the adequacy reference that
underpins identification of the sufficiency benchmark. These variables are not treated primarily as demand shifters but as
safeguards against anchoring the benchmark to scarcity-constrained observations.

Table A1 provides detailed definitions, construction procedures, expected roles in the analysis, and the corresponding data sources
for all variables used.

o This specific age threshold is utilized to maintain consistency with the WDI (2025) database, which provides the most comprehensive cross-country panel data for this
demographic, and aligns with international statistical standards for defining older populations.
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Table A1. Variables definitions, construction, and sources.

Category VENELI] Definition/construction Expected role Primary source
Core outcome Residential final Residential final energy consumption divided Core indicator of residential Enerdata (2025)
energy per capita by population; harmonized to kWh/capita/year; energy service use.

estimation uses model-derived imputation for
data-sparse observations.

Economic capacity GDP per capita, PPP-adjusted (constant international US$); Captures capacity for housing/ WDI (2025)
(structural) PPP implemented in log form with the kink/flooring appliance diffusion and fuel

handled in the econometric specification. switching - not “need.”
Settlement Urbanization rate Urban population share (% of total). Proxy for settlement form WDI (2025)
structure and housing/energy-service

environments.

Climate Heating and Annual HDD and CDD; used to construct the Captures thermal-service Climate Change
conditions cooling degree climate term(s) in the specifications. requirements (heating and Knowledge
days cooling demand). Portal (2025)
Demographics Population aged Share of population aged 65 and above (%). Captures systematic differences WDI (2025)
65+ in household energy-service

demand associated with age

structure.
Guardrails (SDG7) Electricity access % of population with access to electricity. Defines adequacy-consistent WDI (2025)
contexts for the sufficiency
reference.
Clean cooking % of population with access to clean cooking. Anchors benchmark away WDI (2025)
access from scarcity-constrained

observations.

A2. Methodology

The empirical strategy identifies the ESF by estimating the conditional lower bound of residential energy consumption across an
unbalanced panel of 186 countries (1990-2023). To ensure that this frontier reflects unconstrained sufficiency rather than poverty-
driven underconsumption, the analysis employs weighted quantile regression anchored to a sufficiency reference set (SRS). By
down-weighting observations that lack universal electricity and clean cooking access (SDG7), the model ensures that the frontier is
derived from contexts where basic energy needs are demonstrably met.

This is further reinforced by a normative income reference, which floors GDP at the 10th percentile of high-access countries and
introduces a $70,000 saturation level. This dual-safeguard approach prevents the sufficiency benchmark from being mechanically
anchored to scarcity-constrained data while accounting for the diminishing marginal energy utility observed in high-income
economies.

A2.1 ESF - Definition and Identification

The ESF is defined as a conditional lower bound of residential energy use consistent with securing essential household services,
given structural and climatic conditions.

The central identification problem is that low observed consumption may reflect deprivation rather than efficient provision of basic
services. Directly estimating the lower tail of the distribution risks confounding sufficiency with poverty-driven underconsumption.
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To address this, the ESF is identified as a needs-consistent conditional lower envelope, estimated using quantile regression
methods that target the lower tail of the conditional distribution (Koenker and Bassett Jr. 1978; Koenker 2005). Two safeguards
discipline this identification.

First, adequacy is anchored to SDG7 access conditions. A high-confidence SRS is defined as countries where near-universal access to
basic household energy services is observed:

SRS =T{ElecAcc, > 99 A CleanCook, = 95} (AT)

Here, ElecAcc denotes the share of the population with access to electricity and CleanCook denotes the share with access to clean
cooking technologies. The thresholds represent near-universal access conditions: electricity access is set at 99%, reflecting the
level typically observed in countries where basic energy services are effectively universal, while clean cooking access is set at 95%
to account for the slower and more heterogeneous diffusion of modern cooking fuels documented in SDG7 statistics.

Second, rather than restricting estimation to this subset, each observation receives a smooth reference weight:

1
T 14e?

w,= O(0 (ElecAcc,— 99) + € _(CleanCook, — 95)), c(2) (A2)
where O(-) is a logistic (sigmoid) function and o, 0_are scaling parameters governing the steepness of the weighting response to
electricity and clean cooking access, respectively. The weight w, € (0,1) reflects the degree to which each observation approximates
near-universal access conditions.

This design gradually increases the influence of observations approaching near-universal access while down-weighting those
plausibly affected by access constraints, preserving information and avoiding discontinuities around arbitrary thresholds.

A2.2 Structural Covariates and Normative Income Reference

Thermal demand enters in logarithmic form with a +1 offset to retain zero observations (1 + x). Because affordability constraints
may suppress consumption in low-income contexts, GDP is treated as a normative capacity variable rather than a direct demand
shifter. Unadjusted lower-tail observations may reflect income-constrained underconsumption rather than minimum service
requirements.

To prevent anchoring the ESF to poverty-driven outcomes, GDP per capita at PPP is transformed into a reference income variable
that imposes a lower bound derived from high-confidence adequacy contexts. Specifically:

ref floor

GDP, =max (GDP,, GDPp10 ) (A3)
where GDP;DOW is the 10th percentile of GDP among SRS observations (i.e., country-years with near-universal access to electricity
and clean cooking).

This transformation prevents the lower envelope from being mechanically driven by scarcity-constrained income levels while
preserving cross-country variation in structural income capacity above the floor.

To allow for nonlinearity at high income levels, the specification introduces a threshold in the income term at $70,000 per
capita. Let
ref

g,=In(GDP"), g* = max (0, g,— In (70)). (A4)

i
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Here, g, captures the effect of income below the threshold, while g; captures the additional effect of income above
the threshold.

The $70,000 threshold is empirically derived from prior analysis of this dataset, which established a saturation point in the income-
residential energy relationship. Specifically, residential energy consumption demonstrates an income elasticity of approximately
0.70 at lower income levels before plateauing near $70,000 per capita (Belaid and Taylor 2026). Utilizing a piecewise specification
thereby allows the income gradient to shift beyond this observed saturation point without imposing a globally restrictive nonlinear
functional form.

A2.3 Weighted Quantile Regression Specification

The ESF is identified from the conditional quantile function of residential energy use given structural covariates, estimated using
weighted quantile regression (Koenker and Bassett Jr. 1978; Koenker 2005). For quantile T (0,1):

Q

yit

_ ’
(Tlxit) - ar + Xit ﬁr + ,}/’L',t’ (A5)
where X, is the covariate vector and Y., denotes year fixed effects.

The parameters are estimated by solving:
min > W, p,(y,~ &= X/ B= 7). p, (= u(z—1) {u< o). (A6)
Tt

The weights Wit correspond to the smooth SRS weights defined in Section A.2.1. They are constructed as a logistic function
of electricity and clean cooking access and are designed to down-weight observations where residential energy use is likely
constrained by limited access to modern energy services.

Specifically, Wir € [0, 1] is a continuous adequacy weight defined as:

]
w =
T 14+exp[— (a_(ElecAcc,— T,) +a_(CleanCook, — T))]

' (A7)

where T, and T are near-universal access thresholds and a,a. control the transition steepness.

Quantiles T {0.10, 0.15, 0.20} are used to characterize alternative "adequacy frontiers” under differing structural efficiency in
service provision (Koenker and Hallock 2001).

Predicted ESF levels are recovered by exponentiating fitted values:

S
ESF, (T)=exp (Q,, (TIX))). (A8)

A2.4 Climate Specifications and Robustness

Thermal service requirements are central to the ESF because climate shifts the minimum energy needed to secure indoor comfort.
However, heating and cooling demands are not statistically independent. In countries with continental or transitional climates, HDD
and CDD may co-move over time, generating multicollinearity and unstable partial effects when both enter simultaneously.

To assess this risk, the empirical workflow proceeds in two steps. First, the correlation between In (HDD, +1) and In (CDD,_+1) is
computed within the weighted estimation sample. Second, variance inflation factors are calculated using a weighted OLS proxy
model. These diagnostics are interpreted cautiously, following O'Brien (2007), recognizing that no universal threshold mechanically
determines exclusion.
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A2.5 Main Specification: Total Climate Demand

To avoid instability while retaining information from both heating and cooling exposure, the preferred specification uses a
composite index:

TC,=In(HDD +1) +In (CDD, +1) (A9)

This formulation treats total thermal condition as the relevant driver of minimum service requirements and reduces dimensionality
without discarding either component. The main estimating equation is therefore:

Q

yit

(tIx)=a +p 9,+B,.9/+p, Urban + B, Age6s +f TC +7,,. (A10)

1,77t

A2.6 Robustness Specification: Dominant Climate Regime

Because heating- and cooling-dominant systems may generate asymmetric service requirements, an alternative specification allows
regime differentiation without introducing two collinear regressors. Define:

DCit= max(ln(HDDI_r-H), In(CDDI_r+ 1)),
HD,=1(HDD,> CDD,) (A11)

The variable DC_ captures the intensity of the dominant thermal burden, while HD_ identifies whether the regime is heating- or
cooling-driven. This permits asymmetric responses while maintaining parsimony. The corresponding regression becomes:

Q

yit

(tIx)=0.+p 9,+B,.9/+p, Urban + B, Agess + [, DC .+, _HD +Y,. (A12)

2,T it
A2.7 Extended Robustness: Access Controls in the Structural Equation
A final sensitivity test augments the main composite-climate specification with contemporaneous access indicators:
+ B,  ElecAcc, + B, CleanCook,. (A13)
This specification evaluates whether residual access heterogeneity shifts the estimated sufficiency floor beyond its role in

the reference-weighting scheme. If coefficients on structural covariates remain stable, the ESF identification is not driven by
unaccounted access variation.



34 A Global Energy Sufficiency Floor to Map Residential Energy Poverty Beyond SDG7 Access Metrics

A3. Regression Tables by Quantile, Including Alternative Climate Construction (Spec 2) and
Energy-Access-Augmented Models (Spec 3).

Table A2. Drivers of residential energy demand: quantile regression estimates (T = 0.10).

Quantile regression estimates (T = 0.10) | Dependent variable: ln(E‘t)

Spec 1: Total climate Spec 2: Dominant climate Spec 3: + Energy access
(recommended) (robustness) (extended)

Variable Coefficient Std. error Coefficient Std. error Coefficient Std. error
Economic
In(GDP per capita) 0.9285*** (0.0381) 0.4804*** (0.0239) 0.8027*** (0.0447)
In(GDP) X I(GDP > $70k) —1.4063*** (0.1800) —1.3870%** (0.2294) —1.1871*** (0.1762)
Demographic
Urbanization (%) —0.0076*** (0.0013) 0.0041*** (0.0005) —0.0054*** (0.0012)
Population aged 65+ (%) 0.0314*** (0.0025) 0.0441*** (0.0034) 0.0276*** (0.0030)
Climate
Climate conditions 0.0938*** (0.0067) — — 0.0890*** (0.0064)
Dominant climate driver - — 0.6929*** (0.0205) — -
Heating dominant (dummy) - — 0.3928*** (0.0407) — -
Energy access
Electricity access (%) — — — — 0.0289* (0.0128)
Clean cooking access (%) - — — — 0.0153*** (0.0030)

Significance levels: *** p < 0.007; ** p < 0.01; * p <0.05; T p < 0.10. Standard errors and p-values computed from “quantreg” summary with se ="nid" (asymptotic inference).
Spec 1 (recommended): Eliminates HDD/CDD multicollinearity. Spec 2: Robustness check. Spec 3: Extended controls. Variables notation: ln(E“) [y’[ 1; In(GDP per capita) [glt];
In(GDP) X I(GDP > $70k) [g’t]; Urbanization (%) [Urban’t]; Population aged 65+ (%) [AgeGSH]; Climate conditions [TCH]; Dominant climate driver [DCM]; Heating dominant

(dummy) [HDH]; Electricity access (%) [ElecAcclt]; Clean cooking access (%) [CleanCook”].
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Table A3. Drivers of residential energy demand: quantile regression estimates (T = 0.15).

Quantile regression estimates (T = 0.15) | Dependent variable: ln(Ei()

Spec 1: Total climate Spec 2: Dominant climate Spec 3: + Energy access
(recommended) (robustness) (extended)

Variable Coefficient Std. error Coefficient Std. error Coefficient Std. error
Economic
In(GDP per capita) 0.8685*** (0.0333) 0.4703*** (0.0280) 0.7654*** (0.0403)
In(GDP) X I(GDP > $70k) —1.3862*** (0.2125) —0.6272 (0.9318) —1.3269*** (0.1833)
Demographic
Urbanization (%) —0.0029* (0.0012) 0.0050*** (0.0007) —0.0002 (0.0014)
Population aged 65+ (%) 0.0333*** (0.0023) 0.0294*** (0.0040) 0.0312*** (0.0020)
Climate
Climate conditions 0.0887*** (0.0041) - — 0.0811*** (0.0047)
Dominant climate driver - — 0.6380*** (0.0238) — —
Heating dominant (dummy) - — 0.4986*** (0.0406) - —
Energy Access
Electricity access (%) - — - — 0.0290%** (0.0059)
Clean cooking access (%) - — - — 0.0145%** (0.0027)

Note: Significance levels: *** p <0.007; ** p < 0.07; * p<0.05 |  p <0.10. Standard errors and p-values computed from “quantreg” summary with se = “nid" (asymptotic
inference). Spec 1 (recommended): Eliminates HDD/CDD multicollinearity | Spec 2: Robustness check | Spec 3: Extended controls. Variables notation: ln(E‘t) [y’_t ]; In(GDP
per capita) [gw]; In(GDP) X I(GDP > $70k) [g;]; Urbanization (%) [Urbanit]; Population aged 65+ (%) [AgeGS“]; Climate conditions [TC“]; Dominant climate driver [DC“]; Heating

dominant (dummy) [HDM]; Electricity access (%) [ElecAcc“]; Clean cooking access (%) [CleanCookit].
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Table A4. Drivers of residential energy demand: quantile regression estimates (T = 0.20).

Quantile regression estimates (T = 0.20) | Dependent variable: l"(En)

Spec 1: Total climate Spec 2: Dominant climate Spec 3: + Energy access
(recommended) (robustness) (extended)

Variable Coefficient Std. error Coefficient Std. error Coefficient Std. error
Economic
In(GDP per capita) 0.7633*** (0.0239) 0.4885*** (0.0223) 0.7107*** (0.0170)
In(GDP) x I(GDP > $70k) —1.1937%** (0.1425) —0.4483 (0.2932) —1.1933*** (0.0886)
Demographic
Urbanization (%) —0.0001 (0.0007) 0.0053*** (0.0006) 0.0010* (0.0005)
Population aged 65+ (%) 0.0394*** (0.0015) 0.0267*** (0.0023) 0.0373*** (0.0014)
Climate
Climate conditions 0.0809*** (0.0040) — — 0.0752*** (0.0032)
Dominant climate driver — — 0.5464*** (0.0287) — —
Heating dominant (dummy) — — 0.5426*** (0.0293) — —
Energy access
Electricity access (%) — — - — 0.0232%** (0.0043)
Clean cooking access (%) — — — - 0.0176*** (0.0019)

Note: Significance levels: *** p < 0.001; ** p < 0.07; * p < 0.05; T p < 0.10. Standard errors and p-values computed from “quantreg” summary with se ="nid" (asymptotic
inference). Spec 1 (recommended): Eliminates HDD/CDD multicollinearity | Spec 2: Robustness check | Spec 3: Extended controls. Variables notation: In(E,) [y, I; In(GDP per
capita) [g”]; In(GDP) X I(GDP > $70k) [git]; Urbanization (%) [Urbanit]; Population aged 65+ (%) [AgeGSH]; Climate conditions [TCI_[]; Dominant climate driver [DC”]; Heating

dominant (dummy) [HDM]; Electricity access (%) [ElecAcc’_r]; Clean cooking access (%) [CleanCookft].

Table A5. Main regime summary (mechanism — empirical signature — interpretation).

Mechanism Empirical signature Statistical evidence Interpretation

Income Negative threshold interaction ([32 <0) Threshold interaction at T= The income-ESF association is weaker above the
saturation in the piecewise income term: Income 0.15: -1.386 Implied change in $70,000 at PPP threshold. In the upper-income
(threshold elasticity shifts from 0.868 (below 70k) elasticity: -159.6% relative to regime, additional income is associated with smaller
effect) to— 0.518 (above $70,000 at PPP). the below-threshold slope. changes in ESF, consistent with a saturation pattern

in basic energy services.

Climate pressure  Positive climate-conditions coefficient Magnitude declines across Climate conditions are associated with higher ESF at
(total climate): T=10.10: +0.094*** T=0.15:  quantiles: 15.9% larger at T= each quantile, with a larger coefficient at the lower
+ 0.089*** T=0.20: +0.081*** 0.10 than at T=0.20. tail. This pattern is consistent with stronger

climate-related service needs — relative to the
baseline ESF — in lower-ESF settings.

Note: Income saturation (threshold effect): Piecewise income specification with a pre-specified $70,000 at PPP threshold; the interaction term allows the income-ESF
elasticity to differ above vs. below the threshold. Climate pressure: Total climate conditions = In(HDD) + Ln(CDD), combining heating and cooling degree days. Significance
levels: *** p <0.001; ** p < 0.07; * p <0.05.
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Figure A1. Composite marginal effect of income on ESF (ﬁ1 below $70,000; ﬂ1 + [32 above $70k).
Marginal effect oIn(ESF)/ 0In(GDP) is constant within regimes but jumps at $70k threshold
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The kink point creates a discontinuous jump in elasticity. Based on specification 1 (Total climate).

Source: Author.
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Appendix B

B1. Sensitivity to Benchmark Rules and Implications for Shortfalls

Because the benchmark is used to compute shortfalls, its construction has direct mechanical implications for measured deprivation
gaps. Figure B1 compares alternative rules applied to the same T = 0.15 trajectory. The implied benchmark ranges from 1,040 kWh/
capita/year under a single-year rule (2023) to 1,345 kWh/capita/year under a 75th-percentile rule over the period 2018-2023, with
intermediate values produced by longer averaging windows and alternative smoothing assumptions. For a country consuming 800
kWh/capita/year, this translates into a deprivation gap spanning 240-545 kWh/capita/year across the methods shown. We therefore
use the 2018-2023 average at T=0.15 as the baseline and treat the remaining constructions as sensitivity bounds, not as competing
estimates of a uniquely defined threshold.

Figure B1. Sensitivity of the global ESF benchmark to alternative construction rules (T = 0.15).

Comparison of Global ESF Benchmark Methodologies (T= 0.15)
All methods applied to the same underlying ESF trajectory data

. (]
Deviation from
16
e b 1,239 kWh
1
' 0
0 500 1,000 1,500
Global benchmark (kWh/cap/yr)
Dashed line = 6-year average (current approach). Percentages show deviation from this baseline.
Benchmark Method Affects Deprivation Gap Estimates
Example: Country consuming 800 kWh/cap/yr (below all benchmarks)
Energy
gap (kWh)
. . 410 kWh 450
350
250
0 200 400 600

Energy deprivation gap (kWh/cap/yr)

Note: Top: Global benchmark levels under alternative rules (single-year, trend extrapolation, exponentially weighted, six-year average (2018-2023, baseline), 10-year average,
75th percentile), with deviations from the six-year baseline. Bottom: Implied deprivation gaps for a country consuming 800 kWh/capita/year under each benchmark rule.
Source: Author.



Bl About the Author Ce

Fateh Belaid

Fateh Belaid is a Principal Fellow in the Climate and Sustainability team at KAPSARC
and an expert in energy and environmental economics. Previously a professor at
Lille Catholic University, he led the Smart and Sustainable Cities research unit and
collaborated on projects with the French Ministry of Ecological Transition and the
European Commission. His research focuses on energy efficiency, quantitative
policy, behavioral economics, energy poverty, and sustainable cities, with extensive
publications in leading journals. Fateh holds a Ph.D. in Economics and is widely
recognized for his work on energy efficiency adoption and climate change policy.




Il About the Project

This article forms part of the “Minimum Residential Energy Benchmark” project, which
supports broader efforts to narrow energy poverty and access gaps by shifting the

focus from whether households are connected to energy services to whether they

have enough energy to meet basic needs. The project develops a global benchmark of
residential energy use, derives an empirically grounded minimum energy needs threshold,
and measures the scale and distribution of shortfalls relative to that threshold. It also
estimates the social and environmental gains that would result from closing these
deprivation gaps, providing a practical evidence base to guide policies that improve
energy sufficiency for low-income communities.
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