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Home energy retrofit has been a publicly-funded policy in many countries since the 1990s. Government
motivations have spanned from combating energy poverty to climate action and sustainability. Given the
ambition of public policy, this paper reviews the targets, spatial scales and metrics used to deliver and
evaluate home energy retrofit.
Large-scale retrofit projects do differ: by spatial area, by retrofit depth and in evaluation metrics (if

used). This review surveys first, the quantities of homes and inhabitants in intermediate spatial scales
used to plan retrofit programmes. Second, the optimal spatial scale and retrofit depth to deliver large-
scale home retrofit. Third, the quantitative metrics to evaluate retrofits, and future trends in occupant-
based metrics.
Neighbourhood is found to be the optimal spatial scale for home energy retrofit. Deep retrofit is

described as 60% energy savings that, in synergy with energy supply decarbonisation, promises to deliver
80% or higher emission reductions. Recent evidence shows a shifting primacy from fabric-first retrofit to
decarbonisation of heat generation and occupant health and well-being.

� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In Europe, the building sector accounts for about 40% of overall
energy use and 36% of greenhouse gas (GHG) emissions [1,2]. Such
significant shares of energy and GHG emissions mean that energy
retrofit of the building sector is a key mechanism to achieve Euro-
pean energy policy [3]. Furthermore, EU nations increased policy
goals when adopting net-zero energy by 2050, at UN Climate
Change Conference 2021 (COP26) in Glasgow [4].

Outside of Europe, energy retrofit has taken place repeatedly
and at scale, for example New Zealand, China, Japan and US [5].
In fact, the actual implementation of the Better Buildings Neigh-
bourhood Program in the US compares favourably to the UK’s
Green Deal [6]. In Australia, all scales of government have
addressed energy retrofit programmes [7]. Local government
demonstrated the most willingness and capacity to deliver these
programmes, although governance challenges prevented the pro-
grammes reaching their potential. Public funding enables improve-
ments in occupant thermal comfort (for example Korea [8]) or
building energy performance — especially for occupants experienc-
ing energy poverty or the high upfront costs of energy retrofit.

In addition to the upfront costs and potential savings of energy
retrofit, Meles et al. [9] showed that non-financial concerns of dis-
ruption during its installation, its environmental sustainability,
and its thermal comfort also influence its uptake. These non-
financial concerns are addressed in two United Nations Sustainable
Development Goals (SDG)—SDG 7: Affordable and clean energy,
and SDG 11: Sustainable cities and communities [10].

According to the SDG report 2021 [11], nations will achieve the
global energy-efficiency target only through substantial invest-
ment on a systematic scale. Systematic (or large) scale can be
implemented and promoted by governments through new energy
policies and energy retrofit grants necessitated by growing urban-
isation. Systematic delivery is also intended to decrease housing
inequalities by improving the life quality of low-income occupants
living in inadequate housing [12]. Put simply, SDGs require govern-
ments to support large-scale home energy retrofit (HER).

Definitions of HER vary in spatial scale and domain, but agree
on the need for ‘‘sustainablity”. For example, in 2013 Dixon and
Eames [13] reviewed urban retrofit and adopted Eames’ 2011
[14, p.2] definition of sustainable urban retrofitting:

‘‘directed alteration of the fabric, form or systems which com-
prise the built environment in order to improve energy, water
and waste efficiencies.”

Examining its definition, sustainable urban retrofit comprises
alterations that exceed the often ‘‘invisible” maintenance and
repair of the built environment, and are completed across fabric,
form and systems. Fabric means the physical building construction
(excluding technical systems), whose quality affects building heat
losses by air leakage, thermal bridging and thermal transmittance
[15]. Form means the home type, such as single-family (SFH) or
multi-family homes (MFH), whose shares of the national building
stock vary across the EU countries [16]. EU research has split SFH
and MFH forms into entire country-specific typologies [17]. Sys-
tems, in sustainable urban retrofitting, are the complex socio-
technical systems that, comprise technology, regulation, user prac-
tices and markets, cultural meaning, infrastructure, maintenance
networks and supply networks [18]. For example, a 2021 study
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of south-eastern Mediterranean countries highlighted the relation-
ships between technology advancement, occupant income, and
occupant behavioural responses to update HER design and policies
[19]. Finally, sustainable urban retrofit spans three domains:
energy, water and waste.

This review paper selects one domain — energy — and its GHG
emissions. Therefore, it adopts the sustainable retrofit definition
from a 2014 study of tenants’ experiences with retrofit technology
[20].

‘‘Sustainable retrofit can be defined as the upgrading of the
building fabric, systems and/or controls to improve the energy
performance of the property.”

By this definition, sustainable retrofit shrinks spatial scale from
the entire built environment to the building, and selects only the
energy domain. Further, the definition substitutes the term ‘‘di-
rected alteration” with the more optimistic ‘‘upgrade”. Regarding
the location of the upgrades, ‘‘form” is omitted, and the term ‘‘sys-
tem” is combined with ‘‘controls”, reflecting the smaller building
scale and modern building controls. The systems implied by ‘‘sus-
tainable retrofit” are energy-conversion systems for space and
water heating, typified by heat pumps, combined heat and power,
and the electricity and gas systems supplying them [21].

While sustainable retrofit closely describes the HER reviewed in
this paper, it lacks an overarching purpose. In 2017, Galvin and
Sunikka-Blank [5] provided that purpose, stating that sustainable
thermal retrofit ‘‘must be good for both people and environment
in the long run”. They continued to list the competing objectives
which a sustainable retrofit must balance:

1. Reducing non-renewable energy consumption,
2. Mitigating environmental damage (especially climate change),
3. Increasing thermal comfort and health, and
4. Keeping homes affordable and retaining architectural heritage.

Given the range of definitions and objectives, sustainable retro-
fit of homes are not uniform, even when confined to the energy
domain. Despite adoption of the aforementioned sustainable retrofit
definition, HER programmes still vary in depth, spatial scale, and
evaluation metrics. This review focusses on the objectives of 1)
reducing energy use and, 2) mitigating climate change (decarbon-
isation). The third objective of increasing thermal comfort and
health is summarised in a later section.

1.1. Contribution of this paper

This paper compares the depth and spatial scales used to deliver
home energy retrofit (HER) and the metrics used to evaluate it. It
explores the assessment of occupant health and well-being, that
should also benefit from HER. Finally, the paper discusses three
HER trends: 1) synergy between energy-supply and energy-use
systems to achieve decarbonisation targets, 2) declining primacy
of fabric-first retrofit approaches and 3) older home types selected
for retrofit. The geographical scale considered is the cool-
temperate climate in Europe.

This review is organised as follows: Section 2, reviews HER
depth , and the decarbonisation targets and practicalities deter-
mining that depth. Section 3 compares spatial scales and explains
the rationale of HER delivery at neighbourhood scale. Section 4



Fig. 1. The law of diminishing returns causes a non-linear increase in retrofit cost
and complexity versus reduction in CO2 emissions, adapted from [33].

Table 1
Decarbonisation policy targets—relative reductions in emissions. Policy targets are
split by territory and ordered by target date.

Relative reduction and target date Territory Publication
year

30% CO2 (and energy) reductions
compared to existing

UK, local
authority

1995 [37]

60% CO2 reductions by 2025 compared to
1990 levels

UK, London 2007 [40]

80% CO2 reductions by 2050 compared to
1990 levels

UK,
nationwide

2008 [42]

20% GHG reductions by 2020 from 1990
levels

EU 2009 [44]

40% GHG reductions by 2030 from 1990
levels

EU 2014 [45]

55% GHG reductions by 2030 from 1990
levels

EU 2020 [46]

60% GHG reductions by 2040 from 1990
levels (2011 roadmap)

EU 2011 [47]

80% GHG reductions by 2050 from 1990
levels (2011 roadmap)

EU 2011 [47]

Net-zero GHG by 2050 EU 2021 [48]
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reviews HER benefits to occupant health and well-being, and Sec-
tion 5 discusses the aforementioned three HER trends. Section 6
closes with conclusions. Existing literature does contain a review
of energy in the residential sector by Nejat et al. [22], that covers
international policies and trends, but does not focus on home
energy retrofit. More recently, Murto et al. [23] reviewed energy
retrofit, but in terms of its complexity and counter-strategies to
its complexity. Other literature has reviewed energy analysis at
different spatial scales of the built environment: district energy
systems [24], city scale [25], urban energy systems models [26]
and urban building energy models [27]. Those four reviews and
the spatial scales they focused on are discussed later (Section 3.2).

2. Depth and evaluation of home energy retrofit

The building energy literature is now surveyed to find: what is
deep retrofit? Within the research literature, deep retrofit defini-
tions vary and are generally expressed qualitatively.
Government-funded deep retrofits are defined by the policy targets
they are intended to achieve, often expressed as GHG reductions
(Section 2.1). Whereas research studies have found feasible targets
for home energy retrofit (HER), often expressed as energy-use
reductions (Section 2.2). Before reviewing the quantitative targets,
definitions of deep and shallow retrofit are introduced:

Deep retrofit is a combination or ‘‘package” of multiple energy
measures that upgrade the physical fabric, heat generation sys-
tem and lighting of a building. Upgraded fabric provides a con-
sistent building envelope that reduces outside air infiltration
and other heat losses. New heat generators, such as electric heat
pumps, must be sized during design, and controlled during
operation in order to deliver high-performance heating to the
upgraded building.
According to the European directive on the energy performance
of buildings (EPBD) [28], major renovations of existing build-
ings, regardless of their size, provide an opportunity to take
cost-effective measures to improve energy performance. For
cost-effectiveness, the minimum energy performance require-
ments can be limited to the renovated parts most relevant to
the building’s energy performance. EPBD defines major renova-
tion as the renovation of a building where:
(a) the total cost of the renovation relating to the building
envelope or the technical building systems is higher than
25% of the value of the building, excluding the value of the
land upon which the building is situated.
(b) more than 25% of the surface of the building envelope
undergoes renovation.

Member States may choose to apply either option (a) or (b) [28].
Shallow retrofit comprises one or two maintenance measures,
such as increased boiler efficiency or new glazing. In contrast, a
comprehensive deep retrofit is more likely to achieve policy
reduction targets in energy and GHG emissions.

Retrofit for the Future (RfF), a 2009–2013 retrofit programme
on UK social housing, used a ‘‘whole house” approach. Since RfF
had targets of 80% GHG reductions, the terms ‘‘deep” and ‘‘whole
house” describe the programme’s reduction targets and package
of retrofit measures respectively. Gupta et al. [29] summarised
‘‘whole house” as an interaction of multiple measures: fabric, ven-
tilation, heating, lighting and micro-generation, to improve perfor-
mance of all energy uses. In a contemporaneous retrofit
programme of Dutch social housing, a deep retrofit combined inno-
vative heat pumps or micro-CHP (combined heat and power) with
improvements to the building thermal envelope [30]. This study
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found that common ‘‘maintenance measures” of improved boiler
efficiency or replacement glazing would not achieve energy perfor-
mance targets. One or two maintenance measures constituted
merely a ‘‘shallow” retrofit. Likewise, the Irish Green Building
Council (IGBC) defined deep retrofit as an extensive package of
energy-efficiency improvements, using the term ‘‘deep renovation”
in their 2017 report [31]. Furthermore, the IGBC included high
upfront costs as a defining characteristic of deep renovation, and
expected ‘‘significant” energy savings in return. This national
industry group proposed phased retrofits that overcome high
upfront costs by qualifying for existing funding schemes. A similar
proposal has been endorsed by an international industry group;
EURIMA (European Insulation Manufacturers Association) who
supported staged approaches in order to — deliver deep retrofit —
and avoid shallow retrofit [32].

In 2013, Jones et al. [33] separated shallow and deep retrofits
into two ranges of CO2 reductions: 10%–30% and 60%–80%. Their
line plot, however, displayed deep retrofits with lower CO2 reduc-
tions while retaining their high costs (Fig. 1). Shallow and deep ret-
rofit were labelled ‘‘elemental” and ‘‘whole house”, and delivered
as standalone homes without considering larger energy systems.
The split into two distinct categories of retrofit reflects the dimin-
ishing returns imposed by non-linear additional costs required by
additional GHG reductions. Subsequent studies, by EU and Sustain-
able Energy Authority of Ireland (SEAI) [34,35], added the ‘‘med-



Table 2
Feasible energy retrofit targets—relative reductions in primary and delivered energy
use.

Energy type Relative
reduction

Source

Primary 60% Deep renovation research, EU 2017
[34]

Delivered: total home
use

65%–95% Whole house energy retrofit, UK
2014 [55]

50% REMOURBAN research project, EU
2019 [57]

Delivered: space and
water heating

40% Buildings energy review, Denmark
2016 [60]

40% Academic research on homes, UK
2007 [21]

Delivered: space
heating only

47% Insulation manufacturers’ estimate,
Europe 2012 [58]
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ium” category retrofit. In its model of consumer decision-making,
SEAI switched the retrofit metric from emission reductions to
financial costs. Shallow, medium and deep retrofits were mapped
to three-, five- and ten-year payback periods [35].

2.1. Policy targets to decarbonise home energy

Over 25 years ago, the UK’s Home Energy Conservation Act
1995 (c.10) compelled local authorities to report on measures that
would result in ‘‘significant improvement” in residential energy
efficiency [36]. (Assessments of costs and carbon dioxide reduc-
tions were also required, whereas assessments of job creation were
optional.) The legislation did not quantify its ‘‘significant improve-
ment”, but a 30% improvement was typically assumed by the local
authorities [37–39].

By early 2007, the Greater London Authority (GLA) was aspiring
to 60% GHG reductions from 1990 levels by 2025 [40]. The urgent
reduction deadline reflected the conclusions of then recent Stern
Review [41]. Despite its confidence in low-carbon technology, the
GLA assessed its target as unachievable without a ‘‘small number
of key national regulatory and policy changes”. Nevertheless, the
GLA compared its target favourably to the contemporaneous UK
government aspiration of 60% reductions from 2000 levels by the
later date of 2050.

In 2008 however, further legislation committed the UK govern-
ment to larger 80% CO2 reductions by 2050, again compared to
1990 [42]. By directly adopting this 80% target [43], the RfF pro-
gramme demonstrated the cascade of high-level decarbonisation
policy targets to HER programmes. A sample of decarbonisation pol-
icy targets formulated at national and international levels appear in
Table 1.

One source of international decarbonisation targets is the Euro-
pean Commission, notably its 2011 Roadmap to a low-carbon
economy and thereafter [47]. Its escalating targets of relative
GHG reductions act as milestones allocated per decade. In 2014,
the EU initially set a 2030 target of 40% GHG reductions compared
to 1990, doubling the 2020 target of 20% [49]. In 2021, the EU
Green Deal justified raising the 2030 target from 40% to 55%, and
the 2050 target from 80% to net-zero [46]. To achieve 55% GHG
reductions by 2030, the EU cascaded 60% reductions target to the
buildings sector and developed a building renovation strategy
[50]. The Renovation Wave for Europe strategy will consider the
introduction of a ‘‘deep renovation” standard to the EPBD (Energy
Performance of Buildings Directive) [51], and is expected to create
160,000 ‘‘green” jobs [52].

Deep renovation was quantified, in a 2017 report to the EU, as
delivering 60% reductions in primary energy use [34]. (The 60%
reductions quantity had already appeared in a 2013 EU review of
financing energy-efficient buildings [53].) Despite its source, a tar-
get of 60% reductions in primary energy remains ambitious when
compared to feasible energy retrofit targets reviewed next.

2.2. Feasible energy retrofit targets

In his 2007 study, Lowe explored feasible reductions of 60%–70%
in GHG emissions by UK housing. He credited his 2005 collabora-
tion with Johnston et al. [54] as the first such study undertaken in
the UK. That collaboration foresaw a requirement for ‘‘strategic
shifts in both energy supply and demand side technology”, result-
ing in a synergy between the energy-use and energy-supply sys-
tems which are discussed in Section 5.1.

In their 2015 assessment of the RfF programme, Gupta et al.
[29] cited an industry estimate of 65%–95% energy savings [55].
The successor HER programme ‘‘Scaling up Retrofit” actually low-
ered the reductions target to 50% [5] (within a commercially
viable range of 50%–75% energy savings [56]). Similarly during
4

2015–2020, the EU research project REMOURBAN aimed for 50%
energy-use reductions after retrofit [57]. Specific to delivered
energy for heating, research studies have preferred more modest
estimates by Industry of feasible energy reductions. Connolly
et al. [58] replaced the 62% savings in space heating, assumed in
an EU Heat Roadmap, by Industry’s 47% estimate [59].

In summary, feasible retrofit targets expressed as energy-use
reductions (Table 2) fall below decarbonisation policy targets of
80% reductions, let alone net-zero by 2050 (Table 1). Filling the
gap to achieve policy targets requires decarbonisation of the
energy supply to post-retrofit homes. In Europe this gap could per-
sist while the EPBD (recast) [28] requires cost-optimal energy per-
formance by buildings undergoing major renovations. (Cost-
optimal levels should be calculated based on the comparative
methodology framework referred to in Article 6 of the EPBD
2021.) In contrast, EPBD requires nearly zero-energy building
(NZEB) by new buildings, achieved where their low energy use is
covered mainly by renewable sources.
2.3. Absolute energy targets and evaluation of retrofit

Given such ambitious targets, Ma et al. [61] described the retro-
fit methodology to realise energy savings and emission reductions.
They identified five key phases to deliver a retrofit programme,
completed by a validation and verification stage (Fig. 2). As noted
again in 2020, the performance of home energy retrofit packages
remained difficult to assess [62].

Clear and consistent absolute carbon targets are used to avoid
poorly performing homes meeting percentage (i.e. relative) reduc-
tion targets [29]. Therefore, deep retrofits programmes are often
set absolute targets per home, to accompany relative reduction tar-
gets per programme (the latter often cascaded down from national
policies). Absolute retrofit targets are now reviewed and compared
to new-build targets.
2.3.1. Absolute energy retrofit targets
Absolute targets of the RfF programme covered year periods

and were normalised (divided) by floor area in square metres
(m2). Two established methodologies differed in absolute targets
for carbon emissions: 17 kgCO2/(m2.a) by SAP (Standard Assess-
ment Procedure) and 20 kgCO2/(m2.a) by Passive House Planning
Package (PHPP). The lower SAP target resulted from the methodol-
ogy’s lower carbon intensities of fuel. Both absolute targets cov-
ered operational carbon emissions, whereas Global Warming
Potential covers all greenhouse gases usually spanning a building’s
entire life cycle.

Global Warming Potential is a weighted combination of the
warming effect and atmosphere lifetimes of different GHGs, pro-



Fig. 3. Fifteen BER ratings of primary energy use intensity descending from high to
low performance, adopted from [74]. Rating thresholds are expressed in kWh/(m2.
a).

1 Nearly Zero Energy Building (NZEB) standard is required from end of 2020.

Fig. 2. Key phases of a building retrofit programme, completed by the validation and verification phase [61].
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ducing an equivalent carbon mass (kgCO2e) [63]. The metric has
been used by building assessments in warm and cool climates
[64,65]. EU research benchmarked yearly operational Global
Warming Potential within 100–10 kgCO2e/(m

2.a) [66], referencing
European average 35.2 kgCO2e/(m

2.a) [67].
The remaining absolute metrics mostly consist of energy use

intensities (EUIs). Energy performance certificates, mandated by
the EPBD [68], are both EUIs and ‘‘calculated rating”, whose defini-
tions are presented next. (Note that the EUIs of primary energy in
Fig. 3 and Table 3 cover the building energy services typically used
according to the EPBD: heating, cooling, ventilation, hot water and
lighting.).
5

Energy use intensity (EUI) is ‘‘a unit of measurement that
describes a building’s energy use for heating, ventilation, and
air conditioning (HVAC), as well as hot water and lighting
[28], relative to its size, on an annual basis” [69]. Normalisation
by floor space makes the metric relative to the building size.
Expressed in kWh/(m2.a), energy use intensities enable ranking
and comparison of buildings’ total primary energy use.
Primary energy includes non-renewable energy and renewable
energy. Where both energies are taken into account, as the case
in this review, the sum is the total primary energy [70]. Given its
applicability in comparing homes, EUI is an ideal metric in
energy performance certificates — market tools intended to cre-
ate demand for energy-efficient buildings [71].
Calculated rating of a building’s energy performance is its the-
oretical energy use, calculated using building variables such as
floorspace and construction date. Energy performance certifi-
cates are often calculated ratings; one-time calculations with-
out the collection and storage of long-term energy
measurements. For example, the Irish energy performance cer-
tificate for homes, Building Energy Rating (BER), splits calcu-
lated energy use intensity into 15 ratings from A1 to G (Fig. 3).

High-performance BER ratings provide memorable names for
absolute targets. A2 equates to the 2018 EPBD standard1, and pre-
viously A3 met the 2011 building regulations; both ratings apply to
new builds (Table 3). Regarding retrofit targets, Ireland set the lower
B2 rating of 100–125 kWh/(m2.a) primary energy use intensity
[72,73]. Although the BER B2 rating contains RfF’s target value of
115 kWh/(m2.a), the two methodologies differ slightly. Both BER
and RfF cover home heating, lighting and hot water, but RfF also
included appliances.

Along with its Passive House Planning Package (PHPP), the Pas-
sive House Institute (PHI) defined the EnerPHit retrofit standard
and a Low Energy Building standard [75]. Primary energy demand
is an important criterion within each standard; 60 kWh/(m2.a) in
PHPP Classic, and an easier 120 kWh/(m2.a) in EnerPHit. In 2021,
the Buildings Performance Institute Europe (BPIE) surveyed Long-
Term Renovation Strategies across the EU [76]. Three absolute def-
initions of deep retrofit expressed as primary energy use intensi-
ties were found in cool temperate climates, all of which met
EnerPHit’s 120 kWh/(m2.a) criteria. Comparison of primary energy
criteria among the PHPP categories is complicated by renewable
generation criteria within its Plus and Premium categories which
are not discussed here.



Table 3
Building performance targets—absolute emissions or energy use. All values are per year and normalised by floor space.

Metric type Target Home state Source Methodology

GHG emissions:
Total per home 17 kgCO2/(m2.a) New build SAP [29]

20 kgCO2/(m2.a) New build PHPP [29]
10–100 kgCO2e/(m

2.a) Retrofit Global Warming Potential [66]
Primary energy use:
Total per home 25–50 kWh/(m2.a) New build EPBD’s NZEB standard 2018 [78]

50–75 kWh/(m2.a) New build Irish regulations 2011 [78]
60 kWh/(m2.a) New build Passive House Classic, PHI 2016 [75]
80 kWh/(m2.a) Retrofit Deep renovation, France [76]
100 kWh/(m2.a) Retrofit Deep renovation, Belgium – Flanders [76]
100–125 kWh/(m2.a) Retrofit Climate Action Plan, Ireland 2019 [72]
107 kWh/(m2.a) Retrofit Deep renovation, Czechia (Czech Republic) [76]
115 kWh/(m2.a) Retrofit Retrofit for the Future, UK 2015 [29]
120 kWh/(m2.a) Retrofit Non-renewable demand, EnerPHit 2016 [75]

Delivered energy use:
Space and water heating 80 kWh/(m2.a) Retrofit Buildings energy review, Denmark 2016 [60]
Space heating only 25 kWh/(m2.a) Retrofit Cool-temperate climate, EnerPHit 2016 [75]
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The Passive House Institute is clear, however, in its criteria for
maximum heating demand. EnerPHit limits delivered energy for
space heating to 25 kWh/(m2.a) in a cool-temperate climate [75]
that applies to Ireland, Britain and Denmark [77]. As expected,
evidence-based Danish research avoided such an ambitious limit
on delivered energy. Instead it cost optimised home retrofit to
achieve average delivered energy of 80 kWh/(m2.a) for space and
water heating [60].

One remaining absolute metric is heating load, that quantifies
the thermal performance of a building’s fabric and design. Calcula-
tion of this metric excludes heat generators and their energy sup-
ply such as boilers and natural gas — the system components
determining energy use and emissions. Instead, heat load is build-
ing heat loss under certain conditions [79]. Sdei et al. [80] simpli-
fied the cold conditions of heat load into degree days, expressing
heat load in kWh/degree day. The absence of floor-space normali-
sation, means the metric enables more accurate ranking of under-
performing large homes than EUI metrics. Use of the heat load
metric supported the three retrofit objectives, although the third
was location specific [80].

� Enable parametric study of fabric retrofit measures.
� Emphasise thermal comfort for households experiencing energy
poverty.

� De-emphasise carbon reductions because of the French national
policy on nuclear energy.

2.4. Comparison of relative and absolute energy targets

Both relative and absolute targets for home energy retrofit in
cool-temperate climates have been reviewed, a few of which are
more relevant. The decarbonisation target for the current decade
is 55% reductions (Table 1), similar in quantity to the retrofit target
of 60% reductions in primary energy (Table 2). In terms of absolute
targets (Table 3), the primary energy EUIs by retrofitted homes
cluster around 100 kWh/(m2.a). That cluster ranges from 80
kWh/(m2.a) to 120 kWh/(m2.a), reflecting the different methodolo-
gies and cost-effectiveness criteria used by different countries. As a
result, BPIE noted that ‘‘multiple conceptualisations” of deep reno-
vation exist in the absence of a clear or legally binding definition
[76].

Little relationship exists between the relative and absolute tar-
gets in Table 2 and Table 3 respectively. One Danish report did,
however, provide values for both tables. That report proposed
average heat-energy reductions of 40%, based on the heating of ret-
rofitted homes using an average of 80 kWh/(m2.a) delivered
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energy. (80 kWh/(m2.a) had been evaluated as a cost-effective ret-
rofit target [81].) Regarding any relationship between the first
two tables, feasible energy-use reductions in Table 2 contribute
to decarbonisation policy targets in Table 1. The shortfall in achiev-
ing decarbonisation targets then falls to the energy-supply sys-
tems, whose decarbonisation reduces the primacy of fabric-first
HER as discussed in Section 5.2.

In order to achieve the presented HER targets, one publication
proposed large-scale community or neighbourhood retrofit [80].
Accordingly, the next section reviews retrofit delivery at different
intermediate spatial scales — especially neighbourhoods.

3. Neighbourhoods—the intermediate scale for energy retrofit

Neighbourhoods are important in urban planning, forming the
cellular structure and building blocks of a compact city [82]. As
an intermediate spatial scale, neighbourhoods enable analysis
beyond an individual building, while remaining close enough to ex-
amine concrete measures [83]. Neighbourhoods are reviewed here
as the scale to analyse and deliver home energy retrofit (Sec-
tion 3.1) and compared to other intermediate spatial scales (Sec-
tion 3.2). Neighbourhood characteristics affecting energy use, but
not HER, are then presented for completeness (Section 3.3).

Koch et al. [84] conceptualised neighbourhoods as bundling the
‘‘spatially referenced” attributes of buildings structural character-
istics with local infrastructure [85]. Importantly, they distin-
guished the spatial and social meanings of neighbourhoods that
affect home energy retrofit as follows:

Neighbourhood is a group of buildings, aggregated either spa-
tially or by social understanding. Neighbourhoods comprise
‘‘structurally similar homes” sharing a standard thermal
envelope and offering an intermediate scale to deliver homes
energy retrofit. Energy use by a neighbourhood’s homes is best
expressed as a ‘‘[statistical] distribution function around a
mean value”— not a single value [84].
The social understanding sees a neighbourhood as a community
containing social networks and valuable local knowledge that
facilitate the delivery of low-carbon energy solutions.

3.1. Analysis and delivery of neighbourhood energy retrofit

When analysing home energy retrofit, the energy used by a
neighbourhood’s homes is best expressed as a statistical distribu-
tion. Where a neighbourhood comprises structurally-similar
homes, a distribution’s spread or variation in energy use is caused



2 Koch et al. [84] labelled these buildings ‘‘tertiary” after the economic term for the
service sector.

3 http://www.neighbourhood.statistics.gov.uk/.
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by different occupant operation according to Koch et al. [84]. This
assumption ignores factors such as different home orientations or
different external wall area caused by a home’s position in a block.
Nevertheless, energy retrofit of a neighbourhood will reshape its
home energy-use distribution, reducing its mean and variation.

Occupant-caused variations in building energy use were corrob-
orated in a review of urban building energy modelling (UBEM)
[27]. In order to simulate accurately, UBEMs must treat occupants
as ‘‘individual agents rather than identical robots”—obviously all
occupants do not repeat the all activities at the same time [27].
Other building performance research recommended using statisti-
cal distributions, by calculating their 95th-percentile values. Such
values are more relevant than ‘‘typical” or ‘‘average” values
because they 1) analytically increase robustness of performance
calculations, and 2) practically identify overheating and other risks
[86].

Neighbourhood scale has used for urban regeneration for at
least two decades [87–89]. Tunstall [89] found the realisation of
social-economic improvements very difficult, rendering the suc-
cessful physical improvements even more important. The leader-
ship of urban regeneration or retrofit programmes is
recommended as a role for local authorities or housing associa-
tions, using area-based approaches such as neighbourhoods
[13,90].

Finally, large-scale retrofit must improve the day-to-day lives of
residents, most of whom conceptualise the traditional neighbour-
hood as a self-contained village. Ideal neighbourhoods offer their
inhabitants shops, parks or recreation spaces, places of worship
and schools; all accessible by walking [91]. Moreover, ‘‘walkablity”
remains a defining characteristic of neighbourhoods that affects
energy used for transport and further reviewed in Section 3.3.

3.2. Intermediate scales in energy analysis

Frayssinet et al. [25] categorised districts and neighbourhoods
as intermediate or meso spatial scales of the build environment,
and categorised buildings and cities as micro and macro scales.
Small areas, urban quarters, and pocket neighbourhoods are also
intermediate spatial scales, discussed in Section 3.2.2. Differences
among the intermediate scales manifest in 1) energy supply sys-
tems or 2) quantities of inhabitants and buildings.

The ISO 52001-1 term building portfolio, extends the concept of
spatial scale by including energy system interactions with build-
ings [70]. A building portfolio is a set of buildings and common
technical building systems whose mutual interactions determine
building energy performance. Examples of common technical sys-
tems are energy generators, such as solar panels, wind turbine or
cogeneration units, that serve building portfolios [70]. This review
focusses on traditional spatial scales of districts and
neighbourhoods.

3.2.1. Districts and neighbourhoods
The urban spatial scale of a district demarcates an entire energy

system, although an energy district has been characterised differ-
ently across the literature. Keirstead et al. [26] focussed on system
optimisation of a district, whereas Allegrini et al. [24] emphasised
the balancing of demand and supply, and Castaldo and Pisello [92]
and Junker et al. [93] detailed energy production and storage of a
district. The latter research selected districts as the aggregation
scale for building energy flexibility.

Examples of neighbourhoods demarcating an entire energy sys-
tem are rare. An IEA EBC Annex 51 project used a ‘‘large neighbour-
hood”, also noting its economies of scale [94]. Additionally, energy
systems of districts differ from those of neighbourhoods by their
heterogeneous demands, in particular anchor loads [95]. High-
demand anchor loads use significant energy year-round and com-
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plement low-demand customers, that together provide a perma-
nent market and investment justification for local utilities.
Likewise, Koch et al. [84] argued that the inclusion of an energy-
intensive service distinguished a district from a neighbourhood that
comprises structurally-similar buildings. Swimming pools and
hospitals2 typify energy-intensive service buildings for a district
(Fig. 4).

Regarding empirical quantities of inhabitants and buildings,
district inhabitants ranged from 3000 to 5000 range, and district
properties approximated to 1800 [26,96]. For neighbourhoods,
the quantity of buildings have been specified as 100, 72 or gener-
alised from dozens to 1000’s [94,25,27]. An EU sustainability audit
assumed a high-density neighbourhood of fewer multi-family
homes; its neighbourhood housed 200–1500 inhabitants in only
5–15 buildings [97]. Despite varying quantities, most literature
agrees with a sustainability audit’s ranking of urban spatial scales:
1-block, 2-neighbourhood, 3-district, 4-urban/region, 5-global
[97]. Koch et al. [84] concurred that neighbourhoods were smaller
than districts, where overlapping neighbourhoods form larger dis-
tricts that enable administration.

3.2.2. Other intermediate scales
Small areas are used in government statistics of empirical data.

Statistics include datasets of energy poverty, energy use and
energy performance certificates — all relevant for retrofit planning
[98]. Also called an output area, the small area comprises 50–200
homes in Ireland, with most demarcating 65–90 homes [99]. In
England and Wales, statistical areas scale up from output area to
‘‘Super Output Area” or local authority area. Super output ares
are categorised as lower layer comprising at least 400 homes,
and 1000 inhabitants or middle layer super comprising at least
2000 homes and 5000 inhabitants [100, p. 10]. Table 4 presents
spatial scales with numbers of homes and inhabitants.

In their population-based cohort study Hamilton et al. [101]
used the lower layer super output area to link neighbourhoods’
household characteristics with datasets on home energy use and
retrofit measures. Unfortunately, government support for publica-
tion of lower layer super output area statistics ceased and its web-
site3 decommissioned.

Urban quarters were proposed as the scale to implement
energy-efficiency and management measures over a decade ago
[102]. By a German definition, urban quarters exceed 500 homes
of homogeneous urban morphology but heterogeneous households
— where occupants vary energy use per home. Given neighbour-
hood definitions now reaching 1000’s of homes [27], urban quar-
ters have been subsumed into large neighbourhoods and
therefore redundant in contemporary energy analysis. Urban quar-
ters rarely appear in energy analyses, except in a German study
[24], or decade-old EnSURE research that referred to urban quar-
ters in its title but discussed energy at district scale [103].

Finally, the smallest of the intermediate scales, a pocket neigh-
bourhood, facilitates community engagement and support. Accord-
ing to Liddell [104], a pocket neighbourhood groups smaller homes
in order to promote a sense of community and neighbourliness
through fostering common values, experiences, interests and
resources. The accompanying case study comprised five lower-
income households in new 100 m2-floor-area houses (Table 4).

3.3. Other relevant characteristics of neighbourhoods

An entire sustainability analysis of the built environment would
cover transport and building interactions, in addition to building

http://www.neighbourhood.statistics.gov.uk/


Fig. 4. Schematic description of overlapping layers defining neighbourhood and district, source Koch et al. [84]. The larger district contains an entire energy system including
an anchor load, also termed energy-intensive service building.
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energy retrofit. Accordingly, Sustainable Development Goal 11
identifies key roles for transport and mobility in sustainable devel-
opment planning. However, neighbourhoods generally lack sus-
tainability opportunities in transport and building interactions
within their spatial scale.

Regarding transport, the ease of reaching amenities defines a
neighbourhood. Balaras et al. [97] specified a 10–15 min walk time
and 200–400 m length among their five neighbourhood criteria.
Previously, Fonseca and Schlueter [95] had halved the neighbour-
hood length to 50–200 m. Other researchers used a qualitative
walkability description of ‘‘how friendly an area is to walking”
[109], complemented by a new 0–100 Walkscore metric. Their
motivation was to penalise unconstrained street widths and over-
sized building offsets, both of which are costly and difficult to
retrofit.

Energy-intensive transportation stems from an immutable
neighbourhood characteristic: distance from a city centre, accord-
ing to empirical research by Codoban and Kennedy [110]. This
characteristic was termed ‘‘centrality” by Rey et al. [83]. Even when
efficient public transport was available, inhabitants choose private
transport because of lower travel time or higher comfort. Conse-
quently, a sustainability strategy for an older neighbourhood
should focus on its biggest energy users — buildings [110].

Regarding building interactions, Frayssinet et al. [25] argued
that buildings — in urban areas — cannot be assumed to be
stand-alone, as is done by most contemporary building models
[25]. Urban micro-climates affect building energy demand [24],
caused by wind sheltering and other inter-building effects [92].
Large offsets between buildings increase solar gains and daylight
to nearby buildings, but for single-family homes, the small
increases in solar gains hardly affect home energy use [111].

When large energy-use differences have been found between a
home simulated as stand-alone or networked, the simulations
actually used extreme climates [112]. Both climates differed dis-
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tinctly from the cold temperate climates of Ireland, Britain or Ger-
many. Moreover, the authors Pisello et al. [112] themselves
predicted building interactions to be more substantial in the city
centres, where tall buildings are more numerous. Given the pre-
ceding reasons, we see little benefit in analysing the interactions
between single-family homes located in cool-temperate climates.
4. Home energy retrofit for better health and improved quality
of life

Energy savings and CO2 reductions are not the only benefits
accrued from home energy retrofit. Home retrofit has a wide range
of benefits for occupants such as improved physical and mental
well-being, increased productivity at home due to improved sleep,
improved home safety, reduced pollutant concentrations, studied
recently by Outcault et al. [113]. Mental health benefits often arise
from reduced energy (formerly fuel) poverty and home retrofit lifts
occupants’ sense of social standing and commitment to their prop-
erty [5].

For instance, a study defined energy poverty as a household’s
inability to keep adequately warm at a reasonable cost [106]. The
authors identified the interacting causes of energy poverty as:
low income, high domestic fuel costs (esp. home heating oil) and
low-performing homes. Home energy retrofit addresses the last
cause, therefore indirectly reducing the physical and mental health
risks to occupants that typically manifest as anxiety about energy
bills. In their review of five large-scale studies of fuel poverty and
human health, Liddell and Morris [114] recommended augmenting
physical health measures with quality-of-life measures. Research
conducted by The Academic - Practitioner Partnership [115] esti-
mates poor health caused by poor housing costs $1.4 billion annu-
ally, of which $145 million and up to 35,000 excess winter deaths
arise from cold homes alone.



Table 4
Spatial Scale of energy use analysis above standalone building.

Scale Homes Inhabitants Purpose

Regional > 106 > 106 Carbon reduction and affordable warmth [96]
Policy making, predicting the effects of large-scale retrofit [27]

Urban or city < 106 < 106 Design, system optimisation, policy assessment and urban climate [26]
Identify buildings most causing emissions and effects of energy retrofit [27]

Middle layer super output area 2,000–6,000 5,000–15,000 Monitor and target small areas for further interventions [105]
District > 1,000’s 3,000–5,000 System design and optimisation or transportation [26]

Administrative area overlapping neighbourhoods [84]
Quarter > 500 500–2,000 Energy efficiency and management [102]
Neighbourhood dozens to 1,000’s 200–1,500 [97] Scale: Between building and city, revealing new information [83]

Technical: Relatively homogeneous buildings and infrastructure [84]
Social: A community of social networks supporting energy solutions [84]
Purpose: Examine concrete solutions [83], urban transformation [95]
Purpose: Sustainability audit of an urban block [97]

Lower layer super output area 400–1,200 1,000–3,000 Monitor and target small areas for further interventions [105]
Output area or ‘‘small area” 50–200 100–500 Smallest census scale of social and home characteristics [106]
Ward > 40 > 100 Administrative area [107]

Consumer or economic analysis [108]
Pocket Neighbourhood Five homes Five families Energy efficient housing [104]
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Home energy retrofit is an essential energy policy in both devel-
oped and developing countries [2]. A policy intended to improve
occupants physical and mental health and comfort, and to increase
energy awareness within communities. Furthermore, home energy
retrofit can address several energy-related sustainability and
equality issues within the framework of Sustainable Development
Goals (SDG): SDG 1 (No Poverty), SDG 3 (Good Health and Well-
being), SDG 7 (Affordable and Clean Energy), SDG 10 (Reduced
Inequalities), SDG 12 (Responsible Consumption and Production),
and SDG 13 (Climate Action) [11].

Recent literature on home energy retrofit demonstrated that
building envelope improvements, energy education, and additional
acoustic insulation, improve occupants’ physical andmental health.
For example, Elsharkawy and Zahiri [116] investigated the retrofit
of a social-housing tower block in the UK, where building envelope
improvements were intended to overcome energy poverty and
occupant discomfort. However, they also argued that high-
performing thermal envelopes can jeopardise occupants’ thermal
comfort by overheating, especially during heat waves (made more
likely by climate change) or in living spaces exposed to direct solar
radiation. The same study concluded that occupancy patterns and
tenants’ socio-demographics influence both energy use and percep-
tions of thermal comfort. In addition, the lack of household-specific
occupancy patterns causes inaccurate predictions of overheating
and energy performance under climate change scenarios.

Elsharkawy and Zahiri [117] investigated the effect of occupant
behaviour on the energy use in retrofitted homes. They recom-
mended the use of non-standard occupancy patterns and energy-
awareness education for occupants, especially in retrofitted homes.
Walker et al. [118] published similar findings from interview-
based qualitative research into tenants’ energy-related practices
after retrofit of social housing in England. When energy-saving
practices were adopted, tenants were motivated by cost savings.
The research also highlighted that an information intervention
led to slightly higher self-reported engagement with retrofit and
existing technologies. More interestingly, opportunities to disrupt
energy-intensive practices should be recognised in any retrofit pro-
gramme because it ‘‘enables households to reconfigure their routi-
nes and practice”.

A study by Fisk et al. [119] reviewed empirical data from eval-
uations of home energy retrofit on indoor environmental quality
and self-reported thermal comfort and health. It concluded that
occupants in retrofitted homes experienced warmer indoor tem-
perature during winter, and reduced levels of indoor dampness
and mould. Overall, the study’s results indicated that thermal dis-
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comfort, asthma and non-asthma symptoms, general and mental
health improved after building retrofits. In their 2010 review of
the available evidence, Liddell and Morris [114] found retrofit
improved the physical health of the young, and the mental health
of all occupants. Nevertheless, increased concentrations of indoor
radon and carbon dioxide were found after retrofits but data was
insufficient. Additionally, indoor radon and formaldehyde concen-
trations tended to rise after retrofits without new ventilation sys-
tems — demonstrating the need for effective ventilation systems.

Vakalis et al. [120] illustrated the importance of improved
indoor environmental quality, especially for vulnerable occupants.
After surveying occupants of 180 dwellings in seven blocks, they
found that blocks that contained occupants reporting higher rates
of olfactory and thermal discomfort, were more likely to contain
occupants suffering health symptoms. Regarding summer-time
overheating, this was resolved by upgrades to technical systems
and building fabric and, in the surveyed homes, frequent natural
ventilation by occupants only negligibly affected thermal comfort.

However, to better understand the role of occupants and their
interaction with retrofitted homes and energy systems, a more
detailed understanding is needed, especially at urban scale.
Increasing the spatial scale introduces the critical role of data
science. Advancements in the internet of things and big data, pro-
vide a unique opportunity for detailed study of occupant behaviour
and energy-use patterns at large spatial scale and with community
perspectives, according to Salim et al. [121]. Valuable results from
such studies enables data-driven building and energy systemmod-
els to represent macro-climate and community-level energy use
and behavioural patterns; capabilities beyond that of available
tools to dynamically model buildings [121].

Dynamic building simulation tools have been used by numer-
ous researchers to study and analyse building’s fabric and technical
system energy performance and occupants behaviour and interac-
tions. Studies showed that to close the gap between simulation and
measured energy use in buildings and produce reliable energy per-
formance results, various factors should be taken into account such
as weather data and occupancy patterns [122,123].

In summary, home energy retrofit promises to fulfil multiple
sustainability themes. In addition to savings in energy use, energy
costs, and greenhouse gases, effective retrofit programmes
enhance occupant health. Such programmes cover a diversity of
sustainability narratives, as recommended by Holden et al. [124].
Finally, HER programmes must use their opportunities to educate
occupants in energy practices and home operation, especially heat-
ing and ventilation.
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5. Discussion

We now discuss the tempering of building retrofit targets and
the shift to synergistic delivery strategies. Synergy exists when
building energy demand is reduced while simultaneously energy
supply is decarbonised. The decarbonisation of the energy supply
means that the fabric-first approach to retrofit loses primacy.
Simultaneously, the selection of older low-performing homes for
retrofit reduces GHG emissions by the entire housing stock, instead
of achieving absolute targets by individual homes.
5.1. Retrofit targets and delivery synergies

Attempts to deliver 80% reductions in GHG emissions by home
energy retrofit (HER) have proved unsuccessful. A consensus has
therefore emerged, whereby home energy retrofit delivers the bulk
of residential GHG reductions by cutting energy usage, while the
remaining GHG reductions result from decarbonisation of the sup-
plied energy. Such a synergy is not new; fifteen years ago Lowe
[21] explored these synergies for UK housing and electricity grid.
Nowadays, similar synergies are being quantified and formalised
into sustainability policy.

An 80% target in GHG reductions adopted by HER programme in
the UK was described as ‘‘radical” Gupta et al. [29]. It also proved to
be mainly unachievable, as evidenced by only three of 37 studied
homes meeting that target [125]. Sdei et al. [80] split the 80%
reduction target: 60% from home energy retrofit (building fabric
and efficient boilers), and 20% from renewable energy sources
and occupant ‘‘positive energy-aware behaviour”. The 60% value
was actually cited from Lowe [21], who foresaw possible 60–70%
GHG reductions by synergies across the 1) electrical supply system,
2) intermediate energy-conversions systems and 3) improved
build fabric (or ‘‘envelope”).

As a comparison, a Danish review recommended an average
energy saving of 40% for heating (including hot water) [60]. Instead
of aspiring to a higher policy target, energy reductions were con-
strained to an average of 40% where retrofit costs exceed heat sup-
ply costs. Likewise, the Danish review was pragmatic in targeting
the worst performing homes, identifying detached houses built
before 1980. The review’s plan for a Smart Energy System in Den-
mark does entail synergies, but of a more general nature than Lowe
[21].

In terms of high-level policy, the EU allocated a 60% GHG reduc-
tion to the building sector to support an aggregate 55% reduction
over all sectors [50]. EU policy continues to perceive energy ineffi-
ciencies in the building sector generally, and in homes particularly.
As a result, the largest decarbonisation synergies are quantified
(compared to 2015) in the residential sector: heating and cooling
demands fall by between �19% to �23%, while the their shares
of renewable and waste heat rises to within 38%–42% [50, p.24].

Reuse of waste heat has gained recent attention, whereas
15 years ago Lowe [21] mentioned only the waste heat from com-
bined heat and power. In response to growing energy demand by
data centres [126], policy makers propose reusing their heat
energy [50], despite the waste heat’s low grade [127]. (Unfortu-
nately, the reuse of waste heat is impeded by the lack of business
models [128], thus data centre operators have continued to reduce
waste heat, rather than reuse it [126].).

Regarding renewable generation, evidence exists of a policy
shift towards local or building-level, and away from grid-
connected. One mechanism to facilitate local renewable generation
is the Renewable Energy Community. EU Directive 2018/2001
[129] outlines the community as an open and voluntary legal
entity which should be enabled by member states.
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Lowe [21] merely footnoted the comparison of generation loca-
tions as a ‘‘debate” of secondary importance to the goal of reducing
CO2 emissions. Nevertheless, grid integration is a serious challenge
to system operators. For example, Baetens et al. [130] simulated
the bottlenecks in the electricity distribution grid caused by aggre-
gated solar PV (photovoltaic) generation at neighbourhood scale.
Likewise, Mathiesen et al. [60] recommended installation of solar
PV where it is most cost-effective and appropriate for the system,
arguing that installation of solar PV in all buildings would incurr
inefficiencies.

In summary, Lowe [21], and his earlier collaboration with John-
ston [54], first explored the synergy strategy to reduce GHG emis-
sions by homes, namely: 1) building energy retrofit and 2) energy
supply decarbonisation. Apart from including the reuse of waste
heat in the heat supply, the EU has adopted identical strategies
during the following 15 years [131,132].
5.2. Retrofit approach and role of fabric first

What depth of home energy retrofit persists as an important
question, complicated by the diminishing returns of increasing
depth. We believe that, nowadays, retrofit depths are determined
by funding policies or pragmatic calculations of cost-
effectiveness and time-effectiveness (exempting zero depth caused
by behavioural inertia or planned demolition).

In the second of their ten questions on home thermal retrofit,
Galvin and Sunikka-Blank [5] compared deep retrofit to incremen-
tal retrofit. After considering economic viability, market demand
and diminishing returns, they concluded that both deep retrofit
and incremental retrofit should be promoted by public policies.
They pointed out that most thermal retrofitting in the UK is incre-
mental, an approach they labelled ‘‘over-time”, and also known as
phased according to the Irish Green Buildings Council [31].

As early as 2013, the EU cited incremental retrofit as an
approach to deliver deep retrofit — labelled staged deep renovations
[53]. In 2021, an industry part-funded report defined staged deep
retrofit as a specified number of steps started by a significant first
step. According to Building Performance Institute Europe (BPIE), an
ideal staged retrofit delivers a pre-planned final design in three
steps and is tracked by a building passport [76]. The lead author
of the BPIE report foresaw compatibility between staged and deep
retrofit, stating ‘‘one way of renovating deeply could indeed be in
stages” [32], notwithstanding the lock-in risk of low-energy mea-
sures at an early stage [76]. Building passports would manifest as
Digital Building Logbooks, already defined in 2020 [133], and
improve the construction sector’s underdeveloped digitalisation
[134].

If HER is to achieve sustainability targets, it must reduce energy
use across space heating, lighting and domestic hot water. Of the
three energy services, most retrofit resources are expended on
space heating; the energy service also the most sensitive to self-
rationing and rebound effects (especially the prebound effect)
[135,5,136]. Nevertheless, prioritisation of space heating manifests
in the hitherto popularity of the ‘‘fabric first” approach [137,29].
Generally, fabric-first design maximises the performance of the
components and materials that form the physical building fabric
(or envelope), before considering mechanical building services
[138]. Gupta et al. [29] supported the fabric-first approach because
— even post-retrofit — the high air permeability of homes renders
mechanical ventilation both redundant and costly. Likewise, most
of the six homes installed with solar PV generation without heat
pumps actually increased electricity use. In another review of a
HER programme, Sdei et al. [80][p. 65] recommended fabric first
in these words:



4 Accompanied by an absolute target of 80 kWh/(m2.a) average heat demand
density.
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‘‘Getting the insulation right is the most important pre-
requisite, it is not even worth considering additional measures
such as solar PV panels on roofs until basic improvements to
the fabric and performance of the buildings have been made.”

Regarding the second service of lighting, its upgrades are typical
energy-efficiency measures in retrofit, especially in cold (heating
dominant) and temperate climates [62]. Examples are Retrofit for
the Future and Green Deal in the UK [29,139], REMOURBAN in five
countries [57] and Better Energy Homes in Ireland [140]. Further-
more, efficient lighting contribute to better energy performance
certificates rankings, which are in turn used to formulate absolute
targets (Section 2.3.1).

Given the known building regulations, in 2007 Lowe [21] pre-
dicted that the dominance of home energy use would shift from
space heating to water heating, lighting and appliances. Limited
evidence of this shift exists in the example of Ireland’s modelled
data. For the average Irish home, lighting and appliances were esti-
mated at 17% of energy and 68% of electricity usage in 2016 [141],
up from 13% of energy and 50% of electricity usage in 2013 [142].
Furthermore, the categorisation of lighting with appliances implies
energy-efficientmodern lighting, now estimated to account for only
15% of UK home electricity use [143].

Regarding the third service of domestic hot water (DHW), its
share of home energy use is evidently increasing. Taking the exam-
ple of Ireland, energy modelling estimated the DHW share at 19%
of home energy use in 2016 [141], up from 16% in 2013 [142].
(Simultaneously, the DHW share of home electricity use actually
fell as cheaper gas-fired boilers replaced electrical immersion
heaters.).

Separately from fuel and heat generators, occupant demand
also affects DHW energy use. Connolly et al. [58] listed five reasons
why quantities of DHW demand will persist after retrofit, two of
which are that occupants will use more hot water for washing
and previous hot water demand has been constrained by house-
hold finances. Increasing occupant demand for DHW or space heat-
ing after retrofit are manifestations of the rebound or prebound
effects, both of which hinder the achievement of energy-use reduc-
tion targets. Rebound effect is occupant-caused overheating after
retrofit [144], whereas prebound effect is occupant-caused under-
heating before retrofit [136]. A review of these occupant-caused
effects is beyond this paper’s scope; an interested reader is pro-
vided literature examples [101,145,135,146,140].

Returning to the fabric-first approach, it suffers from at least
two drawbacks. Firstly, the effectiveness of multiple retrofit mea-
sures is interactive not additive, and secondly, well-designed heat
pumps now offer quicker paths to reduce energy use and GHG
emissions. Energy savings from combined retrofit measures are
not the sum of savings by individual measures [147], despite the
extra cost and disruption to the household. For example, a shallow
fabric retrofit combined with a heat pump, achieves energy-use
targets for an Irish home built in the 1980s [123]. Similar results
were found in a 2022 plan for net-zero heating in Ireland by
2050 [148].

In summary, calculation of energy savings before a deep retrofit
requires a building model, simulated under the climate conditions.
Fabric or envelope upgrades must be complemented, if not pre-
ceded, by decarbonisation of home heat generators to eliminate
fossil fuels use in buildings [149].

5.3. Home type selection for retrofit

Ambitious targets of GHG reductions placed upon home retrofit
programmes, have prompted these programmes to select particu-
lar home types. Many national and EU reduction targets set 2030
completion dates that bring urgency alongside public funding. Ret-
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rofit for the Future (RfF) demonstrated that relative reduction tar-
gets are easier to achieve with older and lower-performing homes
[29], thus justifying additional absolute targets. Recently, retrofit
policies aim primarily to reduce GHG emissions, and therefore
identify home types to achieve the reductions cost-effectively.

In an example of this pragmatic approach, a Danish study rec-
ommended ‘‘energy retrofits should only be invested in until the
point in which the cost of supplying heat to the building is cheaper
than further renovation” [60]. That study translated the recom-
mendation into a relative target of 40% average saving in home
heating demand (including DHW) by 20504. While that target
was more modest than RfF, it supported dual benefits to the Danish
energy system: reducing energy demand and matching energy
demand to new and more efficient district heating. The Danish study
concluded that retrofit efforts should focus on pre-1980 buildings,

especially older detached homes built in early 20th century. Likewise
in Germany, a review of building stock forecast that single-family
homes will account for approximately two thirds of heat demand
until 2050 [150]. In Ireland, single-family homes are also recom-
mended for retrofit, although constructed before 1997–2002 build-
ing regulations [151].

In 2014, a review of EU building stock’s energy performance,
split the stock into three categories, using two construction dates.
The first pre-1970 split preceded thermal regulations, and the sec-
ond post-2000 split was during modern construction [16]. The
implication is that the half of homes constructed pre-1970 require
retrofit, while the 15% constructed post-2000 do not. That implica-
tion assumes that post-2000 regulations were enforced, especially
in countries with a high share of modern homes, such as Spain and
Ireland. The same review split homes into a typology of single- or
multi-family because external walls affect space-heating energy
use. Ireland and the UK had the highest shares of single-family
homes, leading to more external walls (building envelope) requir-
ing retrofit.

Notwithstanding the EU review splitting housing stock by con-
struction date, the European Commission delegated the selection
of the ‘‘worst-performing” buildings to Member States, suggesting
three selection criteria [152]. Construction date was the third crite-
rion, behind energy performance certificate and primary energy
use intensity. In practice, the latter two criteria are closely aligned,
meaning that a Member State will likely use their national energy
performance certificates to 1) select homes for energy retrofit, and
2) evaluate post-retrofit energy performance.
6. Conclusions

Home energy retrofit (HER) is not new, and has been publicly
funded in cool-temperate climates since at least the 1990s. In the
intervening years, deep retrofit has evolved in terms of depth, poli-
cies drivers and delivery approaches.

When quantifying depth of retrofit, most literature on home
energy retrofit recommends deep retrofit instead of shallow retro-
fit. Deep retrofit packages combine upgrades to building fabric and
heat generator to achieve reductions of up to 80%, or more realis-
tically 50%–60%, in energy use or GHG emissions. Recently the
EU specified retrofit depth and energy type as 60% reductions in
primary energy use intensity.

Policies targets have cascaded into ambitious energy retrofit
targets, and unlocked government funding support. Current policy
targets driving decarbonisation have increased the focus on energy
supply and decreased the primacy of the fabric-first approach. HER
programmes using purely fabric-first approaches have also strug-
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gled to meet energy-use targets because of occupant-caused
rebound and prebound effects. Modern strategies to decarbonise
homes utilise the synergy between energy-use systems and
energy-supply systems, as explored for UK housing in 2007 [21].

Approaches to HER vary in timescales and spatial scale. Given
the general failure of one-off deep retrofit, ‘‘staged” retrofit
approach is now recommended in the EU. The latter approach
imposes structure on incremental approaches, also known as
over-time or phased approaches [5,31]. Large-scale retrofit is best
delivered using area-based approaches.

This review focuses on the meso or intermediate spatial scales
such as district and neighbourhood. A district contains an entire
energy system, including an energy source and possibly storage,
whereas a neighbourhood is smaller spatial group of buildings
combined with a social network. Neighbourhoods offer the ideal
scale for home energy retrofit, because of their structurally-
similar homes and potential for community participation and fos-
tering occupant trust. Neighbourhoods may contain 200–1,500
homes (Table 4), with 431 homes a typical example [98].

Finally and importantly, occupant comfort, health and quality of
life are important metrics in evaluating a HER programmes. Unfor-
tunately, such human factors are difficult to measure, and rarely
translate into policies to fund HER. Policies to combat energy pov-
erty are the exceptions, but still eclipsed by decarbonisation and
energy-efficiency policies. Nevertheless, we surveyed the more
tangible quality of life factors that include sleep, human productiv-
ity, and mental health.

7. Future work and research

Research must optimise the retrofit depth of similar homes in
order to minimise costs to the energy system [60,33]. Large-scale
retrofit projects should evaluate the performance of retrofit tech-
nology such as electric heat pumps, that offer theoretical high per-
formance and low GHG emissions assuming decarbonisation of the
electrical grid. This paper does not attempt to review retrofit met-
rics outside the domain energy and associated GHG emissions dur-
ing building operation. Calculation of GHG emissions during a
home’s entire lifecycle have already been attempted [65]. Job cre-
ation is a positive byproduct of HER, but not a energy performance
metric. Nevertheless, separate studies of on actual ‘‘green jobs”
could make the difference in securing Government funding for
HER. Finally, occupant comfort and well-being cannot be
neglected, because of predicted heat waves and population ageing.

Moving from technology to occupants, empirical measurement
of occupants’ post-retrofit DHW demand should feed back to retro-
fit design packages. Long-term planning of the energy system
decarbonisation also requires managing the shift of home-energy
dominance from space heating to DHW and appliances.
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