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A B S T R A C T   

Retrofitting the building stock is pivotal to achieving climate neutrality by 2050. Most of the existing research on 
energy efficiency focuses on new residential buildings. The focus must shift to multi-building retrofits, thereby 
more frequently including non-residential buildings. As multi-building and non-residential projects are given a 
lighthouse role in achieving current global climate goals, more research should focus on this potential. This study 
covers single- and multi-building retrofitting projects. It also explores the role of non-residential projects, typical 
project settings, energy reduction achievements and the added complexity of the multi-building scale. The 
chosen methodology combines a systematic literature search with a subsequent critical metadata and full-text 
review of more than 80 peer-reviewed scientific papers. The results show that the number of studies in the 
research field has increased substantially in the last few years, while the research mostly originates from Europe 
and focuses on the residential building typology. This research is partly transferable to similar climate zones 
elsewhere, while a large proportion of climate zones remains unexplored. The current body of definitions and 
requirements regarding energy retrofitting is an impediment to the comparability of projects, and particularly 
the multi-building scale is in need of international guidance. Future research should focus on making retrofit 
measures more applicable internationally, while unifying project boundaries. The stronger inclusion of non- 
residential retrofitting projects as lighthouse projects including social aspects is needed. Retrofitting that 
covers energy production and sharing has great potential and should be seen as an opportunity.   

1. Introduction 

1.1. Climate goals and energy retrofitting on a European scale 

Renovating the building stock to fulfil ambitious climate neutrality 
goals is one of the greatest and most time-sensitive challenges the 
building and construction sector has faced. National and international 
climate goals such as the United Nations Sustainable Development Goals 
[1], with Sustainable Development Goal 11 Sustainable Cities and 
Communities [2], or the climate reports from the Intergovernmental 
Panel on Climate Change [3] aim for goals to be achieved in just a few 
years. In Europe, the building and construction sector, including new 
and existing buildings, needs to be transformed into a climate-neutral 
sector within the next 26 years to fulfil the climate goal of carbon 
neutrality in 2050 [4]. 2030 milestones include a minimum of 40% 
reduction of greenhouse gas emissions compared to the 1990 level (a 
new 2020 proposal requires for at least 55%), at least 32% renewable 
energy share, and at least a 32.5% improvement in energy efficiency 
compared to projection calculations [5]. For the building and 

construction sector, there must be a focus on energy-efficient retrofitting 
to achieve climate neutrality within the existing built environment. The 
projection that almost all of today’s buildings will still exist in 2050 
emphasises the need to act now. With its Renovation Wave [6], the 
European Commission “aims to at least double renovation rates in the 
next ten years and make sure renovations lead to higher energy and 
resource efficiency. This will enhance the quality of life for people living 
in and using the buildings, reduce Europe’s greenhouse gas emissions, 
foster digitalisation, and improve the reuse and recycling of materials. 
By 2030, 35 million buildings could be renovated and up to 160,000 
additional green jobs created in the construction sector […] But only 1% 
of buildings undergo energy efficient renovation every year, so effective 
action is crucial to making Europe climate-neutral by 2050” [7]. Recent 
data from the International Energy Agency (IEA) concerning the build-
ing sector reveals that more than 20% of total global energy use can be 
attributed to residential buildings, almost 10% to non-residential 
buildings, and less than 5% to building construction. The same is true 
for 17%, 11%, and 9% of CO2 emissions, respectively [8]. In Tracking 
Buildings 2022 the IEA concludes that the building industry is far from 
being on track concerning climate goals [9]. 
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1.2. Building typology and project scale 

To increase renovation rates, the European Renovation Wave spe-
cifically targets three focus areas for building renovation, namely (1) 
energy poverty and worst-performing buildings, often associated with 
social and multi-apartment housing, (2) public buildings and social 
infrastructure, and (3) the decarbonisation of heating and cooling [6]. 
The three areas are described as “a priority for policy and financing 
because they offer a huge potential for increasing renovation rates while 
delivering large energy savings and healthier and more comfortable 
buildings for citizens” [[6], p. 20]. The focus on public buildings and 
social infrastructures thereby includes building typologies such as office 
and school buildings, which are expected to be “serving as a role model 
and reference point” [[6], p. 23]. Despite the strategy having been in 
place for several years now, there still seems to be a lack of research 
specifically targeting non-residential buildings. A literature review by 
Ohene et al. on net-zero-emissions buildings (NZEB) addressed several 
building typologies on both the single- and multi-building scale and 
revealed that the keyword “residential buildings” was far more promi-
nent than “office buildings” and “educational buildings”. The same 
study analysed “policy targets”, 11 of which included commercial 
buildings, either directly or indirectly, while only two specifically tar-
geted residential buildings and dwellings [10]. This represented a 
mismatch between strategies that included non-residential buildings, 
and the existing research, which mostly concerned residential buildings. 
The authors therefore stressed the need to reduce energy use and 
emissions in commercial buildings, and the need for more research. 
Scaling up from single- to multi-building retrofit projects has also been a 
frequent research topic in recent years. A scoping review by Fahlstedt 
et al. on carbon abatement strategies in building refurbishment included 
the most represented building typologies and the move towards the 
neighbourhood scale [11]. In this study of building typologies, the au-
thors conclude that most of the available research focuses on residential 
buildings and raise the concern that the current renovation strategy is 
determined by the homeowners’ capital, while retrofitting public 
buildings might present less financial uncertainty. Moreover, the au-
thors concluded that “[n]o standardized method exists for assessing 
several buildings on a larger scale with a broader scope” [[11], p. 13]. 
Focusing on energy performance at the district level, Amaral et al. 
concluded in their review that an expansion of the nearly zero-energy 
principles to urban scales is needed and “should be understood as an 
opportunity” [[12], p. 32] in future research. 

The aim of this study is to contribute to the existing knowledge and 
to closing the identified gaps by comprehensively targeting the move 
towards energy retrofitting on a multi-building scale. The topics of 
increased upgrading and the multi-building project scale have until now 
mostly been separated. Combining them is expected to have unexplored 
sustainability potential that can contribute to achieving set climate 
goals, especially when utilising non-residential buildings as lighthouse 
projects, implemented on a global scale. The synthesis leads to new 
aspects such as energy sharing and social sustainability within an 
existing neighbourhood, but also increased project complexity. 

Recommendations for stakeholders are given on the basis of the analysis 
of current approaches, including their contributions and shortcomings. 

The remaining parts of this study contain a description of methods 
and materials in section 2, and a description of results divided into a 
metadata analysis and full-text analysis in section 3, followed by a dis-
cussion of the results and limitations in section 4, and finally, conclu-
sions and suggestions for further developments in section 5. 

2. Methods and materials 

2.1. Systematic search and review 

Methods and materials used in this study are two-fold and combine 
(1) a systematic search and screening of scientific literature with (2) a 
critical review of the identified literature. The review approach is chosen 
as it allows for insights into rapidly changing and substantial fields of 
research, accounting for existing knowledge, as well as past de-
velopments. A systematic search and review is considered suitable as it 
“[c]combines [the] strengths of [a] critical review with a comprehensive 
search process” [[13], p. 95]. Included studies can be summarised in 
tabular form and the outcome allows for a documentation of current 
knowledge, recommendations for practice, and limitations. The 
approach is considered more suitable than the commonly used scoping 
review, of which the perceived weaknesses include the limitation that 
the outcome is not suitable for policy or practice recommendations [13]. 
A comprehensive process is needed to systematically and reproducibly 
search and screen all scientific publications associated with the topics of 
research. The approach is based on the commonly applied PRISMA 2020 
method [14]. The subsequent critical review “goes beyond mere 
description of identified articles and includes a degree of analysis and 
conceptual innovation” [[13], p. 93]. It is composed of a metadata re-
view in RStudio using the Bibliometrix package [15] and a detailed 
full-text analysis and review following the scope of the established 
research objective. The perceived weakness of a critical review is that 
there is no requirement for systematicity of the presentation [13]. This 
weakness is addressed by initially extracting research topics and tar-
geting them consistently throughout the remaining sections of the study. 
The topics are presented at the end of this section. 

Both databases of scientific literature, Scopus and Web of Science, 
were considered suitable, as they are frequently used in related research. 
Scopus has previously been used for research of net-zero-energy build-
ings (NZEBs) [16], net-zero-emission buildings [10], carbon abatement 
strategies in building refurbishment [11], and zero-emission neigh-
bourhoods and positive-energy districts [17]. Web of Science has pre-
viously been used for research on positive-energy buildings and 
community systems [18], net-zero-energy buildings [19], carbon 
abatement strategies in building refurbishment [11], and zero-emission 
neighbourhoods and positive-energy districts [17]. Combining both 
databases gives more complete search results of available scientific 
literature. 

The search was aimed at energy retrofitting of buildings and building 
components within multi-building settings, with an emphasis on non- 
residential, i.e. office and educational buildings. The search terms 
included (1) multiple abatement goals, (2) energy as an indicator, (3) 
diverse project scales and typologies, (4) upgrading types and (5) terms 
for the multi-building scale, as summarised in Table 1. The selection of 
terms related to the abatement goals and the multi-building scale was 
based on the state-of-the-art review by Brozovsky et al. [17] on 
zero-emission neighbourhoods and positive energy districts, to ensure 
the use of established terminology. The expression “multi-building” is 
used throughout this work to represent the diverse terminology used in 
the literature to represent projects exceeding the scale of individual 
buildings. 

The established search terms were combined into a single search 
query for each database, using their specific search syntaxes that also 
allow for Boolean and proximity operators. Document titles, abstracts 

Abbreviations 

EPBD Energy Performance of Buildings Directive 
EU European Union 
HVAC Heating, ventilation and air conditioning 
IEA International Energy Agency 
NZEB Nearly zero-energy building (alt. “net” and “emission”) 
PED Positive energy districts 
PRISMA Preferred reporting items for systematic review and 

meta-analyses  
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and keywords were searched in Scopus, while titles, abstracts, author 
keywords and “keywords plus” were searched in Web of Science. Both 
databases account for British and American spelling variations.  

The search was performed on July 20, 2023 and revealed 502 doc-
uments from Scopus and 575 from Web of Science. A total of 807 doc-
uments remained after 270 documents had been removed using RStudio 
and the Bibliometrix package, as they were either duplicates or non- 
accessible [15]. Fig. 1 and Table 2 display the workflow from the 
search to the screening for suitable research literature. Ultimately, 83 
papers remained for detailed full-text review. 

Each screening phase, as displayed in Fig. 1, had associated exclusion 
criteria, ensuring that only suitable and peer-reviewed literature related 
to the research objective was left for analysis. A description of the in-
dividual criteria is displayed in Table 2. 

The 83 documents that remained after the screening process were 
analysed and reviewed in two steps. The first step was an analysis of 
their metadata using Biblioshiny, resulting in a selection of bibliometric 
graphs representing annual scientific production, thematic evolution, 
most represented countries and most represented keywords [15]. This 
analysis used bibliometric metadata fields such as titles, keywords, 
countries of authors and publication, years of publication etc., that are 
contained in the search results. The purpose of the bibliometric study is 
to give an overview of the research field. The second step of the litera-
ture review was a manual analysis of the publications’ full texts. The 
following topics were extracted for this review.  

1. Represented study locations and climate zones.  
2. Covered energy- and emissions-related definitions and 

regulations.  
3. Applied retrofitting measures and achieved energy consumption 

reduction.  
4. Covered case study building typologies.  
5. Aspects of scaling up from single-to multi-building retrofits.  
6. Representation of comfort, well-being and other social aspects in 

multi-building retrofitting. 

The numbering of the listed topics corresponds to their coverage in 
the sections 3.2 and 4.2. 

3. Results 

The following section contains the results of the metadata and full- 
text analysis of the 83 documents that remained after screening. The 
metadata section is divided into aspects of scientific production over 
time, the topical development over time, the countries of origin of 
performed research, and the most frequent keywords. The full-text 
analysis goes into more depth concerning covered locations and 
climate zone settings (3.2.1), followed by energy- and emission-related 
definitions and regulations (3.2.2), applied retrofitting measures, and 
achieved reductions of energy consumption (3.2.3). Furthermore, the 
analysis includes typically covered case-study building typologies 
(3.2.4), the implications of scaling up from single-to multi-building 
retrofits (3.2.5), and how comfort, well-being and other social aspects 
can be addressed in multi-building retrofitting (3.2.6). 

3.1. Metadata analysis 

The analysed literature spans 24 years from 1999 to 2023. Scientific 
production has been particularly high since 2020, which makes for 60% 
of all 83 documents. The first year of consistent production is 2013, as 
can be seen in Fig. 2. Scientific motivation and production are often 
connected to advances and changes in policies and standards. The in-
crease in publications after 2012 may therefore possibly be connected to 
the implementation of the Energy Performance of Buildings Directive 
2010/31/EU (EPBD) and the Energy Efficiency Directive 2012/27/EU 
as legal acts in 2010 and 2012, respectively. Both directives have since 
been updated multiple times and are referred to in several of the ana-
lysed documents [12,20–26]. Since 2018, the EPBD has mentioned 
“integrated district or neighbourhood approaches” [[27], p. 22] as a 
solution, which is possibly one of the triggers of the increase in annual 
scientific production shortly afterwards, with an expected greater focus 
on multi-building scale approaches. 

The assumed relation between the studied literature, legal acts and 
policies enforced by the European Commission is explored further by 
looking at the most represented countries of the corresponding authors 
and the most represented countries of scientific production, as displayed 
in Fig. 3. The analysis of countries of scientific production not only ac-
counts for the main authors’ countries, but also includes all of the 
publications’ co-authors [29]. It can be observed that of the top 14 of the 
corresponding authors’ countries (n ≥ 2), all but four countries are EU 
member states. Of these four, Norway is associated with the EU through 
European Economic Area agreements, while the UK was part of the EU 
until 2020. The same goes for the countries of scientific production, 
where only three of the top 13 (n ≥ 6) are not currently part of the EU. 

The thematic evolution of document titles displayed in Fig. 4 is used 
to further explore the change in research motivation over the years, and 
as expected, reveals a shift in focus. The strong focus on “energy” and 
“buildings” up to 2020 has shifted to include “community” since 2021, 
and “renovation” since 2022. 

The suspected move towards larger, multi-building retrofits is 
explored further by looking at the most frequent keywords found in the 
analysed literature. While the search query specifically included the 
search terms “neighbourhood”, “block”, “district”, “precinct”, 

Table 1 
Search terms applied in Scopus and Web of Science.  

Abatement 
goal 

Unit Scale and 
typology 

Upgrading 
type 

Multi-building 
scale 

Low Energy Dwelling Retrofitting Neighbourhood 
Nearly zero  Building stock Refurbishment Block 
Net zero  Envelope Modernization District 
Zero  House Renovation Precinct 
Nnet positive  Building Optimization Settlement 
Positive  Non- 

residential 
Revitalization Community 

Plus  Office   
Passive  University     

Campus    

Scopus 
TITLE-ABS-KEY(((low OR “nearly zero” OR “net zero” OR zero OR “net positive” OR positive OR plus OR passive) PRE/2 (energy)) AND 
(dwelling OR “building stock” OR envelope OR house OR building OR “non residential” OR office OR university OR campus) AND (retrofitting 
OR refurbishment OR modernization OR renovation OR optimization OR revitalization) AND (neighbourhoods OR block OR district OR precinct 
OR settlement OR community))  
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“settlement” and “community”, and the analysis of titles reflects a shift 
to the community scale, only a few of the most frequent keywords 
specifically relate to that larger multi-building scale. Looking at the most 
frequent author’s keywords, only the three keywords “district heating”, 
“district” and “positive energy district” among the top 15 keywords (n ≥
3) are specifically associated with the larger scale, and none of the top 16 
keywords plus (generated from titles, available for Web of Science 
search results [30], n ≥ 6), as displayed in Fig. 5. Examining the 
coverage of non-residential building typologies, no non-residential ty-
pology is among the top results of either the author’s keywords or 
keywords plus, which on the contrary include “residential buildings” in 
shared seventh position. 

3.2. Full-text analysis 

3.2.1. Locations and climate zones 
Exploring the position of European research in this domain, the full- 

text analysis of case study locations revealed a similar result to the 
metadata analysis. 55 of the 83 studies mention a total of 80 case studies. 
Of the case study locations, 87.5% are in Europe, while the remaining 
12.5% are in Asia, as listed in Table 3. 65 of the 70 European cases are 
within the EU (excluding Norway and England) which again points 

towards a strong effect of European definitions and regulations. See 
more on the topic in section 3.2.2 on definitions and regulations. 

The differing level of detail when it comes to the description of lo-
cations does not allow for an association with specific climate zones in 
all cases (as the country level often does not refer to a unique climate 
zone), which was only possible in 72 cases. The Köppen-Geiger repre-
sentation is the climate zone system used here [80,81], Fig. 6 displays 
the distribution of all 72 instances (the darker the colour, the higher the 
number of case studies). Concentrations can be seen in warm temperate 
(Cxx) and “snowy” continental climate zones (Dxx). Only one instance is 
in a tropical climate (Aw) and three are in an arid climate (Bxx). The two 
most represented climate zones are Dfb (cold, warm summer) and Cfb 
(temperate, no dry season, warm summer), which can be associated with 
western and eastern Europe, respectively, and similar climates on other 
continents. 

3.2.2. Definitions and regulations 
Analysing the literature found revealed multiple definitions and a 

diversity of terminology related to energy- and emission-efficient ret-
rofitting in the building and construction sector. Research of the field is 
therefore difficult to unify or compare, even though many studies that 
cover the topic have been undertaken. The issue of non-uniform 

Web of Science 
TS=(((low OR “nearly zero” OR “net zero” OR zero OR “net positive” OR positive OR plus OR passive) NEAR/2 (energy)) AND (dwelling OR 
“building stock” OR envelope OR house OR building OR “non residential” OR office OR university OR campus) AND (retrofitting OR refur-
bishment OR modernization OR renovation OR optimization OR revitalization) AND (neighbourhood OR block OR district OR precinct OR 
settlement OR community))  

Fig. 1. PRISMA flow diagram, (Page et al. [14], adapted).  
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definitions for energy and emission strategies is taken up in several 
studies in the field, on both the single- and multi-building scale [17,82]. 
Among others things, this resulted in the unified definitions of high 
energy performance buildings [82] for the single-building scale, and 
climate friendly neighbourhood [17] for the multi-building scale, for 
energy and emission related standards. Table 4 presents the concepts 
named in the two publications mentioned, extended with additional 
concepts revealed during the literature analysis of this study. Especially 
the multi-building scale seems to be non-uniform. One reason might be 
the added uncertainty of the definition of scale. Commonly found terms 
include “neighbourhood”, “district”, “community”, “campus” and 
“city”, without any clear distinction or number of buildings that clearly 
results in one of the scales. 

To circumvent the need to define yet another concept, the authors 
use “single-building” and “multi-building” as terms throughout this 
work to differentiate between measures on the single-building and the 
combined multi-building scale. The larger scale thereby includes aspects 
such as sharing mechanisms, transportation and the outdoor environ-
ment. The actual dimensions must be defined project-specifically and 
can even exceed the city scale. 

The single-building concept of nearly zero energy buildings (NZEB) 
is defined in the Energy Performance of Buildings Directive (EPBD) [27] 
and is referenced by multiple analysed documents. More relevant for 
this study’s topic, however, are mentions of the multi-building scale. 
Although not addressed directly, the EPBD hints at the extension of the 
NZEB concept in multiple instances:  

⁃ RES (renewable energy sources) can be “on-site or nearby” [[27], p. 
3]  

⁃ strategies must include “initiatives to promote smart technologies 
and well-connected buildings and communities” [[27], p. 6] 

⁃ “the Commission shall examine […] integrated district or neigh-
bourhood approaches […] for example by means of overall renova-
tion schemes applying to a number of buildings in a spatial context 
instead of a single building” [[27], p. 22] 

⁃ “district or block heating and cooling systems” [[27], p. 28] posi-
tively influence the energy performance calculation 

The hints align with mentions in the Renovation Wave that classify 
Positive Energy Districts (PEDs) as part of the strategy to “deliver […] 
faster and deeper renovations for better buildings” [[6], p. 4] and state 
that neighbourhood-based approaches are to be placed at its heart [6]. 
Several publications have picked up the topic of PEDs, with six studies, 
equivalent to 60%, published since 2022 [21,41,42,47,52,54,60,88,94, 
95]. 

3.2.3. Retrofitting measures and achieved reductions in energy consumption 
In this section, groups of retrofitting measures, as applied throughout 

the analysed literature, and the associated reductions of energy con-
sumption, are established, based on the case studies of Table 3. Only 
case studies for which energy consumption as an indicator is extractable 
are considered. Reviews are not covered, due to the large number of 
different buildings covered in single publications. The chosen indicator 
for energy is kWh/(m2•a), since this incorporates all project scales (i.e. 
considering both individual buildings and multi-building projects) and 
percentage reductions to account for different reporting styles (i.e. pri-
mary energy and delivered energy). Retrofitting measures are cat-
egorised into general groups, to account for most of the analysed studies’ 
designs and reporting styles, as displayed in Table 5. Almost all recorded 
instances consider envelope retrofitting upgrades, followed by measures 
related to HVAC upgrades and the installation of renewable energy.  

Table 2 
Exclusion criteria applied throughout the screening process.  

Reason Description Excluded Remaining  

Title screening 230(total) 577 
Reason 1 Unrelated areas of research such as chemistry or computer science etc. 123  
Reason 2 Research unrelated to energy-efficient building retrofitting such as material sciences etc. 51  
Reason 3 Document types: books, book chapters, conference proceedings, notes, reports 56   

Abstract screening 359 (total) 219 
Reason 4 Unrelated areas of research/unrelated research topics (reasons 1 and 2) 205  
Reason 5 Non-applicable document types (reason 3), non-English, duplicates 19  
Reason 6 Non-applicable building scale or type such as new buildings or individual rooms 134   

Full-text retrieval 28 (total) 191 
Reason 7 Non-retrievable full text 9  
Reason 8 Non-English literature 5  
Reason 9 Duplicate document 6  
Reason 10 Excluded due to quality issues 8   

Full-text analysis 108 (total) 83 
Reason 11 No energy retrofitting on single- or multi-building scale 90  
Reason 12 Non-applicable building type or scale 18  
Reason 13 No relation to the multi-building scale –   

Fig. 2. Annual scientific production (Biblioshiny [28], graphically adapted).  
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Fig. 3. Top 14 (n ≥ 2) corresponding authors’ countries (left) and top 13 (n ≥ 6) countries of scientific production (right), with EU member states in “yellow”, EU- 
related under the European Economic Area or former EU member states in “green”, and non-EU countries in “purple” (Biblioshiny [28], graphically adapted). 

Fig. 4. Thematic evolution map of titles (unigrams), sliced (Biblioshiny [28], graphically adapted).  

Fig. 5. Top 15 (n ≥ 3) author’s keywords (left) and top 16 (n ≥ 6) keywords plus (from Web of Science), with keywords specifically targeting the multi-building scale 
and specific building typologies in “purple”, keywords related to the residential typology in "green", and the remaining keywords in “yellow” (Biblioshiny [28] 
graphically adapted). 
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In Fig. 7, the energy consumption reductions achieved throughout all 
case studies analysed are presented, both in kWh/(m2•a), since that 
equalises project scales (i.e. considering both individual buildings and 
multi-building projects), and per cent [%], to account for different 
report styles (i.e. primary energy and delivered energy). All but one 
instance report savings, i.e. energy reductions, while the application of 
retrofitting in one instance leads to higher subsequent energy 
consumption. 

For the analysis of achieved reductions of energy consumption in the 
cases analysed, the percentage reduction is chosen as an indicator for 
further analysis. Most projects achieved a reduction of energy con-
sumption close to 50% as can be seen in Fig. 8. The mean analysed 
reduction of energy consumption through retrofitting was 51.2%, 
ranging from 39.4% to 63.1% within a 95% confidence interval. The 
maximum reduction was 155% (eventually producing excess energy), 
while one study reported a negative effect of retrofitting measures, 
resulting in an additional 96% of energy consumption after the retro-
fitting measures were implemented. 

Looking at the implemented measures displayed in Fig. 9, it becomes 
clear that most studies focus on envelope retrofitting (85%), new HVAC 
systems (63%), and the installation of renewable energy sources (56%). 

Only a few studies incorporate measures for controls and schedules 
(11%), infiltration specifically (15%), lighting (26%) and spatial 
changes (4%), such as the extension of the floor area as a measure. The 
figure shows both the number of studies in which the individual mea-
sures were applied, and the corresponding share of all studies. 

3.2.4. Case studies and building typologies 
Results presented in this subsection contain the wide range of 

building typologies and varying project sizes covered in research, from 
single-building retrofits to multi-building projects. This section looks at 
both the building typology and project scales. An overview of results is 
displayed in Table 6. In research focusing on both individual and mul-
tiple buildings, it was observed that residential buildings were the most 
prominent building typology. Research of multi-building projects out-
numbered research on a smaller scale. The next most frequently covered 
building typologies after residential buildings were educational build-
ings, followed by multiple building typologies combined in entire 
neighbourhoods. 

The multi-building scale dominates the scientific literature analysed, 
due to the definition of search terms which specifically included 
“neighbourhood”, “block”, “district”, “precinct”, “settlement” and 
“community”. Only 13 studies specifically targeted educational and of-
fice buildings, despite being represented in the search with the terms: 
“office”, “university” and “campus”. 

3.2.5. Scaling up from the single- to the multi-building scale 
Energy standards and goals have for many years been discussed on a 

single-building scale, with less focus on the multi-building scale of 
neighbourhoods, districts, cities etc. This limitation is still recognised 
within recent literature (i.e. [26,48,73,87,88]). The individual building 
is seen as a starting point for overall energy reduction, but cannot be 
considered in isolation, as its performance is highly dependent on its 
surroundings, which set boundary conditions. Such conditions can be 
determined by the local climate, including the air quality, noise levels, 
temperatures, the provision of indoor and outdoor spaces, and the access 
to infrastructure and other services [31]. Additional dependencies 
include, but are not limited to, urban airflows, heat island effects, 
building geometries and occupants’ behaviour [25,101]. Table 7 dis-
plays advantages of larger-scale projects identified in the analysed 
literature. 

There are several difficulties associated with extending projects 
beyond the single-building scale. Generally, when the scale increases, 
more stakeholders are affected, and new boundary definitions are 

Table 3 
Case study locations covered in analysed literature.  

Continent Country No. of case studies References 

Europe Italy 14 [21,23,26,31–41]  
Spain 9 [22,42–48]  
Germany 8 [34,42,43,49–52]  
Austria 5 [37,44,49,50,52]  
Denmark 5 [34,44,49,53,54]  
Sweden 5 [20,42–44,55]  
Norway 4 [20,34,56,57]  
Portugal 4 [44,58–60]  
Greece 4 [61–64]  
Finland 3 [24,65]  
Belgium 2 [66,67]  
France 2 [52,68]  
Ireland 2 [69,70]  
Czech Republic 1 [44]  
England 1 [71]  
Netherlands 1 [72] 

Asia India 5 [73,74]  
China 4 [75–78]  
Thailand 1 [79] 

SUM  80   

Fig. 6. Case study climate zones according to the Köppen-Geiger climate classifications.  
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needed [12,38]. Additional technical infrastructure is likely to be 
required in retrofitting projects, to enable energy sharing within defined 
boundaries. The increase in the number of people affected by measures 
requires considerations that tackle possible rent increases and provide a 
temporary relocation strategy during retrofitting work [98]. The in-
crease in numbers of stakeholders also imposes difficulties related to 
energy trading contracts, the ownership and maintenance of renewable 
energy systems such as photovoltaics (PV) installations [74], and the 
general need for mutual agreements as a social barrier [48,74]. New 
boundaries are not only energy-related, but also concern the urban 
climate, urban morphology, public spaces and inter-building transport 
[12]. Physical, temporal and other boundaries must be combined with 
administrative boundaries following “historical, cultural, urban or other 
criteria” [[89], p. 786]. 

There is no unified approach to tackling multi-building retrofitting 
projects in planning. This is not only due to the relative novelty of the 

field, but also because projects are often unique. Energy modelling must 
include both detailed single-building and multi-building aspects, to 
adequately represent the entire system while optimising its entities [32, 
33]. Aspects of the single-building scale include the modelling of indi-
vidual energy demand and energy production, and suggestions for ret-
rofitting measures. In contrast, the multi-building scale includes energy 
sharing, multi-building peak shaving and trade-offs, and a more general 
formulation of energy and sustainability goals and policies. This leads to 
bottom-up approaches to energy calculations at a building level, com-
bined with top-down approaches determining the multi-building energy 
calculations and other inter-building aspects [61,97]. To achieve this 
combination, it is essential to make deliberate choices when it comes to 
simulation tools. Since it is still not considered feasible to consider 
highly detailed building energy models in a multi-building project 
simultaneously, multi-building simulations “must compromise on the 
precision of simulation for an individual building, but they can evaluate 

Table 4 
Selection of energy and emission goals at single-building and multi-building levels, according to Verhaeghe et al. [82] and Brozovsky et al. [17], extended.  

High energy performance buildings [82] Climate friendly neighbourhoods [17] 

(Nearly) zero energy buildings [20,32,36,46,69,70,76,83,84] Nearly zero energy neighbourhoods [51,85] 
Net zero energy buildings [19,63,79,86,87] Zero emission neighbourhood [57] 
(Net) positive energy buildings [18,87] Positive energy district [31,42,45,47,60,88]  

Nearly zero energy district [12]  
Net zero energy neighbourhood [66,72]  
Net zero energy district [21,89]  
Net zero energy communities [73,90]  
Zero energy districts [41] 

Additional definitions on a single-building scale Additional definitions on a multi-building scale 

Low-carbon buildings [71,75] Near(ly) zero & positive energy communities [26,61] 
High-performance buildings [91] Positive energy communities [18] 
Low-energy buildings [92] Nearly zero energy community [67] 
Net-zero-emission buildings [10] Net zero energy campuses [93]  

(Smart) Low energy districts [43,52]  
Post carbon cities [40]  
High-performance buildings [91]  
Net zero energy neighbourhoods [74]  

Table 5 
Retrofitting measures applied throughout the case studies analysed. Measures of the group "control" include measures such as the change of schedules and other control 
mechanisms, while spatial measures include measures such as the extension of floorspace during retrofitting.  

Authors Ref. Retrofitting measures  

HVAC Control Envelope Infiltration Lighting Ren. Energy Spatial 

Husiev et al. (2023) [48] YES  YES   YES  
Rose et al. (2022) [54]   YES     
Javier García-Ballano et al. (2022) [46]   YES     
Hainoun et al. (2022) [52] YES YES YES   YES  
Bruck et al. (2022) [42]   YES     
Bertoncini et al. (2022) [40] YES  YES   YES  
Aruta et al. (2022) [41] YES  YES   YES  
Qu (2021) [77] YES YES YES  YES YES  
Hong et al. (2021) [78] YES YES YES  YES   
Gouveia et al. (2021) [60]   YES     
Erba and Pagliano (2021) [31] YES  YES  YES YES  
Ascione et al. (2021) [33] YES  YES   YES  
Roser et al. (2020) [51] N.A. N.A. N.A. N.A. N.A. N.A. N.A. 
Bisello (2020) [37]      YES  
Ascione et al. “nZEB” (2020) [32] YES  YES   YES  
Ascione et al. “cost-optimal” (2020) [32] YES     YES  
Paiho et al. (2019) [65]   YES     
Mora et al. (2018) [23] YES  YES  YES   
De Santoli et al. (2018) [36]   YES YES    
Becchio et al. (2018) [21] YES  YES   YES  
García Kerdan et al. (2017) [71] YES  YES YES YES YES  
Camporeale et al. (2017) [22]   YES     
Lohse et al. (2016) [50] YES  YES YES    
Almeida et al. (2016) [58] YES  YES   YES YES 
Zhivov et al. (2015 [49] YES  YES YES YES YES  
Rose et al. (2015) [53] YES  YES  YES YES  
Åberg and Henning (2011) [55] N.A. N.A. N.A. N.A. N.A. N.A. N.A.  
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the impacts of energy saving measures (ESMs) with a reasonable level of 
accuracy” [[97], p. 2]. Modelling approaches include a Pareto 
multi-objective approach [32,33] or energy evaluations at building 
level, which are then used for macro-scale analyses [61]. Buildings can 
be grouped according to their energy profiles, to enable inter-building 
sharing. The analysed literature included grouping or clustering strate-
gies [76] and a building classification according to a generally recog-
nised building typology or archetypes [21,97,103]. Research showed 
that it can be beneficial to group buildings of diverse energy charac-
teristics to achieve the maximum sharing potential, lower energy im-
ports, reduced energy peaks, and better performance [76]. Previous 
multi-building case studies, such as those referenced here, can offer 

valuable insights and support decision-making strategies when choosing 
modelling approaches [32,33,45,61,65,96,104–106]. The larger scale 
brings with it additional aspects such as the inclusion of social and 
non-technical aspects of stakeholder involvement. 

3.2.6. Comfort, well-being and other social aspects in multi-building 
retrofitting 

Well-being and other social aspects are frequently covered in the 
literature and are part of the move to the multi-building scale. Aspects of 
comfort and indoor environmental quality are the two aspects 
mentioned most frequently [25,31,34,51,70,71,78]. Retrofitting can in 
some cases lead to lower indoor environmental quality, which can be 

Fig. 7. Reductions of energy consumption after retrofitting as reported in the literature. Abbreviations used represent the specific case chosen from the publication, 
with “M1” meaning alternative M1, “opt 3” meaning option 3 and “h + c” meaning option heating and cooling. 

Fig. 8. Analysis of energy consumption reductions found in the analysed literature.  
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observed in pre- and post-retrofit surveys. A study of a school campus in 
Germany showed that teachers rated eight out of 13 indoor environ-
mental quality aspects as better before the refurbishment, while nine of 
the 13 aspects were the same or improved for students after refurbish-
ment [51]. One study mentions that both buildings and their occupants 
can influence each other. While occupants’ behaviour can lead to a 
performance gap between planned and actual behaviour, building 

energy reduction might lead to decreased ventilation and consequently 
reduced indoor environmental quality, which might in turn trigger new 
user behaviour [70]. Improved indoor environmental quality, better 
energy performance, and greater sustainability are considered especially 
advantageous in educational projects where the students can act as 
communicators [34] and the buildings as contributors to local sustain-
ability [93]. 

Retrofitting is generally seen as a good opportunity for the imple-
mentation of social aspects and well-being related measures, which is 
addressed by multiple sources [23,31,34,49,91,100,107]. Co-benefits of 
energy and economically motivated retrofitting measures include as-
pects of comfort and health in general. The greatest benefits are ex-
pected from targeting the most energy-inefficient buildings, socially 
vulnerable populations, users willing to adopt new measures, and 
high-diversity user groups [100]. Retrofits that increase both energy 
efficiency and indoor environmental quality also increase the overall 
economic value of projects [107]. Energy-related rebound effects are 
commonly observed as a characteristic of post-retrofitting user behav-
iour [20,21,100]. They can lead to higher energy consumption or an 
energy imbalance, emphasising the need for quality assurance and 
quality control/verification [31,49]. Rebound effects covered in the 
scientific literature analysed can occur due to (1) oversaturation in the 
energy market due to lower energy demand, (2) higher goods and ser-
vices consumption following lower energy bills, and (3) economic 
growth made possible by improved energy efficiency, which in turn 
leads to additional energy needs [21]. 

The topics of comfort and (social) well-being in larger projects spe-
cifically were also covered in the literature found [12,21,38,40,45,68, 
91,98,108]. The general aim is to advocate human-centred retrofitting 
projects [45] that not only include energy performance, CO2-equivalent 
emissions reduction and economic advantages, but also improved in-
door comfort conditions [98]. Human-centred approaches may also 
include “human activities within the district, as well as management and 
maintenance methods” [[38], p. 3]. Human activities include the 
transportation of goods and people within defined system boundaries. 
Transportation as a topic includes technical aspects, such as energy from 
transportation [12], and social aspects, such as spatial quality, which are 
more difficult to define. Spatial quality, as an example, can contain the 
four determinants of “views, internal spatiality and spatial arrange-
ments, the transition between public and private spaces and perceived, 
built and human densities” [[68], p. 269] [109], which are both indi-
vidual and subjective. Other aspects include the human need for local 
energy security and the right to have a say when it comes to decisions 
related to energy solutions [40], the needs of an ageing society, and 
cultural heritage [108]. While some measures on a multi-building scale 
might conflict with others, co-benefits can be categorised and exploited 
project-specifically [37,47]. 

4. Discussion 

The discussion section is structured according to the previously 
presented results, i.e. divided into corresponding subsections. The 

Fig. 9. Number of studies in which individual groups of retrofitting measures were applied, as well as the corresponding share of all studies.  

Table 6 
Represented building typologies and project sizes.  

Typology Single-building 
scale 

Multi-building scale 

Residential [20,44,48–50, 
58,82,84] 

[21,22,26,37,40–42,46–48,51,52, 
54,55,60–62,67,68,70,72–74,90] 

Non-residential   
Educational [23,34,44,49] [39,49,51,53,93,96] 
Office [50,77,79] [78] 
Community clinic [35]  
Community centre [71]  
Sports centre [63,64]  

Mixed typologies   
Mixed non-residential  [75] 
Residential and office  [52,97] 
Residential and 
industrial  

[52] 

Residential and 
public  

[52] 

Residential and 
educational  

[38,56] 

Neighbourhoods  [32,33,59,65,76,98,99] 
Cities  [57] 
Countries  [24,69,100]  

Table 7 
Advantages of moving from the single- to the multi-building scale identified in 
the literature.  

Advantages of the multi-building scale Sources 

Better management of energy generation and consumption 
mismatch than for single buildings 

[12,25,41,65,72, 
73,88,93] 

Lower investment costs, better feasibility (e.g. per user or m2) [40,41,73,86] 
Better energy distribution through smart grids leads to overall 

reduced energy use 
[41,54,98,102] 

A necessity to fulfil international agreements and goals [40,41,48,73] 
More options for large-scale technologies, better availability, 

and simpler operation and maintenance 
[41,86] 

More flexibility in energy generation, including off-site 
production of renewable energy 

[41,86] 

More options for incentives and stakeholder encouragement 
for retrofitting projects 

[65] 

Minimising worst-case planning by accounting for occupant 
influences and seasonal effects 

[72] 

Neighbourhood investments benefit residential, tertiary and 
educational buildings economically 

[47] 

Availability of neighbourhood-scale measures, i.e. 
transportation, ground-water and streetlights etc. 

[74]  
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metadata analysis is discussed briefly (4.1), followed by a more in-depth 
discussion of the full-text results (4.2). That includes a discussion of 
covered locations and climate zones (4.2.1), definitions and regulations 
(4.2.2), retrofitting measures and achieved reductions in energy con-
sumption (4.2.3), case studies and building typologies (4.2.4), scaling up 
from the single- to the multi-building scale (4.2.5), and comfort, well- 
being and other social aspects in multi-building retrofitting (4.2.6). 

4.1. Metadata analysis 

The metadata analysis shows that research of the topic of large-scale 
retrofitting has gained popularity in recent years, especially since 2021. 
Both the annual scientific production depicted in Fig. 2 and the thematic 
evolution map of titles displayed in Fig. 4 confirm the trend. This 
increased research motivation, likely triggered by previous EU policies, 
seems to apply mostly to European countries, as can be observed from a 
review of the corresponding authors’ countries and the countries of 
scientific production. The only other countries in the top positions are 
China, the USA, the UK, and Norway, despite the need for global 
application of climate goals. Active research participation might be 
another reason for the cluster. The IEA currently (at the end of 2023) has 
16 ongoing projects, of which multiple projects relate to energy effi-
ciency at multi-building level [110]. Taking IEA Annex 83 on Positive 
Energy Districts as an example, 16 out of the 20 participating countries 
overlap with the case study locations identified in the search conducted 
for this work, which is equivalent to 80%. Similar observations can be 
made for other IEA Annexes and Tasks. Concerning global mitigation 
efforts, this limited group of countries represents a gap. Keywords 
related to the multi-building scale and non-residential projects are not 
contained as frequently as expected, despite recent advances. Only the 
three keywords “district heating”, “district” and “positive energy dis-
trict” specifically refer to the larger multi-building scale, when looking 
at the most frequent authors’ keywords and keywords plus. This was an 
unexpected finding, as the search terminology specifically included both 
aspects. 

4.2. Full-text analysis 

4.2.1. Locations and climate zones 
The cluster of research performed in European counties, that was 

also observed while analysing full texts, has little informative value 
concerning how representative the performed research is, which is why 
the specific climate zones covered were studied. The analysis shows that 
research was mostly performed on projects in temperate climates with 
either no dry seasons (Cfa, Cfb) or dry summers (Csa), in line with the 
Köppen-Geiger classification described in section 3.2.1. The only other 
frequently covered climate zone is a continental climate with warm 
summers (Dfb). These climate zones cover most of the European conti-
nent, as displayed in Fig. 6. Since the climate zones are not limited to 
Europe and also exist elsewhere, the same research applies to a certain 
degree to large parts of North and South America, southern Africa, and 
coastal areas in Asia and Australia, at least concerning climate condi-
tions. Only a few climate zones are frequently covered. Tropical climates 
(class A), arid climates (class B), some of the temperate climates (class 
C), most of the continental climates (class D), and polar and alpine cli-
mates (class E) are underrepresented so far. The climate zones can 
furthermore no longer be considered static, due to the rapidly changing 
climate conditions. The consequences of climate change are already 
clearly apparent, as shown by the heatwaves in 2022 and the resulting 
droughts throughout Europe. Such events are not yet reflected in the 
analysed literature, but are expected to be a prominent driver of future 
research and topics such as the climate resilience of buildings. Current 
Köppen-Geiger classifications include future climate-zone projections 
based on the Representative Concentration Pathway 8.5 also used in 
reports of the Intergovernmental Panel on Climate Change [111–113]. 
The Representative Concentration Pathway 8.5, scenario represents the 

version with the highest projected emissions, making it an extreme 
prediction [112]. Yet retrofitting projects should include some form of 
future climate predictions, in order to contribute positively to the future 
built form. Furthermore, despite research applying to other locations 
with similar climate characteristics, many aspects are not transferable, 
including applicable local definitions and regulations. 

As observed, there are significant contrasts in scientific production, 
seen across the globe, while common climate goals are in place. This 
does not necessarily mean less interest but, for example, a lack of re-
sources for research. To address this issue, regulations, definitions, 
concepts and solutions should increasingly be harmonised internation-
ally. Global organisations, such as the United Nations (UN), have great 
potential for the future development and management of aggregated 
knowledge. 

4.2.2. Definitions and regulations 
The definitions and regulations found in the analysed literature align 

with previous studies on the topic and extend the list of definitions used 
even further. Most definitions found for the single-building scale align 
with previous efforts [82]. New definitions include low-carbon build-
ings, high (energy) performance buildings, low-energy buildings, and 
net-zero-emission buildings, equally targeting reduced energy and 
reduced emissions. A similar observation can be made for the 
multi-building scale, where previously established definitions [17] were 
most frequently represented, but were extended by eight additional 
definitions. On this larger scale, new concepts mostly target energy, 
which is as expected, since the search terms used only included the 
energy reduction aspect, and not the one of emissions reduction. The 
two most prominent definitions represented throughout the analysed 
literature are the NZEB definition for nearly zero energy on the 
single-building scale, as per EPBD [27], and the PED definition for 
positive energy districts on the multi-building scale. Despite mentions of 
PEDs by the European Commission and an established working group 
[114], there is no manifestation in directives comparable to NZEB to the 
authors’ knowledge yet, as the IEA Annex 83 Subtask A is still working 
on that definition [115]. 

Multiple new and similar definitions and concepts indicate a clear 
interest in this topic, but also slow down global impact. For application 
in a larger context, clear common directives and regulations must be set 
up. 

4.2.3. Retrofitting measures and achieved reductions in energy consumption 
Looking at the body of literature currently available, it becomes clear 

that, for the most part, retrofitting efforts consist of a combination of 
measures of different groups, combining passive and active measures. The 
discussion of passive vs. active measures was taken up in multiple studies, 
as the feasibility is dependent on aspects such as project location and local 
climate. Sola et al. [43] discuss and conclude that passive building en-
velope measures alone can lead to long payback times, especially in mild 
climates compared to cold climates. Bruck et al. [42] address the same 
topic and conclude that while positive effects on emission reductions can 
be achieved independently of the climate, the economic value of passive 
retrofitting is higher in cold climates. Bougiatioti et al. [62] conclude that 
ventilation and shading might be more efficient measures compared to 
thermal insulation alone when moving to study locations in more 
southern parts of Greece compared to other parts of the country. 
Furthermore, even though energy efficiency might be the main objective 
in many retrofitting projects, economic aspects must always be consid-
ered. Cost efficiency can be utilised to evaluate the feasibility of measures 
or to decide between multiple alternative solutions, which is mentioned in 
both the EPBD and the Renovation Wave [48]. The application of 
cost-optimal solutions throughout the analysed literature was apparent. 
Finally, despite the goal often being zero energy for both small and large 
projects, the analysis shows that levels equal to or below zero for energy 
consumption were only achieved in one instance where the energy con-
sumption was previously positive [36]. 
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Achieving the goal of zero energy is within reach. However, the 
potential of retrofitting on a larger scale offers additional advantages 
such as energy sharing, and must be further explored. 

4.2.4. Case studies and building typologies 
The search terminology used in this study favours non-residential 

over residential buildings, as well as multi-building projects over 
single-building projects. Despite the use of terms such as “non-residen-
tial”, “office”, “university” and “campus” associated with non- 
residential buildings of office and educational typology, residential 
projects outnumbered non-residential projects, on both the single- and 
multi-building scales. This is an unexpected finding and only 14 publi-
cations covered the typologies emphasised, with seven for office and 
educational usage on a multi-building scale, and seven additional pub-
lications looking at mixed typology projects on a neighbourhood scale. 
This shows yet another gap in the development of retrofitting measures 
towards climate goals, especially as public buildings, such as univer-
sities, are expected to be retrofitted first, since they serve as a “role 
model and reference point” in the European Renovation Wave [[6], p. 
23]. Mixed typologies, however, represent a large share of the literature, 
which includes both residential and non-residential buildings on various 
scales. The high proportion of mixed-typology projects indicates a focus 
on the difficulties and opportunities that come with the move away from 
single-typology projects. Mixed-typology projects are a good represen-
tation of the outcome of retrofitting efforts, as separation into single 
typologies becomes artificial considering that the majority of the 
building stock is in need to be retrofitted. 

Combining typologies can bring advantages in terms of different 
energy characteristics that can cancel each other out if combined sys-
tematically [76]. These effects were only covered sparsely, and build-
ings were typically generalised into archetypes [21,97]. 

4.2.5. Scaling up from the single- to the multi-building scale 
The topic of scaling up renovation projects within zero-energy and 

zero-emission settings was included in the research analysed. The focus 
of the mentions was on the advantages and disadvantages that accom-
pany the larger scale. The difficulty of defining multi-scale retrofit 
projects is highlighted by the varying definitions used, as well as the lack 
of clear international guidance. The analysis of identified scientific 
literature reveals that projects typically focus on either the single- or the 
multi-building scale, rather than an incrementally changing built form 
that includes both scales. This either-or approach is advantageous in 
terms of project definitions and allows for comparison between before 
and after characteristics of one or more buildings. However, when 
considering the need to retrofit large portions of existing buildings, this 
either-or approach may not be sufficient. As energy balances and 
network capacity demands are altered with each retrofitted building, a 
more future-oriented scenario may involve renovating individual 
buildings incrementally, to ultimately result in entire neighbourhoods, 
districts, cities, etc. The implications of such stepwise retrofitting for 
energy supply and demand, as well as the power grid, have yet to be 
addressed in detail within the literature. A possible reason is that new 
and adapted forms of energy management are strongly dependent on 
national and regional supply, technical regulations, and legal roles of 
ownership including both public and private actors [116]. It must be 
kept in mind that reduced heat demand due to energy efficiency mea-
sures on a larger scale can negatively affect district energy systems in 
terms of aspects such as co-production [55]. New and emerging solu-
tions for energy trading on a larger scale, including both electricity and 
heat, may utilize blockchain technologies and smart contracts between 
the individual system actors [102]. 

There is interest in scaling up from the single- to the multi-building 
scale and strategies are emerging as the benefits are apparent. Howev-
er, there is a need for common guidelines, definitions and general reg-
ulations at the international level to facilitate cooperation and the 

sharing of new knowledge and experience in order to accelerate the 
implementation of results on a larger scale. 

4.2.6. Comfort, well-being and other social aspects in multi-building 
retrofitting 

The concept of well-being in building retrofitting is relatively new 
and was vague in the literature researched, since so far social aspects are 
not well-defined in the context of building and construction. This can be 
partly associated with the interdisciplinary nature of well-being, since, 
from a human perspective, it is rooted in many fields of social sciences 
such as philosophy, ergonomics, medicine and psychology [117]. The 
terminology used ranges from traditional indoor comfort metrics, to 
co-benefits of energy retrofitting, and new planning aspects such as 
spatial quality, human-centred planning, and inclusion of user behav-
iour such as rebound effects. A conceptual approach to well-being in 
buildings was established in 2019 by scoping which aspects were 
applied in building research [118]. The nine themes discovered are (1) 
environmental satisfaction and/or comfort, (2) mental health, (3) 
physical health, (4) hedonic or subjective well-being, (5) eudaimonic 
well-being, (6) social well-being, (7) productivity and cognitive per-
formance, (8) other and (9) unspecified. For the establishment of the 
nine themes and the diverse nature of single- and multi-building scales, 
only research which “primarily addressed aspects of the physical envi-
ronment (as opposed to the social environment)” [[118], p. 20] was 
included. Still, research of single- and multi-building scales was repre-
sented equally. In research specifically focusing on the multi-building 
scale and well-being, the five aspects of (1) community connectedness, 
(2) safety and security, (3) physical health, (4) mental health and (5) 
diversity were established [117]. Each of the five indices has associated 
attributes that can be assessed using a calculation method provided. The 
method uses equal weighting for all the variables and results, leading to 
an evaluation of cities using a well-being index. The evaluation method 
was originally applied to entire cities, but the authors state that this is 
one of the limitations and that evaluations on a district level “would 
contribute greatly to fine-grain analysis and understanding of well-being 
in a local sense” [[117], p. 18]. As for other aspects covered in this re-
view, well-being on single- and multi-building scales is not defined 
uniformly, which is seen as a gap in the development of future mass 
retrofits. A recent literature review on the indirect effects of 
high-performance buildings at different scales proposes a more general 
approach to well-being and social aspects using the term “co-impacts”, 
which can account for both positive and negative impacts. The authors 
advocate not including well-being as a mere sub-category of social 
considerations, but as a category in itself, to indicate the importance of 
the topic [91]. 

Retrofitting measures have the potential to increase the quality of life 
by including a wider spectrum of interdisciplinary social aspects in the 
design. This can result in increased well-being and reduced social 
challenges and inequalities among users. 

4.3. Limitations 

There are limitations to this work’s methodology, despite the efforts 
to make it as unbiased and objective as possible. The search of the 
Scopus and Web of Science databases builds the basis for the entire 
study. The search was undertaken in English, which may exclude rele-
vant research in other languages. The search terms themselves were 
chosen according to the authors’ best knowledge and were aimed at 
keeping the search as broad as possible, in an effort to extract a 
comprehensive literature subset for the subsequent analysis. At the same 
time, the systematic search solely of scientific databases leads to an 
exclusion of literature not published through scientifically peer- 
reviewed channels, possibly excluding relevant grey literature such as 
project reports, white papers etc. The material covered is thus unlikely 
to be exhaustive, which is an inherent limitation of any review, as Booth 
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et al. note [119]. Achieving a state of complete exhaustiveness in liter-
ature reviews is unnecessary for their intended purposes, and practical 
constraints, such as keyword combinations and the selection of scientific 
databases, impose limitations. The search, using only English-language 
search terms, may have a limiting effect on the search results, or even 
create a bias when it comes to study countries and locations. 
Non-English-language research in other databases cannot be detected 
even though it might exist and offer insights into other local or national 
developments. 

Analysing a relatively small subset of quality-assessed studies from 
the identified literature body is one of the characteristics of a systematic 
search. However, quality assessment is a manual and subjective process 
when conducting a literature review. Consequently, other experts might 
include a slightly different subset of literature in the analysis, which 
again represents a common limitation of literature reviews. Resulting 
effects can be a differing number of references and statements covered in 
the individual sections. 

Another limitation concerns the analysis and comparison of the 
studies found, since various analysis and reporting styles had to be taken 
into account. As a result, the resolution of the analysis of the case study 
locations had to be reduced to the country level, even though multiple 
studies contained more detailed and specific location information (see 
section 3.2.1). Moreover, the retrofitting measures applied had to be 
grouped into general groups, e.g. “envelope”, as not all studies con-
tained more detailed descriptions of the chosen measures (see section 
3.2.3). The comparison of energy consumption reductions achieved 
through retrofitting was made using kWh/(m2•a) and per cent as in-
dicators, accounting for projects of diverse scales and for projects using 
multiple energy definitions, i.e. primary energy and delivered energy 
(see section 3.2.3). This limitation does not allow for more in-depth 
analysis and comparison of the case studies found, which, as an 
example, makes any statement about the savings effect of individual 
retrofitting measures impossible. 

5. Conclusions and further developments 

The search of the two databases Scopus and Web of Science was 
performed on July 20, 2023 and includes 83 publications ranging from 
1999 to 2023. The identified scientific literature clearly shows a rise in 
publications since 2021 and a corresponding trend towards more 
research at the multi-building level. The countries of origin of the 
research suggest a strong link to regulations by the European Commis-
sion and research efforts such as the multiple energy-related research 
projects by the IEA. The analysis also shows that the cluster of research 
performed in European countries can partly represent climate conditions 
relevant for countries on other continents, while this does not account 
for local definitions and regulations or predicted future climate sce-
narios. Many climate zones are not represented at all. The analysed 
keywords indicate that the multi-building scale and non-residential ty-
pologies are less prominently represented than expected. The amount of 
different terminology found to represent both the single- and multi- 
building scales and associated objectives represents an impediment to 
the comparability of projects. Observed effects of research efforts to 
unify terminology were relatively small, with NZEB and PED as those 
most represented. Both are referred to by the European Union, while the 
latter is still under development. The analysed research recognised 
multiple advantages of the larger scale that include better handling of 
energy, lower investment costs, greater flexibility and better opportu-
nities for stakeholder involvement. Despite the obvious advantages of 
larger-scale projects, new issues arise. These include modelling and 
planning approaches that must be changed to fit both building-specific 
and overall aspects such as sensible energy-clustering of buildings, 
more complex social- and travel-related user behaviour, spatial quality 
and hard-to-define project boundaries. Concerning expected reductions 
of energy consumption by retrofitting, the mean effect reported was 
− 51.2% of energy consumption. Of cases that displayed a lower 

reduction, 50% did not include renewable energy sources as a measure. 
This indicates a limit to how much energy reduction can be achieved 
without compensation through energy production. Most projects pre-
dominantly implemented passive measures of envelope retrofitting, 
which is reported to be economically feasible, mostly in cold climates. 
Measures for HVAC systems and updated energy supply, as well as the 
installation of consumption-compensating renewable energy sources, 
were applied in most cases. 

Several gaps in retrofitting on a multi-building scale with focus on 
energy efficiency identified in this study should be addressed in future 
research:  

(1) To achieve the climate goals set, the number of energy retrofitting 
projects spanning multiple climate zones and buildings, and 
applying uniform boundary conditions, must be increased. That 
would increase comparability and international applicability, but 
is currently difficult to achieve due to a lack of both documented 
solutions, pilot projects, international guidelines, and uniform 
definitions. Future efforts are suggested to either target the na-
tional level (i.e. Research Centre on Zero Emission Neighbour-
hoods in Smart Cities (FME ZEN) in Norway) or the international 
level (i.e. PED in Europe), instead of individual case studies.  

(2) Non-residential projects are currently underrepresented, despite 
being defined as a starting point in international efforts to in-
crease renovation rates. Educational retrofitting projects can 
specifically profit from their diverse user groups as communica-
tors. University campus projects are regarded as favourable pilot 
cases, as they are often publicly owned and funded, while being 
situated in an active research environment. The potential of 
multi-building energy retrofitting projects is so far under-
estimated, as these cases are poorly represented in research, 
while they should be seen as an important measure to increase the 
quality of life by reducing social challenges and inequalities at the 
neighbourhood level, alongside environmental and financial 
gains.  

(3) Additional efforts are needed during and after retrofitting, as 
more than half of the cases covered do not fulfil the international 
deep renovation requirements. Conventional, and often partial 
energy retrofitting projects should be replaced by more in-depth 
and comprehensive projects. More frequent integration of on- or 
off-site renewable energy sources and smart sharing are required. 
Additional establishment of local energy networks for a group of 
buildings with a single owner is a recommended starting point, as 
this simplifies sharing and trading, as well as reducing the 
renewables-induced strain on national grids. 

This study offers new insights that enhance the understanding of 
energy retrofitting on the multi-building scale. In particular, the evo-
lution of the topic, tracking of academic production, identification of 
research gaps, and suggestions for future research and policy actions, are 
a contribution to the field. The presented results have the potential to 
inform developers and owners of large building portfolios, as well as 
policy makers. The findings call for stronger international efforts on 
alignment of definitions, and more systematic reporting of results from 
energy retrofitting measures and their effectiveness. Solely analysing 
scientific literature in the English language extracted from two scientific 
databases represents the main limitation of the study. Future research on 
the topic should aim at overcoming this limitation by also including 
multi-language grey literature and additional sources of specialised 
literature worldwide in the analysis. Suitable platforms for such an 
undertaking are, for instance, IEA annexes and tasks. Finally, the find-
ings highlight the need for more research on multi-building energy 
retrofitting as an important contributor to achieving global climate 
change targets, addressing energy shortages and gaining a more sus-
tainable built environment in line with the United Nations Sustainable 
Development Goals. 
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