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Up on the roof: a review of design, construction, and technology trends in vertical
extensions

Eunike Kristi Julistionoa,b, Philip Oldfielda and Luciano Cardellicchioa

aSchool of Built Environment, University of New South Wales, Sydney, Australia; bDepartment of Architecture, Petra Christian University, Surabaya,
Indonesia

ABSTRACT
New spaces to accommodate growing urban populations should be created in a way that also reduces
building lifecycle carbon emissions. In this context, the vertical extension (VE) has emerged as a novel
building typology that can increase space in cities through the construction of additional floor area atop
existing base buildings. This paper presents a review of 172 VE projects worldwide to provide an under-
standing of their design and construction trends, and to classify the technologies applied. Results show
that VE construction has accelerated significantly over the past decade. Although most VEs consist of only
small vertical additions, often one to two storeys, higher VEs can be built with innovative structural strate-
gies and lightweight materials. Industrial buildings are often found to provide significant opportunities for
VE due to their higher structural capacity. By comparing the characteristics and design of VEs, typologies
based on architectural, structural, and construction technologies are presented.
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Introduction

Minimising whole lifecycle carbon emissions from the build-
ing sector is a global necessity, since building-related emis-
sions are responsible for 37% of energy-related greenhouse
gas emissions (UNEP 2021). The need to reduce embodied car-
bon, which is the greenhouse gas emissions associated with
materials, construction, maintenance and demolition, disposal
and recycling of a building, is becoming increasingly influen-
tial (De Wolf, Pomponi, and Moncaster 2017; Helal, Stephan,
and Crawford 2020; Nadoushani, Moussavi, and Akbarnezhad
2015; Röck et al. 2020) with embodied carbon being shown
to be responsible for 27-70% of a typical building’s lifecycle
emissions (Pomponi and Moncaster 2016; Robati et al. 2021).
Such figures are likely to increase, as new building develop-
ment in many regions aspired for net-zero operational perfor-
mance by 2030, meaning embodied carbon could be responsi-
ble for 100%of lifecycle emissions inmanynewbuildings, in only
a few years.

Simultaneously, there is a demand for increased space in
urban areas. Urban growth is fuelled by population increases,
rapid urbanisation, globalisation, economic development, and
wealth. In 2018, roughly 55% of the world’s population were
urbandwellers, but thiswas predicted to increase to 60% in 2030
and 68% in 2050 (United Nations 2019). To accommodate this
growth, it is suggested an additional 230 billion squaremetres of
floor area is needed, doubling existing floorspace by 2060 (UNE
and IEA 2017). Between 2010 and 2020, a 12.5% increase in the
global population caused a 22.5% rise in floor area (UNEP 2021)
not only to satisfy the space demand but also economic growth.

CONTACT Eunike Kristi Julistiono e.julistiono@unsw.edu.au School of Built Environment, University of New South Wales, Sydney, Australia; Department of
Architecture, Petra Christian University, Surabaya, Indonesia

Supplemental data for this article can be accessed here https://doi.org/10.1080/00038628.2023.2240289.

While much of this growth is fuelled by increases in wealth and
the demand for larger living spaces, there is also a legitimate
demand for new buildings to support the health and well-being
of society, with some 1.6 billion people living without adequate
shelter (Habitat for Humanity n.d.).

Acknowledging the negative impacts of urban sprawl, future
space demand should bemet in a way that supports urban den-
sification and compact city forms as part of sustainable urban
development models (Broitman and Koomen 2015; Hernandez-
Palacio 2014; Mouratidis 2019; Neuman 2005; Oldfield 2019;
Stevenson et al. 2016; United Nations 2017). Since preserving
green and rural regions is crucial to ensure a healthy urban
environment, creating new floorspace in a sustainable manner
often relies on brownfield development (Cappai, Forgues, and
Glaus 2019; Dulić and Krklješ 2014; Smith 2008). Nonetheless, if
this development includes the demolition of existing buildings
and creation of new construction, significant waste and carbon
emissions will be produced.

The Vertical Extension (VE), in which an extra storey(s) is
built atop an existing base building, has emerged as a novel
solution to increase urban floor area while preserving existing
buildings, thus minimising whole lifecycle emissions. While VE
can be found as early as the eighteenth or nineteenth century
(Artés, Wadel, and Marti 2017; González-Redondo 2022), a holis-
tic understanding of the design, construction, and technological
trends of VEs at global scale is limited. This paper aims to doc-
ument and classify in detail technological approaches of VEs
through a comprehensive review of 172 VE projects worldwide.
In doing so, the following research questions are answered:

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way. The
terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.
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• What are the trends associated with VE construction?
• What different types of VE are being built?
• What are the different architectural, structural, and construc-

tional technologies used in VE projects in different contexts?

Vertical extension (VE) as an emerging typology

Existing terms, definitions, and benefits

Some studies use the term ‘vertical extension’ (VE) to represent
the additional floor(s) atop existing buildings (Argenziano et al.
2021; Artés, Wadel, Marti 2017; Bergsten 2005; Dind, Lufkin, and
Rey 2018). Others call this ‘vertical expansion’ (Jellen andMemari
2018; Thornton, Hungspruke, and DeScenza 1991), ‘rooftop
extension’ (Aparicio-Gonzalez, Domingo-Irigoyen, and Sánchez-
Ostiz 2020; Floerke et al. 2014; Wijnants, Allacker, and De Troyer
2019), ‘roof stacking’ (Amer et al. 2017; Amer, Mustafa, and Attia
2019), ‘upward extension’ (Morris 2021), ‘aufstockung’ (Eliason
2014; Floerke et al. 2014), or simply ‘adding floors to existing
buildings’ (Soikkeli 2016; Uwimana 2011).

A few studies present specific definitions of VE. For instance,
Floerke et al. (2014) define VE as ‘a structure that is constructed
upon the top floor-space – generally the roof – of an existing build-
ing, adding one or more storeys’ and suggest that VE is a ‘re-
densification solution’ in the urban environment. The existing

literature also documents a variety of environmental, social, and
economic benefits of VE, as listed in Table 1.

Development of vertical extensions

VEs have been constructed for centuries, especially in Europe
(Eliason 2014; González-Redondo 2022), but they have become
more frequent with the urgency of urban densification and
a growing concern about building emissions. Hence, most
literature on this topic has emerged in the twenty-first century.
At the building scale, most studies examine low-rise VE solu-
tions (one to three storeys high) (Aparicio-Gonzalez, Domingo-
Irigoyen, and Sánchez-Ostiz 2020; Argenziano et al. 2021; Artés,
Wadel,Marti 2017; Dind, Lufkin, andRey 2018; Jellen andMemari
2018; Soikkeli 2016), with fewer studies examining multi-storey
or high-rise VEs (Hermens, Visscher, and Kraus 2014; Uwimana
2011). VEs have also been investigated at a neighbourhood level
(Amer et al. 2017; Aparicio-Gonzalez, Domingo-Irigoyen, and
Sánchez-Ostiz 2020) and component level (Lešnik et al. 2020;
Wijnants, Allacker, and De Troyer 2019). Among these studies,
some looked at specific building functions, such as residential
VEs (Amer, Mustafa, and Attia 2019; Jellen and Memari 2018;
Soikkeli 2016), and office VEs (Dind, Lufkin, and Rey 2018). Most
research suggests that offsite construction and modular build-
ing systems are the most suitable construction methods for

Table 1. Benefits of VEs recognised by existing literature.

Benefits of VE References

Environmental
benefits

• Increasing urban density (while preserving green spaces and
reducing urban sprawl)

• Avoiding or reducing demolition of existing buildings therefore
reducing embodied carbon emissions

• Improving the performance of the base building (that beneath a
VE), by using financial gain of the extension to fund a retrofit

(Ambrosini and Callegari 2021; Amer et al. 2017; Aparicio-
Gonzalez, Domingo-Irigoyen, and Sánchez-Ostiz 2020;
Argenziano et al. 2021; Artés, Wadel, and Marti 2017;
Dind, Lufkin, and Rey 2018; Eliason 2014; Hermens,
Visscher, and Kraus 2014; Jellen and Memari 2014;
Pattison 2021; Soikkeli 2016; Sundling 2019)

Social benefits • Preserving cities’ historical character (as compared todemolish and
rebuild)

• Improving safety in the city centre by increasing urban density

(Eliason 2014; Hermens, Visscher, and Kraus 2014; Jellen
and Memari 2014)

Economic
benefits

• Increasing the income potential of the base building
• Financing refurbishment of the base building
• Reducing cost of land and new foundations (as compared to a new

building)
• Faster construction (as compared to demolish and rebuild)

(Eliason 2014; Jellen and Memari 2014; Kussin 2016;
Pattison 2021; Sundling 2019; Soikkeli 2016)

Table 2. Existing Classification of VEs.

Author(s) Publication Type Classification Types VE Classifications Study Scope

Amer, Mustafa, and
Attia (2019)

Journal paper Based on offsite con-
struction methods of
VE

(1) load bearing methods:
• direct loading
• indirect loading

(2) assembly methods:
• modular assembly (3D)
• panels assembly (2D)
• component assembly (1D)

(3) building materials of the
• base buildings:
masonry (81%), RC (13%), steel (6%)

• VEs: steel, timber, RC

136 VE projects in Europe,
residential function,
1–3 storeys VE

Ambrosini and
Callegari (2021)

Book Based on the function of VE historical residential buildings, social housings,
factory reuse, service buildings

25 VE projects
(80% in Europe),
1–3 storeys VE

Floerke et al. (2014) Report Based on the form of VE roof, cube, inserted, free form, add on, gap 154 VE projects
(97% in Europe)

Hermens, Visscher,
and Kraus (2014)

Conference paper Based on structural
strategies of VE

spanning, building through, building on top of
other buildings and infrastructure

7 VE project examples
(6 in Europe)

Sundling (2019) Journal paper Based on structural
strategies of VE

no reinforcement is required,
reinforcement is required,
no solution for reinforcement can be found

4 VE projects in Sweden
(2 built, 2 unbuilt),
1–2 storeys VE
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Figure 1. Research methodology.

VEs, with lightweight materials (steel/timber) seen as preferable
(Amer, Mustafa, and Attia 2019; Bergsten 2005; Dind, Lufkin, and
Rey 2018; Hermens, Visscher, and Kraus 2014; Jellen andMemari
2018).

Some studies have reviewed and classified VEs (Table 2),
in terms of their construction methods (Amer, Mustafa, and
Attia 2019), form (Floerke et al. 2014), function (Ambrosini and
Callegari 2021), and structural strategies (Hermens, Visscher,
and Kraus 2014; Sundling 2019). However, most studies are in
the European context, with little knowledge in other regions.
Furthermore, most classifications are based on a single criterion
(i.e. construction method, form, structural strategy) and focus
on low-rise VEs. This study looks at VE implementations from a
wider context and provides a review of VE technologies from
multiple perspectives comprehensively. Through reviewing 172
VE projects worldwide, this paper presents the global trends
on the evolution of VEs while documenting different designs
and technologies from real projects, and classifies VEs based on
architectural, structural, and constructional aspects. It presents
what kinds of buildings are being extended and what strategies
are applied.

Researchmethodology

A mixed method approach of literature review, documentary
research, and stakeholder interviewswas utilised in this research
(Figure 1). First, a literature reviewwas performed to identify the
existing knowledge and classifications of VE. Then, VE projects
worldwidewere collected through a documentary research pro-
cess (Bowen 2009; Tight 2019), in which information about a
particular project was gathered from multiple sources – aca-
demic documents (journal/conference papers and reports), offi-
cial documents (government records, development application
documents), popular resources (newspaper/magazine articles),
and institutional resources (company website, press release).
Semi-structured interviews and correspondence with profes-
sionals involved in some projects (architects, structural engi-
neers, developers, contractors) were also undertaken to obtain
project information.

A final dataset of VE projects was created based on informa-
tion obtained. A predefined template was used to determine

Table 3. Project inclusion and exclusion criteria.

Project Inclusion Criteria
• Minimum 1 storey of permanent

occupiable VE is built on top of the
base building

• VE’s footprint is more than 25% of
the base building’s footprint area
(estimated from project drawings)

• There is evidence that the project
has been built or is currently under
construction

Project Exclusion Criteria
• Attic extension (i.e. an additional

floor is built within an existing attic
space without a VE)

• Façade retention (only the base
building’s façade is preserved,
while the structure and space is
demolished and replaced with an
entirely new construction)

• Rooftop garden or greenhouse
built on the roof deck of a building

• Temporary/movable space and
informal VE

• VE project proposed or in planning
(16 VE projects were identified but
excluded as they had not started
construction yet)

what types of information should be retrieved, then informa-
tion on each project was assembled based on this template. Due
to the complex and diverse characteristics of VE, this template
was adapted during the data collection. The final template is
provided in Appendix. For each project, information collected
includes project location, organisations involved, information
about the base building and its VE (i.e. year built, number of
storeys, function, structural material), alongside architectural,
structural, and construction approaches. In this research, VE is
defined as constructing one or more storeys of new permanent
inhabitable space on top of an existing base building. Thus,
project inclusion and exclusion criteria are predefined to decide
whether a specific VE project would be included or not in the
dataset (Table 3).

Results

A total of 172 VE projects were reviewed as part of this research.
They are located across four regions: 36 in America (21%), 17
in Asia (10%), 97 in Europe (56%), and 22 in Oceania (13%)
(Figure 2), and spread over 27 countries (Figure 3). The three
countries with the greatest number of projects are the United
Kingdom, the United States and Australia with 52 (30%), 33
(19%), and 22 (13%) projects.
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Figure 2. Project locations by region.

Construction period and time gap

The construction periods of VEs and the base buildings (i.e. the
original buildings that sit beneath VEs) were gathered to under-
stand whether buildings from certain eras were extended more
frequently. Figure 4(a). shows the completion periods for the
base buildings. A total of 180 buildings are shown, because in
seven projects, the VE was built atop two/three buildings. The
chart shows that most base buildings were built in the twenti-
eth century (125 out of 180 buildings, 69%), with a quite even
split across the century (i.e. 19–30 buildings every 20 years).
This suggests a wide array of buildings from different eras
can facilitate VEs, with little limitation of construction period.
There was a small drop in frequency of base buildings between
1940-1979. This is likely due to both the second world war (and

Figure 5. Construction time gaps between base buildings and VEs.

subsequent reduced construction), and somebuildings from the
post-war erabeing less suited toVEeconomically. In an interview
a developer revealed that:

Buildings from the sixties and seventies are not very good to be
extended, often there was a lot of postmodern design, the structures
weren’t as repetitive, they didn’t have good floor-to-ceiling heights.
So, the economics in trying to extend vertically those buildings is very
different . . .

Figure 4(b) presents when the VEs were constructed. The
graph shows that although there is a recordof VE stretchingback
before 1950, it is very much a contemporary trend, with 137 of
172 projects (80%) completed/in progress since 2010.

By comparing the construction periods of base buildings and
their VEs, time gaps can be determined. Figure 5 shows that
the most common time gap is 76–100 years (35 projects, 20%),

Figure 3. Project locations by country

Figure 4. Construction periods of: a. base buildings (left); b. VEs (right). Note: There are 180 base buildings and 172 VEs, because in 7 projects, VEs were built atop 2–3
base buildings.
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Figure 6. The number of storeys of base buildings and VEs.

Figure 7. Percentages of storeys added.

followed by 51–75 years (30 projects, 17.4%) and 26–50 years
(29 projects, 16.9%). Moreover, the time gaps are more than 50
years for 113 projects (66%), and more than 100 years for 48
projects (28%), showing that VEs are often built atop historic/old
buildings, rather than more contemporary ones.

Number of storeys and percentage of storeys added

The numbers of storeys of base buildings and their VEs were col-
lected to understand to what extent VEs have been utilised to

create additional space, and whether VEs weremostly built atop
low-rise or high-rise buildings. Among 172 projects reviewed,
the height of the base buildings above grade ranges from one
storey up tomore than 30 storeys (Figure 6). The blue line shows
that the base buildings are mostly 1–6 storeys (132 out of 172
projects, 77%) with 3–4 storeys (59 projects, 34%) as the most
common, followedby5–6 storeys (45projects, 26%). Thehighest
base building is in the South Bank Tower in London (31 storeys),
which had 11 storeys added on. The red line shows that most
VEs are 1–2 storeys (66%). This highlights that most VEs do not
add significant extra capacity. Nevertheless, there are examples
of taller VEs among the projects reviewed. The tallest VE found
was theGreenlandCentre in Sydney, inwhich a 40-storey VEwas
built atop a 26-storey building. In addition, the Blue Cross Blue
Shield in Chicago (Figure 13(1)), consists of a 24-storey VE built
atop a 30-storey building (albeit this extension was pre-planned
– see also Structural Strategies section).

Figure 7 shows thepercentage of storeys added (VE’s number
of storeys) compared to the base building’s number of storeys.
This percentage varies from below 25% to above 200%, with 26-
50% as the percentage for most projects (68 projects, 40%). The
highest percentage is found in The Hero in New York, where a
19-storey VE was built atop a 5-storey building, resulting a 380%
of storey addition.

Project function and functional change

To classify the projects based on functions of the base build-
ings and their VEs, a functional classification was predefined
by considering the classification from the Australian National
Construction Code (ABCB 2022) and the imposed load require-
ments of each building type (AS/ NZS 1170.1:2002) (Figure 8).
Classification based on imposed loads (typical live loads) was
used to examinewhether different load requirements of specific
building functions influence the realisation of VEs.

Figure 8. The functional classification used and its references.
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Figure 9. Functions of: a. base buildings (left); b. VEs (right). Note: There are 180 base buildings and 172 VEs, because in 7 projects, VEs were built atop 2–3 base buildings.

Figure 10. Functional changes of base buildings and VEs’ functions. Note: Each node shows ‘[building function]: [no. of buildings]’. In this diagram, the number of build-
ings considered has been adjusted. Where multiple base buildings were located beneath a VE, these have been counted as a single building to ensure consistency in the
Sankey diagram, except if they had different functions, resulting a total of 173 buildings in the graph.

The base buildings of the projects reviewed were classi-
fied into five distinct functions based on the typical live loads
the typology requires (Figure 9(a)): (1) industrial (factory, ware-
house, car park, showroom, military facility); (2) other commer-
cial/public (shopping centre, retail, gallery, museum, church,
restaurant); (3) office; (4) education (school, university); (5)
residential (single-family house, apartment, hotel, hospital). The
most common building type found as the bases of VEs were
industrial buildings (57 out of 180 buildings, 32%), followed by

office (27%) and residential (24%). Figure 9(b). shows that most
VEs were built to accommodate residential functions (96 out
of 172 projects, 56%), followed by office purposes (53 projects,
31%).

Observing the functional changes of the base buildings, in
50% of the projects, the original function remained, while in
50% it changed. Figure 10 shows that most industrial buildings
experienced a change of function (both before and during the
VE process). Whereas, for base buildings with other functions
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Figure 11. Five forms of VEs identified along with examples of projects: (1) extruded – Adina Apartment Hotel, Melbourne; (2) setback – Deco Building, Sydney; (3) roof
– Trikafabriken 9, Hammarby Sjostad; (4) rooftop village – Didden Village, Rotterdam; (5) freeform – Substation 164, Sydney [images courtesy of: (1) © Peter Clarke; (2) ©
Brett Boardman; (3) © Felix Gerlach for Tengbom; (4) © Rob t Hart for MVRDV; (5) © author] .

(office, education, other commercial/public, residential) theorig-
inal function mostly remained. In 115 out of 172 projects (67%),
VEs were performed alongside the refurbishment of the base
buildings, either to accommodate functional changes or to
adjust them to the current building standard/requirements.

Architectural strategies

Two distinct architectural strategies were examined: form and
facade design of VEs. It was found that heritage status of the
base building and VE’s footprint ratio often influenced the selec-
tion of architectural strategies. In the case where the base
building was heritage-significant, VE development would likely
need to comply with certain restrictions, e.g. facade preserva-
tion, setback requirements. Regarding VE’s footprint ratio (ratio
of VE’s footprint compared to the base building’s footprint),
most projects generally aimed tomaximise additional space cre-
ated and achieve a footprint ratio close to 100%, but due to
some functional considerations or setback provisions, this was
not always possible. Hence an average footprint ratio for 172
projects is 91%.

Form of VE
When considering the form of the VE as compared to the base
building, five different strategies are identified (Figure 11):

(1) Extruded form, in which VE has the same form as the base
building, and the VE’s footprint ratio is nearly 100%.

(2) Setback form, in which VE has the same form as the base
building but with a setback on the front elevation, on
two/more faces, or has some recessed areas.

(3) Roof form, in which VE appears as the roof of the base
building.

(4) Rooftop cottages, in which VE appears as a few/cluster of
small houses/cottages atop the base building.

Figure 12. Project classification based on forms of VEs. Note: Combination of two
forms was applied in 11 out of 172 VE projects.

(5) Freeform, in which VE has a distinct form, footprint, or axis
with the base building, cantilevered from the base building,
or connected with a horizontal extension.

Figure 12 shows that most frequently used form is the extruded
form (72 projects, 42%), followed by the setback form (62
projects, 36%). In 11 projects, the combination of two strate-
gieswas applied, e.g. both extruded and roof formswere applied
in Trikafabriken 9 (Figure 11(3)). In 51 projects (30%) where
the base building(s) was considered of heritage significance or
located in a historic district, the most common form used is
setback (19 out of 51 projects, 37%).

Facade design of VE
By comparing the facade of the VE with its base building, three
facade design strategies are identified:

(1) Unified facade, in which VE has the same facade as the base
building, so that it is difficult to distinguish between the old
and new.

(2) Similar facade, where VE’s facade adopts some characteris-
tics of the base building’s facade (i.e. same/similar rhythm,
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Figure 13. Examples of VE projects and their facade strategies: (1) unified facade at Blue Cross Blue Shield; Chicago; (2) similar facade at Midtown Centre, Brisbane; (3)
distinct facade at De Karel Doorman; Rotterdam [images courtesy of: (1) © James Steinkamp Photography for Goettsch Partners; (2) © AM Brisbane CBD Investments &
DMC Projects; (3) © Ibelings van Tilburg architecten, Ossip van Duivenbode] .

colour, and/or material), but the VE can still be identified as
a new addition.

(3) Distinct facade, where VE’s facade has a different rhythm,
colour, ormaterial, and is easily differentiated from the base
building.

Examples of these approaches are shown in Figure 13. Figure 14
shows that among the projects reviewed, a distinct facade
appearance is themost applied (123 projects, 72%) whereas uni-
fied appearance is the least (14 projects, 8%). In three projects,
combined strategieswere applied. In 18 projects, the base build-
ing’s facade was demolished, and the building was reclad (most
commonly to achieve unified facade, but in some projects, simi-
lar/distinct appearance was used).

Structural strategies

The analysis of structural strategies considered two factors:
planned/unplanned VE and structural support strategies.

Planned/unplanned VE
Two distinct typologies are identified (Figure 15):

(1) Planned VE, in which the VE is purposely planned at the
time of initial design of the base building. Blue Cross Blue

Figure 14. Project classification based on facade designs of VEs. Note: Combined
facade designs were applied in 3 out of 172 VE projects.

Figure 15. Project classification based on plan for VEs.

Shield (Figure 13(1)) is an example of this where a 24-storey
VE was planned as part of a long-term expansion of the
30-storey office building. Among172projects, only five (3%)
have planned VEs, and in two of them, the realisation of VE
exceeded the originally planned height. The Adina Apart-
mentHotel inMelbourne is an example of this (Figure 11(1)),
where the base buildingwas designed to support a 6-storey
VE, but in the end a 10-storey VE was built using CLT. The
architect shared:The developers knew that they could build
6 levels extension with concrete, but they were looking for
220 hotel rooms to get their best return from investment.
So, anything smaller probably would have meant that the
project wouldn’t have gone ahead. With timber, we could
get 10 levels . . .

(2) Unplanned VE, where there is no plan for future VE in the ini-
tial design of the base building. Most VE projects (167 out of
172 projects, 97%) fall into this category. It should be noted
that during data collection, a project was only considered to
have a planned VE when specific information identified it as
such.

Structural support strategies
To support VE, three structural support typologies are identified
(Figure 16):
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Figure 16. Three structural support strategies for VE (Julistiono, Oldfield, Cardellicchio 2023).

Figure 17. Project classification based on structural support strategies.

(1) VE is fully supported by the existing structure
(2) VE is supported by the existing structure with some additional

reinforcement
(3) VE is supported by a separate structure

Figure 17 shows that strategy 2 was the most frequently used
approach (40%), followed by strategy 1 (35%). A partial demo-
lition of the base building took place in 41 out of 172 projects
(24%). The demolition varied from roof and floor demolition,
replacing the roof or one/more of the base building’s floor(s)
of heavy construction with more floors of lightweight construc-
tion. Floor and roof demolition was found in 21 and 19 projects
respectively. In six projects, the base building’s slabs were cut
throughout thebuildingheight and replacedwithnewconstruc-
tion with more strength to support the VE.

Construction strategies

In terms of construction strategies, two trends were examined:
the structural materials used and the base building’s occupation
condition while the VE is constructed.

Primary structural materials
Figure 18 presents classifications of VE projects based on the
structural materials of the base buildings and the VEs. If mul-
tiple materials were used in the project, the primary structural
material is defined by the vertical structural component as the
main load bearer (i.e. columns or vertical load-bearing walls).
Concrete is the base buildings’ primary structural material for
most projects (42%), followed by masonry (19%) and steel/cast-
iron (15%). In 17projects (10%), twoormorematerialswereused,
e.g. masonry bearing wall with cast iron/timber frame. Regard-
ing structural material of VEs, steel is the most frequently used
(57%), followed by timber (19%).

Base building’s occupation condition while VE is constructed
Two different occupation conditions were identified during the
construction of VE – empty and occupied (Figure 19).

For 106 projects (62%), the base building was empty dur-
ing the construction of VE, either it has been abandoned or it
was vacant due to the VE being built alongside a refurbishment
and/or strengthening to theexisting structureswas required. For
36 projects (21%), the VE was constructed while the base build-
ing remained in operation. This was possible when no extensive

Figure 18. Project classifications based on: a. primary structural materials of base buildings (left); b. primary structural material of VEs (right).
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Figure 19. Project classification based on occupation conditions while VE is built.

structural work occurred in the base building, or in planned VE
projects.

Discussion

This research constitutes the largest review of VEs globally,
with 172 projects analysed across four main geographical
regions. Figure 20 summarises the key findings, including the
most frequent base building and VE characteristics, trends, and
approaches. As such, this diagram could be used to identify
potentials for VE in a specific case, based on common fac-
tors found in this research. The following discussion points are
highlighted.

Construction trends: an accelerating phenomenon

Based on location, Europe is the region with the most projects
(56%). This aligns with the existing literature, with 19 out of 21
VE studies (90%) set within the European context, and evidence
that VE has a long history in Europe (Eliason 2014). However, by
including 44% of the projects from other regions, especially Asia
and Oceania, which are rarely discussed, this research presents a
moreglobal reviewofVEs. Basedoncountry, theUKhas themost
projects. In here, 33 out of the 52 projects identified (63%) are in
London. TheUS is the next to havemost projects, inwhich 26out

of 33 projects (79%) are in New York. This confirms that VEs are
most economically viable in dense megacities such as London
and New York, where land is hard to come by. In an interview, an
architect noted:

Finding an area to build in a city as dense as New York is very, very
hard, so the only thing you can do is building on top of other places.
It’s starting to happen a lot more and more.

Construction periods of VEs confirm that VE trends have gained
significant momentum in the last decade worldwide, with 80%
of the projects reviewed here built since 2010. The construction
periods of VE’s base buildings show that while most base build-
ings were built in the twentieth century (69%), it is possible to
build atopbuildings fromanyera (theoldest basebuildingswere
from the fifteenth century, while the most recent was built in
2016).

Structural capacity: small interventions

Based on 172 projects reviewed, most VEs are 1–2 storeys (66%),
with only 11% of projects (19 out of 172) above 4 storeys.
Likewise, the percentage of storeys added for most projects
is between 26-50%. This shows that most VEs are relatively
short as compared to their base buildings – they add rela-
tively modest amounts of extra capacity. This limitation of VE
is found to be caused by most extensions relying (to at least
some extent) on the excess capacity in the base buildings to
support additional loads – a fact recognised by other research
(Jellen and Memari 2014; Julistiono, Oldfield, and Cardellic-
chio 2023; Thornton, Hungspruke, and DeScenza 1991). This
also aligns with results on structural support strategies, i.e. in
75% of the projects, VE was supported by the base building’s
existing structure, either fully (35%) or with some reinforce-
ment (40%). An entirely new structure supporting VE is less
common (9%).

In terms of the base buildings’ original functions, an indus-
trial building is themost frequent (32%), followedbyoffice (27%)
and residential (24%). Analysis of these three base building types
in Table 4 shows that projects with industrial buildings as the
base of VEs have the highest average percentage of storeys

Figure 20. Summary of the most frequent trends and characteristics of VE development.
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Table 4. Comparison of VE projects with three most frequent base building functions (industrial, office, residential).

Base building
function (no. of
projects)

Average
percentage of
storeys added

VE alongside
refurbishment

Original
function
changes

VE with
demolition∗ Occupied

All (172) 63% 115 (67%) 86 (50%) 41 (24%) 36 (21%)
Industrial (53)∗∗ 67% 46 (87%) 49 (92%) 8 (15%) 3 (6%)
Office (48)∗∗ 54% 34 (71%) 19 (40%) 15 (31%) 9 (19%)
Residential (42) 57% 23 (55%) 10 (24%) 13 (31%) 10 (24%)

Note: ∗VE was built alongside partial demolition in the base building.
∗∗There is one project in which the VE was built atop two base buildings – industrial and office, hence this project is counted in
both industrial and office base building function.

added (67%). Also, they have the highest refurbishment rate and
change of function (87% and 92%), and the lowest partial demo-
lition rate (15%). All of this reveals that industrial buildings have
a significant opportunity to accommodate VEs as they are typi-
cally designed to accommodate higher loads (see Figure 8), and
thus there is excess load capacity to support VE. In the interviews,
an engineer shared that:

Very often old buildings have more capacity than people expect,
especially in the case where they’ve changed use. The best example
is the buildings that were once warehouse buildings, machine shops,
industrial buildings, that are converted into flats. There, the loading
goes from heavy loading to light loading.

Three structural support strategies are recognised (Figure 16),
similar to previous research (Hermens, Visscher, and Kraus 2014;
Sundling 2019).

• For planned VEs, since the existing structure is designed to
support a future extension, strategy 1 (fully supported) is the
most obvious strategy. However, this research found that in
three out of five planned VE projects, additional reinforce-
ment to the existing structure was applied (strategy 2) since
the time difference has caused a change in needs and the
demand for VE to be realised with more storeys.

• For unplanned VEs, the selection of structural strategies
depends on the excess capacity in base buildings’ structure.
Strategy 1 was used in 58 out of 167 unplanned projects
(35%). Strategy 2 and 3 were used in 82 projects (49%) since
the excess capacity was inadequate or lateral strengthening
was required.

For 36projectswithoccupiedbasebuildingsduringVE construc-
tion, strategy 1wasmost frequently applied (21projects, 58%) to
prevent disturbance to base building operation.

Standing out: diverse form and facade design

Considering the formof VE, as compared to its base building, five
distinct typologies are identified– extruded, setback, roof, rooftop
cottages, freeform. Floerke et al. (2014) presented six different
forms (Table 2). In both studies, it is found that the extruded
form is most frequently used, likely to maximise the potential
space created. However, this research finds that the setback form
is most commonly applied if the base building has a heritage
value. Moreover, rooftop cottages is a new form typology identi-
fied here, wheremultiple smaller individual buildings are placed
atop a base building.

Regarding facade design, a distinct appearance between VEs
and base buildings was found to be the most frequent strategy
used. This alignswithheritage conservationprinciples (NSWHer-
itage 1999) in which a building should reflect its era, and thus
any newaddition should be visually distinctive. In contrast, a uni-
fied appearance is used the least, with there being technological
and logistical challenges to ensure the new extension appears
the same as the old building. Where it is used, this strategy often
requires thebasebuilding tobe recladaspart of a refurbishment.

Material technologies: steel dominates, but timber is
growing

Results show that most VEs were built with steel (57%), followed
by timber (19%). This reinforces that lightweight structuralmate-
rials are preferable for VE to reduce loads on base buildings.
Observation of the construction periods of steel and timber VEs
(Figure 21) shows that steel has been increasingly used in the
past decade as VEs gainmomentum, while timber has started to
be used since 2000 andwith a slower growth over the last seven
years.

Figure 21. Construction periods of steel VEs and timber VEs.
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Table 5. Comparison of VE projects with steel and timber VEs.

VE material
(no. of VE
projects)

Average
percentage of
storeys added

Structural
strategy 1
(fully

supported)

Structural
strategy 2

(supported w/
reinforcement)

Base building
occupied
during VE

construction

All (172) 63% 60 (35%) 69 (40%) 36 (21%)
Steel (98) 64% 36 (37%) 43 (44%) 22 (22%)
Timber (33) 52% 17 (52%) 12 (36%) 10 (30%)

Note: This table only compares steel and timber VEs (projects with VEs constructed
using other materials are excluded).

Comparing steel and timber VE projects (Table 5), it is found
that timber VEs have a lower average percentage of storeys
added, but more frequently use structural strategy 1 (fully sup-
ported by the existing structure) (52%) and are more often
occupied during construction (30%). Since timber is lighter
(Foster and Reynolds 2018), using timber VE can minimise the
base structure’s required strengthening and disturbance to the
building occupants.

Mass timber has emerged as a lightweight and efficientmate-
rial, and is cost-effective due to being prefabricated for rapid
assembly (Evison, Kremer, and Guiver 2018; Jelec, Varevac, and
Rajcic 2018; Ramage et al. 2017). Timber is a low-carbonmaterial,
benefits from long-termcarbon storageor sequestration (Churk-
ina et al. 2020; Parajuli et al. 2018). Hence, the use of timber for
VEs can maximise the environmental benefits of VEs and has
been studied by existing research (Dind, Lufkin, and Rey 2018;
Foster and Reynolds 2018; Soikkeli 2016; Wijnants, Allacker, and
De Troyer 2019). Despite the potential of timber, Figure 21 indi-
cates that the use of timber for VE has not been fully utilised. This
might be due to low awareness of timber potential, availabil-
ity of technical information and regulatory limitations (Espinoza
et al. 2015). For example, if projects in UK are excluded, from the
remaining 45projects in Europe, 18 have timber VEs (40%), while
20 have steel VEs (44%). If UK is included, the percentage of tim-
ber VEs is reduced to 27% (26 out of 97 projects) with 62% of
projects havinga steel VE. The lackof timberVEs in theUK is likely
to be caused by restrictions for timber wall use in multi-storey
buildings (Barker 2022; Carpenter 2020; Pacheco 2020).

Although most VEs are short, there are a few projects in this
study that have taller VEs. 9 out of 172 projects (5%) have VEs
higher than 10 storeys. These taller VEs were possible since the
VE was either pre-planned, or by harnessing innovative con-
struction methods such as lightweight materials and modular
construction, alongside structural support strategy 2 or 3 (VE is
supported by the existing structure with some reinforcement or by
a separate structure). An example of this is De Karel Doorman
(Figure 13(3)), where a 16-storey VE was built atop an originally
3-storey building by adding two new cores for lateral stability
and applying ultra-lightweight materials. The engineers shared:

. . . we came up with the lightweight innovative structure: a light-
weight steel frame, a timber flooring, gypsum ceilings and partition
walls, timber facade. So, this building weighs only 260 kg/m2 gross
floor area, whereas the traditional building in the Netherlands for
housing weighs 5.5-6 times more.

Research limitations and future works

Several limitations are acknowledged in this research. Firstly,
the sample size is unknown. Nevertheless, by including 172

projects with 44% outside Europe, this study represents the
largest review of VE with the widest context. However, sample
bias may still exist given a reliance on English language sources
for data collection, for example. Hence, some regionsmay still be
underrepresented as compared to the number of VEs that may
exist. Also, while some project information was easily obtained,
other data was more challenging to acquire, e.g. information
on structural strategies and building materials. Thus, there is
unknown data in some typologies, although efforts have been
made to minimise this by gathering data from multiple sources
and contacting relevant consultants and stakeholders.

In terms of future work, a gap in the knowledge seems to
be what is the structural capacity of existing buildings – how
much of a contribution can VE make to growth in cities at an
urban scale? Is VE just for novel one-off projects, or can it make a
real contribution to urban growth? Amer et al. (2017) have par-
tially addressed this by mapping urban densification potential
throughVE in Brussels and found that VE can accommodate 30%
of expected population increase by 2040. However, the study
only considered residential VEs and did not examine the base
buildings’ structural capacity which this research finds is a key
driver to VE. Future studies can be built to assess this capac-
ity based on various building types. Moreover, excess structural
capacity is a theme that emergedmultiple times and considered
crucial in the feasibility of VEs. While some studies presented a
structural analysis of VEs,mostly are single project-based. Future
research could seek todevelopbenchmarks for buildings’ capac-
ity for VE, to provide cities with an understanding of the VE
potential within their existing building stock to inform growth
policies and support a retrofit first approach over demolish and
rebuild.

While it is suggested repeatedly in the literature and many
built project descriptions, the carbon benefit of VE as compared
to conventional approaches to achieve additional floorspace are
rarely measured. Pattison (2021) and Papageorgiou (2016) com-
pare the environmental benefit of VE with demolish and rebuilt
scenario, but only consider steel VEs. As such, future studies are
required to measure the quantitative environmental benefits of
VE compared to conventional approaches todensificationacross
different materials, at a building or urban scale. Future research
should also focus on VE in Asia where urban space shortages are
an escalating phenomenon in many densely populated coun-
tries such as Macau, Singapore, and Hong Kong (World Bank
2022).

Conclusions

VE is an emerging novel approach to accommodate the rising
demand for space while reducing the need for demolition of
existing structures. By reviewing 172 VE projects worldwide, this
researchpresents a holistic understandingof VE trends and tech-
nologies at a global level. Several significant conclusions are
highlighted below:

• Although VE has occurred across time, the evidence sug-
gests it as a trend that is accelerating significantly in the past
decade, especially in densely populated cities.

• While most VEs are relatively small, one to two storeys in
height, there is an opportunity to expand this capacity by
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employing lightweight materials and innovative structural
strategies.

• Industrial buildings are common base buildings for VE due to
their higher structural capacity, and subsequently represent
a significant opportunity for adaptive reuse, expansion, and
densification of cities.

• While the extruded form of VE is the most common to
maximise VE’s footprint ratio, setback form is often chosen
related to heritage preservation. Also, distinct facade of VEs
is the most frequently applied to differentiate from the base
buildings.

• Most VEs are supported by the existing structures with some
reinforcement, because although excess capacity in the exist-
ing structure can support additional vertical loads, lateral
strengthening is sometimes required. In the case where the
base building remains occupied, VEs are often fully supported
by the existing structure and timber is often used to prevent
disturbance to the occupants.

• With the promotion of biomaterials to facilitate low-carbon
architecture, increasing development of timber VE could
potentially contribute to low whole lifecycle carbon build-
ingswith less demolition, although the quantification of such
carbon-saving is lacking in the literature.
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Appendix. Project information template

[Project Title] [Code]

Location:

[address]
[city, country]

Professionals involved:
Architect:

[project picture/s] [architect name]
Developer/Owner:

[developer/owner name]
Structural engineer:

[structural engineer name]
Contractor:

[contractor name]

Base Building (BB): Vertical Extension (VE):

Year built [year built] Year built [year built]
Storeys [no. of storeys] Storeys [no. of storeys]
Function original: [original function]

existing: [before extended]
final: [after extended]

Function [function of VE]

Structure [primary structural material] Structure [primary structural material]

Structural strategies: Architectural strategies:

[planned/ unplanned] Facade: [unified/ similar/ distinct]
[supported by existing structure/ supported w/ reinforcement/ separate structure] Form: [extruded/ setback/ roof/ rooftop cottages/ freeform]

VE footprint ratio: [VE footprint/EB footprint]

Construction strategies: Additional notes:

[occupied/ empty] while VE being constructed Is the BB heritage significant? [Yes/No]
Any demolition involved? [Yes/No] Was VE performed w/ refurbishment? [Yes/No]

Was VE built w/ horizontal extension? [Yes/No]

Other information:

– [context story/a brief history]
– [additional information on strategies implemented to extend the base building]
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