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Full length article 

What are the energy and greenhouse gas benefits of repurposing 
non-residential buildings into apartments? 

Aysegul Petek Gursel a,*, Arman Shehabi b, Arpad Horvath a 

a Department of Civil and Environmental Engineering, University of California, Berkeley, United States 
b Lawrence Berkeley National Laboratory, Berkeley, California, United States   

A R T I C L E  I N F O   
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A B S T R A C T   

This study examines the potential strategies for reducing embodied energy and greenhouse gas emissions through 
adaptive reuse of non-residential buildings for residential purposes, as compared to new construction of apart-
ment buildings. Such an approach can address housing crises in urban areas with an abundance of underutilized 
non-residential buildings, promoting sustainable housing growth. A comprehensive assessment of repurposing in 
California reveals approximately 510 million m2 of floor space across 230,000 non-residential buildings in the 
current building stock. The potential reduction in embodied energy and CO2eq emissions ranges from 0.14 to 1.4 
billion GJ and 5.0–70 million metric tons for the state, respectively, contingent upon the percentage of repur-
posed floor space (10–100%) and adaptive reuse scenario (retaining structural components and façade or solely 
the structure). A repurposed building avoids about 56% of embodied energy, 34-48% of CO2 eq emissions, and 
72% of materials by mass compared to building a new apartment building. However, various technical, financial, 
and regulatory challenges may hinder emissions reductions, necessitating proactive policy measures. Cities can 
potentially expedite the process by streamlining approvals for mixed-use adaptive reuse projects involving both 
commercial and residential spaces.   

1. Introduction 

Buildings are responsible for large amounts of resource use, waste 
generation, and emissions. By the latest estimates (2020), buildings 
accounted for 36% of global energy demand, 37% of energy-related CO2 
emissions (of which 28% were due to building operations and the rest 
due to construction materials manufacturing (UNEP, 2021)), 30% of raw 
materials consumption, and 40% of solid waste generation (Malabi 
Eberhardt et al., 2021). Three major materials (concrete, steel, and 
aluminum), most of which are used in the built environment (Archi-
tecture 2030, 2022), account for 23% of total global greenhouse gas 
(GHG) emissions. Thus, material, energy, and emissions savings from 
building-related actions should be a priority for attention. 

As defined in EN 15978, building life-cycle stages (Figure SI 1 in the 
Supplementary Information) consist of i) Extraction and processing of 
raw materials, and manufacturing of building materials (A1-A3), ii) 
Transportation of building materials from production facilities to 
constriction site and construction into a building (A4-A5), iii) Use of 
energy and materials for operation and maintenance of a building 
(B1–B7), and iv) Decommissioning the building (C1–C4) once it has 

reached its end of life (EOL). A further optional stage beyond EOL (D) is 
defined to account for the reuse, recovery, and recycling of building 
materials. 

Unlike operational GHG emissions, which can be reduced with 
building energy efficiency investments and increased use of renewable 
energy, embodied GHG emissions (i.e., those associated with building 
materials) are locked in place as soon as a building is completed, and 
significantly determine future material and construction needs over the 
life of a building. As buildings become more energy efficient in opera-
tion through low-energy and net-zero efforts, the embodied energy will 
represent a larger portion of the total energy impact (Chastas et al., 
2016). Röck et al. (2020) showed a reduction trend in life-cycle GHG 
emissions due to improved operational energy performance of residen-
tial and commercial buildings in Europe, but their analysis also revealed 
an increase in both relative and absolute contributions of embodied 
GHG emissions. While the average percentage of embodied GHG emis-
sions from buildings following current EU energy performance regula-
tions was approximately 20%–25% of life-cycle GHG emissions, this 
figure escalated to 45%–50% for highly energy-efficient buildings and 
surpassed 90% in extreme cases, highlighting the “carbon spike,” i.e., 
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the jump in GHG emissions from the use of building materials at the time 
of construction (Röck et al., 2020). 

Several circularity strategies exist to reduce the consumption of 
natural resources and materials and minimize the production of waste. 
They can be ordered for priority according to their levels of circularity in 
Figure SI 2, as suggested by Potting et al. (2017). Some possible stra-
tegies to reduce the impacts from materials are to select materials with 
low embodied energ and emissions (Kim et al., 2022; Mohammadiziazi 
and Bilec, 2022; Tavares et al., 2023), enact optimized design (see, e.g., 
Miller et al., 2016a,b; Miller et al., 2015; Kavvada et al., 2022; Lidicker 
et al., 2013), reuse or recycle materials at the end of their initial cycle 
(Gursel et al., 2023), and extend the life of installed building materials, 
including repurposing (adaptively reusing, or rebuilding) buildings, to 
slow the flow of materials. Adaptive reuse or repurposing (depicted as 
R7 in Figure SI 2) is a key concept in achieving a circular economy 
worldwide (EN 15978; European Commission, 2020; Rahla et al., 2021). 

1.1. Literature review 

Systematic analyses of the environmental, economic, and social ad-
vantages of repurposing are rare (Wijesiri et al., 2021). The current 
implementations of adaptive reuse are based on descriptive approaches 
with little to no quantitative analysis, and often depend on the intuition 
and the experience of practitioners (Sanchez and Haas, 2018). 

We found a small number of quantitative analyses of adaptive reuse 
at the whole-building level. Many of the prior studies focused on the 
environmental impact assessment of refurbishment versus demolition- 
and-reconstruction of building components, with specific attention to 
their thermal properties, such as building envelope, insulation mate-
rials, windows, lighting, and HVAC systems. Most of them studied 
environmental impacts from the refurbishment or retrofit of buildings 
and compared the results with the initially constructed building, not 
with a new equivalent building that did not have to be constructed 
(Pittau et al., 2020; Ardente et al., 2011; Sierra-Pérez et al., 2018; 
Assiego De Larriva et al., 2014; Ghose et al., 2017; Cetiner and Ceylan, 
2013). 

The first known study that applied a whole-building approach in 
adaptive reuse was the Australian Greenhouse Office’s report, claiming 
that reuse of buildings had saved 95% of embodied energy that would 
otherwise be wasted as a result of building demolition (Kerr, 2004). 
Then came the Ferreira et al. (2015) study that compared the environ-
mental impacts of refurbishment of a historical building (Palace of the 
Counts of Murça from the seventeenth century in Lisbon, Portugal) with 
a hypothetical new construction meeting the same requirements in 
terms of structural aspects, using a cradle-to-gate life-cycle assessment 
(LCA) approach. Their results showed that the refurbishment solution 
was environmentally more sustainable than a new equivalent con-
struction. Estimated savings were 13% in global warming potential 
(GWP), 10% in primary energy, and 542% in generated waste. Later, 
Assefa and Ambler (2017) estimated savings of 33% and 34%, respec-
tively, in GHG emissions and fossil fuel consumption as a result of 
rebuilding a high-rise university building in Western Canada rather than 
demolishing and replacing it. 

More recently, a cradle-to-grave LCA by Marique and Rossi (2018) 
compared the GHG emissions and energy consumptions of office 
buildings in Belgium under renovation and reconstruction scenarios, 
and stated that renovating a building has lower life-cycle emissions than 
constructing a new building due to the high embodied emissions from 
construction and material manufacturing. Overall, the impacts of the 
retrofit project only represented 55% of the rebuild project in terms of 
energy and 57% in terms of CO2 emissions. An analysis by Sanchez et al. 
(2019) found a 35%–38% decrease in primary energy demand, GWP, 
and water consumption, and 70% savings in construction costs for the 
adaptive reuse (referring to renovation) of a courthouse building 
compared to a new courthouse construction in Ontario, Canada. Hasik 
et al. (2019) applied LCA to compare adaptive reuse of a historical beer 

bottling/warehouse facility into an equivalent-size office building in 
Philadelphia, U.S., and determined that reusing the existing facility 
helped to avoid 75% of GHG emissions compared to new construction. 
Finally, Feng et al. (2020) evaluated the life-cycle GHG emissions of six 
different renovation and reconstruction (building a new building) sce-
narios using a building information modeling (BIM)-LCA combined 
approach for single-family housing in Vancouver, Canada. Their results 
showed that embodied GHG emissions generated from the new con-
struction scenarios were 5–6 times higher than the renovation scenarios. 

The limited available literature calls for additional studies that 
quantify the environmental implications of repurposing projects 
compared to new construction of buildings. To fill this gap, we have 
developed a methodology to quantify embodied energy and GHG 
emissions from repurposing of several different non-residential building 
types into housing units, with a case study based in California. 

1.2. Focus and purpose of the study 

Since the outbreak of the COVID-19 pandemic, the shift to remote 
work and online shopping has increased the stock of empty office and 
other commercial properties, including warehouse and storage build-
ings, shopping malls, and industrial buildings. It is assumed that by 
converting underutilized commercial floorspace, we can create hun-
dreds of thousands of housing units with minimal environmental im-
pacts at regional or national level. In fact, the current U.S. office market 
report shows that the national vacancy rate exceeded 18% at the end of 
2022 (Cushman and Wakefield, 2023) while many U.S. cities were 
struggling to meet their housing requirements according to state regu-
lations. According to Hamann (2023), the top ten major cities facing 
housing shortages are New York City, Dallas-Fort Worth, Houston, Los 
Angeles, Washington D.C., Miami, Atlanta, Seattle, San Francisco, and 
Phoenix. To address this issue, a potential solution is to repurpose 
(adaptively reuse) available and underutilized non-residential buildings 
and transform them into residential units. Consequently, several federal, 
state, and local policies aiming to solve “the dual problems of empty 
offices and needed housing with one initiative have sprung up, including 
$400 million in incentives for adaptive residential reuse efforts in Cal-
ifornia’s 2022–24 budget, a hotel-to-housing conversion bill in New 
York (Bill #A06262B), Philadelphia’s conversion policy, and local ini-
tiatives in San Francisco and Portland to name a few.” (Up for Growth, 
2022) 

The adaptive reuse approach can address several significant issues 
that many cities are currently facing. Not only does it help alleviate 
critical housing shortages by meeting the needs of the community, but 
adaptive reuse also saves money by eliminating the expenses associated 
with demolishing and constructing new buildings. The need to build 
more homes is urgent in urban areas, especially those that have been 
experiencing population growth, and repurposing has been proposed as 
a strategy to address housing shortages in California and other locations 
(National Association of Realtors, 2021). 

California, the largest U.S. state with a population of 39 million and 
the fifth largest economy in the world, is currently facing two major 
crises: climate change and a severe shortage of residential housing. By 
recent estimates, more than 2.5 million housing units are needed to be 
built by 2030 to meet demand. It is essential that any solution to the 
housing shortage also considers the reduction of energy use and GHG 
emissions. Buildings are responsible for a quarter of the state’s GHG 
emissions, but this figure does not include embodied emissions from 
materials and construction activities (Greer and Horvath, 2023). 
Repurposing and rebuilding non-residential buildings could provide a 
relatively speedy way to address the need for more housing in California. 
Moreover, with higher occupancy rates, the repurposed buildings can 
accommodate more people without the need for additional new con-
struction. But is repurposing environmentally preferable compared to 
constructing brand new residential buildings? 

To answer this question, three prototypical non-residential buildings 
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– industrial (factory), office, and warehouse – are considered as candi-
dates for repurposing into residential use in California. These three 
building types were selected since they make up more than 50% of total 
non-residential building space in California, and their conversion into 
apartment buildings is considered feasible in terms of structural, 
architectural, economic, and environmental aspects. Following the se-
lection of candidate buildings, we generated bill of materials (BOM) for 
the non-residential prototypical buildings and an equivalent new 
apartment building to analyze avoided material quantities and associ-
ated embodied energy and GHG emissions from the ’repurposing of the 
existing building’ versus the ’new construction of an apartment building 
scenario. 

Coupling California’s publicly available non-residential building 
stock data with selected prototypical building analysis results, we have 
estimated scaled-up material quantities and associated embodied energy 
and GHG emissions that would potentially be avoided by adapting 
repurposing strategies to address housing needs statewide. 

To our knowledge, this is the first quantitative, systematic, and peer- 
reviewed study to analyze the embodied energy and GHG emissions 
associated with repurposing of representative non-residential buildings 
into residential buildings anywhere in the world. 

2. Research methodology 

Our methodology estimates the upfront embodied carbon of building 
materials that correspond to the cradle-to-site, A1-A5, stage (refer to 
Figure SI 1). ‘Upfront carbon’ refers to the emissions produced in stages 
A1–A5 before the building is occupied. This upfront carbon usually 
comprises the majority of a material’s embodied carbon impact and is 
deemed especially important due to the importance of reducing carbon 
emissions as quickly as possible (Waldman et al., 2020). Recurring 
embodied carbon (carbon emitted during the use stage (B1-B5) and is 
associated with repair, replacement, refurbishment, and maintenance of 
the building) and EOL-phase embodied carbon (carbon emitted during 
demolition, deconstruction, transportation of demolished building as-
semblies, processing, and disposal of material waste (C1-C4)) are 
excluded from the analysis. The building’s operational phase (B6-B7) is 
outside the scope of the analysis since the focus is on embodied carbon 
associated with building materials. 

The estimation of embodied energy and GHG emissions associated 
with the materials needed to repurpose eligible non-residential build-
ings in general and specifically in California is comprised of three major 
steps: 

1 The first step involves the description and analysis of three proto-
typical non-residential buildings – industrial (factory), office, and 
warehouse – that would be candidates for repurposing into apart-
ment buildings having comparable architectural (size, shape, height) 
and structural configurations. These three building types constitute 
more than 50% of total non-residential building floor area in Cali-
fornia, and their conversion into apartment buildings is considered 
feasible in terms of structural, architectural, economic, and envi-
ronmental aspects. For comparison purposes, a newly built, typical 
apartment building is also analyzed to estimate benefits of adaptive 
reuse via avoided material quantities and associated embodied en-
ergy and GHG emissions. Two scenarios - repurposing the existing 
building versus construction of a new apartment building – are 
considered in the analysis.  

2 The second step describes the process of estimating embodied energy 
and GHG emissions, which requires coupling material quantities 
with their related energy use and carbon dioxide equivalent (CO2 
eq.) intensities, obtained from environmental product declarations 
(EPDs).  

3 In the last step, the number and floor space of non-residential 
buildings (office + warehouse + manufacturing) that would be 

eligible for repurposing statewide are estimated using California’s 
publicly available non-residential building stock data. 

2.1. Description of prototypical buildings and their properties 

Three prototypical non-residential buildings and a comparable 
apartment building are selected as representative buildings that would 
be candidates in repurposing projects in California:  

• Warehouse, One Floor, with Precast Concrete Floor and Reinforced 
Concrete Structure – 30,000 ft2 (2787 m2).  

• Industrial (Factory), One Floor, with Tilt-up Concrete Panels and 
Rigid Steel Structure – 30,000 ft2 (2787 m2). 

• Office, 3 Floors, with Precast Concrete Floors and Reinforced Con-
crete Structure – 40,000 ft2 (3716 m2).  

• Apartment, 3-Floor with Fiber Cement Floors and Wood Frame – 
40,000 ft2 (3716 m2). 

The BOM and the quantities of building materials used in construc-
tion of all building types were sourced from the U.S. industry-standard, 
pay-per-use building information database, the RSMeans Data (Gor-
dian, 2021), which provides both material and construction cost infor-
mation, as well as BOMs for prototypical buildings of many sizes, 
designs, and uses, from residential to commercial. The data are repre-
sentative of how buildings are built across the United States as they are 
actual building designs with allowance for differences in insulation be-
tween climatic zones and differences in the structural system (steel, 
reinforced concrete, structural wood) (Gursel et al., 2023). Façade type, 
interior wall systems, and finishes can be modified by the tool’s user. 
The data are representative for 2021 in the latest edition of the database. 

The BOMs are categorized into the following building components:   

○ Substructure (foundation + slab on grade): Concrete, rebar, and 
structural steel used in construction of footings, slab-on-grade, 
foundation walls, and piles and grade beams.  

○ Structural frame: Concrete, rebar, structural steel, structural wood, 
and fiber for fireproofing of steel structures.  

○ Exterior façade: Exterior wall materials (several: metal panels, 
stucco, cement board, glass wall panels, CMU blocks), several 
different insulation materials, steel studs, windows (aluminum, 
glass) and doors (aluminum, steel, and/or glass) on the façade.  

○ Roof coverings (asphalt shingles, aluminum, plywood sheathing), 
and insulation.  

○ Interior partitions: Partition wall systems (gypsum board, CMU), 
studs (wood or steel), and interior doors (aluminum or steel).  

○ Staircase: Galvanized steel.  
○ Interior finishes:  

■ Wall finishes (wall paint, ceramic tiles)  
■ Floor finishes (carpet, vinyl tiles, ceramic tiles)  
■ Ceiling finishes (gypsum board, fiberglass for insulation)  

○ Service assemblies: Elevators, air conditioning units, water heater, 
roof drainage pipes, piping for water supply and sewage. 

For a consistent comparison, all four building types are assumed to 
have the same thermal performance (and are assumed to be in the 
Mediterranean climate of California) with the same wall insulation 
value. 

The operation (energy used for operation of the building) and 
maintenance (recurrent embodied energy) are outside the scope of this 
analysis because the focus is on estimating the upfront embodied energy 
and GHG emissions (corresponding to A1-A5 stages in Figure SI 1) from 
repurposing of an existing building versus construction of a new apart-
ment building. 

Interior furnishings are outside the scope since these portable 
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components are not embodied in the building. 
BOMs for these four building types were used to quantitatively 

analyze material use, embodied energy, and embodied GHG emissions of 
two scenarios (repurposing the existing non-residential building versus 
constructing a new apartment building): 

Scenario 1 analyzed new construction of a typical apartment 
building. 

Scenario 2 analyzed repurposing (rebuilding) of the existing com-
mercial building (factory-office-warehouse types) into an apartment 
building in two sub-scenarios: 

○ Scenario 2.a considered keeping the structural components (foun-
dation, beams, columns, and slabs), steel staircases, and the façade 
while replacing the rest of the building, i.e., the partition walls and 
the interior finishes. However, existing windows and exterior doors 
are assumed to be replaced with additional door/window openings 
for residential settings.  

○ Scenario 2.b considered keeping the structural components and steel 
staircases, and replacing the rest of the building, including the 
façade. We assumed that the energy efficiencies of both the new 
apartment and the repurposed buildings are the same in Scenario 2.a 
as a result of keeping the façade system. The ramification of façade 
removal in Scenario 2.b is the requirement for additional insulation 
for residential settings. 

Fig. 1 is a representation of the approach for the two scenarios, 
showing what is considered in the construction of a new apartment 

building in Scenario 1 versus what is replaced / repurposed in the 
existing non-residential building in Scenario 2. 

Supporting Information (SI) Tables 1 through 4 provide embodied 
energy and GHG emissions estimates for four representative buildings 
studied in this paper. Façade designs and partition walls of the 
repurposed-into-apartments building and the newly constructed apart-
ment building are noticeably different from the non-residential build-
ing’s original façade and interiors design, according to the default RS 
Means data (SI Table 1–4). 

2.2. Estimation of embodied energy and GHG emission calculations 

Embodied energy and GHG emissions were estimated by coupling 
material quantities with their related energy use and carbon dioxide 
equivalent (CO2 eq.) intensities obtained from environmental product 
declarations (EPDs) (SI Table 5). The latest EPDs, as specific to Cali-
fornian or U.S. manufacturing and construction material use in the 
prototypical buildings as possible, were sought out. EPDs reflect the 
emissions, or emissions savings, associated with recycled content of the 
materials analyzed (e.g., steel reflects any recycled content embedded in 
the material itself as provided in the EPD). GHG emissions associated 
with the recycling of metals and some portion of concrete after the de-
molition of the building were not included in the analysis because 
emissions, or potentially avoided emissions, associated with end-of-life 
management (including landfilling and recycling) are factored into the 
manufacturing of new materials which will be used in the next new 
building. Fig. 2 illustrates the approach used in the estimation of 

Fig. 1. Schematic representation of Scenario 1 
(construct a new apartment building) and Sce-
nario 2 (repurpose the existing building into an 
apartment building, with options to (2a) keep 
both the existing structure and the façade sys-
tems and (2b) keep only the structure and 
replace everything else). Bathrooms, kitchens, 
and other interior furnishings are excluded 
because they are the same in both the repur-
posed and the newly constructed buildings. 
Notes: CMU stands for concrete masonry unit. 
Service assemblies include elevators, air condi-
tioning units, water heaters, roof drainage pipes, 
and piping for the water supply and sewage.   
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embodied energy use and associated GHG emissions (corresponding to 
A1-A5 stages in Figure SI 1) for candidate commercial and industrial 
buildings repurposed into representative apartment buildings in 
California. 

2.3. Estimation of non-residential building stock eligible for repurposing in 
California 

Total floor space and total number of non-residential buildings (of-
fice + warehouse + manufacturing) that would be eligible for repur-
posing in California is estimated on the basis of approach described in SI- 
Section 1: 

Total floor space and total number of non-residential buildings (of-
fice + warehouse + manufacturing) that would be eligible for repur-
posing is, therefore: 

Total number of candidate nonresidential buildings
= Number of office buildings + Number of warehouses
+Number of manufacturing buildings = 90, 000 + 108, 000 + 35, 000
= 233, 000 buildings  

Total floor space of candidate nonresidential buildings
(
m2)

= Floor space by office buildings + Floor space by warehouses
+Floor space by manufacturing buildings
= 0.14 billion + 0.20 billion + 0.17 billion = 0.51 billion m2 

Based on the 2021 U.S. Census housing data, median floorspace for a 
multifamily housing unit in the Western census division is given as 1032 
ft2 (96 m2) (U.S. Census, 2022). For 10% and 100% conversion (for all 
office, warehouse, and industrial buildings) rates, that would translate 
into 500,000 and 5,000,000 units, respectively. 

As another datapoint, the Urban Footprint Base Canvas (DiStefano 
and Calthorpe, 2022), using parcel-based existing land use data, iden-
tified 376,000 commercial properties (commercial and industrial 
together) across California. This estimate included main-street proper-
ties in small towns, strip commercial corridors, large, big-box sites on 
the edges of town, high-rises and skyscrapers in downtown San Fran-
cisco and Los Angeles, and more. Of the overall 376,000 commercial 
parcels statewide, it was found that 42% (159,000 parcels) met the 
State’s adaptive reuse eligibility criteria (according to AB 2011, the 
Affordable Housing and High Road Jobs Act of 2022). These properties 

would be projected to introduce 0.44 billion m2 of land for residential 
development, that is, roughly 0.1% of California’s total land area (DiS-
tefano and Calthorpe, 2022). 

3. Results and discussions 

3.1. Results for candidate prototypical buildings 

Earlier studies analyzed embodied energy and GHG emissions from 
repurposing of single building case studies in Canada and Europe 
(Sanchez et al., 2019; Assefa and Ambler, 2017; Ferreira et al., 2015; 
Marique and Rossi, 2018; Feng et al., 2020). As described above, our 
embodied energy and GHG analysis was built on representative and 
geographically consistent building materials data and the most-recent 
EPDs, yielding relevant and transparent results. 

Structural and architectural designs of the repurposed buildings and 
the newly constructed apartment building are noticeably different based 
on the RSMeans BOM data: 

• The prototypical reinforced concrete warehouse building has a pre-
cast concrete façade with smaller windows that take up only 12% of 
the apartment window surface area. Another notable difference be-
tween the apartment and the warehouse building is the interior 
walls, since apartments require more partitions to serve their pur-
pose as residential spaces as opposed to a warehouse’s open space 
configuration. Partition walls take up 1650 m2 versus 220 m2 of 
surface area in the apartment building and the warehouse, 
respectively.  

• The prototypical steel industrial building has a tilt-up concrete panel 
façade with window openings that correspond to 60% of window 
surface area of an apartment building. Partition walls cover 558 m2, 
which is around 1/3 of apartment building interior walls.  

• The prototypical reinforced concrete office building has a precast 
concrete façade with windows corresponding to 90% of the apart-
ment window surface area. Partition walls cover 1040 m2 of office 
space, which is around 2/3 of the apartment building interior walls. 

Structural materials (concrete, steel, and wood together) add up to 
72%, 80%, 85%, and 77% of the total mass of the warehouse, factory, 

Fig. 2. Description of the approach used in calculating embodied energy and associated GHG emissions from commercial buildings selected for repurposing into 
apartment buildings in California. 
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office, and the apartment buildings, respectively (Fig. 3). The remaining 
mass percentage consists of façade, interior partition walls, ceiling/ 
floor/wall finishes, and service assemblies. 

Embodied energy and GHG emissions were estimated by coupling 
material quantities with their related energy use and carbon dioxide 
equivalent (CO2 eq) intensities obtained from environmental product 
declarations (EPDs) (SI Table 5). Depending on the non-residential 
building type, about 60%− 78% of energy is embodied in structural 
components of reinforced concrete or steel frame (Figure SI 3). For 
apartment buildings with wood structure, this percentage is comparably 
low at 54%. 

The non-residential buildings’ structure and substructure constitute 
the largest source of embodied GHG emissions, ranging from 63% to 
70%, depending on the building type, attributable to large quantities of 
concrete and steel used. For the apartment building, structural compo-
nents result in only 34% of the total GHG emissions due to lower CO2 eq 
associated with the wood frame (Fig. 4). 

Embodied energy and GHG emission results from the analysis are in 
the range of the findings (50%–67%) from the only comparable pub-
lished study (Assefa and Ambler, 2017). 

Repurposing can be accomplished with material investments 
amounting to 550 and 570 mt - corresponding to building floorspace 
(3,716 m2) times mass per area (Fig. 3), 7790 and 8220 GJ of embodied 
energy - corresponding to building floorspace times energy per area (SI 
Figure 3 ), and 540 and 690 mt CO2 eq of embodied GHG emissions - 
corresponding to building floorspace times GHG emissions per area 
(Fig. 4) for scenarios 2.a and 2.b, respectively. Overall, 10,300 and 9900 
GJ of energy (~56%), 500 and 360 mt CO2 eq (48% - 34%), and 1490 
and 1470 mt of materials (~72%) can be avoided relative to building a 
new apartment building compared to Scenario 2.a and Scenario 2.b, 
respectively (Fig. 5, SI Figures 4–5). 

Most notably, not replacing the façade (exterior wall system) in a 
repurposing project only modestly improved the material mass and 
embodied energy numbers, while the impact on CO2 eq savings is much 
more pronounced. Repurposing an existing non-residential building into 

an apartment building would save 360 mt CO2 eq (96 kg CO2 eq. per m2) 
if the existing structural frame and the foundation are kept instead of 
constructing a new apartment building. The savings would go up to 500 
mt CO2 eq. (135 kg CO2 eq. per m2) if the existing structural frame, 
foundation, and façade system (Scenario 2.a) were kept (Fig. 5). The 
difference (~140 mt CO2 eq) between Scenario 2a and 2b is attributed to 
the removal and construction of a new façade. 

3.2. Results for total embodied energy and GHG emissions avoided via 
adaptive reuse of candidate buildings into apartments in California 

If the buildings identified as candidates for adaptive reuse were 
repurposed into housing, they would provide 51–510 million m2 of floor 
space (calculated in Section 2.3) towards addressing housing needs in 
California. We have estimated that there are about 233,000 non- 
residential buildings (office + warehouse + manufacturing) in Califor-
nia. Based on the percentage of total floor space conversion (10% in-
crements) at the state level and two repurposing scenarios, avoided 
material use, embodied energy and GHG emissions are shown in Table 1. 

When 233,000 non-residential (office, warehouse, and industrial) 
buildings are adapted for reuse as residential buildings in California, 
housing for about 5 million households is generated. Depending on the 
percentage of floor space converted, around 20 million (for 10% floor 
space) to 204 (for 100% floor space) million mt of materials can be 
avoided (Figure SI 6). Similarly, avoided energy and GHG emissions are 
estimated to be around 0.14 billion – 1.4 billion GJ and 5.0 million – 70 
million mt CO2eq, respectively (SI Figures 7–8). For context, in 2020 
California’s GHG emissions were 369 million mt, 23% (85 million mt) 
and 10% (37 million mt) of which were from the industrial and the 
buildings (commercial and residential) sectors, respectively (CARB, 
2023). In all three figures, savings are shown to be higher if the existing 
structural frame, foundation, and façade system were kept (Scenario 2.a, 
represented with gray-, dark blue- and teal-colored bars in each figure, 
compared to Scenario 2.b, represented with yellow, light blue-, and 
orange-colored bars) than if only the structural frame and foundation 

Fig. 3. Contribution of building com-
ponents to mass per floor space of three 
prototypical commercial buildings, a 
new apartment and repurposed apart-
ment buildings in California. 
Notes: Scenario 1: Construction of a new 
apartment building; Scenario 2: Repur-
posing an existing commercial building 
into an apartment building by keeping: 
(Scenario 2.a) Structural components 
and façade (replace windows only due 
to residential building requirements), 
and (Scenario 2.b) Structural compo-
nents only and replace everything else.   
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Fig. 4. Comparison of embodied GHG emissions per floor space by building components of three prototypical commercial buildings, a new apartment and repur-
posed apartment buildings in California. 

Fig. 5. GHG emissions avoided by selecting Scenario 2 (repurposing) over Scenario 1 (construction of new apartment building) in Californian case study.  

Table 1 
Mass of building materials, embodied energy, and GHG emissions avoided through converting California’s selected non-residential (office + warehouse +
manufacturing) buildings to apartment buildings at the state level.  

Floor space Conversion% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

# of buildings converted 23,300 46,600 69,900 93,200 117,000 140,000 163,000 186,000 210,000 233,000 
Floor space converted (million m2) 51 102 153 204 255 306 357 408 459 510 
Materials avoided (million mt), Scenario 2.a. (20.4) (40.8) (61.2) (81.5) (102) (122) (143) (163) (184) (204) 
Materials avoided (mt), Scenario 2.b. (20.1) (40.2) (60.3) (80.4) (101) (121) (141) (161) (181) (201) 
Embodied energy avoided (million GJ), Scenario 2.a. (141) (283) (424) (566) (707) (849) (990) (1130) (1270) (1410) 
Embodied energy avoided (million GJ), Scenario 2.b. (136) (271) (407) (542) (678) (813) (949) (1080) (1220) (1360) 
Embodied GHG emissions avoided (million mt CO2eq), 

Scenario 2.a. 
(6.90) (13.8) (20.7) (27.6) (34.5) (41.4) (48.3) (55.2) (62.1) (69.0) 

Embodied GHG emissions avoided (million mt CO2eq), 
Scenario 2.b. 

(4.90) (9.80) (14.7) (19.6) (24.5) (29.4) (34.3) (39.2) (44.1) (49.0)  
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were saved, and the rest of the building was replaced. 

3.3. Uncertainties in modeling and data 

The purpose of this study was to analyze and compare embodied 
energy and GHG emissions of repurposing existing representative non- 
residential buildings versus constructing new apartment buildings 
using a comprehensive and transparent approach. All data sources can 
be accessed by the readers. Uncertainties are inevitable and result 
mainly from the following:  

• Quantity units obtained from BOM in RSMeans were converted to 
mass units for the purposes of comparison and coupling with func-
tional units defined in EPDs. Such conversions require the use of unit 
mass factors (e.g., mass per surface area, mass per volume, mass per 
piece, mass per length) as described in EPDs and/or product 
description labels.  

• When quantities of materials and their configuration were not 
explicitly given in the BOM, we estimated the quantities based on the 
descriptions and component dimensions provided in the RSMeans 
database. These materials include concrete and reinforcing steel bars 
(rebars) used in structural components (beams, columns, foundation, 
and slabs); studs in wall assemblies; roof geometry and configura-
tion; and the grid system for water/sewage pipes, etc. See Tables SI 
1–4).  

• When EPDs for certain components or materials were missing, we 
used life-cycle inventories (LCIs) from literature and various sources. 
The quality of LCI data can affect the accuracy and local or regional 
representativeness of the results. Data availability during different 
stages of a building’s life cycle may hinder the development of an 
accurate LCA. This is because buildings are more complicated than a 
single product with a comparatively long life and multiple functions, 
and would often undergo various changes (Chau et al., 2015).  

• While uncertainty information is available in some LCI datasets, it is 
not available in published EPDs. In a recent study by Waldman et al. 
(2020), concerns were raised regarding the transparency of EPDs. 
These concerns stem from data quality issues, such as the overuse of 
generic data sets, limited availability of data, and poor reliability of 
results due to uncertainty. Additionally, the lack of common data 
sources and the use of point estimates without confidence intervals 
or margins of error further exacerbate the issue. As a result, it is 
important to exercise caution when comparing EPDs and evaluating 
their data quality and specificity.  

• The estimation of floorspace, number, and type of non-residential 
buildings in California required a series of assumptions and various 
sources of data. 

The above notwithstanding, we consider the quality of the data used 
in this research to be relatively high. The RS Means data are based on 
nationally representative surveys, and the emission factors are based on 
the latest EPDs. The building materials, energy, and GHG emissions data 
for both analysis scenarios came from the same sources, which allows for 
consistent comparisons. Overall, the uncertainties do not appear to be 
significant. We reported the results to two significant digits at state level 
and in the figures and to three digits in Table 1. 

4. Discussion of benefits and challenges of repurposing 

Adaptive reuse (or building repurposing) projects have their own 
benefits and challenges just like many other projects. 

4.1. Benefits of repurposing buildings 

Major benefits include:  

• Through adaptive reuse (repurposing), underutilized non-residential 
buildings can provide much-needed housing without additional land, 
urban sprawl, and need for energy and water lines. (Additional 
transportation services may be needed.) 

• With higher occupancy rates, the repurposed buildings can accom-
modate more persons without the need for additional new 
construction. 

• The construction process may be quicker than for typical new con-
struction, but it depends on the availability and experience of con-
struction crews.  

• Savings of construction costs are likely by reusing the existing 
structure, façade, and some building components (such as elevators) 
and finishes.  

• Repurposing can create environmental benefits. As there is no need 
to demolish the structure and other building components in which 
large material volumes are embodied, reductions in material use, 
their embodied impacts (mainly of carbon- and energy- intensive 
materials such as concrete and steel, and throughout the supply 
chains), and landfilling of materials can be achieved. 

4.2. Challenges of repurposing buildings 

Repurposing non-residential buildings into housing has its chal-
lenges, too:  

• The non-residential (office, warehouse, industrial) buildings are 
designed and built differently, and it is challenging to maximize the 
space in the repurposed buildings. These buildings have different 
cores than newly designed buildings, such as columns in the middle 
of the living room.  

• Office buildings with glass facades are a challenge to convert into 
apartments because of potential lack of desired privacy and thermal 
insulation.  

• Repurposed floorplan layouts may be unconventional for fitting 
typical furniture setups.  

• A repurposed building could have a shorter lifespan than a brand- 
new building because of the reuse of structural elements. (Howev-
er, since the prototype buildings used in this analysis are typically 
demolished not because of structural problems, but because of 
functional obsolescence, this may not matter much.) It is important 
to note that this study estimates the upfront embodied carbon of 
building materials that correspond to the cradle-to-site, A1-A5, stage. 
The estimation of emissions from the EOL as well as the operational 
stage of repurposed and new buildings is considered beyond the 
current work.  

• Typical construction challenges are also prevalent when converting 
buildings, especially older ones. This includes discovered water 
damage, structural issues relating to floors and bearing walls, 
dilapidated roofing, and weathered brick or granite. Depending on 
the age and condition of the existing buildings, these challenges 
would require either simple or complicated and expensive solutions. 

• The construction process may be slower than for typical new con-
struction (for the reasons mentioned above, for lack of experienced 
contractors, and for unforeseen circumstances discovered during the 
rebuilding process). 

Overall, the existing condition as well as the location of the respec-
tive building should be evaluated carefully in assessing the economic, 
social, and environmental aspects of repurposing. 

4.3. Policy implications 

Converting available non-residential buildings into apartment units 
by repurposing them can be a useful solution for creating quality 
housing in areas where vacant sites for new developments are limited. It 
is essential that any solution to the housing shortage also considers the 
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reduction of GHG emissions. The success of a sustainable adaptive reuse 
strategy depends on various factors that can either help or hinder the 
process as each property has its unique set of circumstances. The existing 
building’s structure determines the feasibility and cost of conversion, so 
not every commercial property is suitable for redevelopment. Buildings 
with specific architectural characteristics, such as shallow floor plates, 
generous exterior exposure, or unique building features are especially 
conducive to adaptive reuse (Garcia and Kwon, 2021). 

Assessment of the environmental advantages of the repurposing 
strategy requires adequate knowledge and integration of the different 
fields involved, such as energy use and associated GHG emissions from 
building construction and renovation, transportation of building mate-
rials, and the electricity grid mix, in addition to community engagement, 
urban development, as well as economic, structural, and architectural 
factors. While repurposing buildings for housing may present certain 
challenges, implementing clear policies that address building code re-
quirements and streamline the permitting process can help increase its 
effectiveness in meeting housing goals. 

5. Conclusions 

The results show that the environmental viability of repurposing a 
building compared to the traditional cycle of constructing a new 
building is clear. This pathway is also promising to address the housing 
shortage in urban areas. There is a substantial stock of non-residential 
buildings that is possibly underutilized, especially after the COVID-19 
pandemic, as a result of lifestyle adjustments and widespread shift to 
remote work and shopping. 

This assessment of the environmental implications of converting an 
estimated 233,000 non-residential buildings (510 million m2 of floor 
space, generating housing for about 5 million households) into resi-
dential space demonstrates significant avoided building materials use, 
embodied energy, embodied GHG emissions, and landfilling construc-
tion and demolition waste. Depending on the eligibility of the selected 
non-residential buildings, in terms of percentage of repurposed floor 
space (from 10%, 500,000 units, up to 100%, 5 million units) and se-
lection of adaptive reuse scenario (Scenario 2.a. and Scenario 2.b.), 0.14 
– 1.4 billion GJ of embodied energy and 5.0–70 million mt CO2eq of 
GHG emissions would be avoided by converting the selected buildings 
into housing units. 

It is important to note that the prototypical case buildings and their 
BOMs that form the basis of this analysis are representative of medium- 
sized office, warehouse, and industrial buildings in California. EPDs 
used in quantification of embodied energy use and GHG emissions from 
building materials and components are also representative of materials- 
manufacturing practices throughout California. However, in addition to 
energy and environmental assessment, life-cycle cost and societal as-
pects of this strategy should also be studied. 

CRediT authorship contribution statement 

Aysegul Petek Gursel: Conceptualization, Methodology, Formal 
analysis, Writing – review & editing, Visualization, Writing – original 
draft. Arman Shehabi: Conceptualization, Methodology, Formal anal-
ysis, Writing – review & editing, Supervision. Arpad Horvath: 
Conceptualization, Methodology, Formal analysis, Writing – review & 
editing, Supervision. 

Declaration of Competing Interest 

The authors declare no competing interests. 

Data availability 

Data is already shared in the Supplementary Information document. 

Acknowledgments 

The authors gratefully acknowledge the joint support from the U.S. 
Department of Energy, Office of Energy Efficiency and Renewable En-
ergy (EERE), Buildings Technology Office (BTO), the Advanced 
Manufacturing Office (AMO), and the Strategic Analysis Team (SA). 
(Lawrence Berkeley National Laboratory is under Contract No. DE- 
AC02–05CH11231 with the U.S. Department of Energy.) A. H. and A. P. 
G. gratefully acknowledge the financial support of the California Air 
Resources Board under contract 21STC018. This article has not been 
reviewed by CARB. The views expressed in this document are solely 
those of the authors and do not necessarily reflect those of the agency. 
Neither the authors nor CARB endorse any products or technologies 
mentioned in this publication. 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.resconrec.2023.107143. 

References 

Architecture 2030, 2022. Why the building sector? [Online]. Available: https://2030dev 
-architecture-2030.pantheonsite.io/why-the-building-sector/[Accessed April 10 
2022,]. 

Ardente, F., Beccali, M., Cellura, M., Mistretta, M., 2011. Energy and environmental 
benefits in public buildings as a result of retrofit actions. Renew. Sustain. Energy 
Rev. 15, 460–470. 

Assefa, G., Ambler, C., 2017. To demolish or not to demolish: life cycle consideration of 
repurposing buildings. Sustain. Cities and Soc. 28, 146–153. 

Assiego De Larriva, R., Calleja Rodríguez, G., Cejudo López, J.M., Raugei, M., Fullana I 
Palmer, P., 2014. A decision-making LCA for energy refurbishment of buildings: 
conditions of comfort. Energy Build. 70, 333–342. 

Cetiner, I., Ceylan, N., 2013. Environmental consequences of rehabilitation of residential 
buildings in Turkey: a case study of Istanbul. Build. Environ. 69, 149–159. 

Chastas, P., Theodosiou, T., Bikas, D., 2016. Embodied energy in residential buildings- 
towards the nearly zero energy building: a literature review. Build. Environ. 105, 
267–282. 

Chau, C.K., Leung, T.M., Ng, W.Y., 2015. A review on life cycle assessment, life cycle 
energy assessment and life cycle carbon emissions assessment on buildings. Appl. 
Energy 143, 395–413. 

California Air Resources Board (CARB), 2023. Current California GHG emission inventory 
data [Online]. Available: https://ww2.arb.ca.gov/ghg-inventory-data [Accessed 
March 21, 2023]. 

Cushman and Wakefield, 2023. U.S Office Marketbeat Report, Q2 2023 [Online]. 
Available: https://www.cushmanwakefield.com/en/united-states/insights/us-ma 
rketbeats/us-office-marketbeat-reports. [Accessed June 27, 2023]. 

DiStefano, J., Calthorpe, P., 2022. Can Commercial Corridors Solve California’s Housing 
Crisis? - An Analysis of California Assembly Bill 2011. Urban Footprint [Online] 
Available: https://urbanfootprint.com/blog/policy/ab2011-analysis/ [Accessed 
January 12, 2023].  

EN 15978, EN 15978 sustainability of construction works - assessment of environmental 
performance of buildings - Calculation method [Online]. Available: https://www.en-s 
tandard.eu/din-en-15978-sustainability-of-construction-works-assessment-of-envi 
ronmental-performance-of-buildings-calculation-method/[Accessed March 17, 
2022]. 

European Commission, 2020. Circular economy principles for buildings design [Online]. 
Available: https://ec.europa.eu/docsroom/documents/39984 [Accessed April 8 
2022,]. 

Feng, H., Liyanage, D.R., Karunathilake, H., Sadiq, R., Hewage, K., 2020. BIM-based life 
cycle environmental performance assessment of single-family houses: renovation 
and reconstruction strategies for aging building stock in British Columbia. J. Clean. 
Prod. 250, 119543. 

Ferreira, J., Duarte Pinheiro, M., de Brito, J., 2015. Economic and environmental savings 
of structural buildings refurbishment with demolition and reconstruction - A 
Portuguese benchmarking. J. Build. Eng. 3, 114–126. 

Garcia, D., Kwon, E., 2021. Adaptive Reuse Challenges and Opportunities in California. 
Terner Center for Housing Innovation [Online]. Available: https://ternercenter.ber 
keley.edu/wp-content/uploads/2021/11/Adaptive-Reuse-November-2021.pdf 
[Accessed June 27, 2023].  

Ghose, A., McLaren, S.J., Dowdell, D., Phipps, R., 2017. Environmental assessment of 
deep energy refurbishment for energy efficiency-case study of an office building in 
New Zealand. Build. Environ. 117, 274–287. 

Gordian, 2021. RSMeans data [Online]. Available: https://www.rsmeansonline.com/S 
earchData. 

Greer, F., Horvath, A., 2023. Modular construction’s capacity to reduce embodied carbon 
emissions in California’s housing sector. Build. Environ. 240, 110432 https://doi. 
org/10.1016/j.buildenv.2023.110432. 

A.P. Gursel et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.resconrec.2023.107143
https://2030dev-architecture-2030.pantheonsite.io/why-the-building-sector/
https://2030dev-architecture-2030.pantheonsite.io/why-the-building-sector/
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0002
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0002
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0002
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0003
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0003
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0004
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0004
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0004
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0006
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0006
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0007
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0007
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0007
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0008
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0008
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0008
https://ww2.arb.ca.gov/ghg-inventory-data
https://www.cushmanwakefield.com/en/united-states/insights/us-marketbeats/us-office-marketbeat-reports
https://www.cushmanwakefield.com/en/united-states/insights/us-marketbeats/us-office-marketbeat-reports
https://urbanfootprint.com/blog/policy/ab2011-analysis/
https://www.en-standard.eu/din-en-15978-sustainability-of-construction-works-assessment-of-environmental-performance-of-buildings-calculation-method/
https://www.en-standard.eu/din-en-15978-sustainability-of-construction-works-assessment-of-environmental-performance-of-buildings-calculation-method/
https://www.en-standard.eu/din-en-15978-sustainability-of-construction-works-assessment-of-environmental-performance-of-buildings-calculation-method/
https://ec.europa.eu/docsroom/documents/39984
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0014
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0014
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0014
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0014
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0015
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0015
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0015
https://ternercenter.berkeley.edu/wp-content/uploads/2021/11/Adaptive-Reuse-November-2021.pdf
https://ternercenter.berkeley.edu/wp-content/uploads/2021/11/Adaptive-Reuse-November-2021.pdf
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0017
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0017
http://refhub.elsevier.com/S0921-3449(23)00279-3/sbref0017
https://www.rsmeansonline.com/SearchData
https://www.rsmeansonline.com/SearchData
https://doi.org/10.1016/j.buildenv.2023.110432
https://doi.org/10.1016/j.buildenv.2023.110432


Resources, Conservation & Recycling 198 (2023) 107143

10

Gursel, A.P., Shehabi, A., Horvath, A., 2023. Embodied energy and greenhouse gas 
emission trends from major construction materials of U.S. office buildings 
constructed after the mid-1940s. Build. Environ. 234, 110196. 

Hasik, V., Escott, E., Bates, R., Carlisle, S., Faircloth, B., Bilec, M.M., 2019. Comparative 
whole-building life cycle assessment of renovation and new construction. Build. 
Environ. 161, 106218. 

Hamann, J., 2023. Top 10 Metros With the Largest Housing Shortages [Online]. 
Available: https://www.multifamily.loans/apartment-finance-blog/top-10-metros 
-with-the-largest-housing-shortages/. [Accessed June 26, 2023]. 

Kavvada, I., Horvath, A., Moura, S., 2022. Aligning sustainability and regional 
earthquake hazard mitigation planning: integrating greenhouse gas emissions and 
vertical equity. Environ. Res.: Infrastruct. Sustain. 2 (4), 045013 https://doi.org/ 
10.1088/2634-4505/aca9f3. 

Kerr, W., 2004. Adaptive Reuse. Department of Environment and Heritage, Australia 
[Online]Available: https://www.environment.gov.au/system/files/resources/38 
45f27a-ad2c-4d40-8827-18c643c7adcd/files/adaptive-reuse.pdf.  

Kim, A., Cunningham, P.R., Kamau-Devers, K., Miller, S.A., 2022. OpenConcrete: a tool 
for estimating the environmental impacts from concrete production. Environ. Res.: 
Infrastruct. Sustain. 2, 041001 https://doi.org/10.1088/2634-4505/ac8a6d. 

Lidicker, J., Sathaye, N., Madanat, S., Horvath, A., 2013. Pavement resurfacing policy for 
minimization of life-cycle costs and greenhouse gas emissions. J. Infrastructure Syst. 
19 (2), 129–137. https://doi.org/10.1061/(ASCE)IS.1943-555X.0000114. 

Malabi Eberhardt, L.C., Rønholt, J., Birkved, M., Birgisdottir, H., 2021. Circular economy 
potential within the building stock - mapping the embodied greenhouse gas 
emissions of four Danish examples. J. Build. Eng. 33. 

Marique, A.F., Rossi, B., 2018. Cradle-to-grave life-cycle assessment within the built 
environment: comparison between the refurbishment and the complete 
reconstruction of an office building in Belgium. J. Environ. Manage. 224, 396–405. 

Miller, S.A., Horvath, A., Monteiro, P.J., Ostertag, C.P., 2015. Greenhouse gas emissions 
from concrete can be reduced by using mix proportions, geometric aspects, and age 
as design factors. Environ. Res. Lett. 10 (11), 114017. 

Miller, S.A., Monteiro, P.J., Ostertag, C.P., Horvath, A., 2016b. Concrete mix 
proportioning for desired strength and reduced global warming potential. 
Construction and Build. Mater. 128, 410–421. 

Miller, S.A., Monteiro, P.J., Ostertag, C.P., Horvath, A., 2016a. Comparison indices for 
design of concrete taking environmental impacts into account. Cement & Concrete 
Compos. 68, 131–143. 

Mohammadiziazi, R., Bilec, M.M., 2022. Building material stock analysis is critical for 
effective circular economy strategies: a comprehensive review. Environ. Res.: 
Infrastruct. Sustain. 2, 032001 https://doi.org/10.1088/2634-4505/ac6d08. 

National Association of Realtors, 2021. Fall 2021: addressing the housing shortage 
[Online]. Available: https://www.oncommonground-digital. 

org/oncommonground/fall_2021/MobilePagedReplica.action? 
pm=2&folio=26#pg26 [Accessed April 10 2022,]. 

Pittau, F., Giacomel, D., Iannaccone, G., Malighetti, L., 2020. Environmental 
consequences of refurbishment versus demolition and reconstruction: a comparative 
life cycle assessment of an italian case study. J. Green Build. 15, 155–172. 

Rahla, K.M., Mateus, R., Bragança, L., 2021. Implementing circular economy strategies in 
buildings—from theory to practice. Appl. Syst. Innov. 4, 26. 
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