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Exploiting vacant urban residential buildings
to promote carbon neutrality in China

BingXia 1,2, JianzhuangXiao 1,3,4 , GangLiu 5,6, XiangshuoGuan1, Yue Lu1&
Yong C. Wang7

Urban construction has been a major contributor to carbon emissions. As
China’s housing demands decelerates, addressing the vacancy of residential
buildings has become essential for revitalizing the real estate sector and pro-
moting low-carbon and circular urban development. Here we show that Chi-
na’s housing vacancy rate within the available residential building stock may
have exceeded 30% since 2021. We assess three strategies to transform
excessive vacancy into an opportunity for carbon neutrality: (i) demand-side
mitigation by housing vacancy rate reduction to slow down near-term carbon
emissions, (ii) supply-sidemitigation through the renovation of old residential
buildings, and (iii) restricting demolition for sustained carbon reduction.
These three strategies collectively yield superimposed carbon mitigation
benefits: moderate implementation could reduce China’s urban residential
construction emissions by more than 43% over 2023–2060, meeting a 2 °C-
compatible carbon budget under the Sustainability Shared Socioeconomic
Pathways and offering a transferable framework for low-carbon, resource-
efficient urban construction.

Large-scale urban construction, which initiated in the early 21st
century, has been a major contributor to carbon emissions in China1.
Since 2005, China has emerged as the world’s largest annual emitter
of greenhouse gases (GHGs), predominantly carbon dioxide (CO2)

2.
The 2020 announcement of China’s ambition to achieve carbon
neutrality by 2060 marked the beginning of intensified efforts to
reduce carbon emissions, directly positioning decarbonization as
the construction sector’s foremost priority3. While the development
and adoption of low-carbon construction materials and technologies
are indispensable4,5, their widespread implementation to achieve
the desired benefits requires an incremental approach over an
extended period6–10. Consequently, reducing the carbon-intensive
construction by fully utilizing existing residential buildings is
imperative to meet the imminent and challenging carbon neutrality
target6,7,10–13.

Previous studies have evaluated several different strategies to
decarbonize the existing residential buildings, focusing, for example,
on building lifetime extension7,10,14,15, space sharing16, and spatial
planning17. However, systematic discussion on dealing with the large
vacancy of existing building stock is insufficient. Over the past four
decades, China’s booming construction and real estate sectors have
increased the floor space per capita (FSPC) of residential buildings
from 6.7m2 in 1978 to over 40m2 in 202318,19. Nevertheless, speculative
investment in real estate during this period, especially over the past
two decades, has led to excessive construction and a surplus of resi-
dential buildings20–22. Such a critical issue has long been concealed by
the past rapid population growth and urbanization, which facilitated
the swift absorption of excessively constructed residential buildings
into active use. However, with these growth rates now slowing, the
surplus of residential buildings has become a heavy burden on urban
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socio-economic and green development. Recent notable increases in
housing turnover periods and the subsequent crisis in the real estate
sector23 confirm this concern. Since 2015, the combined value-added
contributions of the construction and real estate sectors have
accounted formore than 13% of China’s gross domestic product (GDP)
annually18. Thus, addressing the surplus of residential buildings is not
only critical to China’s decarbonization efforts but also essential for
revitalizing national economy24,25.

In 2024, Chinese government announced a set of policies to
promote destocking of newly built vacant residential buildings, pri-
marily including government purchases of unsold homes (Supple-
mentary Table 12), the easing of mortgage rules25–27, the assurance of
unfinished residential building deliveries26,28, and the relaxation of
housing purchase restrictions25. Additionally, initiatives for renovation
of aging urban communities were announced in 2020 and 202329,30,
alongside directives issued in 2021 and 2023 to restrict large-scale or
unplanned demolition (Supplementary Table 13)31,32, facilitating the
repurposing and utilization of old vacant residential buildings. The
intensificationof suchmeasures indicates the growing inevitability and
urgency of addressing vacant residential buildings as a critical step in
reviving China’s real estate sector while transitioning the construction
sector towards low-carbon and circular urban renewal.

A more systematic approach is required to develop an integrated
national policy and action plan to fully realize the potential of vacant
residential building utilization. However, the absence of reliable data
remains a key barrier. In China, theNational Bureau of Statistics has yet
to release official statistics on vacant residential buildings, and the
total quantity of the existing building stockhas not beenupdated since
200718,33. Additionally, discrepancies between top-down data, such as
annually completed floor space (FS) and demolished FS, and bottom-
up data, including FSPC and population, pose challenges in accurately
estimating the existing residential building stock34–36. The lack of
consideration for building vacancy, coupled with inconsistencies in
statistical methods over time, may lead to misjudgments regarding
residential building stock levels and service lifespans (Supplementary
Note 1 and 6). Although some recent studies based on remote sensing
and social media data have provided indications of high housing
vacancy rate (HVR) in China21,37–40, these sources are limited in distin-
guishing the causes or completion years of vacant residential build-
ings, which hinders detailed assessment of their potential
contributions to future housing demands. Other studies based on
household surveys andelectricity consumptiondata, thoughuseful for
identifying occupancy in resident-owned residential buildings, often
overlook the vacancy of newly completed but unsold residential
buildings41–43. Moreover, institution-level surveys and remote sensing
analyses are inherently restricted in their regional coverage (Supple-
mentary Data 18). Therefore, conducting a comprehensive national-
scale analysis on HVR status and related regulations remains essential
to evaluate the effectiveness and climate implications of vacant resi-
dential building utilization across China.

Here, we address the abovementioned knowledge and data gaps
by employing a dynamic housing stock model that incorporates
housing vacancy (see “Methods”). Using this model, we evaluate the
effectiveness of vacant residential building utilization for reducing
embodied carbon emissions from material production and construc-
tion processes associated with residential buildings. Firstly, the FSs
and service lifespans of annually completed residential buildings in
urban and rural areas are calibrated based on available authoritative
data from theNational Bureauof Statistics of China, which support the
inflow-driven analysis to infer the historical changes in HVR. Subse-
quently, we characterize three mitigation strategies for vacant resi-
dential building utilization—HVR reduction, renovation, as well as
demolition restriction—and use a stock-driven approach to compare
their carbon emission reduction effects up to 2100 under different
scenarios. Then, we analyze the impacts of building service lifespan

extension and different levels of regulation targets on the achievable
benefits of vacant residential building utilization. Finally, we demon-
strate the contributions of these carbon mitigation efforts to China’s
pathway towards carbon neutrality. Our findings reveal optimal stra-
tegies for both near-term and long-term decarbonization in urban
construction by leveraging existing vacant residential buildings in
China, facilitating the formulation of a statistics-based, coordinated,
and systematic national policy and action plan.

Results
Problems and opportunities in the existing residential building
stock in China
Figure 1a presents the FSs and service lifespans (Ls) of annually com-
pleted residential buildings in China up to 2022, calibrated using data
from China Statistical Yearbooks18 and China Population Censuses44,45

or Micro Censuses46,47 (“Methods” and Supplementary Note 2). The
data indicate a growing disparity between urban and rural residential
building construction since the early 21st century, alongside sig-
nificantly shorter service lifespans of residential buildings in China
(mostly under 50 years) compared to those reported in many indus-
trialized countries (predominantly exceeding 50 years by a significant
margin)15. Unless otherwise specified, this study will focus on urban
residential buildings due to their large numbers and concentration.

Figure 1b presents the classification of existing residential build-
ings in China based on their usage status. According to the National
Bureau of Statistics of China, the FS of in-service residential buildings
held by residents can be calculated by multiplying the FSPC value
obtained from household surveys and the total population for the
same year. However, in 2020, over 44% of urban in-service residential
buildings were held by approximately 25% of the urban population45

(Fig. 1c). This inequality in FSPC distribution suggests the potential
existence of underused residential buildings, which surpass essential
demands for regular, long-term residence and could be infrequently
inhabited (e.g., seasonal dwellings and fixed asset investments)48, as
distinct from occupied residential buildings (Fig. 1b). If the FSPC dis-
tribution were to return to a rational pattern, the FSs of in-service
residential buildings could decrease by approximately 10% (Supple-
mentary Note 4), indicating underused proportions of around 10%
(Fig. 1c). Furthermore, by examining discrepancies between the FSs of
in-service residential buildings and completed ones18,45 (Supplemen-
tary Note 1), a substantial number of newly completed residential
buildings that have not yet beenput into use canbe identified, referred
to as new vacant residential buildings.

Moreover, within the out-of-service residential buildings, we
define those no longer utilized due to their unsuitability for habitation
as retired ones,while obsolete residential buildings are those rendered
unusable due to inadequate structures involving safety concerns.
Correspondingly, the time interval between the completion and
retirement of residential buildings is defined as their service lifespan,
whereas the interval between the completion and obsolescence is
defined as their maximum lifespan (see “Methods”). The quantity of
demolished residential buildings typically exceeds that of obsolete
ones (Supplementary Fig. 15), indicating the existence of over-
demolished residential buildings. Meanwhile, the quantity of retired
residential buildings generally surpasses that of demolished ones34,49,
leading to the classification of retired residential buildings that have
not been demolished or become obsolete as reusable ones.

The identified underused, new vacant, and reusable residential
buildings represent three major categories of vacant residential
buildings in China (Fig. 1b). The first two types can be directly utilized
to satisfy the housing demands, while the reusable ones typically need
renovation before being reintroduced into service. Consequently, in
addition to occupied residential buildings, underused, new vacant and
renovated reusable ones are considered as available residential
buildings, with renovated reusable residential buildings possibly
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also being occupied, and the proportion of vacant residential buildings
within the available residential building stock is quantified as the HVR
(see Fig. 1b).

Despite a doubling in the demand of occupied residential
buildings between 2005 and 2022, rapid construction has led to a
notable increase in new vacant residential buildings (Fig. 1d), which is
a primary driver of the increasing HVR. The HVR has remained above
20% since 2005 and exceeded 30% since 2021 (Fig. 1e), representing a
relatively high HVR level compared to existing estimates38,39 (Sup-
plementary Note 7). Moreover, the existence of reusable residential
buildings indicates an even larger quantity of vacant residential
buildings with potential for utilization (Fig. 1e). Over the past two
decades, new residential buildings have dominated the Chinese
residential building stock, with their years of service falling sig-
nificantly below their maximum lifespans (Fig. 1e). The remainder of
this paper will present a detailed quantitative evaluation to demon-
strate how vacant residential buildings can be utilized to achieve the
dual objectives of satisfying housing demands and decarbonizing the

construction industry. This approach aims to transform the legacy of
excessive residential building construction into opportunities for
carbon mitigation.

Background scenarios and mitigation strategies
The internationally accepted Shared Socioeconomic Pathways (SSPs)
serve as the foundation for the forecasts, which provide the projec-
tions of (1) housing demands, (2) carbon intensity of residential
building construction, and (3) maximum lifespans of residential
buildings for analysis (“Methods” and Supplementary Note 4). SSP5
(Fossil-fueled Development) and SSP3 (Regional Rivalry) are excluded
from the analysis of vacant residential building utilization, as both
scenarios assumehighmaterial consumption patterns50. Instead, three
background scenarios have been developed based on SSP4–6.0,
SSP2–4.5, and SSP1–2.6, hereafter referred to as SSP4, SSP2, and SSP1,
which respectively represent Inequality, Middle of the road (i.e., his-
torical patterns), and Sustainability, with social carbon emission levels
decreasing in this order50,51.
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Fig. 1 | The status of existing residential building stock in China. a Calibrated
floor spaces (FSs) of annually completed residential buildings. Due to the absence
of data on annually completed residential buildingsbefore 1980, an equal annual FS
is assumed for each 10-year interval prior to 1980, and the residential buildings
completed before 1949 are categorized as those completed between 1940 and
1949. The calibrated mean values of service lifespan (Ls) align with existing
knowledge (Supplementary Note 7). b Classification of existing residential build-
ings in China. c Fitting floor space per capita (FSPC) distributions from census data
using gamma distributions and the estimated proportions of underused residential
buildings within in-service ones. d Dynamic changes in urban residential buildings

from 2005 to 2022, including consideration of the reusable residential buildings
retired since 2005. e Proportions of vacant residential buildings and the housing
vacancy rate (HVR); the pie chart illustrates the years of service for occupied and
vacant residential buildings in 2005, 2010, 2015 and 2022. HVR represents the
vacancy rate of available residential buildings, consistent with Fig. 1b, i.e., the
proportion of vacant residential buildings within the available residential building
stock, without considering unrenovated retired buildings with reusable potential.
In contrast, Vacant represents total vacant residential buildings, including unre-
novated reusable ones. Note: The sporadic residential building renovation prac-
tices before 2022 are neglected in historical statistics.
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Aligned with the existing policies in China mentioned above, we
analyze the low-carbon benefits of three mitigation strategies for
vacant residential building utilization: (1) reducing HVR in available
residential building stock (referred to as HVR reduction); (2) renovat-
ing reusable residential buildings (Renovation); (3) restricting the
demolition of reusable residential buildings (Demolition restriction).
HVR reduction represents a demand-side strategy aimed at diminish-
ing redundant housing demands while promoting the optimized uti-
lization of existing available residential buildings. Conversely,
renovation addresses the issue from the supply side by exploiting the
service potential of reusable residential buildings, thereby substituting
for conventional resource-intensive construction to meet housing
demands.

Estimates from 1997 to 2011 indicate that approximately 70% of
non-obsoleted residential buildings were demolished following their
retirement (Supplementary Note 5). This demonstrates how China’s
traditional paradigm of large-scale demolition and construction in
China, combined with the short service lifespan of residential build-
ings, has inevitably caused massive premature demolition and sub-
stantial resource waste. Demolition restriction can increase the
quantity of reusable residential buildings, which serves as a supple-
mentary strategy for renovation, as the increased stock of reusable
residential buildings cannot be effectively utilized to satisfy housing
demands without renovation. Furthermore, a business-as-usual (BAU)
condition, assuming no change in HVR and no renovation of reusable
residential buildings, is incorporated for comparative analysis. Table 1
outlines the various mitigation strategies and their combinations
considered in this research.

Carbon mitigation benefits from vacant residential building
utilization
All analyzed background scenarios indicate slowing growths in hous-
ing demand across urban China, with demand projected to peak
around 2050 and then continuously decline (Fig. 2a). Demand-side
mitigation through HVR reduction will cause demand for available
residential buildings to peak earlier. Due to the anticipated decrease in
demand increments, the FS of annually completed residential build-
ings shows a downward trend across all pathways, while the Sustain-
ability pathway (SSP1) is expected to require a smaller quantity of
residential buildings to be completed (Fig. 2b) due to lower demands
of available residential buildings compared to the development with
historical patterns (SSP2) (Fig. 2a).

When exploiting the potential of vacant residential buildings, HVR
reduction is projected to continuously decrease the annually com-
pleted residential buildings over 2023–2100 (Fig. 2b). This effect is
particularly pronounced during the transition period, as year-by-year
reductions in HVR lead to the occupation of previously vacant avail-
able residential buildings. Due to the dominance of new residential
buildings within the existing stock (Fig. 1e), the accumulation of reu-
sable residential buildings is likely to be slow in the near term.

Additionally, with the anticipated gradual promotion of renovation,
the FS of renovated residential buildings replacing new construction is
expected to increaseover time,withmore significant effects becoming
apparent in themiddle to long term (Fig. 2b). Given certain renovation
rates, demolition restriction can further increase the quantity of
renovated residential buildings while reducing annual construction.
Although this effect may remain modest in the near term, it is antici-
pated to become more pronounced in the middle to long term (e.g.,
around 2060 and beyond), potentially leading to the FS of annual
renovation surpassing that of new construction (Fig. 2b). This transi-
tion would signify a paradigm shift in China’s construction sector—
from conventional large-scale demolition and construction to a sus-
tainable mode where renovation serves as the primary method for
satisfying urbanhousing demands (Supplementary Fig. 18), similarly as
seen currently in many industrialized countries. Overall, the combi-
nation of imminent HVR reduction, renovation and demolition
restrictionwill effectively reduce new construction in the near,middle,
and long term, paving the way for a more sustainable construction
sector.

A conservative estimate suggests that renovation, as a substitute
for new construction, could reduce approximately 80% of carbon
emissions per unit of FS supplied for residential buildings (Supple-
mentary Fig. 8), while the carbon emissions associated with reduced
housing demands by HVR reduction can be directly avoided. Fur-
thermore, the autonomous decrease in the carbon intensity of con-
struction, driven by societal carbonmitigationactions (Supplementary
Note 4), suggests that earlier reductions in construction activities may
yield greater carbon emission reductions. Consequently, the annual
carbon emission reductions across all analyzed mitigation strategies
are projected to peak before 2060 (Fig. 2c), with the near-term
demand-side mitigation through HVR reduction contributing more
significantly to cumulative carbon emission reductions compared to
renovation or demolition restriction (Fig. 2d).

For each analyzed period, the preset demolition restriction
strategy can double the carbon mitigation effectiveness achieved by
renovation (Fig. 2d). When HVR reduction is incorporated, the carbon
mitigation contributions from renovation and demolition restriction
would merely be decreased with minimal variations, especially in the
near term (2023–2060) (Fig. 2d). This indicates that HVR reduction
and renovation/demolition restriction, addressing demand and supply
sides respectively, can generate superimposed carbon mitigation
benefits.

Renovation and its combination with demolition restriction yield
substantially higher cumulative carbon emission reduction ratios over
2023–2100 than those over 2023–2060 (Fig. 2e). On the contrary, the
benefits of HVR reduction are most impactful in the near term, with
carbon emission reduction ratios over 2023–2060 higher than those
achieved through the combined effects of renovation and demolition
restriction (Fig. 2e). Thereby, to ensure that China’s 2060 carbon
neutrality goal remains achievable, we strongly advocate for

Table 1 | Mitigation strategies of vacant residential building utilization and their default values in model implementation

Strategy type Strategy code Description Model implementation (default values)

HVRt rR,t rD,t Yeara
None BAU Business as usual — — — N/A

Supply side RN Renovation — 60% — 2060

RN-D Demolition restriction + Renovation — 60% 20% 2060

Demand side VR HVR reduction 10% — — 2060

Supply and
demand sides

RVR Renovation +HVR reduction 10% 60% — 2060

RVR-D Demolition restriction + Renovation +HVR reduction 10% 60% 20% 2060

Note: (1)HVRt, rR,t, rD,t respectively represent the target values ofhousingvacancy rateHVR, renovation rate rR andover-demolition ratio rD that areexpected to beachievedbyYeara. AfterYeara, these
parameter values are assumed to be kept as their target values (see Supplementary Fig. 16 for the assumed variations ofHVR, rR and rD over 2023-2100); (2) The symbols— in the table cells denote
that the values in 2022 are followed, that is, HVRt = 31.3%, rR,t = 0%, or rD,t = 69.6%–69.7% (Supplementary Note 5); (3) The period between 2023 and Yeara is referred to as the transition period, while
the period after Yeara is termed the stable period; (4) The determination of default regulation targets for multiple mitigation strategies is elaborated in Methods.
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heightened attention and imminent actions to prioritize HVR reduc-
tion in residential building management.

As shown in Fig. 2e, for a specific combination of mitigation
strategies, the differences in cumulative carbon emission reduction
ratios under different background scenarios are relatively minor. The
reduction ratios under SSP2 are slightly lower inmost cases, attributed
to its comparatively higher demands for occupied residential buildings
(Fig. 2a). This indicates that the context of slowdown or decline in
China’s population and housing demands could amplify the carbon
mitigation contribution of vacant residential building utilization. Due
to the superimposed benefits of the proposed mitigation strategies,
multi-strategy combinations (e.g., RVR-D) can achieve the most sig-
nificant reductions in cumulative carbon emissions across all analyzed
background scenarios, estimated to range from 43.2% to 46.3% over
2023–2060, and from 50.9% to 54.7% over 2023–2100 (Fig. 2e).

Influence of service lifespan and regulation targets
The above analyses are predicted on the assumption that the service
lifespanof urban residential buildings inChinawillmaintain consistent
with the current status. However, this assumption may be subject to
change in future development due to the possible implementation of
the widely advocated building service lifespan extension (SLE)7,10,14,15,52.
SLE has the potential to facilitate demand-sidemitigation of residential
building construction (Fig. 3a), though its carbon mitigation mechan-
ism is different from that of HVR reduction. Specifically, SLE delays the
retirement of available residential buildings, whereas HVR reduction

maximizes the actual utilization of available residential buildings to
meet housing demands. Consequently, the carbon mitigation con-
tributions of HVR reduction are only marginally influenced by the
incorporation of SLE (Fig. 3b).However, due to the reduced generation
of reusable residential buildings under SLE, the carbon mitigation
benefits of renovation and demolition restriction will be notably
diminished (Fig. 3b). Despite this, SLE could increase the maximum
reductions of cumulative carbon emissions over 2023–2060 and
2023–2100 to 61.0% and 63.7%, respectively, under the Sustainability
pathway (SSP1) (Fig. 3c).

While SLE represents a promising approach to reducing embo-
died carbon emissions, it is important to recognize that the continued
use of old buildings without renovation may lead to carbon lock-in16,53

during their service. This phenomenonoccurswhen outdated building
functionalities lead to elevated operational carbon emissions. There-
fore, the practical decision between renovation and SLE must be
informed by a comprehensive assessment based on the lifecycle car-
bon emissions, especially in an era characterized by rapid advance-
ments in low-carbon building technologies. In this context, extending
the average service lifespan beyond 50 years was not analyzed in this
study. For the current status of existing residential building stock in
China, the utilization of vacant residential buildings could be a more
effective carbon mitigation solution than the widely advocated SLE
(Fig. 3c). Even when SLE has already been adopted, vacant residential
building utilization can still more than double the carbon mitigation
benefits (Fig. 3c), warranting special attention at this timing.
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annual floor spaces (FSs) of residential buildings required to be completed, which
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strategies to the reduction of cumulative carbon emissions from residential
building construction and renovation over 2023–2060 or 2100. e Reduction ratios
of cumulative carbon emissions from residential building construction and reno-
vation compared to BAU by adopting different mitigation strategies over
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variation trends in residential building stockand cumulative carbonmitigationover
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considered in this study, such as prices and market conditions.
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The default parameter values provided in Table 1 and the carbon
mitigation effects obtained above correspond to a modest level of
regulation through vacant residential building utilization (see “Meth-
ods”). Targeted carbon mitigation levels can be achieved by adjusting
the regulation targets or timeline for achieving regulation targets
(Yeara). As illustrated in Fig. 3d, when Yeara is fixed at 2060, the
cumulative emission reduction ratio increases approximately linearly
as the HVR target decreases. Stricter renovation and demolition
restriction targets also enhance the carbon reduction ratio, with more
significant effects observed in scenarios without SLE. The trends and
levels of cumulative emission reduction ratios are consistent across
the three background scenarios analyzed.

Figure 3e indicates that achieving the HVR target earlier may
reduce cumulative emissionsmore effectively than specifying amore
stringent target. For example, achieving and maintaining a HVR of
15% by 2040 may result in reduction ratios that rivals achieving and
maintaining an HVR of 10% by 2060. Consequently, failing to utilize
existing vacant residential buildings promptly will cause a significant
loss of carbon emission reduction potential. Regarding renovation
and demolition restriction strategies, prompt action is critical for
achieving efficient short-term carbon mitigation, while achieving
higher cumulative emission reduction ratios over a long-term period
relies more on sustained efforts of tightening regulation targets
(Fig. 3e). A similar conclusion can be drawn in the context of

SLE, although the reduction ratios are less sensitive to changes
in Yeara.

Implications for China’s carbon mitigation
While the anticipated slowing growth or decline in housing demand
may reduce the share of residential building construction in China’s
carbon emissions, the expected slower decarbonization of construc-
tion compared to the social average level under the SSP1 (Supple-
mentary Fig. 19) tends to increase this share (Fig. 4a). Under SSP1
without mitigation strategies, the share of residential building con-
struction in China’s cumulative emissions over 2023–2060 is close to
the historical value observed for 2011–2022 (Fig. 4b). This finding
implies that the embodied carbon emissions of buildings could remain
as a bottleneck for achieving carbon neutrality.

Meanwhile, the proportion of carbon emission reduction
achieved by multiple vacant residential building utilization strategies
(RVR-D) inChina’s annual carbon emissions is expected to rise over the
years and thenmaintain at a high level (Fig. 4a). Overall, RVR-D has the
potential to reduce China’s carbon emissions by 2.4%–3.7% during
2023–2060, with the contribution of vacant residential building utili-
zation to societal decarbonization being especially prominent for the
SSP1 (Fig. 4b).

The cumulative carbon emissions from conventional urban resi-
dential building construction (i.e., BAU) under SSP1, although lower

d

Reduction benefitting from

BAU- Cumulative emissions

Service lifespan extension
HVR reduction

Renovation
Demolition restrictionRVR-D(E)

BAU
RVR(E)SLE

VR(E)

e

SSP1

Without SLE With SLE

cba

0602-32020602-3202

2023-2060
SSP1

2023-2010
SSP1

Fig. 3 | Variations of service lifespan and regulation targets on carbon miti-
gation effects of vacant residential building utilization. a Projections of annual
constructionwith differentmitigation strategies under SSP1; BAU denotes business
as usual, SLE denotes service lifespan extension, VR denotes housing vacancy rate
(HVR) reduction, RVR denotes renovation + HVR reduction, RVR-D denotes
demolition restriction + renovation +HVR reduction, and (E) denotes the combined
implementation of SLE. b Contributions of different mitigation strategies to the
reduction of cumulative carbon emissions from residential building construction
and renovation (2023–2060/2100) in the context with andwithout SLE under SSP1.
c Reduction ratios of cumulative carbon emissions from residential building con-
struction and renovation (2023–2060/2100) compared to BAU by adopting

different mitigation strategies with and without SLE under SSP1. d Variations of the
cumulative carbon emission reduction ratio over 2023–2060 with respect to the
target value of housing vacancy rate (HVRt); legend numbers denote the target
value of renovation rate (rR,t)-the target value of over-demolition ratio (rD,t), while
NR denotes no renovation, and the number within the bracket denotes SSP sce-
nario; Yeara denotes the year of reaching the regulation targets. e Variations of
cumulative carbon emission reduction ratio over 2023–2060 or 2100 with respect
to Yeara under SSP1; legend numbers denote the value of HVRt-NR or the values of
HVRt-rR,t-rD,t. Note: For SLE, the service lifespan of urban residential buildings is
extended to the code-specified 50 years by the year of 2060, with expected
changes as shown in Supplementary Fig. 14.

Article https://doi.org/10.1038/s41467-025-62879-4

Nature Communications |         (2025) 16:7661 6

www.nature.com/naturecommunications


than those under other background scenarios (Fig. 2d), are still pro-
jected to notably exceed the 2 °C-compatible carbon budget (Fig. 4c),
which is allocated from the global carbon budget (see “Methods”). A
modest level of regulation throughmultiple vacant residential building
utilization strategies (RVR-D) could reduce emissions to levels below
the 2 °C-compatible budget. Further tightening the targets and
extending the residential building service lifespan [RVR-D(S)] canbring
the cumulative carbon emissions from urban residential building con-
struction and renovation over 2023–2060within the 1.5 °C-compatible
budget (Fig. 4c). Therefore, vacant residential building utilization
emerges as a key strategy for effectively managing carbon budgets in
China’s future urban construction.

Discussion
As of 2024, several policies facilitating vacant residential building
utilization have been promptly implemented in China. For example,
local government of multiple cities have initiated the purchasing of
unsold residential buildings (Supplementary Table 12), and over
258,800 old urban communities have been updated nationwide since
201954. However, the lack of sufficient identification and quantification
regarding housing vacancy has rendered current policies inadequate
for promoting effective vacant residential building utilization. For
instance, the government purchasing primarily addresses the tem-
porary economiccrisis in the real estate sector, lacking clear targets for
assuring long-term implementation. Additionally, other types of
vacancies, such as excessive housing held by residents, remain unad-
dressed. Past renovation efforts for old communities have mostly
focused on updating facilities in occupied communities, with insuffi-
cient attention to the renovation of vacant, reusable residential
buildings. Moreover, the absence of quantitative metrics and reg-
ulatory tools hinders the tracking of policy implementation progress,
creating uncertainties about their effectiveness and timeliness.

Therefore, to fully realize the potential benefits from vacant
residential building utilization, it is imperative to elevate current
fragmented policies into an evidence-based, coordinated, and sys-
tematicnational policy and actionplan. This need is especiallypressing
given China’s enormous urban residential building stock and regional
disparities in policy acceptance. The quantitative methods developed
in this study for identifying various categories of vacant residential
buildings and regulating their interrelated utilization benefits through
three vacant residential building utilization strategies could facilitate
such improvements. Decarbonization is a core priority in China’s

forthcoming 15th Five-Year Plan commencing in 2026, which is about
to initiate carbon reduction control based on sectoral and regional
carbon budgets55. Therefore, by quantitatively linking macro-strategy
parameters for vacant residential building utilization with carbon
mitigation benefits and carbon budgets, this study not only identifies
the low-hanging yet underexploited opportunities vacant residential
building utilization offers for China’s carbon mitigation efforts, but
also provides a scientific foundation for setting quantitative regulation
targets. Such targets would support the formulation of long-term
macro-control policies for vacant residential building utilization,
coordinating sustainable urban development with climate goals.

The issue of high HVRmay also be observed in other countries or
regions, such as Japan56. Additionally, the contradiction between rapid
urbanization and insufficient regional governance in developing
countries/regionsmay pose similar risks of excessive housing vacancy.
Themitigation strategies and the decision-makingmodel we proposed
for addressing the severe vacancy situation in China could shed light
for policy-making in those regions as well. This approach could help
formulate shared strategic targets and systematic policy plans aimed
at carbon mitigation goals, considering the specific characteristics of
housing stock and demand evolution across various regions. Such
strategiesmay help pave theway for resource-efficient construction of
sustainable cities and communities, thereby advancing global climate
actions. Moreover, our data calibration method offers insights for
analysis in other regions with incomplete housing vacancy statistics.
Last, we call for clarifying the statistical definitions and improving the
survey methods for new vacant, underused, and reusable residential
buildings. Strengthening these efforts will enhance our understanding
of building stock status and enable the setting of more reliable quan-
titative targets.

Methods
Historical estimates of urban residential buildings in China
This study encompasses 31 provinces,municipalities, and autonomous
regions in the Chinese Mainland. Given the limited mobility of resi-
dential buildings between urban and rural areas (except for conver-
sions resulting fromurban expansion18), a distinction is made between
urban and rural areas to accurately capture the dynamic changes in FS
of residential buildings. A comprehensive analysis has been made on
available authoritative records regarding residential buildings,
including data from China Statistical Yearbooks, China Population
Censuses, and 1%Population SampleSurveys (commonly referred to as

a

2011-2022: 8.7%

b

Budget
(2℃)

Budget
(1.5℃)

SSP1

c

Fig. 4 | Implications of carbon mitigation by vacant residential building utili-
zation for societal decarbonization inChina.a Shares of annual carbonemissions
from residential building construction with BAU (business as usual) and annual
carbon reductions by RVR-D [demolition restriction + renovation + housing
vacancy rate (HVR) reduction] in China’s annual carbon emissions; the number
within the bracket in legend denotes SSP scenario. b Shares of cumulative carbon
emissions from residential building construction with BAU and cumulative carbon
reductions by RVR-D in China’s cumulative carbon emissions over 2023–2060.
c Comparisons of cumulative carbon emissions by adopting different mitigation

strategieswith the 2 °C- and 1.5 °C-compatible carbon budgets for urban residential
building construction in China over 2023–2060; (E) denotes the combined
implementation of service lifespan extension (SLE, as shown in Supplementary
Fig. 14); (S) denotes the strategy implementation with SLE and stringent regulation
targets for HVR (HVRt), renovation rate (rR,t) and over-demolition ratio (rD,t), spe-
cifically HVRt = 5%, rR,t = 90%, rD,t = 5%, while the year of reaching the regulation
targets (Yeara) is set to be 2040. Note: See Supplementary Data 16 and Supple-
mentary Data 17 for historical records (2011–2022) and projections (2023–2060) of
China’s carbon emissions used for calculations.
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MicroCensuses) released by the National Bureau of Statistics of China,
as well as China Urban and Rural Construction Statistical Yearbooks
published by Ministry of Housing and Urban-Rural Development of
China (Supplementary Note 1). From these sources, annual records of
completed residential buildings from China Statistical Yearbooks and
surveys of existing in-service residential buildings from censuses
(including China Population Censuses and Micro Censuses) were
selected for estimating historical residential building stock.

Due to the incomplete statistical calibers of residential buildings
in China Statistical Yearbooks (e.g., limited to sampling household
surveys, fixed-asset investments, construction enterprise projects, or
real estate development projects), amplification factors are applied to
adjust the annual records of completed urban residential buildings
[Supplementary Equation (4)]. Besides, census surveys underrepresent
the newly completed but unsold residential buildings, leading to dis-
crepancies with data fromChina Statistical Yearbooks (Supplementary
Note 1). To address these discrepancies, we propose the following
calibration method, which allows for the identification of new vacant
residential buildings while avoiding underestimation of completed
residential buildings (see Supplementary Note 2 for more details).

For calibration based on the available data from censuses, we
exclude the residential buildings that have not been put into service
within five years of completion from the estimated completed ones
(Fig. 1b), and assume that the service lifespans (Ls) of residential
buildings follow normal distributions with the coefficient of variance
(CV) being 1/335,57. Then, the following quantitative relationship is
constructed to calibrate αk and μk

Ls
(i.e., the amplification factor and

mean service lifespan for the kth residential building group with com-
pletion years between sk and ek):

IY c, k
=
Xek
j = sk

αkNj 1�Φ
Y c � j � μk

Ls

μk
Ls
=3

 !" #
,

Y c = 2005, 2010, 2015, 2020 ; sk < ek < Y c � 5

ð1Þ

where IY c, k
is the FS of in-service residential buildings within the kth

group from the census in year Yc; Nj is the recorded FS of completed
residential buildings in year j from China Statistical Yearbooks;Φ(·) is
the cumulative distribution function (CDF) of standard normal
distribution. The calibrated FS of residential buildings completed in
year j (Cj) is then estimated by:

Cj =α
kNj, sk ≤ j ≤ ek ð2Þ

Furthermore, census FSPC distributions (i.e., the proportion of
households classifiedbyFSPC) showabimodal pattern, where the high
frequencies at high FSPC intervals may not represent the essential
demands for occupied residential buildings (Fig. 1c). Thereby, we fit a
rational distribution pattern (assuming a gamma distribution58,59) to
the FSPC data after excluding two bins for high FSPC intervals (Fig. 1c).
Then, the reduction in the mean of the fitted gamma distribution
compared to the mean FSPC of the original data estimates the
underused proportion. These estimates align reasonably with results
from online-listed unit investigations48 (Supplementary Note 4) and a
report by China International Capital Corporation (CICC)36 (Supple-
mentary Note 6).

Dynamic housing stock model incorporating housing vacancy
We propose a dynamic housing stock model incorporating housing
vacancy to estimate the development pathways of residential building
construction and associated carbon emissions, with its workflow
presented in Supplementary Fig. 7. A brief introduction of the mod-
el is provided below, with detailed explanations elaborated in
Supplementary Note 3.

The calibrated FSs and the service lifespans of annually completed
residential buildings are used as inputs to estimate the composition of
available residential building stock by completion years for each ana-
lyzed year:

Ai =
Xi
j = Y0

Cj ½1� FLs, j
ði� jÞ� ð3Þ

whereAi is the FS of available residential building stock in year i; FLs, j
(·)

is the CDF for the service lifespan of residential buildings completed in
year j (Ls,j); Y0 is the start year from which the completed residential
buildings are considered (e.g., 1940 in this study). Correspondingly,
the FS of residential buildings retiring in year i (Ri) is calculated using
the following equation:

Ri =CiFLs, i
ð0Þ+

Xi�1

j = Y0

Cj ½FLs, j
ði� jÞ � FLs, j

ði� j � 1Þ� ð4Þ

Similarly, the FS of the available residential buildings that become
obsolete in year i (Oi) can be calculated using the following equation:

Oi =CiFLM, i
ð0Þ+

Xi�1

j = Y0

Cj ½1� FLs, j
ði� 1� jÞ� PðLM, j ≤ i� j j LM, j > i� 1� jÞ

ð5Þ

where FLM, j
(·) is the CDF of maximum lifespan for the residential

buildings completed in year j (LM,j), determined based on the historical
development of structural design codes in China and potential impact
of climate change, as elaborated on in Supplementary Note 4.

Subsequently, the cumulative FS of reusable residential buildings
in year i (Ui) can be estimated by:

Ui = ð1� rD, iÞ � ðRi � OiÞ+ Ûi ð6Þ

where rD,i is the over-demolition ratio of newly added reusable
residential buildings in year i; and Ûi is the remaining FSof the reusable
residential buildings that have retired before year i (see Supplemen-
tary Note 3 for details). Conservatively, the accumulation of reusable
residential buildings has been quantified starting from 2005,
i.e., Û2005 = 0.

Additionally, the housing vacancy rate within available residential
building stock in year i (HVRi) is calculated as:

HVRi = 1�
Du
i

Ai
ð7Þ

where Di
u is the historical or anticipated demand of urban occu-

pied residential buildings in year i, see Supplementary Note 4.
For historical estimates, an inflow-driven analysis using Eqs.

(3)–(7) is employed. The FS of underused residential buildings is cal-
culated as the difference between the FS of in-service residential
buildings [Hermite interpolation based on results via Supplementary
Equation (2)] and the estimated Di

u. The excess of the available resi-
dential building stock [Eq. (3)] over in-service residential buildings is
considered as new vacant ones. Meanwhile, the dynamic changes of
reusable residential buildings [Eq. (6)] are estimated in parallel with the
available residential building stock and can be regulated by the over-
demolition ratio. Since residential building renovation practices
before 2022 are sporadic, renovated reusable residential buildings are
not included in the historical estimates of available residential building
stock and HVR.
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For future projections of residential building construction, a
stock-driven analysis is conducted based on the status of residential
building stock derived from historical estimates and the future
demands of occupied residential buildings determined using bottom-
up information from background scenarios (Supplementary Note 4).
The required FS of completed residential buildings in year i (Ci) for
meeting housing demands can be evaluated through incremental cal-
culations, as expressed by the following equation:

Ci =
Du
i � ð1 +HVRiÞ �

Pi�1
j = Y0

Cj ½1� FLs, j
ði� jÞ�

1� FLs, i
ð0Þ ð8Þ

Since all three categories of vacant residential buildingswithin the
available residential building stock—underused, new vacant and
renovated reusable ones—are considered capable of meeting housing
demands, future projections do not distinguish among these cate-
gories, but instead estimate and regulate their total amount using the
HVRi parameter. It should be noted that reusable residential buildings
are included in the available residential building stock after renova-
tion, while their inclusion is regulated by the renovation rate. Corre-
spondingly, the required FSof renovated reusable residential buildings
(RNi) and newly constructed residential buildings (CSi) in year i are
respectively evaluated as:

RNi = rR, iUi � rR, i�1Ûi

CSi =Ci � RNi

(
ð9Þ

where rR, i is the renovation rate of reusable residential buildings in
year i.

Since data on the completion years of urban residential buildings
used for data calibration are only available from censuses beginning in
2005 (Supplementary Note 1), the time interval of historical estimates
is defined as 2005–2022 (Supplementary Note 2). Additionally, as the
SSPs, which form the basis for background scenario development,
provide forecasts extending to year 210050, the future projection
period is set from 2023 to 2100.

This updated dynamicmodel incorporates threemajor categories
of vacant residential buildings identified in China, enabling quantita-
tive analysis of dynamic changes in vacant residential buildings with
varying utilization potential. Furthermore, by introducing three time-
dependent strategy parameters—HVR, renovation rate, and over-
demolition ratio—this model allows for the assessment of dec-
arbonization opportunities from vacant residential building utiliza-
tion, based on the dynamic balance between supply and demand.

Carbon emissions of construction and renovation
This study examines the embodied carbon emissions caused by the
material production and construction processes associated with the
construction and renovation of residential buildings. The carbon
intensity of renovation is inferred based on the ratio of carbon emis-
sions from renovation or refurbishment to those from new construc-
tion, by reviewing relevant data in existing studies60–62 (see
Supplementary Note 3 for details). By integrating the FS of annual
construction and renovation derived from the dynamic housing stock
model and their corresponding carbon intensities, the annual carbon
emissions from construction and renovation of residential buildings in
year i (Ei) can be calculated as follows,

Ei =βC, iðCSi + γR, iRNiÞ ð10Þ

where βC,i represents the carbon intensity of construction in year
i; γR,i is the ratio of the carbon intensity of renovation to that of con-
struction for the residential buildings renovated in year i. It is impor-
tant to note that the emissions of various GHGs associated with

residential building construction have been converted to carbon
dioxide equivalents based on global warming potential.

Development of background scenarios
The scenarios for future pathway projections are developed based on
SSPs, each involving calibrations and/or projections of the following
three datasets for the period 2005–2100 (Supplementary Note 4):
(1) Housing demands: Projections of urban housing demands are

determined using SSP-based population trends for China as
provided by Jiang et al.63, as well as the temporal variations in
urbanization rate and the changes in urban FSPC relative to per
capita cumulative GDP calibrated by logistic functions. Histor-
ical urbanization rates derived from census data are utilized for
calibration, and the saturation values of urbanization rate under
different SSPs are determined following Chen et al.64. Besides,
the urban FSPC is calibrated using China’s GDP data from the
World Bank World Bank Group65 and historical urban FSPC
inferred fromcensus records,with saturation values determined
with reference to IRP66 and Hu et al.67. Future variations in FSPC
of occupied residential buildings are forecasted based on SSP-
based GDP predictions from Jiang et al.63.

(2) Carbon intensity of construction: The carbon intensity of con-
struction is determined by cumulating the carbon emissions
from material production and construction-related energy
consumption per unit FS of residential buildings. Based on
material and energy consumption data for constructing differ-
ent types of residential buildings4,68,69 and the proportions of
multiple types of residential buildings reported in the 2020
China Population Census45, the average consumptions of
materials and energy for constructing unit FS of residential
buildings are estimated. These estimates, combined with the
anticipated carbon emission factors of major building
materials70 and final energy consumption50 under each analyzed
background scenario, are used to determine the temporal
variations in carbon intensity of construction. The analysis of
time variations inmaterial or energy intensities for construction
lies beyond the scope of this study.

(3) Maximum lifespan of residential buildings: The maximum life-
span of residential buildings is determined based on the struc-
tural durability for safety considerations. Default maximum
lifespan values are initially established without accounting for
climate change, based on the historical development of China’s
building structure design codes. Climate change-induced
accelerated structural degradation may reduce structural
durability71–74, thereby shortening the maximum lifespan of
residential buildings. To address climate change
adaptation71,73,74, default values are adjusted to account for
temperature-related impacts. The adjusted values for urban
residential buildings (Supplementary Fig. 13) fall within the
range of currently reported service lifespans of residential
buildings in developed countries, such as 44 years in the USA
and 132.6 years in the UK15.

Overall, during the period 2005–2100, housing demands are
ranked as SSP2 > SSP1 > SSP4 (Fig. 2a), while the carbon intensity of
construction as SSP4 > SSP2 > SSP1 (Supplementary Fig. 11), and the
maximum lifespan of residential buildings as SSP1 > SSP2 > SSP4
(Supplementary Fig. 13).

Default regulation targets for mitigation strategies
Since 2060 is the target year for carbon neutrality pledged by the
Chinese government, it is expected that China’s carbon mitigation
policies will continue to intensify until then. Thereby, the default
transition period is set as 2023–2060, during which the strategy
parameters are assumed to become increasingly stringent each year.
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Stricter or more lenient policy implementation could lead to the reg-
ulation targets being achieved earlier or later, respectively, corre-
sponding to higher or lower reduction of cumulative carbon
reductions (Fig. 3d, e). The variations in strategy parameters between
2022 and 2060 are interpolated using Hermite functions with zero
slopes at both ends, representing an initial period of slow change,
followed by a phase of rapid change, and finally a gradual transition
towards a stable trend (Supplementary Fig. 16).

The default HVR target for the HVR reduction strategy is set at
10%. This ratio aligns with the upper limit of the widely recognized
healthy HVR range (5%–10%38) and slightly exceeds the natural HVR
(reasonable housing vacancy accommodating populationmobility) for
2017, which was 9.8% as inferred by Gan43. With the optimized man-
agement of existing residential buildings through HVR reduction, the
natural HVR is expected to decrease further, potentially to around
5%40. Therefore, the default HVR target set for the HVR reduction
strategy represents a modest level of regulation.

In addition, the notice issued by the Chinese government in 2021
regarding the prevention of large-scale demolition and construction
stipulates that, in principle, thedemolishedfloor spacewithin anurban
renewal area or project should not exceed 20% of the total existing
floor space31. The default target of over-demolition ratio (rD,t) set in this
study matches this requirement, and is anticipated to be achieved
nationwide after sustained efforts to promote this policy. With the
progress of urban renewal actions in China, there may be potential to
tighten this ratio further. As such, the default target for rD, t represents
a modest level of regulation.

With the default value of rD,t set as described above, achieving the
target renovation rate (rR,t) of 60% can maintain the FS of unrenovated
reusable residential buildings at a level similar to that without demoli-
tion restriction and renovation (Supplementary Fig. 20). This suggests
that the existing residential buildings preserved by the default demoli-
tion restriction strategy can largely be renovated. Consequently, 60% is
set as the default value of rR,t, which is compatible with the modest
demolition restriction for carbon mitigation. Even without demolition
restriction, this rR,t value still corresponds to year-by-year increases in
the FS of unrenovated reusable residential buildings (Supplementary
Fig. 20), indicating room for further increases in the rR,t, i.e., the default
renovation rate target represents a modest level of regulation.

Overall, the carbon emission reduction levels derived under the
default strategy parameters values represent the effectiveness of a
modest level of efforts for vacant residential building utilization. This
conservative determination intentionally incorporates real-world
constraints on the feasibility of vacant residential building utiliza-
tion, such as spatial mismatches of vacant residential buildings and
housing demands, technical and economic challenges in renovation,
and insufficient performance of old residential buildings in satisfying
new demands. These factors inherently limit achievable vacant resi-
dential buildingutilization, causingoutcomes todiverge from the ideal
full utilization condition even with policy interventions. Furthermore,
sensitivity analysis of the regulation targets for three strategy para-
meters around their default values (Fig. 3d, e) accommodates a range
of practical scenarios and ensures our analysis is based on realistic
assumptions.

Carbon budget for urban residential building construction
The Chinese government is planning to advance its carbon neutrality
efforts based on carbon budget management55. However, specific
carbon budget values have yet to be announced. For demonstrative
purposes, tentative 2 °C-compatible and 1.5 °C-compatible carbon
budgets for urban residential building construction are derived by
allocating the global carbon budget based on China’s proportion of
global population (Supplementary Table 14) and the anticipated con-
tribution of urban residential building construction to China’s carbon

emissions for business as usual (BAU) under SSP1 (8.4%, as illustrated
in Fig. 4b).

The global carbon budgets from the beginning of 2020 until the
achievement of net-zero GHG emissions were estimated at 500 Gt CO2

for a 50% likelihood of limiting global warming to 1.5 °C and 1150 Gt
CO2 for a 67% likelihood of limiting warming to 2 °C51. Considering
China’s target of achieving carbon neutrality by 2060, this study
compares the cumulative carbon emissions from urban residential
building construction during 2023–2060 to the corresponding carbon
budgets for the sameperiod. Theglobal carbonbudgets for this period
are calculated by subtracting the cumulative global carbon emissions
over 2020 and 2022 from the mentioned total budgets beginning in
2020 (Supplementary Table 14).

Limitations and prospects
The assumptions made in this study—such as excluding the reusable
residential buildings retired before 2005, the residential buildings not
in service for more than five years post-completion, unfinished resi-
dential buildings, and underreported residential buildings in statistics
records—may result in conservative estimates of carbon emission
reductions through vacant residential building utilization. Further-
more, supplementing this analysis with additional demographic data
reported in more future years could further improve the reliability of
the calibrated results.

For future research, considering land supply constraints in urban
areas may improve the coordinated selection of strategy parameters
for renovation and demolition restrictions. Additionally, spatial mis-
matches between existing vacant residential buildings and emerging
housing demands present a significant barrier to effective utilization.
While China’s policy of coordinated regional development may help
alleviate this challenge, further improvements to urban planning,
transportation, and residential building management are essential to
enable more effective utilization of vacant residential buildings for
meeting evolving regional housing demands. Moreover, advance-
ments in building durability, maintenance technologies, and retro-
fitting techniques—as well as the upskilling of industry professionals in
these areas—are likely to extend the service lifespans of existing
structures beyond current projections while enhancing achievable
renovation rates, ultimately unlocking even greater low-carbon
potential in the vacant residential building utilization.

Data availability
The data that support the findings of this study are available in the
Supplementary Information and Supplementary Data. The author-
itative statistical and demographic data on residential buildings are
available from the National Bureau of Statistics of China (https://www.
stats.gov.cn/sj/ndsj/ and https://www.stats.gov.cn/sj/pcsj/). The
results generated in this study can be reproduced from our codes
deposited in Code Ocean, publicly accessible at https://codeocean.
com/capsule/0932821.

Code availability
Data analyses are conducted in MATLAB (version R2024b). The
MATLAB codes used to generate the results presented in this paper are
deposited in Code Ocean and are publicly accessible at https://
codeocean.com/capsule/0932821.
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