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The massive migration flows from rural to urban areas in China, combined with an expected decline in the total

population over the next decades, leads to two important challenges for China’s housing: the growth of its urban

housing stock and the shrinkage of rural housing. The rural and urban housing systems in China were analyzed using

a dynamic material flow analysis model for the period 1900–2100 for several scenarios assuming different

development paths for population, urbanization, housing demand per capita, and building lifetime. The simulation

results indicate that new housing construction is likely to decline for several decades due to the fast growth over the

past 30 years and the expected increased longevity of dwellings. Such an oscillation of new construction activity

would have significant implications for the construction industry, employment, raw material demand, and greenhouse

gas emissions to produce the construction materials. Policy and practical options for mitigating the negative impacts

are considered.

Keywords: building stocks, construction demand, dynamic material flow analysis, housing stock, longevity, trends,

urbanization, China

Les flux migratoires massifs des zones rurales vers les zones urbaines en Chine, conjugués à un déclin prévu de la

population totale au cours des prochaines décennies, entraı̂nent deux défis importants pour le logement en Chine : la

croissance de son parc de logements urbains et la diminution des logements ruraux. Les systèmes de logements ruraux

et urbains en Chine ont été analysés en utilisant un modèle d’analyse dynamique des flux de matériaux sur la période

1900-2100 appliqué à plusieurs scénarios supposant différentes voies de développement concernant la population,

l’urbanisation, la demande de logements par habitant et la durée de vie des bâtiments. Les résultats de la simulation

indiquent qu’il est probable que la construction de logements neufs diminuera pendant plusieurs décennies en raison

de la croissance rapide des 30 dernières années et de l’accroissement prévu de la durée de vie des logements. Une telle

oscillation de l’activité de construction de logements neufs aurait d’importantes implications pour l’industrie du

bâtiment, l’emploi, la demande en matières premières et les émissions de gaz à effet de serre résultant de la

production des matériaux de construction. Les choix politiques et pratiques qui permettraient d’en atténuer les effets

négatifs sont envisagés.

Mots clés: parcs de bâtiments, demande de constructions neuves, analyse dynamique des flux de matériaux, parc de

logements, durée de vie, tendances, urbanisation, Chine
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Introduction
Unprecedented urbanization is taking place in China.
Since the adoption of reform and open-door policies
in 1978, China’s level of urbanization has risen from
18% in 1978 to 45% in 2007 (National Bureau of Stat-
istics of China (NBSC), 1980–2008, 2005). It is
expected that China will reach 55% urbanization by
2020 (Liu et al., 2003; Lan, 2008; Song and Ding,
2007). Fast-growing urbanization has been doubling
China’s building stock and partially the infrastructure
stocks in the last 30 years (Kohler and Yang, 2007).
Accompanying it, the rapid conversion of land from
low-density agricultural to new urban zones of high
density and material-intensive commercial and residen-
tial buildings has consumed enormous quantities of
domestic and imported resources (Fernández, 2007).
If the trend continues, China will inevitably face a
shortage of domestic resource supplies (Shen et al.,
2005) and exert pressure on global markets over
the next two decades (Garnaut and Song, 2006).
However, the relationship between the progress of
urbanization in China and its demand of resources is
not sufficiently understood. There is a need for a
model to quantify the relationship. If this relationship
could be understood, then it might be possible to
make predictions for future resource demand.

Yang and Kohler (2008) analyzed Chinese building
and infrastructure stock from 1978 to 2050 and calcu-
lated its material and energy implications during the
ongoing urbanization process. Two different models
are employed to do so: the period before 2005 is com-
pressed in a static model for the reference year of 2005,
in which the age classes of the exiting stock are
omitted; the period after 2005 employs a cohort
approach, which allows for a more realistic analysis
of ageing understood as the phasing out of individual
cohorts with their characteristic material composition
and energy use. This study provides plenty of valuable
details about the composition of the Chinese built
environment stock. However, the lack of a cohort
approach for the existing building stock (due to a
lack of existing reliable data) may be problematic
because the rapid expansion of the Chinese building
stock between 1978 and 2005 may have great material
and energy implications for the coming decades.
Further, the broad scope of the study (housing, non-
housing, infrastructure, etc.) and its wide modelling
parameters (demolition and refurbishment rates of
the exiting stock, lifespan and refurbishment interval
of newly completed cohorts, etc.) creates difficulties
with verifying the results and identifying which factor
is more influential on the uncertainty. Nevertheless,
the detailed historical analysis and carefully designed
scenarios of this study form a good basis for future
research.

In order to capture the essential relation between the
urbanization process and its material consequences,

the scope of the present research is on Chinese residen-
tial buildings, which has represented around 80% of
the annual completed floor area in China over the
last two to three decades (NBSC, 1980–2008, 2005).
The research comprises two stages. The work pre-
sented here is the first stage. It aims to identify the
long-term dynamics of the floor area in both the rural
and the urban housing stocks in China, including the
demand for new housing construction and obsolete
housing demolition in rural and urban China during
the urbanization process. The current authors antici-
pate the trends, identify the influential parameters,
and discuss the uncertainties. The second stage of this
research investigates the dynamics of housing-related
construction material – iron and steel – which is pre-
sented by Hu et al. (2010b).

Urbanization and housing inChina
Since 1958, the Chinese government has used the
household registration system, called Hukou, to
control the movement of people between rural and
urban areas. This division led, among others, to a
detachment between the rural and the urban housing
systems, which are largely different in housing
supply, renovation, and property transfer. In cities
until 1978, urban housing was allocated by the
Chinese government as part of social welfare for
urban households (Zhu et al., 2000). During this
period, around 75% of urban households were in the
public rental housing sector (Huang, 2004). Since the
rents were extremely low,1 urban public housing was
heavily subsidized and created a heavy financial
burden on the state (Shaw, 1997). Subsequently, insuf-
ficient state investment led to:

. a serious shortage of urban housing – per capita
living space in cities declined from 4.5 m2 in the
1950s to 3.6 m2 in 1978 (Center for Development
Studies at the State Council, 1991)

. low-quality housing construction – especially
during 1966–1971,2 when ‘building housing by
laying dry mud’ was advocated from Beijing as a
land-saving and high-speed measure, the result
was a generation of low-quality, functionally defec-
tive dwellings (Beijing Municipal Chorography
Compiling Council (BMCCC), 1999; Wu, 1989)

. inappropriate maintenance – as a result, housing
ages quickly and its material quality has deterio-
rated (Shaw, 1997)

In the late 1970s, when China’s economic reform
started, previously suppressed housing problems
initiated urban housing reform (Xu, 1993; Lee, 2000).
This reform, with the aim of the marketization and
privatization of urban housing production and
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consumption, triggered a strong wave of property (real
estate) development in many major Chinese cities
during the 1980s and 1990s (Zhu et al., 2000). By
2005, only 8% of Chinese urban housing units were
public rentals, and in the future most newly constructed
owner-occupied housing will be in the private sector
(Logan et al., 2010). With the move from ‘welfare’
housing to commodity housing, the provision of an ade-
quate quantity and the quality of housing units in urban
China began to be addressed successfully (Rapanos,
2002). However, this process is also accompanied by
speculative investment. To curb soaring housing
prices, since June 2006 China’s central government has
required that 70% of newly completed residential
units must be smaller than 90 m2. From June 2009,
central government further tightened financing for the
purchase of second homes to cool the Chinese property
market. Nevertheless, one positive effect of the privati-
zation of housing seems undeniable, i.e. the lifetime
expectancy of recently completed urban dwellings has
largely increased. This is because:

. higher construction quality may have been
achieved due to the expansion of housing construc-
tion for sale at market prices

. better maintenance of dwellings may be due to the
owner-occupied housing

. the land-lease contract may support the expec-
tation of urban households for using their pur-
chased home for no less than 70 years3

In rural areas, China’s public housing provision had
not been extended to the countryside (Zhang, 1997).
Rural home building depended on privately accumu-
lated savings and some pooled community labour
(McKinley and Wang, 1992). Its quantity and quality
are largely determined by the economic status of the
peasants, which has improved significantly since
1978. Before 1978, the older stock of rural houses
was often built of adobe walls and thatched roofs
(McKinley and Wang, 1992). Chinese economic
reforms started in the countryside in 1978. The
implementation of a ‘household production responsi-
bility’ system has substantially stimulated rural econ-
omic growth (Lin, 2007). When income increased,
one of the first priorities for rural residents was to
improve their housing. An extraordinary boom in
rural house construction occurred in the 1980s.4

Between 1978 and 1988, rural per capita living space
more than doubled, from about 8.1 m2 to 16.6 m2

(NBSC, 1999). The quality of rural housing also
improved; many new houses were constructed of
bricks, tiles, or reinforced concrete during the 1980s
(McKinley and Wang, 1992).

Following the economic reforms from 1978, the sub-
stantial rise in agricultural productivity has generated

a large surplus rural labour force that needs to be trans-
ferred into non-farm sectors and possibly into urban
settlements. Responding to this challenge, since 1984
the Chinese government partially lifted the control
over rural–urban migration (Lin, 2007).5 The
massive level of rural–urban migration has then sig-
nificantly raised the level of urbanization in China
(Zhang, 2008), resulting in an expanding urban popu-
lation and since 1995 a shrinking rural population
(NBSC, 1980–2008, 2005). For resource manage-
ment, this creates two important challenges: the
growth of the urban housing stock acting as a sink of
raw materials; and the shrinkage of the rural housing
stock potentially becoming a source for secondary
materials. In order to obtain a long-term vision of the
challenges, this study aims to construct a robust
physical base for future investigations about the
relationship between urbanization in China and its
material demand.

Method
The model developed in this study was based on a
generic dynamic material flow analysis (MFA)
model presented by Müller (2006) for simultaneously
determining resource demand and waste generation
through estimations of the population, its lifestyle,
material intensity, and product lifetime. This approach
has been applied for analyzing the stocks and flow
dynamics of timber in Switzerland (Müller et al.,
2004), floor area and materials in dwelling stocks
(Müller, 2006; Bergsdal et al., 2007a), for projecting
construction waste (Bergsdal et al., 2007b), and for
modelling renovation activities of dwelling stock
(Sartori et al., 2008). It was adopted by Brattebø
et al. (2009) as the core of the generic model for explor-
ing built environment metabolism. This approach
tracks all vintage classes (year by year) individually
and models the ageing of the housing stock based on
the estimates of probability distribution functions for
the lifetimes of all vintage classes, and so has special
advantages for capturing long-term trends. The pre-
vious applications are all for industrialized countries,
where standards of living are relatively homogenous
among the total population. In the case of China,
there are significant differences in housing between
urban and rural areas. The current research extends
Müller’s generic dynamic MFA model to reflect the
urban–rural relationship in China, with a distinction
between urban and rural housing stocks (Figure 1).

Systemde¢nition
The system for the Chinese dwelling stock is divided
into two subsystems reflecting the urban and rural
population and their housing stocks. The two subsys-
tems are linked through migration flows from rural to
urban areas (mu), and vice versa (mr). The conceptual
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outline of the stock dynamics model (Figure 1) is devel-
oped from the generic dynamic MFA model presented
by Müller (2006). Each subsystem involves two types
of processes, illustrated with rectangles: the population
within the region (P) and the housing floor area of the
region (A). Both processes have a state variable (Pr, Ar

for a rural area, or Pu, Au for an urban area) and a
derivative, which is the net stock accumulation (dPr/
dt, dAr/dt or dPu/dt, dAu/dt). Each population
process has three pairs of input and output flows,
which are denoted, respectively, as: b and d for
annual inflow and outflow of the population led by
birth and death; i and e for annual immigration and
emigration crossing China’s border; and mu and mr

for internal migration flows from rural to urban, and
vice versa. The integrated effect of these flows on the
share of people living in rural and urban areas can be
indicated by the urbanization rate. In this study, the
urbanization rate (u) and the total national population
(P) are used as determinants for China’s rural (Pr) and
urban (Pu) population. The background flows (b, d, i,
e, mu, mr) are not involved in modelling floor area
dynamics, but used to calculate the net internal
migration flow (see Appendix A) for the purpose of
checking the consistence of the data sets with urbaniz-
ation rates. Each housing floor area process has an
input (dAr,in or dAu,in) and an output flows (dAr,out or
dAu,out), represented with straight-line arrows and

ovals. Housing floor area stocks and flows are shaped
by determinants (hexagons) of per capita floor area
Arc or Auc; output flow is the delay of a past input, deter-
mined by lifetime function Lr � N(sr, tr) or Lu �
N(su, tu); and the future input flow is formed to main-
tain the demanded size of in-use housing floor area
stock for rural and urban, respectively.

Mathematical model formulation
The generic stock dynamics model developed by
Müller (2006) is applied to both the urban and rural
housing subsystems. The basic principle of the model
is the law of mass conservation. Within either subsys-
tem, the demand for dwelling stock in the region is
driven by the corresponding population and living
standard. Construction activity is determined by how
much floor area has to be replaced because of demoli-
tion activity, plus any additional demand caused
by increasing stock demand. Demolition activity is
determined by past construction activity, with a
delay of the service lifetime of the houses. A normal
distribution function is assumed for the lifetime of
all houses, though the mean and standard deviation
of the function are estimated individually for rural
and urban systems. The underlying equations are
given in Appendix B; the six external parameters for
the model are:

Figure 1 Conceptual outline of the stock dynamics model. Rectangles represent processes; ovals depict £ows; hexagons illustrate
determinants or drivers; and dashed lines represent in£uences between variables. Light grey depicts background £ows not appearing in
themodelling.
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P National total population

u Urbanization rate

Arc Per capita floor area in rural region

Auc Per capita floor area in urban system

Lr Lifetime distribution of rural housing
(Lr � N(tr, sr))

Lu Lifetime distribution of urban housing
(Lu � N(tu, su))

Calibration
The historical data from 1900 to around 2006 and the
different projections for the period from 2006 to 2100
are input to calibrate the model (Figure 2). For each
external parameter, a low, medium, and high variant
are estimated for the future period. The variations in
these future assumptions allow one to cover a wide
range of possible development paths and to compare
the influence of changes in one or a group of par-
ameters on the entire system (see the section below
on ‘Sensitivity analysis’).

Historical data on total national population, urbaniz-
ation rate,6 and per capita floor area in rural and
urban regions are collected from China Statistical

Figure 2 Calibration of input parameters, with historic data from1900 to 2006, and estimation for variants low (dotted line), medium (bold
solid line), and high (dashed line) from 2006 to 2100. A dashed grey line represents the GDP-driving-Auc scenario; a solid grey line
represents gradually increasing lifetime scenarios. Black data points are empirical ¢gures (National Bureau of Statistics of China (NBSC),
1980^2008, 2005).Grey data points are estimated lifetime values.
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Yearbooks (NBSC, 1980–2008, 2005) for 1949 to
2006. The total national population before 1949 was
obtained from a database of the University of Utrecht
(Ho, 1959; University of Utrecht, n.d.). The population
projections are quoted from the low, medium, and high
variants of China’s population issued by the United
Nations Population Division (UNPD, 2003, 2006,
2007). The urbanization rate in 1900 was assumed to
be 5%; and the yearly data between 1900 and 1949
were inserted by linear interpolation. The future
urbanization rate was assumed to follow a logistic
function to reach 70% by 2100 for the medium
variant, and to reach 56% and 84% for low and
high variants, respectively. Various previous forecasts
for the future urbanization trend in China are illus-
trated in Appendix C for comparison. Data for per
capita floor area in 1900 were assumed to be 4 m2

and 3 m2 per capita for residents in rural and urban
areas, respectively. It was assumed that in future the
figures would follow a logistic function to reach
60 m2 (a level the United States attained in the early
1990s; Guan et al., 2001) and 50 m2 (the current
level in the Netherlands; Müller, 2006), in Chinese
rural and urban areas by 2100, for the medium scen-
ario. The high and low variants in 2100 were set as
20% higher and 20% lower than the medium value,
which are 72 m2 and 48 m2 for the rural area and
60 m2 and 40 m2 for the urban area, respectively. Con-
sidering the rapid economic development in China and
the hypothesis that the wealthier people become, the
more affluent living space they demand; the GDP-
driving-Auc scenario (where GDP is gross domestic
product) is investigated for the purpose of comparison,
in which urban per capita floor area is estimated as a
function of China’s per capita GDP (the dashed grey
line in Figure 2(d)). The relation between per capita
floor area and GDP per capita was identified by Hu
et al. (2010a), and is presented in Appendix D.

The lifetime parameter is a crucial but poorly under-
stood factor. A general view is that the average lifespan
of Chinese existing buildings is rather short. Some
Chinese experts estimated the real life time of the
urban buildings constructed in the 1970s and 1980s
to be only 30–40 years (Song, 2005), and for many
rural houses to be not more than 15 years (Huang,
2006) due to their low quality (Zhao, 2003; Ye,
2003; Qu, 2003). However, since China’s economic
reform in 1978, the quality of Chinese new house con-
struction has greatly improved, so this might positively
influence the lifetime expectancy. In this study, a vari-
able average lifetime is assumed for dwellings com-
pleted in different years for the medium scenario. A
normal distribution is used to estimate the lifetime dis-
tribution of the dwellings erected at each year. The
mean values of the lifetime functions are represented
by the estimated average lifetime of dwellings, and
the corresponding standard deviations are assumed to
be 30% of the means.

Given the improving quality of housing since 1978, for
the medium scenario it was assumed that by around
2020 the lifetime of newly completed dwellings, in
both urban and rural China, would increase to 75
years, with reference to land lease for urban commer-
cial housing (70 years). The transition of the lifetime
expectancy from the historical low level to the future
high level follows a double logistical function. Rural
housing constructed before 1978 is estimated to have
a short lifetime of 20 years (bold solid line, Figure
2(e)).7 In cities, a lifespan of 50 years is estimated for
dwellings built before 1966; and a lifespan of 15 year
is assumed for the extremely bad quality cohort pro-
duced around 1966–1971 (bold solid line, Figure
2(f)). However, these assumptions are uncertain,
because the available data do not allow for an analysis
of the historical evolution of the dwelling longevity. In
addition, the question of how long existing buildings
can last depends on current and future decisions on
maintenance, etc. To analyze the sensitivity of the
lifetime parameter, a variance of average lifetime is
chosen, assuming the constant values of 100 and 20
years as the high and low variants for rural dwellings,
and 100 and 30 years for urban dwellings. Further-
more, to understand how influential the development
pattern of the lifetime is, the gradually increasing
lifetime scenario is investigated. For this scenario, it
is assumed that, in the countryside, the lifetime of
dwellings constructed before 1978 is 15 years (as esti-
mated by Huang, 2006); but it gradually increases to
50 years (as Chinese national standard; Ministry of
Construction of People’s Republic of China (MCC),
2005) by 2050, and finally reaches 75 years by 2100
(solid grey line, Figure 2(e)). In cities (except for the
1966–1971 cohort with lifetime as 15 years), dwell-
ings completed before 1978 are estimated to have a
lifetime as 35 years (as in Yang and Kohler, 2008),
and it is assumed they will gradually increase to 50
years by 2030 and reach 75 by 2100 (solid grey line,
Figure 2(f)).

Using national total population (P), urbanization rate
(u), and per capita floor area (Arc, Auc) calibrated in
Figure 2, the rural and urban stocks of the population
and housing in China are calculated and the medium
paths of the stocks are presented in Figure 3. For
each of the floor area stocks, the highest and lowest
variants are assembled. The product of high P, high
u, and high Auc is used as the high variant of floor
area stock in urban housing, and that of low P, low
u, and low Auc is used for the low variant, as illustrated
in the heading picture of Figure 5. While for rural
housing, the product of high P, low u, and high Aur

is used as the high variant of floor area, and that of
low P, high u, and low Aur is used for low variant, as
illustrated in the heading picture of Figure 6. The low
and high scenarios represent extreme paths for the
future urban and rural housing stocks. They are then
used for the sensitivity analysis in the next section.
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All the people shifting from the rural pool to the urban
pool are considered as migration (Figure A1 in Appen-
dix A).8 The forecast of the national population from
UNPD’s medium projection predicts that China’s
population will peak by 2030. Combining this with
the urbanization rate in the medium scenario for popu-
lation, the rapidly increasing urban population in
China will overtake the rural one some time between
2010 and 2015, and will peak around 2040. The
rural population in China, which has already been
shrinking since 1995, will keep declining in the first
half of the 21st century. It indicates that China has
experienced the biggest internal migration period
since 1996 with a figure of over 15 million migrants
per year over the period of a decade. The combined
result of the total national population growth and the
urbanization trend predicts a steady decrease of the
internal migration till the end of 2050, and around
300 million people in China will by then have shifted
their lifestyle from rural to urban.

Validation
The model was validated using historical data from
newly completed residential buildings in rural and
urban China, which are available in the Statistical Year-
books for 1984–2006 (Figures 5(c), 5(d) and 6(c), 6(d)).
The validation shows that the medium scenario results
fit with the climbing trend of urban housing construc-
tion. However, the modelling values tend to be higher
than the statistical values. This could indicate an

underestimation of the lifetime or an inconsistency in
the official statistics for population, housing stock,
and construction activities. For urban areas, a third
reason may be the fraction of ‘urbanization’ resulting
from the transition from rural to urban areas. Accord-
ing to Yang and Hui (2008), during 2001–2006,
about 18–20 million people shifted from rural to
urban stock annually, among which nearly 5 million
per year are due to official designation of new cities
without really moving and do not require housing
from urban stock. It means about 30% of annual
rural–urban migration should be subtracted from the
urban population stock when calculating the demand
for new urban housing construction. This factor has
been considered in this study and the adjusted result
for the medium scenario is presented in Figure 5(d)
(dotted grey line). As the rural–urban migration is
expected to decrease through to 2050, its effect on over-
estimation also decreases over time. This adjustment
amends the overestimated peak construction demand.
However, it does not affect the projected pattern of
oscillation in Chinese demand for urban housing
construction.

For rural areas, the results correctly reflect the trend of
declining rural housing construction. Compared with
the statistical data, the model seems also to overesti-
mate the rural housing construction. This might be
attributed to poor statistics, considering that rural
houses are mainly built by individual farmers and are
not monitored as much by government. Moreover,
according to the historical data, there was a higher
peak of rural new housing construction in 1986 and
another lower peak in 1995. However, there is only
one peak appearing in about 1995 in the simulation
results. The reason for the delayed peak could be an
underestimate of the lifetime of rural houses built in
the past. The difference in the shape reflects that the
power of this model is limited to capturing short-
term fluctuations. Nevertheless, one should be aware
that a stock dynamics prediction is designed for
viewing the long-term trend. In order to capture the
essential long-term behaviour, some short-term
fluctuations are treated as noise and removed during
smoothing of the input data.

Stocks and £ows of housing inChina
This section presents the simulation results for stocks
and flows of urban and rural housing in China. The
base case scenario is defined as the alternative applying
the medium values for all input parameters. The results
are shown in Figure 4.

Medium scenario results
The medium scenario for the rural housing system
(Figure 4(a)) assumes a saturated housing stock

Figure3 Populationstocksandhousing£oor areastocks in rural
(grey) and urban (white) China. All input parameters are set at
medium values given in Figure 2.
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around 2025 as the combined result of the declining
rural population (Figure 3(a)) and the increasing per
capita housing space (Figure 2(c)) in rural China. A
strong oscillation was found in new construction
demand for the rural housing system, from 1.2 billion
to 0.2 billion m2, which is about a factor of six of the
peak of new construction. This significant drop started
about a decade ago and will reach its lowest level
around 2050 and stay at roughly this low level
through the end of the current century. Due to the
short lifetime estimation (20 years before 1978), the
demolition activity has already peaked around 2000.
Currently, there are more demolition activities in rural
than in urban areas, but the rural rate is shrinking,
while the urban rate is increasing after 2030 and will
overtake the rural one in the second half of this century.

The medium scenario for the urban housing system
(Figure 4(b)) assumes a saturated housing stock
around 2050 due to the saturated urban population
(Figure 3(a)) and the stabilized per capita floor area
(Figure 2(d)). The demolition activity started climbing
around 1975 because of the replacement of the low-
quality dwellings constructed during 1966–1971,
and it has stabilized at the current level since about
1995. The demolition activity will stay more or less
at the same level by 2030, and will rise only at the
beginning of the second half of the century, when the
houses built during the first building surge will start
being retired. Rapid urbanization and the fast-

improving living standard of urban habitants have
led to the accelerated growth of housing construction
in the last decades. The medium scenario indicates
that new construction activity will reach a peak of
1.3 billion m2 around 2011; subsequently, new con-
struction declines for about 40–50 years to 0.3
billion m2/year, which is about one-quarter of the
peak of new construction. This peak, which marks
the time when the stock growth starts to slow down
(inflection point), can be expected to arrive very soon
in the near future, if it has not arrived already. The
oscillation is a consequence of the past fast growth:
the build-up time of the housing stock (approximately
30 years) is shorter than the expected lifetime of the
buildings. The first rise of new construction is caused
by the growth in stock demand, and when the satur-
ation of the stock occurs, the demand for new con-
struction will be due to replacement reasons only.
Because of the expected lengthening lifetime of build-
ings since 1978, the demand for replacement will com-
mence only after 2050, and a period of low demand for
new construction emerges and the oscillation occurs.

Sensitivity analysis
The simulation results from the previous section are
based on the medium variant for all parameters. As
there are significant uncertainties regarding how these
determinants will behave in the future, more simulations
are performed to analyze the relative importance
and influence of the parameters of floor area stock
and housing lifetime for the variants assembled and
described in the section ‘Calibration’, while other par-
ameters are at medium levels. The extreme values of
the determinants on housing stock and the average
dwelling lifetime are investigated. Meanwhile, to under-
stand the influence of the development patterns of the
parameters, the scenarios GDP-driving-Auc and gradu-
ally increasing lifetime are examined. Quantification of
the input parameters is presented in Figure 2. Results
of the sensitivity analysis are illustrated in Figures 5
and 6 for urban and rural housing systems, respectively.

The sensitivity analysis for floor area stock in urban
area shows that:

. The impact of floor area stock to demolition activity
will be very small for the next couple of decades.
However, it will have a considerable impact for a
long time after 2050 and to the end of this century
because the demolition activity comes one lifetime
delay after the new construction.

. The oscillation phenomenon in new construction is
independent of stock scenarios, and increasing or
decreasing the overall floor area stock will not
affect the oscillations within the projection
period. However, relatively speaking, the larger
the future housing stock, the less dramatic the

Figure 4 Simulation results for housing stocks and £ows in rural
and urban China. Stocks are measured on the right axis, and
£ows on the left. All input parameters are set at medium values
given in Figure 2.
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oscillations will be. If the stock growth is pro-
longed, the peak can be delayed in time, but the
decline cannot be avoided.

. If the level of China’s urban per capita floor area is
largely determined by its GDP development, China
is at an even sharper downwards turning point in
its demand for new urban housing construction.

. If the macro-control measures of the Chinese gov-
ernment (e.g. 70% of new constructed housing
units are required to be smaller than 90 m2 and
financing for second homes is tightened as a dis-
couragement of second home purchases) slow the
increased pace of its urban per capita floor area,
a lower recent peak level is expected, followed by
an even deeper drop in the demand for urban
housing construction until 2050.

The sensitivity analysis for housing lifetime in urban
areas shows that:

. The oscillation in new construction is mainly depen-
dent on the lifetime of the buildings. The longer the
lifetime of the buildings, the stronger the oscillation
will be. For the extremely short lifetime scenario,
almost no oscillation is observed in the simulation
result. A better understanding of building lifetimes
is, therefore, essential for forecasting future con-
struction and demolition activities.

. If the existing urban dwellings in China have a
short lifespan of 30 years, and if this situation
were to continue throughout the 21st century,
China may not encounter oscillation in urban
housing construction. However, its continuous
high construction level will be accompanied by a

Figure5 Sensitivity analysis for the urbanhousing system.Out£ow (demolition) and in£ow (construction) (m2/year) are in£uencedby£oor
area stock and lifetime variants low (dotted line), medium (bold solid line), and high (dashed line). A dashed grey line represents the GDP-
driving-Auc scenario; a solid grey line represents a gradually increasing lifetime scenario; and a dotted grey line denotes medium
scenario results adjusted by rural^urban land transition.Data points in the bottom two ¢gures are empirical ¢gures of annually completed
residential £oor areas in urbanChina (National Bureau of Statistics of China (NBSC),1980^2008, 2005).H, high variant; L, low variant.
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dramatic rise in the level of demolition. This would
be problematic in terms of resource supply and
waste management.

. If the lifespan of Chinese urban dwellings gradually
increases over the 21st century, a less steep but
continuous decrease may be expected in China’s
urban residential construction from a few years
later till the end of this century.

. If the rural–urban land transition is considered, and
the effect that about 30% of annual rural–urban
migration (calculated according to Chinese urbaniz-
ation development) does not demand new urban
housing construction is adjusted, the simulated
peak value of construction demand can be 20%
lower, but the strong oscillation pattern remains.

It is important to remember that the results presented
here reflect a national aggregate. Since construction

activity varies greatly between different regions, it is
expected that the oscillation might be much more
severe in some areas than in others. The effect will be
particularly strong for the small new cities or towns
built up in a very short time in the rapid urbanization
progress.

The sensitivity analysis for rural housing floor area
stock shows that:

. For demolition activity there is no impact of stock
scenarios for the next couple of decades, but in the
long run the impacts will be larger.

. Construction activity strongly depends on future
demand of the floor area stock. For the saturation
and shrinking stock scenarios, strong oscillations
will occur due to the delayed demand for replace-
ments, while in the growing stock scenario the
oscillation is damped because the new construction

Figure 6 Sensitivity analysis for the rural housing system.Out£ow (demolition) and in£ow (construction) (m2/year) are in£uenced by £oor
area stock and lifetime variants low (dotted line), medium (bold solid line), and high (dashed line). A solid grey line represents a gradually
increasing lifetime scenario. Data points in the bottom two ¢gures are empirical ¢gures of annually completed residential £oor areas in
rural China (National Bureau of Statistics of China (NBSC),1980^2008, 2005).H, high variant; L, low variant.
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has to meet the demand not only for replacement,
but also for increasing stock.

The sensitivity analysis for rural housing lifetime
shows that:

. The shorter the lifetime of the buildings, the higher
the construction and demolition activity level will
be. For the constantly short lifetime scenario (20
years), the demolition level might climb to be
more than double the peak estimated by the
medium scenario and stay at the high level through-
out the 21st century. However, the constantly
short lifetime scenario seems not to be supported
by historic construction figures (Figure 6(d))
which show a general declining trend since late
1980s. Instead, the statistic data seem support a
middle path between the medium and high lifetime
scenarios.

. If the extremely short lifespan of the existing rural
housing of 15 years (as estimated by some
Chinese experts) increases slowly to 75 years by
year 2100, the demolition demand in Chinese
rural housing may be right at the peak. The peak
value can be more than double of the medium scen-
ario results. However, the available data do not
allow for a judgement to be made of how high the
real demolition level in the Chinese countryside
actually is. The increasing numbers of ‘hollow
villages’9 in recent years suggest that there is a
growing number of abandoned rural houses. Both
the gradually increasing lifetime and the medium
scenarios suggest that the current high demolition
demand in Chinese rural housing is likely to
decrease over the next few decades.

. Driven by the estimated higher replacement
demand, a gradually increasing lifetime scenario
projects a higher current construction demand
than the medium scenario, but a similar reduction
trend in the long-term. The gradually increasing
scenario seems to have captured the two rural con-
struction peaks in history, but it overestimated the
construction level even more seriously, indicating a
probable underestimation of dwelling lifespan.

. If an extremely short lifetime would not be the case
for the newly constructed rural houses, how many
people would like to live in the countryside seems
more relevant for projecting Chinese future
demand in rural residential construction.

Discussion
Limitations of themodel
The model used in this study is a simplified physical
accounting causal model with limitations, and with

uncertainties only partially covered by scenario analy-
sis. When interpreting its results, there are several con-
cerns. First, this model is suitable for projecting long-
term trends, but it is not precise for short-term
dynamics. As shown in the validation, the model cor-
rectly reflects the general long-term trend, but overesti-
mates the recent new construction level in urban
areas. One reason for this overestimation could be
that the model neglects the rural–urban land transition
in China’s urbanization. As mentioned previously, a
significant number of people who become classified
as ‘urban’ do not really move, thus there is no
additional demand for urban housing construction.
Adjusted results show that the model overestimates
the recent peak value in urban housing construction
by nearly 20%. However, the pattern of oscillation
in construction demand holds, even after this
adjustment. Second, the analysis results of the model
are not rigid predictions; they are feasible scenarios –
the logical consequences of the potential paths of
the future population’s demand for housing floor
area and the lifespan of dwellings. The model states
that if the Chinese urban dwellings completed from
the 1980s will last for more than 30 years, China’s
demand for new housing construction will soon enter
a downward trend. But it cannot answer whether the
lifespan of Chinese urban dwellings has been or will
be prolonged. The lifespan is determined exogenously.
A better understanding of the lifespan of existing build-
ings and further observations of the evolution trend of
this parameter will increase the precision of this model
projection. Nevertheless, the wide variance of lifespan
scenarios investigated in this study seems to indicate
the robustness of the results.

Implications of the oscillation
The oscillation in urban housing construction has at
least two impacts: less construction material demand
and fewer construction activities. The impact of less
material demand is commendable. From a resource
preservation point of view, the decreasing material
demand implies that urbanization in China should
not raise the problem of material scarcity in housing
construction. However, the impact of fewer construc-
tion activities could be problematic:

. if the oscillation phenomenon were apply to the
whole construction sector, then a potential unem-
ployment problem might be foreseen

. less new construction implies less effective building
performance as older buildings are not built to the
current building regulations

. residential construction is one of the biggest users
of steel in China; the expected construction
reduction may adversely affect the steel industry
(Hu et al., 2010b)
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Options to dampen the oscillation
The expected oscillation in construction demand may
affect the stability of the construction industry, and
its upstream material suppliers. According to this
study, there are basically two types of strategies to
mitigate the oscillation. One is to encourage high
floor area demand in the future. This option may
delay the problem and lead to high construction
material input, but it will not diminish the oscillation.
The macro-control policy of the Chinese government
on housing production structure and second home
purchases does not support this high floor area scen-
ario. Nor does this option appear to be realistic.

Another choice is to continue the current short lifespan
situation of the buildings. This option may dampen the
oscillation in construction, at the expense of signifi-
cantly increasing demolition waste and resource
demand. But it also offers the chance to replace some
poorly performing buildings and provides the possi-
bility of recycling secondary resources from demolition
and replacing primary resource use. Would this be a
feasible option for China to progress to a sustainable
construction sector? Further research is needed to
explore the trade-offs between recycling and dura-
bility. The model presented in this study provides a
framework for future investigations.

Conclusions
This study is a first attempt to analyze the long-term
dynamics of the Chinese housing stocks by using a
vintage approach for urban and rural dwelling inven-
tories. By using population, per capita floor area, and
dwelling lifetime as the main drivers, this approach
allows for a simultaneous forecast of both construction
and demolition rates. Several scenarios are generated
and compared with a base medium scenario for a
better understanding of future projections. The main
findings are:

. In the urban housing system, almost all scenarios
show a declining construction activity for the
coming decade, except if the average dwelling life-
time is below about 30 years and the demand for
replacement will kick-in to counter the declining
demand for stock expansion.

. In the rural housing system, demand for new con-
struction has already been decreasing since the
last decade. The levels of future construction
activity will largely depend on the pace of urbaniz-
ation, if the extremely short lifetime of about 20
years in the future will not be the case, as the
current statistic data suggest.

. Demolition activity depends largely on the lifetime
assumption of existing buildings. The general trend

is that the demolition level will rise in cities sooner
or later over the 21st century, while it has probably
already reached the top in the countryside. A high
but decreasing demolition level may be expected in
the countryside for the next few decades. Given the
significant magnitude of the current rural demoli-
tion level, it seems worthwhile to have a more
detailed review of the potential for recycling
materials from the Chinese rural housing stock.

. The lifetime distribution of dwellings is one of the
most influential factors determining future construc-
tion and demolition levels. A better understanding of
the lifetime expectancy of Chinese housing stocks
will improve the projection power of this model.
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5Since 1984, China’s government has allowed peasants to enter
towns for permanent settlement on the condition that they look
after their own needs for food and other welfare and will not
cause new burdens upon the state (Lin, 2007).

6The definition of ‘urban population’ in China has changed in
each of the five censuses carried out in 1953, 1964, 1982, 1990,
and 2000. The pre-1982 statistical data series of urban popu-
lation was readjusted by the 1982 definition by the National
Bureau of Statistics of China in 1984 (Liu et al., 2003). China’s
ever-changing official definitions of urban settlements have
made it extremely difficult to give an accurate estimate of the
magnitude of urbanization, though serious scholarly evaluations
suggest that the official estimate was ‘a reasonable figure’ not
far from the actual situation (Zhou and Ma, 2003, p. 176;
Chan and Hu, 2003, p. 64).

7Similar to Japanese wooden detached houses (about 13–40
years) (Komatsu et al., 1994; Hashimoto et al., 2007).

8The result is actually bigger than real internal migration flow
because some people become urban without moving due to the
growth and reclassification of towns and surrounding areas into
urban districts.

9In the countryside, ‘hollow villages’ have become increasingly
common. As peasants’ incomes increase, they build new and
larger houses, often on the outskirts of the villages encroaching
on nearby farmland, rather than renovate their existing homes.
As villagers move to their new houses on the outskirts, the
village becomes ‘hollow’ as the old parts of the village become
increasingly empty of people (Lin, 2007, p. 1848).

AppendixA:Calculationof internalmigration
£ow
Net internal migration is calculated from the mass
balance of the processes with population stocks. As
illustrated in Figure 1, the balance equations for
urban and rural population stocks are:

dPr

dt
= ir − er( ) + br − dr

( )
− mu − mr( ) (A1)

dPu

dt
= iu − eu( ) + bu − du

( )
+ mu − mr( ) (A2)

The net internal rural–urban migration flow (mu – mr)
can be obtained when the net migration flow (ir – er) or
(iu – eu) and natural population growth (br – dr) or (bu

– du) are known. However, net migration and natural
population growth are not specified for rural and
urban areas in China. The equations have to be con-
verted to adopt the readily available national data.
The balance equation for the nation is resulted by
adding (A1) and (A2) together:

dP

dt
= i − e( ) + b − d

( )
(A3)

where P (¼ Pr + Pu) is the total national population; i
(¼ ir + iu) and e (¼ er + eu) are total immigration and
emigration; and b (¼ br + bu) and d (¼ dr + du) are
natural population change from birth and death at
year t in China.

In China, at a national level, the net migration rate
(¼ (i – e)/P) as well as birth rate (¼ b/P), death
rate (¼ d/P), and natural population growth rate
(¼ (b – d)/P) are available in time series in China
Statistical Yearbooks (National Bureau of Statistics
of China (NBSC), 2005, 2007). China’s future net
migration rate, birth, and death rate by 2050 can be
found in the projections of United Nations Population
Division (UNPD, 2006). The historical figures and
UNPD projection show that net migration flow
through China’s borders is significantly smaller than
the natural population change: less than 1% of
natural population growth in most early years and
around 5% in the last five years. The net migration
flows (i – e), (ir – er), and (ir – er) are neglected
and equations (A1), (A2) and (A3) are simplified as:

dPr

dt
≈ br − dr

( )
− mu − mr( ) (A1′)

dPu

dt
≈ bu − du

( )
+ mu − mr( ) (A2′)

dP

dt
≈ b − d

( )
(A3′)

Assume both rural and urban regions have a same
natural population growth rate as the national one.
According to the definition of urbanization rate u as
u ¼ Pu/P, the net internal rural–urban migration
flow (mu – mr) can be obtained by equation (A4) or
(A5), based on the change of rural or urban population
stock:

mu − mr( ) ≈ b − d
( )

1 − u( ) − d P · 1 − u( )( )
dt

(A4)

mu − mr( ) ≈ d P · u( )
dt

− b − d
( )

u (A5)

where

u = Pu

P
, i − e( ) ≈ 0, ir − er( ) ≈ 0, iu − eu( ) ≈ 0

and

b − d

P
≈ br − dr

Pr
≈ bu − du

Pu

Fed with historical figures of b, d, u, P from the NBSC
between 1949 and 2007, and the forecasting data from
UNPD’s medium scenario, the results of (mu – mr) cal-
culated from equations (A4) and (A5) are slightly
different (less than 1%). The net internal rural–
urban migration in China is calculated as the average
of the results from the two equations and is illustrated
in Figure A1.
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Figure A1(a) illustrates the development of China’s
population and its rural and urban components. The
national population after 2007 is quoted from the
UNPD’s medium projection, which shows that
China’s population will peak by 2030. Matching with
the urbanization rate in the medium scenario of this
study, the urban population in China, which has been
increasing quickly recently, will overtake the rural
population in about 2010, and will reach a saturation
point around 2040. The rural population in China,
which started to shrink in 1995, will keep declining in
the first half of the 21st century. Figure A1(b) shows
that China has experienced the biggest internal
migration period since 1996 with a yearly migration
of more than 15 million for a decade. After a drop
during 2004 and 2006, the number dramatically
jumps to near 29 million at 2007. The combined
result of the total national population growth and the
urbanization trend foresees a steady decrease till the

end of 2050, and around 300 million people in China
will shift their lifestyle from rural to urban by that time.

Appendix B: Stockdynamicsmodel for
housing £oor area
The generic stock dynamics model developed by
Müller is applied for rural and urban housing stock
individually. The central equations are as follows:

Ar t( ) = Pr t( ) · Arc t( ) = P t( ) · 1 − u t( )( ) · Arc t( ) (B1)

Au t( ) = Pu t( ) · Auc t( ) = P t( ) · u t( ) · Auc t( ) (B2)

dAr,out t( )
dt

=
∫t

t0

Lr t, t′
( )

·Ar,in t( )
dt

dt′ (B3)

FigureA1 Population components andnet internal rural^urbanmigration in themediumscenario.Data before 2006 are historical ¢gures
derived from the National Bureau of Statistics of China (NBSC) (1984^2007, 2005); forecasting data for China’s national population are
quoted from United Nations Population Division (UNPD) (2006); the future urbanization rate is the medium variant of the study with a
saturation level at 70%: (a) rural (Pr) and urban (Pu) population in China; and (b) net internal rural^urbanmigration in China
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dAu,out t( )
dt

=
∫t

t0

Lu t, t′
( )

·Au,in t( )
dt

dt′ (B4)

Lr t, t′
( )

= 1

sr

����
2p

√ · e
−
(t − t′ − tr)2

2s2
r (B5)

Lu t, t′
( )

= 1

su

����
2p

√ · e
−
(t − t′ − tu)2

2s2
u (B6)

dAr,in t( )
dt

= dAr t( )
dt

+ dAr,out t( )
dt

(B7)

dAu,in t( )
dt

= dAu t( )
dt

+ dAu,out t( )
dt

(B8)

Equations (B1) and (B2) indicate that urban and rural
housing stocks are determined by the size of the
national population, the level of urbanization, and
per capita housing demand in either region. Equations
(B3) and (B4) illustrate that the outflow from the
housing stock is determined by the past inflow, with
a delay of the service life of the houses. Equations
(B5) and (B6) assume that the lifetimes of rural and
urban houses follow a normal distribution function.
Equations (B7) and (B8) forecast the future rural and
urban inflows of the housing stock by balancing the
rural and urban housing processes, respectively.

Appendix C:Various forecasts for the
urbanization rate inChina
Various forecasts for the future urbanization trend in
China and the variants adopted in this study are illus-
trated in Figure C1. Previous forecasts are all projected
only to 2050, where the data in the China Energy Strategy
(2000–2050) and those from the Center of China Popu-
lation Information Research (Shen et al., 2005) are avail-
able for ten-year steps, while the UNPD’s urbanization
prospects are available for five-year steps.

AppendixD:Urban per capita £oor area as a
function of grossdomestic product per capita
The parameter per capita floor area represents people’s
living standard. Based on the hypothesis that the weal-
thier people are, the more affluent living space they
demand, this parameter can be considered a function
of the socio-economic variables such as gross domestic
product (GDP). As illustrated in Figure D1, previous
housing case studies (Hu et al., 2010a; Bergsdal
et al., 2007a; Müller, 2006) show a strong logarithmic
regression relationship between per capita floor area
and local GDP per capita. For purposes of comparison,
this study adopts a variant of per capita floor area as a
function of per capita GDP. Historical figures of floor
area and GDP are used to calibrate the regression
formula. The future GDP growth quoted from the
World Economic Outlook Database for 2008–2013
and other economists’ forecasts (Guest and McDonald,
2007) are used for per capita floor area projection. The
resulting urban per capita floor area as a function of
per capita GDP is shown in Figure 2(d), with other
variants and the sensitivity analysis for the different
projections shown in Figure 5.

Figure C1 Various forecasts for the urbanization rate (Ur) in China. Empirical data until 2006 are derived from the National Bureau of
Statistics of China (NBSC) (1980^2008, 2005).
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Figure D1 Relation between £oor area per capita and gross domestic product (GDP) per capita. Sources: Bergsdal et al. (2007a);
Mu« ller (2006); National Bureau of Statistics of China (NBSC) (1984^2007, 2005); Eurostat (2009); TheWorld Bank (2008).
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