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a b s t r a c t

The rise of China to become world largest iron and steel producer and consumer since the late 1990s can
be largely attributed to urbanization, with about 20% of China’s steel output used by residential buildings,
and about 50% for the construction sector as a whole. Previously, a dynamic material flow analysis (MFA)
model was developed to analyze the dynamics of the rural and the urban housing systems in China. This
model is expanded here to specifically analyze iron and steel demand and scrap availability from the
housing sector. The evolution of China’s housing stock and related steel is simulated from 1900 through
2100. For almost all scenarios, the simulation results indicate a strong drop in steel demand for new
ron and steel
ousing
hina

housing construction over the next decades, due to the expected lengthening of the – presently extremely
short – life span of residential buildings. From an environmental as well as a resource conservation point
of view, this is a reassuring conclusion. Calculations for the farther future indicate that the demand for
steel will not just decrease but will rather oscillate: the longer the life spans of buildings, the stronger
the oscillation. The downside of this development would be the overcapacities in steel production. A
scenario with slightly lower life spans but a strong emphasis on secondary steel production might reduce

te env
the oscillation at modera

. Introduction

The sharp increase in material demand in China has grown the
ountry the largest iron and steel consumer as well as the largest
roducer in the world. China’s annual use of iron per capita has
isen from 90 kg/year in 2000 to 370 kg/year in 2008, while the
orld’s per capita iron use increased in the same period from

30 kg/year to 190 kg/year (CISA, 2008; WSA, 2008, 2009). Along
ith that, production volume in China has more than tripled, from

29 to 500 Mt (million metric tons) between 2000 and 2008, which
ow accounts for 38% of world crude steel production (Price et al.,
002; WSA, 2009). China has very limited domestic scrap supply
Lu, 2002) and limited quantity and quality of iron ore. For this
eason, China’s steel production mainly relies on virgin minerals,
hich are largely imported (Wang et al., 2007, 2008). How China’s

emand will develop in the future will inevitable exert an influence
n the global raw material market. Moreover, the extraction and
roduction of iron and steel impose considerable energy and envi-
onmental consequences, which is especially true for the iron ore
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based1 production in China. Therefore, it is important to understand
the development mechanism of steel demand and scrap supply in
China, and its economic and environmental implications.

The recent rise of steel demand in China can be largely attributed
to the unprecedented urbanization in the country. In 2004, appar-
ent steel consumption in China was 286 Mt/year, half of which
is used in the construction industry while residential buildings
account for 19% (Fig. 1). A short-term forecast for China’s future
steel demand has been made by the Development Research Center
of the State Council of China (DRCSCC), which indicates that steel
demand in China will further increase by 50% from 2005 to 2010
(DRCSCC, 2005).

An effort for long-term projection has been done by Yang and
Kohler (2008) for the mass input and output of China’s building and
infrastructure systems. This research analyses the historical evolu-

tion of the Chinese building and infrastructure stock from 1978
to 2005 and estimates the future mass input and output through
2050. It provides valuable information about China’s building stock.
However, this model neglects the ageing of the building stock and

1 Primary steel is produced by basic oxygen furnace (BOF), whose scrap input is
rather small, typically 10–25% (Price et al., 2002). Secondary steel is produced in an
electric arc furnace (EAF) using scrap. In 2002, 84.5% of Chinese steel production is
primary steel using mainly iron ore, while only 15.42% is secondary steel using scrap
(Wang, 2004).
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have the highest steel intensity as 97.1 kg/m2, while the brick-
ig. 1. Apparent steel consumption in China 2004. Non Constr. = Non-construction;
on Bld. Constr. = Non-building construction; Non R. Bld. = Non-residential building;
ural R. Bld. = Rural residential building; Urban R. Bld. = Urban residential building.
ource: DRCSCC (2005).

ssumes that the demolition rate is proportional to the total stock,
nd is therefore limited in its capacity to forecast long-term changes
n construction and demolition activities and their related material
ows.

A generic dynamic MFA model for simultaneously determining
he resource demand and waste generation through estimations
f the population, its lifestyle, technology, and product lifetime
as been proposed by Müller (2004, 2006). This model uses stock
ynamics approach that tracks all vintage classes (year by year)

ndividually and computes the demolition activities based on the
stimates of probability distribution functions for the lifetimes
f all vintage classes, and therefore provides a better framework
o analyze the material diffusion in long lifespan goods, such as
esidential buildings. Based on the approach, Hu et al. (2009) devel-
ped a dynamic MFA model to simulate the evolution of the floor
rea stocks in China’s urban and rural housing systems from 1900
hrough 2100. This model is expanded in this study to specifically
over China’s iron and steel demand for residential construction
nd the scrap availability from housing demolition.

Through the dynamic MFA for steel in China’s housing stock, this
tudy aims to answer the following questions: (1) how the housing
elated steel demand in China will likely develop in the future; (2)
hat the implications of such development are for the steel indus-

ry and how the potentially negative impacts on the industry could
e mitigated; and (3) what the environmental consequences are for
arious options for mitigating the impacts.

. Methods

.1. System definition

The model presented in Fig. 2 represents a material flow analysis
MFA) for the floor area and selected construction material (steel)
n China’s residential building stock. The system is divided into two
ub-systems reflecting the rural and urban housing stocks. The two
ub-systems are linked through migration flows from rural to urban
reas (mu) and vice versa (mr). Each sub-system involves three
ypes of processes, illustrated with rectangles: population within
he region (P), housing floor area of the region (A) and related mate-
ial (M). All the processes have a state variable (P , A , M for rural
r r r

rea or Pu, Au, Mu for urban area) and a derivative, which is the
et stock accumulation (dPr/dt, dAr/dt, dMr/dt or dPu/dt, dAu/dt,
Mu/dt). Each population process has three pairs of input and out-
ut flows which are denoted, respectively, as: b and d for annual
nd Recycling 54 (2010) 591–600

inflow and outflow of 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 can be indicated by the urbanization rate.
In this study, the urbanization rate (u) and the total national popu-
lation (P) are used as determinants for China’s rural (Pr) and urban
(Pu) population. Each housing floor area process has an input (dAr,in
or dAu,in) and an output flow (dAr,out or dAu,out), represented with
straight-line arrows and ovals. Housing floor area stock is shaped
by population (Pr or Pu) and per capita floor area (Arc or Auc); out-
put flow is the delay of past input, determined by building lifetime
function (Lr ∼ N(�r, �r) or Lu ∼ N(�u, �u)); and the future input flow
is formed to maintain the demanded size of in-use housing floor
area stock. Input flow of material (dMr,in or dMu,in) is coupled with
floor area through the material intensity (Mra or Mua), and the out-
put flow of material (dMr,out or dMu,out) is determined by delaying
the input. The underlying equations are given in Appendix A and
the eight external parameters for the model are listed as follows:

P National total population
u Urbanization rate = Pu/P
Arc Per capita floor area in rural region
Auc Per capita floor area in urban system
Lr Lifetime distribution of rural housing (Lr ∼ N(�r, �r))
Lu Lifetime distribution of urban housing (Lu ∼ N(�u, �u))
Mra Material intensity per unit floor area in rural region
Mua Material intensity per unit floor area in urban system

2.2. Model parameter quantification

2.2.1. Steel intensity
Very few data are available for the steel intensity in different

dwelling vintages. Little iron and steel was used in Chinese housing
construction before 1950s when concrete structure became pop-
ular in urban residential construction. Typical Chinese dwellings
at the beginning of 20th century were one or two-floor buildings
built from local materials such as clay, bricks, wood, bamboo et
al. A recent survey estimates the average steel intensity in China’s
urban residential construction in 2004 to be 36.5 kg/m2 (DRCSCC,
2005). Due to the promotion of steel structures, the same study
expects the steel intensity in urban residential construction to fur-
ther increase to 41.3 kg/m2 by 2010 (DRCSCC, 2005; illustrated as
dots in Fig. 3b), however, the trend for the longer term is less clear.
From one side, the steel intensity may continue to rise if China’s
high steel production capacity will lead to low cost construction
steel, or if the increase of high residential buildings will employ
more high steel content structures in residential construction. From
another side, technical innovation may minimize the steel use in
concrete structure, which is dominant in China’s urban residential
buildings. For instance, the steel content in concrete may be substi-
tuted by glass fiber, if the technical development will drop the cost
of glass fiber to be competitive, or when developments in the steel
market will cause the steel prices to rise significantly. We therefore
assume that the steel intensity in China’s residential construction
follows a (double) logistic curve with initial level zero, with the
measured level of 2004, and with different assumed saturation
levels. Three potential future paths are investigated, represent-
ing trends of increasing, decreasing, and stabilizing steel intensity
(Fig. 3b).

The variance for steel intensity in urban housing construction is
based on a survey for 100 residential buildings in Beijing (Liu and
Hu, 2006). The survey shows the shearing-force structure dwellings
concrete structure dwellings have the lowest value as 23.4 kg/m2.
We assume that by 2100, for increasing path, due to the increase of
high dwellings and the promotion of steel intensive structure in res-
idential construction, the average steel intensity in China’s urban
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ig. 2. Conceptual outline of the stock dynamics model. Rectangles represent pro
epresent influences between variables.

esidential construction will approach the observed high value
7.1 kg/m2 of shearing-force structure; while for decreasing path,
ue to technical innovation, for instance, high density concrete or
lass fiber, the average steel intensity in China’s urban residential
onstruction will decline to the observed low value 23.4 kg/m2 of
rick-concrete structure. The medium path is assumed as that, after
continuous rise till around 2050, the steel intensity in China’s

2
rban residential will stay at near 60 kg/m , the middle point of
he variance range, through 2100.

Very little steel has been used in China’s rural housing. In China,
ural residential construction is in a period of transition from brick-
oncrete to reinforce concrete structure. Since brick and other low

ig. 3. Assumptions of steel intensity in rural housing construction (one path), and in u
black) variant from 2005 until 2100. Dots are figures quoted from DRCSCC (2005).
, ovals depict flows, hexagons illustrate determinants or drivers and dashed lines

steel buildings still account for a big share of the annual com-
pleted rural houses, instead of per unit floor area steel use, per
rural capita purchased steel is used to estimate the steel demand
in rural residential construction (DRCSCC, 2005). Historical figures
of per capita purchased steel can be found in DRCSCC report for
1999–2003. Assuming all the rural purchased steel was used in res-
idential construction, the steel intensities for rural housing during

1999–2003 are obtained by dividing the rural purchased steel with
the completed rural housing floor area at corresponding year, as
around 5.0–5.5 kg/m2 (dots in Fig. 3a). This assumption may lead to
over-estimation, because a part of rural purchased steel might have
ended up in public buildings or infrastructures. However, even with

rban housing construction with a low (light grey), medium (dark grey) and high
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Fig. 4. Simulation results for the medium variant. St

he high estimation, the steel intensity in rural residential construc-
ion consumption is still less than 15% of that in urban. Therefore,
or the purpose of anticipating the residential steel demand in the
uture, we focus mainly on the urban housing stock in China. Only
ne growth path is estimated for steel intensity in future rural
ousing, due to its relatively insignificant role. Steel intensity in
ural residential construction is estimated to have increased lin-
arly from 0 in 1900 to 5.0 kg/m2 in 2000 and will continue the
rowth rate to reach 10.4 kg/m2 in 2100.

.2.2. Other parameters
For the other six external parameters: population (P), urbaniza-

ion rate (u), per capital floor area in rural (Arc) and urban (Auc),
ifetime distribution of rural housing (Lr) and urban housing (Lu),
he same calibration as adopted in the early floor area stock dynam-
cs model (Hu et al., 2009) is used here and presented in Fig. B1

Appendix B). Historical figures of the parameters are from 1900
ntil 2006. Data on total national population, urbanization rate, and
er capita floor area in rural and urban regions are collected from
hina Statistic Yearbooks (NBSC, 2005, 2007). Different projections,
epresenting low, medium and high variants are estimated for the

able 1
imulation results for floor area and steel in the urban and the rural housing systems in C
otal national volumes.

Stocks/flows Urban

2010 2050

Floor area

A (m2) 1.81e10 4.61e10
(%) 45% 66%
dAin/dt (m2/year) 12.8e08 3.08e08
(%) 66% 57%
dAout/dt (m2/year) 1.21e08 2.61e08
(%) 21% 49%

Steel

M (Mt) 614 2110
(%) 84% 94%
dMin/dt (Mt/year) 52.4 17.8
(%) 93% 91%
dMout/dt (Mt/year) 2.72 9.56
(%) 58% 87%
re measured on the right axis and flows on the left.

period from 2007 until 2100. The variations in these assumptions
allow us to cover a wide range of possible development paths and
to compare the influence of changes in one or a group of parameters
on the entire system (see Section 3.2).

Future population is quoted from the United Nations Popula-
tion Division (UNPD, 2003, 2006, 2007) with shrinking, saturating
and continuous growing paths for the low, medium and high vari-
ants, respectively. Future urbanization rate is assumed to saturate
at a level of 70% for the medium variant, and 56% and 84% for low
and high variants, respectively. Future per capita floor area in rural
housing is assumed to saturate at a level of 60 square meters per
capita for the medium variant, and 48 and 72 for low and high vari-
ants, respectively. The corresponding figures for urban housing is
50 square meters per capita for the medium variant, and 40 and 60
for low and high variants, respectively.

The lifetime parameter is the most important but least under-

stood factor. It is assumed to follow a normal distribution as in
Müller (2006), Bergsdal et al. (2007) and so on. 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. The average lifetime of rural

hina at 2010, 2050 and 2100. Up are absolute values and down are percentages of

Rural

2100 2010 2050 2100

4.07e10 2.25e10 2.41e10 2.10e10
66% 55% 34% 34%
5.81e08 6.54e08 2.28e08 2.64e08
69% 34% 43% 31%
7.22e08 4.42e08 2.72e08 3.35e08
68% 79% 51% 32%

2240 114 147 172
93% 16% 6% 7%
34.9 3.77 1.79 2.75
93% 7% 9% 7%
34.5 1.99 1.43 2.16
94% 42% 13% 6%
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ouses is assumed to be 20 years before 1978, and to increase grad-
ally to 30, 75 and 100 years since then for the low, medium and
igh variants, respectively, considering the significant improve-
ent in rural residential condition since China’s economic reform

n 1978. For urban housing, considering a generation of low quality,
unctionally defect houses constructed during China’s Cultural Rev-
lution, which were mostly replaced by the end of the 20th century
BMCCC, 1999), the medium scenario assumes the average dwelling
ifetime to be 50 years before 1966, and then drop to 15 years dur-
ng 1966–1971 and then gradually increase to 75 years. The low and
igh variants in 2100 are assumed to be 30 and 100 years, respec-
ively. More background information regarding the collection of
istorical figures and projections for the parameters of lifetime, per
apita floor area, urbanization rate and population can be found in
u et al. (2009).

. Results and discussion

.1. Simulation results
Simulations are performed on the basis of the parameter vari-
tions discussed in the previous section. The base case scenario,
or which the results are presented in this section, is constructed
y applying the medium values for all input parameters. Fig. 4

ig. 5. Sensitivity analysis for steel in urban housing system. Steel input (construction) a
ntensity and lifetime variants, for a medium floor area scenario (stabilizing dwelling stock
4 = long lifetime.
nd Recycling 54 (2010) 591–600 595

shows the results. The base case scenario results for floor area and
steel in China’s urban and rural housing systems at 2010, 2050 and
2100, representing the near, the medium distant and the far dis-
tant future, are listed in Table 1 with both absolute value and the
percentage in the total national volume.

The results show that, in a distant future, the housing related
steel demand and scrap supply will be clearly concentrated in urban
system, though the levels of construction and demotion actives will
be still comparable for both the rural and the urban housing sys-
tems. In 2050, more than 91% of residential steel demand and 87% of
scrap from housing demolition are expected from urban dwellings,
and the urban proportions will rise further through 2100. Both the
steel demand and scrap supply from rural housing has right peaked
in the past few years. The steel in rural in-use housing stock and
the related input and output steel flows are expected to stay at the
current low levels through 2100.

A strong oscillation in urban residential steel demand is indi-
cated by the base case scenario. The results show that urban
residential construction will reach a peak of 1.3 billion square

meters per year around 2011, subsequently, declines for about
40–50 years to about a quarter of the peak of new construction. Cou-
pled with that, the steel demand for urban residential construction
is going to drop by a factor of 3.5, from 60 Mt/year in around 2017
to 17 Mt/year in around 2054. The oscillation is a consequence of

nd output (demolition) in Mt (million metric tons) per year, as influenced by steel
). s0 = base case; s1 = low steel intensity; s2 = high steel intensity; s3 = short lifetime;
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he fast growth in the past: the build-up time of the housing stock
ca. 30 years), is shorter than the expected lifetime of the buildings.
he first rise of new construction is caused by the growth in stock
emand, and when the saturation of the stock occurs, the demand
or new construction will be due to replacement only. Because of
he long dwelling lifetime, the demand for replacement will kick-in
nly after 2050, and a period of low demand for new construction
merges, so the oscillation in residential steel demand occurs.

This period of low replacement also indicates that the volume
f scrap from urban residential demolition will stay at current low
evel for a couple of decades. It means that, right now, steel stock
n residential buildings is being built up which requires primary
re resources. Only approaching the second half of the 21st cen-
ury, due to the oscillation in new construction and the kick-in of
he replacement for dwellings erected during the first surge of con-
truction, obsolete scrap will be possible to be a major resource for
esidential steel demand.

.2. Sensitivity analysis
The simulation results presented in the previous section are
ased on the medium variant for all parameter functions. As there
re significant uncertainties regarding how these determinants will
ehave in the future, in this section, the effect of each determinant
floor area stock, steel intensity and dwelling lifetime) is tested indi-

ig. 6. Sensitivity analysis for steel in urban housing system. Steel input (construction) a
rea scenarios (shrinking, stabilizing and increasing dwelling stocks) at medium steel int
nd Recycling 54 (2010) 591–600

vidually for its low, medium, and high variants. The widespread
of parameter assumptions is chosen to capture a large range of
possible scenarios, as shown in Figs. 5 and 6.

The results are illustrated only for steel input (construction)
and scrap output (demolition) of urban residential buildings. Fig. 5
shows the influences of the average dwelling lifetime (in column)
and the steel intensity in residential construction (in row) for the
medium housing floor area scenario (left-up corner; stabilizing
dwelling stock). Fig. 6 shows the impacts of housing floor area
scenario (in column; shrinking, stabilizing and increasing dwelling
stocks), when dwelling lifetime and steel intensity are both at their
medium variants.

The sensitivity analysis for steel in urban housing construction
shows that an oscillation in new construction can be expected to
occur. The oscillation seems to be there independent of variations
in the floor area and steel intensity within the projection period.
The life span of the buildings however does make a difference: in
the low lifetime scenario, when the lifetime is assumed to be 30
years, the oscillation is not visible. Floor area and steel intensity do
have some influence on the magnitude of the oscillation: the larger

the future housing floor area stock and the steel intensity are, the
less dramatic the oscillations will be.

Obsolete scrap generation from urban housing demolition is
increasing in all scenarios. If the floor area saturates and the steel
intensity in buildings remains on current levels, the volume of

nd output (demolition) in Mt (million metric tons) per year, as influenced by floor
ensity and lifetime. s0 = base case; s5 = low floor area; s6 = high floor area.
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for new housing construction. The net steel use is then assumed
to be the gap between the accumulated scrap generation and the
M. Hu et al. / Resources, Conserva

bsolete scrap from dwellings will eventually reach a level that
s potentially sufficient to cover steel demand for residential con-
truction entirely from secondary source and achieve a closed
ystem (circular economy) for iron. In the low steel intensity sce-
ario, substitute materials may lead to a lower demand for steel, so
he supply of secondary steel will be even higher than the demand.

Compared to previous forecasts, this dynamic MFA study detects
dramatic change in trends of residential steel demand, which is

ikely to happen very soon. Forecasts of DRCSCC (2005) foresee a
ontinuous increase of residential steel demand till 2010, while
rojection of Yang and Kohler (2008) expects a relatively stable

nput mass flow into China’s buildings stock through 2050. The
ew finding of this study demonstrates the fail of trend expansion

n forecasting material flows associated with long lifespan applica-
ions. It also illustrates the crucial role of life span and stock aging
nformation in projections.

.3. Implications for steel industry

.3.1. Oscillation indicated by the dynamic MFA in residential
teel demand implies the potentially serious overcapacity in
hina’s steel production. The effect may exert to the global market
hen China will probably export its surplus steel at a more

ompetitive price
The dynamic MFA in residential sector shows that oscillation

ccurs if the build-up time of the housing stock is shorter than
he expected lifetime of the buildings. Considering the similar fast
rowth in Chinese non-residential buildings and infrastructures
or the last two to three decades, we suspect that the oscilla-
ion would occur also in non-residential sector, and might be

ore severe in infrastructure construction due to the expected
onger life span. If that would be the case, significant shrink in
onstruction steel demand is expected in China for the decades
o come.

China’s rise to be world’s largest steel producer is driven largely
y its growing construction demand, which accounts for half of its
nnual steel output (Fig. 1). The probably decreasing construction
emand implicates that China is likely to produce lots of sur-
lus steel with its high production capacity. It means that Chinese
onstruction steel producers may have to seek market in auto-
obile or machinery sectors. However, this change will require
shift of production capacity from long products (normally used

n construction) to flat products (normally used in automobile or
achinery). Otherwise, Chinese steel industry will have to increase

xport at more competitive price, which will in turn lead to global
vercapacity in the future.

.3.2. Lifetime of buildings and infrastructures is most influential
n steel demand projections. For the purpose of stabilizing steel
emand, policies which may lead to higher replacement rate are
ore effective than those inducing higher steel intensity or bigger

ervice size in residential buildings
Lifetime is the most influential factor. With very short lifetimes,

he oscillation in construction steel demand can be almost not vis-
ble, while steel demand is much higher (Fig. 5). However, the
ifetime parameter depends not only on the quality of houses and
ity infrastructures but also on cultural, economic, institutional and
olitical factors, and so is still few understood. Therefore, better
nderstanding on lifetimes of residential and non-residential build-

ngs and infrastructures is essential for anticipating China’s future
onstruction steel demand.
Reducing service lifetime is the most effective measure on miti-
ating the oscillation, though it is ridiculous to shorten dwelling
ifetime for stabilizing steel demand. However, policies, such as
hose which suggest replacing low efficient buildings accord-
ng to certain energy standards may indeed result to shorter
Fig. 7. Accumulated net residential steel use for no recycling (slope stripe) and 100%
recycling (solid) of scrap from 2001 to 2100 in Mt (million metric tons). s0 = base
case; s1 = low steel intensity; s2 = high steel intensity; s3 = short lifetime; s4 = long
lifetime; s5 = low floor area; s6 = high floor area.

dwelling lifetime. As illustrated in Fig. 5, such policies will be more
effective to create a stable steel demand than those promoting
steel intensive structures or encouraging a more affluent dwelling
size.

3.3.3. Short lifetime anticipates the strong and early rise of scrap,
implying the need to expand China’s secondary steel production
capacity

While mitigating the oscillation in steel demand, short dwelling
lifetime will also lead to strong and early rise of scrap (Fig. 5). The
current Chinese steel production is mainly based on iron ore.2 A
choice should be made to increase the scrap based steel produc-
tion in China, so as to absorb the scrap locally, instead of mass
scrap exporting combined with mass ore importing, for a more
self-sufficient iron economy as well as a greener steel production in
China. However, such a strategy would require an expansion of sec-
ondary steel production capacities and thereby further exacerbate
the overcapacity problem.

3.4. Environmental consequences

The major environmental impacts of steel consumption for
housing construction are on resource depletion and global cli-
mate change. The former can be assessed by the accumulated
net steel use (Fig. 7), while the later can be assessed by the
net CO2-equivalent emission (Fig. 8) for the investigated period
(2001–2100). The calculation is made for two extreme recycling
situations, representing no recycling or 100% recycling of the obso-
lete scrap from housing demolition, for urban residential buildings
in base case scenario.

3.4.1. Net steel use
For no recycling situation, all the steel demanded for new hous-

ing construction has to be supplied from outside the urban housing
system. The net steel use is assumed to be the same as the accumu-
lated residential steel input during 2001–2100. For 100% recycling
situation, the scrap from housing demolition is assumed to be com-
pletely used to produce secondary steel to supply the steel demand
accumulated residential steel input for the period (2001–2100). The
results are presented in Fig. 7.

2 See footnote 1.
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ig. 8. Accumulated net CO2 emission of residential steel production for no recy-
ling (slope stripe) and 100% recycling (solid) of scrap from 2001 to 2100 in Mt
million metric tons). s0 = base case; s1 = low steel intensity; s2 = high steel intensity;
3 = short lifetime; s4 = long lifetime; s5 = low floor area; s6 = high floor area.

.4.2. Net CO2 emission
All the steel input for new housing construction is assumed

o be primary steel, produced by iron ore based process (Sinter-
ng/Coking/electric arc furnace (EAF)/Continuous casting/Rolling).

hile all the scrap released from housing demolition is assumed
o be used to produce secondary steel by scrap based pro-
ess (Sintering/Coking/blast furnace (BF)/basic oxygen furnace
BOF)/Continuous casting/Rolling). The CO2 emission factors for
oth processes are derived from those of Japanese iron and steel

ndustry in 1999 (MITI, 2000; Gielen and Moriguchi, 2002), adjusted
ith energy intensity of the best practice of Chinese steel enter-
rises in 2007 (MMI, 2008), with consideration of the high emission

evel due to China’s coal based electricity generation. The resulted
actors are, for iron ore based process 1690 kg CO2 per ton pri-

ary steel production, and for scrap based process 399 kg CO2
er ton secondary steel production. These factors are used here
s the emission levels of Chinese steel production through 2100,
hough they may be both decreasing due to the continuous techni-
al improvement. However, the significant savings of CO2 emission
rom replacing iron ore based production with scrap based produc-
ion will be always the case.

The net CO2 emission in 100% recycling situation is calculated by
ubtracting the production emission of the primary steel demanded
or new housing construction with the emission savings due to
eplacing the primary steel production with secondary steel pro-
uction using all the scrap liberated from housing demolition. For
o recycling situation, the net CO2 equals to the emission led by
roducing primary steel for new housing construction. The results
re presented in Fig. 8.

The results show that, from environmental point of view, floor
rea stock is the most sensitive factor; high growth in residential
oor area has the strongest impact on both resource depletion and
lobal climate change, no matter recycling scrap or not.

Shortening lifetime is most effective to adjust the oscillation
n residential steel demand. The environmental impacts of short
ifetime strategies depend largely on the recycling scheme. The
horter the lifetime is, the better scrap recycling requires. For maxi-
um recycling, shortening dwelling lifetime may cause no resource

epletion and moderate rise of CO2 emissions. Because although a
hort lifetime demands big amount of steel to provide the same size
f dwelling stock, it at the same time releases big amount of scrap,

hich provides the potential to circulate the steel within the res-

dential sector instead claims from outside. Since steel production
rom scrap causes less CO2 emissions than from ore, in the case of
roper recycling, the CO2 emissions in short lifetime scenario will

ncrease much slower than its steel demand.
nd Recycling 54 (2010) 591–600

4. Conclusions and outlook

The model calculations indicate that a highly oscillating demand
for steel is to be expected in China for the coming century. The
longer life span of buildings or the lower floor area stock is, the
stronger the oscillation will be. Opposite to most projections, this
study shows a significant reduction in steel demand over the
coming decades from China’s residential sector, which currently
accounts for 20% of the country’s steel consumption. The use of a
dynamic MFA model enables to include stock ageing, which is not
present in other forecasts, and which seems to be a primary impor-
tance. The expected reduction in steel demand has obvious benefits
both from an environmental point of view and from a resource con-
servation point of view. In the long run, the longer the life span
is the lower the CO2 emissions related to construction activities,
and the lower the use of potentially scarce resources. However, the
expected oscillation has negative consequences as well for the sta-
bility of the steel producing industry, in China or even worldwide.
The model calculations indicate that shortening the life span of
the buildings is the most effective way to avoid the oscillation–but
at obvious costs of higher CO2 emissions and resource use. These
could be reduced to some extent by a strong emphasis on using
secondary materials. Further research is indicated to explore the
consequences of various options. To what extent can the demand
for steel in construction be met by secondary materials, and what
are limiting factors? What are trade-offs between recycling and
durability? How can we stabilize markets with the least possible
environmental and resource impacts? What can be the role of new
construction materials or new building designs to replace steel?
Such questions should be answered to indicate how China can
progress on the road towards a sustainable construction sector.
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Appendix A. Stock dynamics model for steel in housing
stock

The stock dynamics model for steel in China’s rural and urban
housing stock is formulated in following equations:

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

Au(t) = Pu(t) · Auc(t) = P(t) · u(t) · Auc(t) (2)

dAr,out(t)
dt

=
∫ t

t0

Lr(t, t′) · dAr,in(t′)
dt

dt′ (3)

dAu,out(t)
dt

=
∫ t

t0

Lu(t, t′) · dAu,in(t′)
dt

dt′ (3′)

Lr(t, t′) = 1

�r
√

2�
· e−(t−t′−�r)2/2�r2

(4)

Lu(t, t′) = 1

�u
√

2�
· e−(t−t′−�u)2/2�u2

(4′)
dAr,in(t)
dt

= dAr(t)
dt

+ dAr,out(t)
dt

(5)

dAu,in(t)
dt

= dAu(t)
dt

+ dAu,out(t)
dt

(5′)
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dMr,in(t)
dt

= dAr,in(t)
dt

· Mra(t) (6)

dMu,in(t)
dt

= dAu,in(t)
dt

· Mua(t) (6′)

dMr,out(t)
dt

=
∫ t

t0

Lr(t, t′) · dMr,in(t′)
dt

dt′ (7)

dMu,out(t)
dt

=
∫ t

t0

Lu(t, t′) · dMu,in(t′)
dt

dt′ (7′)
dMr(t)
dt

= dMr,in(t)
dt

− dMr,out(t)
dt

(8)

dMu(t)
dt

= dMu,in(t)
dt

− dMu,out(t)
dt

(8′)

ig. B1. Calibration of input parameters for stock dynamics model of housing floor area, w
rey), medium (dark grey) and high (black) from 2007 until 2100. Source: Hu et al. (2009)
nd Recycling 54 (2010) 591–600 599

Eqs. (1) and (2) indicate the urban and rural housing stocks are
determined by the size of national population, the level of urban-
ization and per capita housing demand in either region. Eqs. (3) and
(3′) illustrate the outflow from the housing stock is determined by
the past inflow, with a delay of the service life of the houses. Eqs. (4)
and (4′) assume the lifetime of rural and urban houses follows nor-
mal distribution function. Eqs. (5) and (5′) forecast the future rural
and urban inflows of housing stock by balance the rural and urban
housing processes, respectively. Eqs. (6) and (6′) forecast link the
service system of rural and urban housing floor area to the related
material system with the material density parameters Mra (t) and
Mua (t). Corresponding to Eqs. (3) and (3′), Eqs. (7) and (7′) represent

that the rural and urban material outflows are determined by pre-
vious inflows after delaying a lifetime Lr(t, t′) or Lu(t, t′). Eqs. (8) and
(8′) represent that the material stocks in the rural and urban hous-
ing systems can be calculated according to the material inflows and
outflows.

ith historic data from 1900 until 2006 (dots) and estimation for variants low (light
.
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ppendix B. Quoted calibration

See Fig. B1.
Calibration of the six external parameters (P, u, Arc, Auc, Lr,

nd Lu) are quoted from the floor area stock dynamics model for
hina’s rural and urban housing systems (Hu et al., 2009). For
ach external parameter, a low, medium and high variant are esti-
ated for the future period. In the early study of Hu et al. (2009),

he parameter of urban per capita floor area was estimated as
function of China’s per capita GDP as a fourth variant for the

urpose of comparison. This scenario is omitted in this study for
ousing related steel flows, because the path of future residential
tock development resulted by the GDP driving urban per capita
oor area is already covered by the variance between the low-
st urban stock demand resulted by the low urban population and
ow per capita floor area scenario, and the highest stock demand
esulted by high urban population and high per capita floor area
cenario.
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