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a b s t r a c t

The key stocks and flows of phosphorus (P) through food consumption in Beijing and Tianjin, two megac-
ities in northern China, were explored using a material flow analysis (MFA) approach to construct a static
model of P metabolism. A total of 4498 t P has accumulated with 72% of P flow imported through food con-
sumption eventually remaining in Beijing in 2008. Around 64% of the total inflow of P (2670 t) remained in
Tianjin in 2008. P in the uncollected sewage from both urban and rural residents and the effluents from
sewage treatment plants has significant negative effects on water quality. An average of 55% the P flow
remained in the sewage sludge through urban food consumption. The key problems in P metabolism
and management in megacities are identified based on the quantitative analysis of P cycling through food
consumption. Relevant solutions for improving P recycling efficiency are also discussed. It is important to
link P flows with environmental regulations and to establish a strong coordination between urban and
rural areas for nutrient recycling to attain sustainable development of megacities.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction eutrophication in surface waters. Given the accelerated urbaniza-
Phosphorus (P) is an essential element for food production and
nearly 90% of societal use of P is for food production (including fer-
tilizers, feed and food additives). However, P is a non-renewable
resource, it has been claimed that global commercial phosphate re-
serves will be depleted within 50–100 years at the present rate of
consumption, leaving behind lower quality and less accessible
rocks (Smil, 2000). The increase in global demand for food and
changing diets are two of the most important contributors to the
increased demand for P because meat and dairy products require
higher P inputs than other foods.

Urbanization has a significant impact on the structure of food
consumption. This is especially true in China because of its rapid
economic development since the adoption of reform policies in
the late 1970s. It has been reported that the level of urbanization
in China has increased from 19.4% in 1980 to 44.9% in 2007 and
consumption of animal-based foods increased from 61 g per capita
daily in 1982 to 160 g per capita daily in 2002 (Wang, 2005). More-
over, urbanization has changed the biogeochemical cycling of P. Al-
most 100% of P eaten in food is excreted (Jönsson et al., 2004). In
the past the nutrient flows from food via human excreta were typ-
ically recycled in a closed or approximately closed loop, but now-
adays they more often end up in waterways via wastewater from
urban centers or as sludge in landfills (Cordell et al., 2009). High
anthropogenic nutrient loads are commonly the main cause of
ll rights reserved.

: +86 10 62923563.
tion in developing countries and the slow natural mobilization of
P, cities with high population densities, particularly capital cities,
are becoming P ‘hotspots’ (Cohen, 2006). However, information is
still lacking on P flows in these megacities.

Material flow analysis (MFA) approaches have been widely used
to analyze the global, national, or regional flows of P. Liu et al.
(2008) quantified the global P flows associated with present day
mining, farming, animal feeding, and household consumption,
especially P movement in soil systems. Matsubae-Yokoyama et al.
(2009) investigated the material flow of P within Japan including
that in the iron and steel industry and found that the quantity of
P in iron and steelmaking slag was almost equivalent to that in im-
ported phosphate ore in terms of both the amount and concentra-
tion (Matsubae-Yokoyama et al., 2009). In contrast to these
studies, close attention has been given to P movement linked to
food consumption in the present study. The objective was to ex-
plore the flow of P in megacities considering their rapid urbaniza-
tion and to indicate the potential environmental risk related to
the output flows of P. This study was designed to provide useful
information to help improve nutrient use efficiency in megacities.
2. Materials and methods

2.1. Background

The geographical boundaries of the system analyzed were the
land borders of Beijing and Tianjin, two of the four municipalities
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of China. Beijing, the national capital city is recognized as the polit-
ical, educational, and cultural center. Tianjin is the largest coastal
city in northern China and is also an important industrial base.
The two megacities are the economic heart of north China and have
exhibited rapid urbanization. The total and urban populations of
Beijing between 1998 and 2008 increased from 10.01 and 6.79 mil-
lion to 16.95 and 14.39 million, respectively (BMBS, 2009). Tradi-
tionally, the Chinese diet contained small quantities of animal
sourced foods and high grain content. Economic growth and urban-
ization have had a significant impact on the shift of lifestyle such as
the increased consumption of meat and refined carbohydrates.
Furthermore, living in urban areas provides greater access to re-
sources such as food markets and motorized transportation. For
example, nowadays more than 90% of the vegetables in Beijing
markets are supplied by other provinces such as Hebei and Shan-
dong. Food consumption can therefore characterize part of the
nutritional transition in these megacities.

2.2. Quantification methods

The MFA approach is an analytical tool for assessing the flows
and stocks of materials within a system defined in space and time.
It is based on the Law of Mass Conservation to illustrate the com-
plex socioeconomic systems of material metabolism and the prin-
ciple is that of inflow equaling outflow plus accumulation (Fan
et al., 2009). A static physical flow model is developed for P metab-
olism through food consumption in Beijing and Tianjin. For the
sake of simplicity we qualified the P flow by considering seven sec-
tors as presented in Fig. 1, with the P stored in the human body
omitted from the calculation. The boundary for the MFA refers to
the geographic boundaries of Beijing and Tianjin. The two cities
contain both urban and rural areas. Considering that a large
amount of food in urban area is provided from outside the city,
the inflow of P is defined as the sum of P in the edible parts of
all food consumed in the two cities without differentiating be-
tween locally and externally produced food. As shown in the
Fig. 1, two subsystems, i.e. urban consumption and rural consump-
tion, are distinguished due to their different dietary structures and
waste disposal. The outflow of P through consumption is relatively
difficult to estimate. For urban consumption, the excreta are
mainly collected in sewage treatment plants. But for the rural area,
the application of human excreta as organic fertilizer is more
common. In recent years many optimized sewage treatment
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Fig. 1. Key phosphorus flows through food consumpt
techniques have been applied in the two megacities and the
maximum P concentration permitted in effluents after treatment
was set at 1.5 mg L�1 according to the Chinese Ministry of Environ-
mental Protection (CMEP, 2002). After treatment, part of the efflu-
ent is discharged into aquatic systems and the P in that part will be
exported from the city. However, the P in the reclaimed water
which is utilized for irrigation of urban green landscapes will re-
main within the urban area. The conventional disposal methods
for sewage sludge in China are landfill and application to agricul-
tural crops (Wei et al., 2000), and this portion of P in sewage sludge
will also stay in the cities. The food flux to solid waste refers to the
P flux in garbage excluding the parts that have been reused by
composting or other methods. The P in household garbage from
both urban residents and rural residents will remain in the city be-
cause most of the garbage is also disposed of by landfill. Although
the number of sewage treatment plants has increased dramatically
in recent years, there is still some untreated sewage in which the P
is piped directly into natural aquatic systems, especially in peri-
urban and rural areas. An important outflow of P through food con-
sumption is recycling through the application of human excreta as
organic fertilizer which was a very common practice in ancient
China. In the 1990s about 94% of human wastes in rural areas were
returned to agricultural land. The recycling percentage is lower in
urban than in rural areas but was still up to 90% in 1980 in urban
areas (Liu et al., 2008). The recycled excretion is usually applied di-
rectly to agricultural land without treatment by dispersive families
as families are the agricultural production units in China. The recy-
cling percentage decreased dramatically with rapid urbanization
and it may be safe to assume that about 10% of urban human
wastes and about 60% of rural human wastes are recycled at pres-
ent. Table 1 lists all the mathematical equations that were used to
determine the amounts of P flow into and out of the two
megacities.

2.3. Data sources

This study addresses the P flow after rapid urbanization and, be-
cause of data limitations, the data on P flow analysis for food con-
sumption were collected mainly from 2008. Four nationwide
nutrition surveys organized by the Ministry of Health and the Min-
istry of Science and Technology with the help of State Statistical
Bureau of China were conducted in 1959, 1982, 1992 and 2002.
The results on daily dietary consumption of residents of Tianjin
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Table 1
Equations used for the calculation of phosphorus flow in Beijing and Tianjin.

Flow P flow description From node To node Equation

F1 Food consumption by urban population Food production Urban consumption F1 = P1 � P2
F2 Food consumption by rural population Food production Rural consumption F2 = P1 � P2
U1 Collected by urban sewage treatment system Urban consumption Urban sewage treatment plant U1 = P2 � P3 � X1
U2 Direct discharge of domestic wastewater Urban consumption Aquatic system U2 = F1–U1–U3–U4
U3 Household garbage Urban consumption Waste disposal U3 = P2 � X2 � X3 � (1 � X4)
U4 Organic fertilizer from urban population Urban consumption Food production system U4 = P2 � P3 � X5 + P2 � X2 � X3 � X4
W1 Reclaimed water Sewage treatment plant Reclaimed water W1 = X6 � X7 � X9 � f
W2 Discharge of treated wastewater Sewage treatment plant Aquatic system W2 = (1 � X6)�X7 � X9 � f
W3 Sewage sludge Sewage treatment plant Solid waste disposal W3 = U1–W1–W2
R1 Household garbage Rural consumption Waste disposal R1 = P2 � X3 � (1–X8)
R2 Sewage Rural consumption Aquatic system R2 = F2–R1–R3
R3 Organic fertilizer from rural population Rural consumption Food production system R3 = P2 � P3 � X5 + P2 � X3 � X8
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in 2002 were used in this study. For Beijing residents the daily die-
tary intake of P was obtained from the latest survey in 2004 (Bao
et al., 2007). The data on urban populations in Beijing and Tianjin
as well as the urban sewage treatment rate in 2008 were from Na-
tional Statistical Yearbook and the Regional Statistical Yearbook.
The P concentration in solid waste of the two cities in 2008 is still
unknown and the average P content in solid waste published in
2000 (Bian, 2000; Nie, 2000) was used in this study (Liu, 2004).
Other key parameters are described in Table 2.

2.4. Uncertainty analysis

There are clearly some uncertainties associated with the calcu-
lated data. Several factors such as variation in nutrient concentra-
tions and possible inaccuracy of statistics will affect our results. In
addition, the P flow of food consumed away from home, for exam-
ple in restaurants, was not considered because no statistical data
are available on the actual amounts of food consumed in restau-
rants in Beijing and Tianjin. It has been estimated that food con-
sumed away from home comprises only 14% of the total food
expenditure of Chinese urban households and thus represents only
a small part of the P flow (Gould and Villarreal, 2006).

3. Results

3.1. Phosphorus flow through food consumption in Beijing in 2008

Fig. 2 presents an overview of P flows through food consump-
tion in Beijing in 2008. According to our calculations, 5374 t and
Table 2
Parameters in the phosphorus flow model.

Parameter Description Unit

P1 P intake from food consumption mg d�1

P2 Population Thousand
P3 P in human excreta kg per�1 year�1

X1 Urban sewage treatment rate %
X2 Municipal solid waste collection rate %
X3 Average P content in solid waste g per�1 year�1

X4 Composting rate of collected municipal solid waste %
X5 Recycle percentage of human excreta %
X6 Utilization rate of reclaimed water %
X7 Disposal volume of municipal sewage Million ton
X8 Rural garbage reuse to croplands %
X9 Maximal P concentration allowed in effluent after

treatment
mg L�1

f Fraction of household sewage in municipal sewage
drainage system

%

849 t P in total were consumed by urban and rural residents,
respectively. The largest outflow through food consumption in ur-
ban area is the flow to sewage treatment plants, representing
about 3861 t P in 2008. Of this flow, 394 t P was discharged into
natural aquatic systems after treatment, 544 t P was recycled as re-
claimed water, and the remaining 2923 t P was landfilled within
the city in the form of sewage sludge. Although the urban sewage
treatment rate had increased to 78.9% in 2008, there were still
about 1006 t P discharged directly due to the absence of sewage
treatment plants and this accounted for 19% of the inflow of P.
The P discharge in untreated sewage contributes most to water
eutrophication in China. The outflow from food consumption to
the final solid waste disposal constitutes only a small proportion
based on the average P content in solid waste (Bian, 2000; Nie,
2000). China has a long tradition of use of human excreta as a fer-
tilizer for crops but the percentage of human excreta used has de-
creased due to the rapid development of the chemical fertilizer
industry. In large cities the utilization of human excreta is more
difficult because of the increasing technical and economic costs
of returning the nutrients to agricultural soils. Results showed that
the return flow of manure was about 490 t P from urban residents
and the sum of recycled P in human excreta was equivalent to ca.
11% of the nutrients in the phosphorus fertilizers applied to agri-
cultural land in Beijing, which contained about 4463 t P (BMBS,
2009). In the case of rural residents most of the P flows in human
excreta were reused but 38% of P flow was still discharged directly
to the environment. A total of 4498 t P had accumulated. In other
words, 72% of P flow imported through food consumption eventu-
ally remained in Beijing in 2008.
Beijing Tianjin References

Urban Rural Urban Rural

1023 908.5 959.6 1017.9 Bao et al. (2007), Jiang et al. (2005),
Wang (2005)

14 391 2559 9082 2678 NBSC (2009)
0.34 0.34 0.34 0.34 Feng et al. (2009)
78.9 – 72.4 – BMBS (2009), TMBS (2009)
98 – 94 – BMBS (2009), TMBS (2009)
1.26 0.84 1.26 0.84 Bian (2000), Nie (2000), Liu (2004)
4.1 – 0 – BMBS (2009), TMBS (2009)
10 60 10 60 Chen and Tang (1999), Luo (2001)
58 – 2 – MOHURD, 2009
1042.6 – 493.6 – MOHURD (2009)
– 10 – 10 Bian (2000), Liu (2004)
1.5 1.5 1.5 1.5 CMEP (2002)

60 – 60 – TMBS (2009)
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Fig. 2. Phosphorus flows through food consumption in Beijing in 2008 (t).
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3.2. Phosphorus flow through food consumption in Tianjin in 2008

The flows of P in Tianjin in 2008 are illustrated in Fig. 3. The to-
tal inflow of P through food consumption was much less than in
Beijing, mainly because of the smaller urban population. The urban
residents in Tianjin consumed about 3181 t P and 70% of the P load
or 2236 t P in wastewater was collected by sewage treatment
plants. It is important to note that only a small fraction (2%) of
the treated sewage was used as reclaimed water in Tianjin in
2008 (MOHURD, 2009). Thus, a large quantity of P flow (1792 t) re-
mained in the city as sewage sludge and about 435 t P was even-
tually discharged into aquatic systems after treatment. The
inflow of P through rural consumption was about 995 t P in Tianjin
in 2008 and the reused P output from both urban and rural human
excreta was 856 t P, accounting for ca. 5% of the nutrients in the
phosphorus fertilizers applied in Tianjin. The solid waste P output
was negligible in both urban and rural areas. Around 64% of the to-
tal inflow of P, that is, 2670 t P remained in Tianjin in 2008. The re-
sults are similar to previous studies which also indicate high levels
of nutrient storage in metropolitan regions (Kennedy et al., 2007).
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4. Discussion

Based on the above analysis, we demonstrate that both Beijing
and Tianjin input large quantities of P flow through food consump-
tion but have lower P recycling efficiencies. An average of 55% of
the P flow remained in the sewage sludge after urban food con-
sumption, indicating a potential source of P for reuse. Actually, be-
fore the 1980s sewage sludge was widely used for land application
in Beijing and Tianjin but most sewage sludge was not properly
treated and this resulted in environmental pollution (Wang,
1997). Sewage sludge production in China increased rapidly to-
gether with a dramatic increase in municipal wastewater with
the development of urbanization. However, the recycling of sew-
age sludge decreased substantially in recent years mainly because
of the elevated economic cost of transporting sludge and removing
toxic substances to meet application regulations (Wang et al.,
2005). Most of the sewage sludge is landfilled within the city and
this portion of P in sewage sludge will stay in the cities. Our mate-
rial flow analysis of the two megacities reveals that the P content
in the individual urban sewage sludge in 2008 were equivalent
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to 65% and 11% of the nutrients in chemical P fertilizers because
the amounts of phosphorus fertilizers applied for agricultural pro-
duction in Beijing and Tianjin were 10 222 t and 39 000 t, respec-
tively. Therefore, application of sewage sludge on agricultural soils
has great potential for improving soil fertility. In France the use of
sludge on land accounts for about 60% of sludge production (Mai-
sonnave et al., 2002). In Belgium about 57% of sewage sludge is
land applied (Lyberatos et al., 2004). The environmental and eco-
nomic benefits of land application of sewage sludge must be
emphasized in China to improve nutrient recycling.

On the other hand, P flows in uncollected sewage are of growing
environmental concern. According to the statistical data, the total
volumes of surface water in Beijing and Tianjin are 1.28 and 1.36
billion cubic meters (TMBS, 2009) in 2008, respectively. If we as-
sume that all emitted P was discharged into surface waters, this
would result in concentrations of 1.3 and 1.1 mg L�1 P in Beijing
and Tianjin, respectively. Clearly, this poses a potential risk of
water eutrophication. The development of urbanization is ex-
pected to generate very large amounts of wastewater in these
megacities. Additional sewage treatment plants are required, espe-
cially in peri-urban areas, and more active techniques must be
adopted to increase the disposal rates of nutrients in sewage
sludge.

Elevating sewage treatment rates and the percentage of sewage
sludge applied to land can contribute to efficient recycling of P in
megacities. Most importantly, however, the nutrients must be
brought back into food production before they enter the sewage
treatment system, that is, to overcome the so-called ‘end-of-the
pipe’ treatment. Human excreta contain valuable nutrients and
can be used as an effective fertilizer and soil conditioner, especially
urine which contains 90% of the nitrogen, 50–65% of the phospho-
rus and 50–80% of the potassium (Heinonen-Tanski and Wijk-
Sijbesma, 2005). China has a long history of using human excreta
as a fertilizer for crops, but nowadays the human waste generated
in urban and rural areas is more and more difficult to accept by
surrounding rural areas. On one hand, rapid urbanization requires
higher costs for long distance transportation to agricultural land in
peri-urban or rural areas. On the other hand, the nutrients in hu-
man excreta are greatly diluted with water in modern sanitation
facilities of urban areas which makes recycling more difficult, not
to mention contamination with potentially toxic elements or per-
sistent organic pollutants (Chen et al., 2008). Therefore, capturing
nutrients at source can drastically save water for flushing and is
much more cost-effective. Ecological sanitation is based on this
concept and the flow of nutrients is a closed loop. In several Euro-
pean countries there are some cases of urine and flush water being
collected by separate urine pipes; faeces and flush water proceed
to the sewage pipe (Lienert and Larsen, 2010). Urine-diverting toi-
lets are also manufactured in Kunming, Yunnan province, China
(Medilanski et al., 2006) and have proved to be a successful model
for developing decentralized wastewater treatment alternatives
and for alleviating the problems of water pollution.

It is very important for developing countries to solve their san-
itation problems, especially in the megacities such as Beijing and
Tianjin. These cities are threatened by water scarcity, food insecu-
rity and pollution as urbanization continues and sustainable devel-
opment requires a strong coordination between urban and rural
areas for nutrient recycling. Sustainable food production and con-
sumption patterns present the most profound problems. The UN
forecasts that today’s urban population of 3.2 billion will rise to
nearly 5 billion by 2030, when three out of five people will live
in cities. By 2015 there will be 26 cities with over 10 million people
– 22 in developing countries (Brennan, 1999). Currently, at least
6000 t of food must be imported each day to feed a city of this size.
Urbanization with poverty is a growing phenomenon; it is
estimated that between one-quarter and one-third of all urban
households in the world live in absolute poverty. The urban poor
have to spend much of their income on food, in many cases more
than 50% of their income. They will not be able to afford food from
other countries or food grown far away in their own countries.
There is a need to produce food closer to where people live. This
represents a closed-loop approach to nutrients and water problems
(Werner et al., 2000).

Ecological sanitation is a decentralized operation and can be
carried out at the household or community level as opposed to
centrally operated systems. Based on a systematic material flow
orientated recycling process; ecological sanitation can be con-
structed differently for urban and rural areas by a variety of low
and high technology solutions (Larsen et al., 2001). For example,
we can choose a urine-separating dry toilet for the peri-urban
areas and a flushing urine-separating toilet (NoMix toilet) for the
urban situation. The cost of ecological sanitation systems in
megacities could be offset by the commercial value of the P they
yield as well as the water resources saved. These new technologies
certainly need to be further explored and tested and their large
scale application in megacities of developing countries must be
cautious. However, they can be tested in public toilets. In Beijing,
there were about 5589 public toilets in 2008 and more than
3000 commercial buildings in Beijing have opened their toilets to
the public. It would make a significant contribution to water saving
and P recycling if all public toilets had ecological sanitation. In
addition, it is also vitally important to establish rigorous water
management and nutrient recycling concepts for decision-makers
for the sustainable development of megacities.
5. Conclusion

This study focuses on understanding the characteristics of P
flows through food consumption in Beijing and Tianjin, two
megacities in northern China. Material flow analysis was found
to be a valuable tool for understanding the key stocks and flows
of P. A large amount of P accumulated in urban sewage sludge after
consumption. P in the uncollected sewage from both urban and
rural residents as well as the effluents from sewage treatment
plant contributes greatly to the eutrophication of surface waters.
At present, measures must be implemented to increase sewage
treatment rates and the percentage of sewage sludge applied to
land to improve the efficiency of P cycling. However, in megacities
in developing countries it is most important to overcome the so-
called ‘end-of-the pipe’ treatment and bring the nutrients back into
food production from source by solving sanitation problems first.
Thus, it has become the most important mission for decision-
makers to develop and implement efficient strategies to facilitate
P recycling in China.
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