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Abstract

Many of the world’s major cities are expected to face significant water shortages in
coming decades, largely due to increased demand arising from economic and
population growth. In this paper we estimate the effects of economic and population
growth on future public water needs in Shanghai, one of the world’s megacities.
Despite significant investment in a new reservoir and associated supply systems, and
its location at the estuary of one the world’s major rivers (the Yangtze), it is widely
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believed that Shanghai is vulnerable to water shortages, though the causes of this have
hitherto not been systematically examined. Our method of estimating future water
needs involves extrapolation from past trends and Principle Component Analysis
regression, and from the experience of comparable cities around the world, to
construct three scenarios of future GDP and population growth and associated water
needs. Our analysis shows that under various scenarios, by 2050 the difference
between demand and present supply capacity will range between 1.6 and 6 million
m?*/day, and that the critical constraint to meeting future demand is treatment capacity,
which will need to increase by between 35 and 83 per cent beyond present levels. We
discuss four options for managing the estimated deficit between future water demand

and supply in Shanghai.
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1. Introduction

As cities grow their water needs increase, and on present trends, up to 1 billion people
may be living in water stressed cities by the year 2050 (McDonald et al. 2011a),
requiring some $500 billion of annual global investment in water infrastructure
(Stevens et al. 2006). A number of studies show that in the next few decades it will be
increased demand more than water availability that will be the principal driver of
these future urban water shortages (McDonald et al. 2011b; Padowski and Gorelick
2014; Vorosmarty et al. 2000).

The ability of water managers to forecast aggregate urban water demand and thus
to estimate water supply capacity needs is therefore critical to the sustainability of
cities (Candelieri and Archetti 2014; Lundqvist et al. 2005; Milly et al. 2008; Ouda
2014; Seckler et al. 1998). Most analyses of urban water demand use regression, time
series or dynamic models (Candelieri and Archetti 2014). Regression models forecast
water demand by quantifying the effects of such variables as population, income,
climate and public water policies on demand and then projecting the values of those
determinants into the future (Babel et al. 2007 is typical). Time series models use
trends and more complex functions of time to project demand (Zhou et al. 2000).
Dynamic models include Artificial Neural Networks, fuzzy logic and agent based
models, all of which are mathematically simulated models suited to replicating
complex systems (Qi and Chang 2011; Vijayalaksmi and Babu 2015). These models
can produce sophisticated results, but they require data about (among other things):

variations in demand at district, residential and household scales; daily and monthly



variations in demand; and household decision making, water use, attitudes and norms
(House-Peters and Chang 2011). However, in most cities in developing countries —
including Shanghai — such data are not available. Thus we seek here to estimate
aggregate demand for public water supply in Shanghai using a method of
extrapolation and Principal Component Analysis regression that requires only basic

data, and which most urban water managers in developing countries could replicate.

2. Data and Methods

While there are many procedures described in the literature for predicting future water
use, we here follow the proposals of Xu et al. (2002), whereby public water demand is
forecast by projecting the growth in population and GDP (see also Zhu et al. 2004;
and Liu 2007). In this paper we estimate future water demand on the basis of
projected population increases to 2050 and projected GDP growth to 2050. We
assume that the demands for water per unit of population and GDP will continue to
change at their historically-observed rates of change — that is, increasing use of water
per person, decreasing use of water per unit of GDP. Three scenarios based on
projections of population and GDP are developed. In Shanghai, population and GDP
are highly correlated, so they cannot both be used in a simple linear regression.
Instead, we estimate a principal components transformation of the two variables and
use the component scores as independent variables in the regression model for water
demand. Then, projected population and GDP levels are fed back through the

component loadings to calculate component scores that generate projected demand



through the regression equation.

We begin by examining Shanghai's current water supply system. Data for the year
2013 on the water use of municipal raw water intake plants, municipal public water
plants, and private water plants were extracted from government documents and web-
pages sourced from the Shanghai Water Authority (SWA), and the online database of
the Office of Shanghai Local Chronicles (OSLC 2012; SWA, 2012, 2013). Data on
the annual raw water intake volumes from the Huangpu River (1978-2013), the
Chenghang Reservoir (1996-2013) and the Qingcaosha Reservoir (2010-2013), as
well as the number of public water treatment plants in each year were collected from
the electronic bulletins of SWA (SWA 1998-2013).

We then examine the relationship between population and water use, and GDP
and water use in Shanghai between 1978 and 2013. 1978 is a significant year in the
history of Chinese economic development, marking the end of a period of centrally
controlled markets, and the beginning of an economic system in which market forces
have come to increasingly determine exchanges. Data on annual public water
consumption between 1978-2013 were collected from the Compilation Committee of
Shanghai Water Conservancy Chronicles (CCSWCC 1997) and the electronic
bulletins of the Shanghai Water Authority (SWA, 1998-2014). Data on population and
GDP (current) for 1978-2013 were collected from the electronic bulletins of the
Shanghai Statistical Yearbook (SMSB 2014). All data on GDP (current) was
converted to GDP (2010) using implicit price indices for GDP published by the

National Bureau of Statistics.



We use the United Nations Department of Economic and Social Affairs,
Population Division 2014 population projections (UNDESA 2015). This provides
national and total urban population projections by country. Various projections of
future growth of GDP in China are available in the literature. Perkins and Rawski
(2008) estimate that from 2016 to 2025 GDP growth will be in the range 5-7 per cent
per year with less than 6 per cent being more likely. This is consistent with the
estimates of Garnaut et al. (2008) of 6.8 per cent per year for the period 2015-2025,
while Garnaut (2011) gives growth projections of 8 per cent per year on average for
the period 2005-2030. This overall concensus that there will be sustained but slightly
slower growth rates is also supported by Li et al. (2011) who, for the period 2016 to
2030, give a range of 4.3 to 5.9 per cent per year.

Based on these scenarios of the population and GDP of Shanghai, as well as time
series regressions of past public water consumption in relation to population and GDP
in Shanghai, three scenarios of annual public water consumption in relation to
population and GDP are calculated. In order to make provision for losses in the
distribution system, it is assumed that the maximum daily water supply capacity needs
to be 20 per cent larger than the daily water consumption. So, predicted annual public
water consumption (Q,) requires a maximum daily water supply capacity (Qmq) of:

Qma = 1.2 (Q4/365).

3. Results

3.1. Shanghai’s urban water system and trends in urban water consumption



Shanghai is a large and wealthy city: it has a population of 24.3 million, GDP per
capita in 2013 was ¥80,000 (~US$ 13,000), and it produces over 4 per cent of
China’s GDP. Given the trend of high rates of population and GDP growth in
Shanghai over the past 30 years (Jiang, 2009; SMG, 2010), many scholars infer that
these will be the primary drivers of increases in public water consumption over the
next 50 years (NBSC 2006; Oki and Kanae 2006).

Shanghai no longer uses significant quantities of groundwater, because it caused
land subsidence. Average subsidence rates of 40 mm a™ occurred in central Shanghai
between 1920 and the mid-1960s due to heavy extraction of underground water (Chai
et al. 2004; Wei et al. 2010). However, reduced pumping and increased groundwater
recharge have cut the subsidence rate to ca. 2 mm a™ since the mid-1960s. Thus,
Shanghai needs to use surface water, which historically has been drawn from the
Huangpu, a river that flows from Tai Lake, which in turn is supplied in part from the
Yangtze River, and in part from its own catchment. Due to heavy pollution of both
Tai Lake and the Huangpu, Shanghai has progressively shifted to the Yangtze as its
primary source of water. The Yangtze’s water remains relatively clean when
compared to the Huangpu because of its very large discharge (approximately 900 10°

m* a™).

Since 2010 the major freshwater intake for Shanghai has been the Qingcaosha
Reservoir, which is a shallow reservoir located on an island in the mouth of the

Yangtze, and which now supplies 54 per cent of Shanghai’s raw water. Despite this



new infrastructure, many researchers have expressed concerns regarding future
freshwater supply to Shanghai, primarily due to the rapid increase in water demand,
but in the context of poor water management (Cheng et al. 2009; Jiang 2009;
McDonald et al. 2011a; Varis and Vakkilainen 2001). Because Shanghai has access to
adequate water due to the large and reliable annual flow of the Yangtze River, it is the
infrastructure necessary to supply potable water to consumers that is the primary
barrier to meeting Shanghai’s future public water needs, and this problem of water
delivery is identified by McDonald et al. (2011b) as being the major constraint to
urban water provision worldwide.

Water use in Shanghai can be divided into power station cooling, agriculture,
industry, residential, and public open spaces (Finlayson et al. 2013). According to
SMSB (2000-2015), water used by power stations and agriculture is self supplied,
with the public system supplying industry (using 33.6 per cent of public treated water
output), domestic users (34.9 per cent), and public open spaces (31.5 per cent). Thus
the three principal uses of public water in Shanghai are residential, public open space
and industrial. We observe that residential water use in Shanghai is nearly all indoors,
with little garden watering, so climate is not an important determinant of residential
water use. Thus, population, average income and government controls (such as price
and demand management) are the main controls over residential water use.

Although future climate may affect the use of water in public open spaces, there
is insufficient data on the variability in water demand of this kind, and great

uncertainty about the effects of climate change on urban Shanghai, so we are unable



to make meaningful estimates of the effect of climate on the demand for water for
public open spaces. Instead, we assume that this demand will increase in parallel with
the growth of residential water use.

Industrial water demand depends principally on price and other government
determined variables (which influence the efficiency with which water is used),
aggregate output (GDP) and the sectoral composition of output (Strzepek and
Boehlert 2010; Zhang 2010). In Shanghai, growth of GDP is highly correlated with a
long term shift from secondary industry to the tertiary sector, with GDP from primary
industry remaining static; the demand for water from both these sectors is principally
affected by their size (GDP), price and other government determined variables.

Shanghai’s water management over the past several decades has been
characterised by no restrictions on water demand, no water recycling, unclear water
rights, low prices, and a fragmented water governance structure (Blanke et al. 2007;
Zhang et al. 2007). Such a system of water management has led to unconstrained
increases in water demand, and without changes in the water management regime this
rate of increase is likely to continue. We assume there will be no changes in this water
management system, and treat improved management as an ex ante variable, which
we discuss later.

In 2013 there were eight municipal raw water intake pumps in operation in
Shanghai, with a combined capacity of 41 10° m® a™. These are located in remote and
rural areas: four (Songpu, Jinshan Xietang and Taipuhe — accounting for 39 per cent

of total capacity) are located in the upper Huangpu River, and the others



(Dongfengxisha, Huating, Chenghang and Qingcaosha — accounting for 61 per cent of
total capacity) are located on the Yangzte River Estuary. Since 2010 the Yangtze’s
waters have significantly substituted for the more polluted waters from the Huangpu.
There is unused capacity to extract raw water from the Huangpu if need be, if only
this water could be cleaned to a standard that allows treatment to potable standard at
reasonable cost.

Shanghai’s 36 public water treatment plants, which supplied 31.2 10° m* a® in
2013, and which are mostly located in the urban area along the lower Huangpu River,
are supplied by eight raw water pumping stations. Those eight stations also supply 12
clusters of private industrial water treatment plants, which have a combined treatment
capacity of 2.1 10°m* a™.

Historical data for annual public water consumption and the maximum capacity
raw water supply in Shanghai over the period 1978 to 2013 is plotted in Figure 1A
and B respectively. The population, consisting of the migrant population and the
registered population, and the annual GDP, consisting of primary, secondary and
tertiary industry, over the same period are plotted in Figures 2A and B respectively.
Figures 1 and 2 show that in Shanghai public water consumption, population and
GDP all increased rapidly in the period 1978-2013. Water consumption in the public
system in the period 1978-2013 increased from 9.7 10° m® a*to 31 10°m® a™; of this,
the water for residential and public open space increased from 3.6 10°m® a™* to 19.7
10°m® a*, a five-fold increase and therefore a rate obviously greater than that of

industrial water (6.2 to 11.5 10°m® a™ over the same period) (Figure 1A). Thus, the
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major cause of increased public water consumption was growth in water for domestic
use and public space uses. To meet this growth, the capacity of public raw water
pumping grew from 11.7 10° m® a™ in 1978, to 41.0 10°m® a™ in 2013 (Figure 1B).

Between 1978-2013 Shanghai’s population increased from 11.0 to 24.2 million.
Of this, the registered population slowly rose from 11 to 14.3 million, while the non-
registered migrant population increased from 50 000 in 1978 to nearly 10 million by
2013. Shanghai has experienced remarkable annual influxes of migrants — peaking at
990,000 new arrivals in in 2007, but many years since 2004 witnessed over 500,000
new arrivals. Remarkably, the extra demand for water created by these large increases
in population did not result in significant water shortages.

Over this period from 1978-2013 the rate of increase in Shanghai’s GDP far
exceeded the rate of population growth, and the rate of increase in water consumption.
GDP grew from ¥145.94 billion in 1978 to ¥1931.72 billion in 2013 (in 2010 prices).
There has been virtually no change in the value of primary production, secondary
sector GDP has increased by a factor of 11.1, and tertiary industry GDP has increased
by a factor of 31.2. Annual rates of GDP growth in Shanghai have been very high for
a very long period, reflecting (though exceeding) the high rates of growth in China
overall over this period.

There are positive correlations between the logarithm of annual public water
consumption and annual population and annual GDP over the period 1978-2013; the
correlation coefficients (R?) are 0.86 and 0.95 respectively and the regression

coefficients are 1.762 and -0.400, respectively (all correlation and regression
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coefficients are significant at p<.001). GDP is more strongly correlated with water
consumption than is population.

3.2 Projecting Shanghai’s future population and GDP

China's population is forecast to peak in 2030 at 1.45 billion and decline thereafter
(Figure 3A). The projection of the urban population to 2050 shows a continued rapid
increase to around 2030 after which it begins to plateau (Figure 3B). This means that
despite the projected decline in the total population of China by 2050, the population
of urban areas will continue to rise, and Shanghai, as one of the major cities, will very
likely experience that ongoing population rise. In 2013, Shanghai's population was
3.3 per cent of China's total urban population and if it retains this share then by 2050
its population will be 34.7 million, an average annual increase over that period of 285
000. We have therefore chosen an annual increase of 300 000 as the medium
projected level of increase of Shanghai's population from 2014 to 2050 in our
scenarios.

However, during this time China’s economy will continue to grow, and, as is the
case in OECD economies, where the share of the population in the largest city
increases with growth, so too may Shanghai’s population growth exceed that of
national population growth. To estimate this, we use data from the United Nations
Population Division (UNPD 2014) to correlate the population of 138 countries with
populations greater than 1 million with the population of their largest city in 2013
(Figure 4A). There is a positive correlation between the population of a country's

largest city and the population of that country; the correlation coefficient (R) is 0.92
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(p < .001; Figure 4A). It is notable that the populations of first world metropolitan
cities such as Tokyo, Seoul, and New York are all far greater than would be expected
on the basis of their national populations, whereas the populations of metropolitan
cities in developing economies such as Shanghai and Bombay are all lower than their
national populations would predict. This relationship implies that Shanghai's
population may move up towards the regression line and even above it as China's
economy develops. We use an annual population increase 400 000 in our scenario
building to provide an estimate of this outcome. We also use an annual increase in
population of 200 000 as a reasonable lower limit of population growth.

In Section 2 we discussed possible future rates of growth of China's GDP
based on sources in the literature. On the basis of those estimates we assume the most
likely rate of GDP growth for China over the period to 2050 is around 5 per cent per
year, with an upper limit of 7 per cent and a lower limit of 3 per cent. As a major city
and growth centre, the GDP of Shanghai will likely grow at a similar rate to the
national economy. To investigate further the relation between the GDP of Shanghai
and the GDP of China we use a similar comparative method as used above for
population. The GDP of 60 countries whose GDP exceeds US$ 120 billion, and the
2012 GDP of the largest city in those countries were compiled from data provided by
the International Monetary Fund and the Brookings Institute, respectively (Parilla et al.
2015; International Monetary Fund, 2013). The correlation between the GDP of a
country's largest city and of that country are positive with R = 0.81 (p < .001; Figure

4B). As in the case of population (Figure 4A), most first world metropolitan cities
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such as Tokyo, London, Paris, and Seoul are also positioned far above the regression
line, whereas third world metropolitan cities such as Shanghai are below the
regression line. In other words, there is the potential for the GDP of Shanghai to rise
to or above the regression line in the future, which in turn implies a corresponding
significant rise in GDP. This reasoning supports the assumptions we have made in
setting upper growth rates in the scenarios.

Based on these projected rates of growth of Shanghai's population and GDP, low,
medium and high scenarios of population and GDP growth are shown in Figure 5. In
the most conservative scenario (scenario 1), Shanghai’s population is estimated to
grow from 24.2 million in 2014 to 31.5 million in 2050, and its GDP is estimated
grow from ¥1931.73 billion to ¥5766.64 billion by this time. In the middle range
scenario (scenario 2) Shanghai’s population is estimated to grow to 35.3 million by
2050, and GDP is estimated grow to ¥11747.60 billion. In the high growth scenario
(scenario 3), Shanghai’s population is estimated to grow to 39 million by 2050, and
GDP to ¥23612.66 billion. In all scenarios the rate of increase of GDP exceeds that of

population, particularly in scenario 3.

3.3 Estimating Shanghai’s aggregate municipal water demand

Based on the population and GDP growth scenarios the annual demand for water from
public treatment plants in Shanghai in 2050 is estimated to be between 42 billion m?
(scenario 1) and 57 billion m? (scenario 3), representing increases of between 35 per

cent and 83 per cent above 2013 levels (Figure 5). The annual public water treatment
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capacity (set at 120 per cent of demand to account for leakage, as explained in section
2) will need to increase to between 49.9 and 68.4 10° m®. Particularly when growth of
GDP and population follows the high growth scenario (3), substantially larger
supplies of water will be needed from Shanghai's public water system. It is worth
noting that this scenario is not unlikely: historically Shanghai’s GDP growth has
exceeded that of China’s overall, and this high growth scenario assumes annual
growth rates of 7 per cent per annum, which are consistent with estimates of rates of
growth in China overall until the year 2030 (Li et al. 2011).

This analysis suggests that under the low growth scenario, the present raw water
intake capacity (41.0 10°m® a™) will be adequate to meet Shanghai’s future needs in
2050. Indeed, given the underutilised capacity to increase raw water supply from the
Huangpu (noting that this assumes water from the Huangpu can be treated to a
suitable standard), investment in increasing water supply does not seem to be
necessary to meet future demand under the low growth scenario. That is, if the growth
in demand is relatively slow (because of slow growth in population and GDP or
because of effective demand management) treatment plant capacity will be the major
constraint on future supply. However, if growth in demand for water is higher
(because population and GDP are both growing at moderate levels) then a 40 per cent
increase in intake capacity would be required in order to meet future demand, as well

as increases in treatment capacity, and these are significant investments.

4. Discussion: the challenge of maintaining municipal water supply to Shanghai
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Even leaving aside the risks to Shanghai’s raw water supply arising from water
pollution and saline incursions (which are not insignificant — see Finlayson et al. 2013
and Li et al. 2014), under even the most optimistic scenarios, future growth in GDP
and population pose major challenges to water supply in Shanghai. The above
analysis shows that under all scenarios a significant constraint arises from water
treatment capacity. Under the most sedate of the growth scenarios two large water
treatment plants will be required: Shanghai’s two largest water treatment plants (the
Yangshupu and Changgiao plants) each have the capacity to treat 1.5 million m® d?,
meaning that more than one such plant is required to meet the minimum of anticipated
future increases in demand. This is also a challenge for Shanghai given the tensions
over land use and rapid population and economic growth in a small area (Mao et al.
2000; Chen et al. 2001; Chen et al. 2003; Shen et al. 2003). Under the highest demand
scenarios five such plants would be required as well as substantial increases in intake
capacity.

There are, however, four other options. First, Shanghai’s private water plants
could be upgraded to provide higher quality water, and this water could be supplied to
public uses. This implies a trade-off between industrial and public uses, which might
be justified were it not the case that 31.5 per cent of Shanghai’s public water use is for
open spaces. Trading off water used by industries that employ people for water used
to wash streets and irrigate parks does not make economic or political sense. It might
make economic sense to the operators of these water plants if the price of the water

they sold enabled them greater profits than their existing uses of water, but given State
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control of water prices and obvious political disincentives to raise them, this also
seems unlikely.

A second option is to focus on reducing demand for water. Demand side
measures, such as pricing, have increasingly been implemented around the world,
although there is little experience of this in Chinese cities (Arbués, et al. 2003). The
effectiveness of such measures is hotly contested. The extent to which demand for
water is price inelastic is debated given the lack of substitutes, with mixed findings in
the literature (see Arbues et al. 2003; De Mouche et al. 2011; Worthington and
Hoffman 2008). It appears too that water demanded for necessary purposes (such as
for drinking and cooking) is less elastic to price than water used for more luxury
purposes (such as for swimming pools, or watering lawns) (De Mouche et al. 2011)
Just how much of the domestic water use in Shanghai is for luxury uses is uncertain,
but certainly few houses in Shanghai have gardens, and domestic swimming pools
would appear to be very rare. At the domestic level there may therefore be little price
elasticity in water consumption. In any event, the government has shown significant
reluctance to raise prices for fear of public ire.

Third, water recycling is another means of coping with water shortages in urban
areas as has been done with great success in Singapore (Tortajada 2006). However,
as we explain earlier, the problem in Shanghai is not shortage of water but limited
capacity for the treatment of water. Recycling would require the same or greater
investment in water treatment capacity as would the treatment of more raw water from

the Yangtze.
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The final, and perhaps most practicable option, is to separate out the water
supplied for human consumption from the water used for some industry and for public
open spaces, and to source the latter water from the underutilised Huangpu sources
(after treating this to the minimum standard necessary). This would mean that only
water from the cleaner Yangtze sources is used for household consumption, and
would likely significantly reduce the need for new treatment plants. In this strategy
much depends on the costs of separating the systems required for supplying water for
household and public open spaces uses, as well as the costs of treating water for
industrial and public open spaces uses so that its application does not pose risks to

public health.

5. Conclusions

This study estimates future demand for public water supply in Shanghai, and finds
that in the absence of any further measures, Shanghai’s existing water system is
incapable of meeting future demand. Shanghai arguably has sufficient raw water
sources, and pumping capacity, to meet future demand under slow growth scenarios.
The critical constraint to future growth in public supply is treatment capacity — which
we estimate will need to increase by between 35 and 83 per cent by the year 2050.
Simply adding additional treatment plants may no longer be an adequate strategy, and
we suggest disaggregating the public water supply system into distinct systems for
supplying water for personal consumption and tertiary enterprises and for use in

public open spaces.
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Figure Captions
Figure 1. A - Shanghai annual water consumption 1978 to 2013. B - Shanghai annual

raw water supply 1978 to 2013.

Figure 2. A - Shanghai population 1978 to 2013 showing resident and migrant

components. B - Shanghai GDP by sectors 1978 to 2013 in 2010 prices.

Figure 3. A - China total population projected to 2050. B - China urban population
projected to 2050. (data from United Nations Population Division,

http://esa.un.org/unpd/wup/CD-ROMY/)

Figure 4. A - The relationship between a country's population and the population of

its largest city. B - The relationship between a country's GDP and the GDP of its

largest city.

Figure 5. Projections of annual water demand for Shanghai to 2050 based on three

scenarios of population and GDP growth.
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