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Abstract: Over the coming decades, global freshwater withdrawals are expected to grow, especially
in low and middle-income countries. Unless there are significant improvements in the efficiency of
water use by economies, freshwater stress, crises and scarcity will worsen. This paper explores
further the economic relationship between water use efficiency and scarcity. Because growing
scarcity of freshwater in many regions and countries is not adequately reflected in markets, there is
often insufficient incentives for investment and innovation to improve the efficiency of water use.
To explore further changes in water use efficiency across countries, we conduct a panel analysis of
water productivity changes for 130 countries over 1995 to 2020. Countries with lower initial levels
of water use efficiency tended to have higher water productivity growth, whereas more
agriculturally dependent economies displayed lower improvements in water use efficiency. Better
institutional quality and capacity for innovation may also increase water use efficiency. We discuss
the implications of these results for improving water use productivity in economies, and in
particular, the opportunities and challenges for improving water markets and trades to alleviate
water scarcity. We conclude by identifying further areas of research.
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1. Introduction

Over the coming decades, global freshwater withdrawals are expected to grow, driven by rapid
population growth, socioeconomic development, urbanization, and growing water needs from the
agriculture, industry, and energy sectors [1-4]. Most of this increase in water use will occur in low
and middle-income, or developing, countries. As a result, insufficient water for human, industry or
ecosystem use is considered one of the most perilous global risks to economies over the next ten years
[15]. This risk will be further exacerbated by population growth and climate change [2,3,6].

Critical to avoiding chronic water scarcity and crises is for economies to improve significantly
the efficiency of their use of freshwater withdrawals. Water use efficiency, sometimes also called
water productivity, indicates how much value of output an economy can create for each unit of water
used. It is usually measured in terms of dollars of real gross domestic product ($ GDP) per cubic
meter (m?) of freshwater withdrawals.

Improving water productivity is essential to reducing freshwater stress, which is the amount of
water withdrawn for irrigation, livestock, industry and domestic uses as a share of available
freshwater resources [7-9]. But to date, progress has been mixed. Although water-use efficiency rose
9%, from $17.4/m3 in 2015 to $18.9/m? in 2020, around 2.4 billion people lived in water-stressed
countries in 2020, of which almost 800 million lived in countries suffering from high or extreme water
stressed [10].

Unless there are significant improvements in water productivity in the coming decades,
freshwater stress will worsen globally. Under current trends, annual water withdrawals in 2050 will
be 20-50% higher than they were in 2020 [2,3]. By 2050, an additional 1 billion people are expected to
face extreme water stress, even if the world limits global temperature rise to 1.3-2.4 °C [3]. Extreme
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weather events accompanying climate change, including more frequent and severe droughts and
heat waves, are likely to further exacerbate freshwater stress in many countries and regions [11-13].

This paper explores further the economic relationship between water use efficiency and scarcity.
As we outline in the next section, one of the main hindrances to improving water use efficiency is
that the growing scarcity of freshwater in many regions and countries is not adequately reflected in
markets. It is therefore important to understand more fully recent trends in water use efficiency
across countries. We conduct a panel analysis of 130 countries over 1995 to 2020 to examine the
possible relationships behind changes in water use efficiency during this period. Countries with
lower initial levels of water use efficiency tended to have higher water productivity growth, whereas
more agriculturally dependent economies displayed lower improvements in water use efficiency.
Better institutional quality and capacity for innovation may also increase water use efficiency. We
discuss the implications of these results for improving water use productivity in economies, and in
particular, the opportunities and challenges for improving water markets and trades to alleviate
water scarcity. We conclude by identifying further areas of research.

2. Water Scarcity, Markets and Efficiency

If a region or country faces increasing stress on available water supplies because of growing
demand from various uses, then one would expect the markets for all water uses to reflect rising
scarcity. Figure 1 indicates how this should happen.

Suppose that in a region, limited freshwater sources are available in any year. The initial supply
of this water is indicated by the relatively steep curve So in Figure 1A, where more water may be
supplied to the regional economy, but only through incurring high economic and ecological costs
from providing additional supply. All the annual uses of water by individuals in the region for
agricultural, industrial, and domestic purposes comprise the demand Do for water in the economy.
In the regional water market, a quantity of Qo million cubic meters (10¢1°) of water will be supplied
and used each year at the price of Po per cubic meter.

However, if the regional economy and population are growing, then there will be an increase in
the overall demand for water used each year. As shown in Figure 1A, in the short run, demand will
shift outward from Do to Dsr. The resulting rise in demand relative to available supply indicates an
increasing water scarcity. The price of water will increase significantly to Psk, and because all users
have to pay higher prices, the quantity used will increase only slightly to Qsr.

Over time, water users in the economy will likely respond to the higher prices of scarce water
by reducing their use. For example, farmers could install more efficient pumping and irrigation
systems to conserve the water they use for crop production, industries may install water-saving
technologies and recycle more water, and households might reduce how much they water their lawns
and buy appliances that use less water. All these conservation measures would eventually reduce the
overall demand for water even as the population and economy continue to grow.
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Figure 1. Water scarcity is reflected in markets: (A) In the short run, an increase in demand will cause
a rise in the price of water. (B) In the long run, , the rise in price provides incentives for water users
to conserve and will induce investments and innovations that will increase effective supplies. Water
use efficiency improves and scarcity will eventually diminish.

Figure 1B shows that the long-run response is a decline in demand from Dsr to Dir. Meanwhile,
the regional government and utility companies responsible for managing water supplies and
delivering them to users will invest in improving the operation and management of reservoirs,
delivery networks, and services, reducing leaks and other losses, and upgrading treatment, recycling,
and wastewater reuse. Over the long run, the result may be more annual freshwater supplies, as
Figure 1B indicates increases from Ssr to Str. Consequently, if water scarcity is reflected in markets,
the long-term response to rising prices should eventually correct the problem. In addition, more
output in the economy will be produced per cubic meter of freshwater withdrawal, and thus water
use efficiency will have improved considerably.

Unfortunately, one important reason for the growing problems of water stress and scarcity in
many regions and countries is that the markets for water do not reflect scarcity. Instead, the way in
which water is managed today in much of the world is shaped by patterns of property rights, public
supply, and other institutions inherited from past eras when water was relatively abundant and not
increasingly scarce [1].

When water is relatively abundant, there is a tendency to assume that plenty of water is available
to meet rising demand and at little additional economic cost or environmental damage. Moreover, to
support supplying more water as cheaply as possible to meet growing demand, new water
infrastructure projects, delivery networks, and treatment systems are often subsidized, and the
impacts on the surrounding environment from diverting and depleting water from aquatic
ecosystems are ignored. The result is a chronic underpricing of water in markets, meaning they fail to
reflect the full costs of rising scarcity [1,4,11].

Figure 2 illustrates the problem when markets do not respond to the full costs of rising water
scarcity. Suppose our region has limited sources of freshwater available in any year. Supplying more
water to the regional economy still incurs large increases in economic and ecological costs, but
subsidies and the disregard for environmental damages artificially lower the supply costs in the
market. As shown in Figure 2A, the initial demand for water is still Do, but now the supply of water
is perceived to be a relatively flat curve So. The market and policy failures mean that more water is
supplied at little recognized additional cost in the market. Because the true additional economic and
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ecological costs of supplying more water are not considered, the full costs of the growing scarcity of
water are not indicated in prices. Therefore, although the initial price and water use are the same as
before, Po and Qo, the market response to an increase in demand will be very different.

B. Short Run B. Long Run
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Figure 2. Water scarcity is not reflected in markets: (A) In the short run, an increase in demand will
cause little change in the price of water. (B) In the long run, there will be little incentive for water users
to conserve or for additional investments and innovations to expand effective supplies. Rising
demand could bring the region close to, or even exceed, extremely high water stress levels, and water
use efficiency is low, yet this impending scarcity is still not reflected in the market.

Once again, rising incomes and population growth are expected to cause an increase in the
overall demand for water used each year, and as shown in Figure 2A, Do will shift outwards to Dsk.
But now, more water will be supplied at little perceived additional cost to meet this rising demand.
When the market for water does not reflect the growing scarcity of water because it does not consider
the true additional economic and ecological costs of increasing supply, the result is that the price of
water barely rises from Po to Psg, even though water scarcity has worsened in the region.

The long-run implications could be even more significant. As Figure 2B indicates, the failure of
price to rise in response to increasing scarcity means that water users in the region have little or no
incentive to conserve, and there will be insufficient investment and innovation to expand supply and
improve the efficiency of water use. Increasing economic growth and population will lead to a rise in
the demand for water in the long run to Dir, and the resulting higher levels of water withdrawals
relative to available freshwater could mean that the region approaches or even exceeds extremely
high water stress. Yet price, in the long run, is not serving as an indicator of this impending scarcity,
as Pir = Psr = Po. The underpricing of water prevents efficient and sustainable management of this
valuable resource, and water productivity will remain relatively low.

3. Explaining Water Use Efficiency

If the full costs of water scarcity are not reflected adequately in markets and chronic
underpricing persists, it is important to understand more fully recent trends in water use efficiency
across countries.

As noted in the Introduction, water use efficiency is usually measured in terms of dollars of real
gross domestic product ($ GDP) per cubic meter (m?) of freshwater withdrawals. The inverse of this
indicator is water use intensity, which is the amount of water used for every unit of economic output,
usually measured in terms of m? of total water withdrawal per dollar of real GDP. Consequently,
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economies experiencing improvements in water use efficiency exhibit declining water intensity of
their aggregate output.

Growth in water withdrawals is decomposed by [7] through applying a “water” Kaya identity,
which is an approach frequently used to track the key factors underlying energy-related carbon
emissions [14,15]. According to this decomposition, the three factors determining growth in water
withdrawals of an economy are growth in population, income per capita and water intensity.! As
most economies experience population growth and would like income per capita to increase,
decoupling water withdrawals from economic growth will require substantial reductions in the water
intensity of economies, which is achieved through raising their water productivity ($ GDP/m?3).

As irrigation for agriculture is the economic sector responsible for much (around 70% on
average) of the world’s water use, many have pointed to the mismanagement and overuse of water
in this sector as a key hindrance to reducing water intensity of economies [8,11,16,17]. To examine
this link further, [7] conducts a pairwise comparison between water intensity of output and
agriculture’s share of water use (averaged over 2010-2020) for 51 developed countries and 113 low
and middle-income countries. Water intensity is positively correlated with agriculture’s share of total
water withdrawals in both sets of countries, but the magnitude of this relationship is much more
substantial for developing countries. For example, on average across the developed countries of the
sample, a percentage-point increase in the share of water used in agriculture is associated with a 1.8%
growth in the overall water intensity of their economies, whereas for developing economies an
increase in agriculture’s water share is associated with 3.2% growth in water intensity.

These results suggest that less water used in agriculture, which is likely to depend on the relative
importance of agriculture to the overall economy, could reduce the overall water intensity of
economic output significantly. From 2015 to 2020, the global improvement in water use efficiency
ranged from below $3/m? in economies that depend on agriculture to over $50/m? in highly
industrialized or service-based economies [10]. Studies for the United States and European countries
that decompose the impacts of improving water productivity on water withdrawal trends confirm
that the overall structural dependence of an economy on agriculture is an important determinant of
changes in water use efficiency [18-23].

Other important factors identified in improving water productivity include the quality of
institutions and governance and the capacity for innovation [1,9,11,18]. These can often be self-
reinforcing. For example, [9] (p. 8868) notes that one reason for the recent “decoupling” of water
withdrawals from population and economic growth in the United States is “substantial technological
improvements driven, in part, by federal regulations on industrial wastewater discharges and by
state and federal appliance efficiency standards have reduced the amount of water required to meet
urban, industrial, and agricultural needs.” In comparison, one explanation for the poor water
productivity of many low and middle-income economies is inefficient water governance and
institutions. That is, “any economy-wide productivity gains of increased water use appear to be
outstripped by the increasing environmental and social costs as countries devote more infrastructure
and institutions to achieving greater water security” [24] (p. 501).

4. Materials and Methods

The following analysis explores further the possible relationships behind changes in water use
efficiency outlined in the previous section. The main hypothesis we examine is that, for any country,
changes in water use efficiency over any given time period are associated with both the initial level

IAccording to the “water” Kaya identity constructed for water by [7], the three constituent factors of annual

water withdrawals (W) of an economy are population (N), income per capita (GDP/N) and the water intensity of

output (W/GDP), ie. W = (W /GDP)-(GDP/ N ). N - Thus, the identity implies that the growth in water

withdrawals for a country or group of countries can be at least partially attributed to growth in water intensity,

GDP per person and population. See [7] for further details.
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of water use efficiency as well as on the overall dependence of the economy on agriculture. To test
this hypothesis, the paper employs a panel analysis of five-year intervals from 1995-2020 for 130
countries. In addition, we include control variables to account for the possible influence of
institutional quality, innovation and other macroeconomic factors on changes in water use efficiency.

Our estimation strategy assumes that the average annual change in water use efficiency of
economy i over a period of T years beginning at initial year f can be specified as

h’l[ it+T}
w,
TtZF(wit’air;Zit)’ 1
where wit is the initial level of water use efficiency ($/m3), a: is initial agricultural dependency (i.e.,
agricultural value-added share of GDP) and Zi is a vector of initial control variables over [t,T] that
may also explain changes in water use efficiency.

We estimate the following log-linear regression of (1)

ln wit+T
wit
T

Ifb, =b, =0, we fail to reject the null hypothesis that the annual average change in water use

x100=b, +b, Inw, +b,Ina, +b,Z, +p , . (2)

efficiency over each [t,T] period is not affected by the initial level of water use efficiency or
agricultural dependence of the economy in time ¢.

We apply our analysis to country-level observations for 130 countries over 1995-2020 divided
into five-year time periods, i.e. 1995-2000, 2000-2005, 2005-2010, 2010-2015 and 2015-2020. Our
measure of water use efficiency is water productivity (constant 2015 US$ GDP per cubic meter of total
freshwater withdrawal), which comes from the World Bank World Development Indicators
(https://databank.worldbank.org/source/world-development-indicators). We also obtain from the
WDI our indicator for agricultural dependency, which is agriculture, forestry, and fishing value
added (% of GDP). We derive a measure of institutional quality based on an average of the six
governance and institutional indicators for each country in from the World Bank Worldwide

Governance Indicators (https://databank.worldbank.org/source/worldwide-governance-indicators).
As this institutional quality measure is scaled from -2.5 to 2.5, it is the only initial variable in the
analysis that is not in natural logarithm. We proxy innovation by a human capital index based on
years of schooling and returns to education from Penn World Table (PWT) 10.1
(https://www.rug.nl/ggdc/productivity/pwt/pwt-releases/pwt100). We use three additional
macroeconomic controls from the WDI: urban population (% of total population), gross fixed capital
formation (% of GDP) and trade openness (total exports and imports as a % of GDP).

Note that broad macroeconomic variables, such as initial income per capita and population, are
not included as explanatory variables in our analysis. This is for two reasons. First, these economy-

wide variables are likely to be correlated with the more specific variables representing agricultural
dependency, institutional quality, innovation and other macroeconomic influences that might
possibly impact changes in water use efficiency over time. Second, as noted in the previous discussion
of the water Kaya identity in Section 3, income per capita, population and water intensity are separate
factors determining annual water withdrawals of an economy. Therefore, growth in income and
population should not also be used to explain changes in water use efficiency over time.

As there are only five short time periods in total, we employ one-way fixed effects panel analysis
of (2) with standard errors clustered at the country level. We perform our analysis on all 130 countries
as well as the sub-set of 84 low and middle-income countries. Because of missing observations for
some countries, the sample of countries declines when additional controls are added to the analysis.

5. Results

Figure 3 shows the trend from 1995 to 2020 in average water use efficiency for the 130 countries
of our sample, which includes 46 high-income and 84 low and middle-income countries.
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Figure 3. Water use efficiency trends, 1995-2020. Data are for 130 countries (46 high-income and 84
low and middle-income). Income classifications are based on the 2023-24 World Bank Classification
of Countries and Income Groups. High-income countries have $13, 846 or more gross national income
(GNI) per capita in 2022, and low and middle-income economies have GNI per capita less than $13,
846. Data are from World Bank, World Development Indicators, http://databank.worldbank.org/data
[Accessed on December 18, 2023].

For all countries, water use efficiency has been steadily increasing (Figure 3). However, water
productivity is significantly greater in richer as opposed to developing countries. In 1995, water
productivity was $70.6 per m?in high-income economies and $17.4 per m? in low and middle-income
economies. By its peak in 2019, water productivity reached $164.9 per m? in high-income countries
and $44.5 per m? in developing countries.

Figure 4 confirms that, over 1995 to 2020, water use efficiency was much higher in richer as
opposed to poorer countries. On average over this period, water productivity was $13.8 per m? in
low-income economies, $20.6 per m? in lower middle-income countries, $61.1 per m? in upper middle-
income economies, and $115.0 per m? in high-income countries.
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Figure 4. Average water use efficiency over 1995-2020 by income group. Data are for 130 countries
(46 high-income and 84 low and middle-income). Income classifications are based on the 2023-24
World Bank Classification of Countries and Income Groups. Low-income economies are defined as
those with a gross national income (GNI) per capita of $1,135 or less in 2022; lower middle-income
economies are those with a GNI per capita between $1,136 and $4,465; upper middle-income
economies are those with a GNI per capita between $4,466 and $13,845; high-income economies are
those with a GNI per capita of $13,846 or more.. Data are from World Bank, World Development
Indicators, http://databank.worldbank.org/data [Accessed on December 18, 2023].

The results of the panel analysis are depicted in Table 1. Columns (1) to (3) depict three
regression outcomes for all 130 countries, and columns (4) to (6) contain the same three regressions
for the sub-sample of 84 countries. Columns (2) and (4) are the regressions without any controls,
regressions (2) and (5) additionally include institutional quality and human capital, and columns (3)
and (6) are the regressions with all five controls.

Across all six regressions of Table 1, the estimated coefficients on initial water use efficiency and
agricultural dependency, i.e. b1 and b2 in (2), are negative, significant and approximately the same
magnitude. These results indicate that we can reject the null hypothesis that the annual average
change in water use efficiency over each five-year period from 1995 to 2020 is not affected by the
initial level of water use efficiency or agricultural dependence of the economy.

The negative coefficient for bi implies that, on average, countries with low initial water
productivity tended to experience higher annual average growth in water use efficiency over each
five-year period from 1995 to 2020 compared to countries with higher initial water productivity. The
negative coefficient for b2 suggests that economies that were more dependent on agriculture had
lower growth in water use efficiency compared to those economies that were less agriculturally
dependent. These negative relationships appear to be greater for the sub-sample of low and middle-
income economies (see columns (4)-(6) in Table 1).

Table 1. Water use efficiency panel analysis, 1995-2020.

Dependent variable: Annual average change in water use efficiency [t, T]

All Countries Low and Middle-Income Countries
Variables (W1)] (2) (3) 4) (5) (6)
Water use efficiency (§/m3) -6.043***  -7.071*** -6.243%** -7.450%** -9.075%** -8.569***
(1.150)  (1.357) (1.120) (1.410) (1.592) (0.894)

-3.372%*  -2.570** -2.435** -4.593*** -3.587** -3.630***

Agricultural dependency (% GDP) (1.095)  (1.227)  (1.215) (1.204) (1.365) (1.155)
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9
Institutional qualit 2.957*% 1.975 3.317* 1.453
quatty (1.601)  (1.477) (1.854) (1.588)
Human capital 11.917*** 4.985 13.926*** 3.321
P (4.133) (4.354) (4.094) (4.090)
. o 9.212%** 12.834***
Urban population (% total) (2.990) (3.023)
. . PN 0.110 0.914
Gross fixed capital formation (% GDP) (0.748) 0727)
. -0.301 -0.518
Trade (% GDP) (0.640) (0.526)
26.672%**  18.161*** -14.635 31.090%** 24.707*** -19.627*
Constant
(4.801)  (6.044)  (11.329) (5.621) (7.266) (10.134)
Observations 630 559 518 404 343 311
R-squared 0.163 0.179 0.180 0.214 0.247 0.281
Number of countries 130 115 109 84 71 66
Country FE Yes Yes Yes Yes Yes Yes

Robust standard errors in parentheses. All independent variables are in initial year t and are in natural
logarithms except for institutional quality (range -2.5 to 2.5). *** p<0.01, ** p<0.05, * p<0.1.

When both institutional quality and human capital are included in the regressions, they have a
positive and significant impact on changes in water use efficiency (see columns (2) and (5) in Table
1). Countries with better institutional quality and improved capacity for innovation tended to have
higher water productivity growth over each five-year interval from 1995 to 2020. None of the
additional controls appear to influence changes in water use efficiency except for urban population
as a percentage share of total population, which has a positive and significant effect. However, as
columns (3) and (6) show, the coefficients for institutional quality and human capital are still positive
but no longer significant.2 One possible reason for this outcome is collinearity between, on the one
hand, urban population (% total), and on the other, institutional quality and human capital.

In sum, the results of our analysis indicate that, over every five-year period from 1995 to 2020,
countries with lower initial levels of water use efficiency tended to have higher water productivity
growth, whereas more agriculturally dependent economies displayed lower improvements in water
use efficiency. These relationships were especially strong among low and middle-income economies.
There is some evidence that better institutional quality and capacity for innovation were also
associated with higher water productivity growth, but this effect may also be related to a higher share
of the population in urban areas.

6. Discussion

The implications of our results are somewhat mixed for rapidly improving water use efficiency,
and thus reducing freshwater withdrawals and the threat of scarcity, in most economies. The overall
trend since 1995 across countries is for improving water use efficiency, and those countries with the
lowest initial water productivity display on average faster growth in water use efficiency. However,
many economies, especially among low and middle-income countries, remain structurally dependent
on agriculture, exhibit poor institutional quality and lack sufficient capacity (e.g. human capital) for
innovation. As our analysis shows, these factors appear to have limited increases in water use
efficiency across economies over 1995-2020.

2 This outcome also occurs if just urban population (% total) is the only additional control variable included
alongside institutional quality and human capital. In addition, if urban population (% total) is the only excluded
control variable, then institutional quality and human capital are positive and significant but the other

macroeconomic control variables are not.
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If countries want to improve water use efficiency more rapidly, and thus avoid problems of
scarcity, one approach would be to address the problem of underpricing of water in markets discussed
in Section 2. For example, the Global Commission on the Economics of Water has stressed that ending
the underpricing of water must be a priority for water management worldwide: “We must cease
underpricing water. Proper pricing and targeted support for the poor will enable water to be used
more efficiently in every sector, more equitably in every population and more sustainably both locally
and globally” [4] (p. 17). Consequently, water policies and institutions that fail to address
underpricing “compound water scarcity by encouraging wasteful extraction of water and ecosystem
degradation. This creates perverse incentives that fail to balance water use with supply, protect
freshwater ecosystems and support necessary technological innovations” [11] (p. 2).

However, transitioning from a situation where water scarcity is not reflected in markets (e.g.,
Figure 2) to one where markets increasingly respond to growing water scarcity (e.g., Figure 1) is not
easy. There are examples from around the world where well-functioning water markets and trades
have facilitated water conservation and re-allocation [1, [11,25-34]. This has occurred through both
selling water from low-value users (e.g. irrigation) to high-value users (e.g. municipalities), or
through transacting water between high-cost and less-cost users within the same sector (e.g.
irrigation).

But establishing water markets and trades incurs significant transaction costs, which are the
additional administrative and other costs incurred in organizing and participating in a market or
implementing a new government policy, pricing reform or regulation. Keeping transaction costs as
low as possible requires unique regulatory, institutional and governance conditions. The lack of such
conditions often limits the effectiveness of water trading and markets as a solution to managing
excessive freshwater withdrawals and scarcity, whereas if the institutional and regulatory
impediments have been overcome, the necessary policy and administrative conditions for reforming
water markets and trades to reflect rising scarcity often arise [1,11,31,33]. The lessons learned from
successful implementation can help identify the policy and administrative conditions and reforms
necessary to enable governments and jurisdictions to develop water trading arrangements that are
efficient, equitable and within sustainable limits [33,35].

Three conditions that appear especially important for establishing water markets are a rights
system in which water reallocation is legalized; separating water rights and landownership to enable
water trades; and ending forfeiture rules decreeing that water rights are lost if the water is not used
for a certain period [28,29,33,34,36]. For example, [36] found that 58 regions and countries satisfied
all three conditions for the creation of water markets. In addition to the western United States and
the Murray-Darling Basin in Australia, they include Chile, Indonesia, Vietnam, Korea and South
Africa, Russia, some states in India, and various other countries. Another 66 regions and countries
satisfied at least one or two of the legal conditions for creating water markets.

An additional concern regarding water trading is that it can cause environmental externalities.
However, a recent review of the role of water trade and environmental degradation of the Murray-
Darling Basin in Australia indicates that water trade can be associated with both positive and
negative environmental impacts [37]. For example, although water trade in this region has led to
changing patterns of surface water consumption, improved irrigation efficiency, and higher rates of
groundwater extraction, their impact on increased salinity and water bank degradation is somewhat
mixed. In addition, large-scale water entitlement buyback schemes to protect water flow rates,
especially during periods of droughts, have provided broader positive environmental benefits [37].

In the end, increasing water scarcity, more frequent and extreme droughts, and growing water
crises may prove to be the catalyst for water market and pricing reforms [11]. For example, [38] found
that droughts, climate change and other environmental concerns were instrumental in improving
river basin management and planning, including the use of water markets, in three critical and large
river basins: the Colorado in the United States and Mexico, the Yellow (Huang He) in China, and the
Murray-Darling in Australia. Water-related events, such as droughts, floods or water impacts from
pollution, have also been the main instigators not just for improved river basin governance but also
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for reforms of water policies in agriculture [25]. Similarly, droughts were influential in instigating
water policy and pricing reforms in Spain, Australia, and California, USA [26].

7. Conclusions

Critical to avoiding chronic water scarcity and crises is for economies to improve significantly
the efficiency of their end use of freshwater withdrawals and to induce investments and innovations
that increase effective water supplies. Unless there are significant improvements in water
productivity in the coming decades, freshwater stress will worsen globally. Moreover, as the true
additional economic and ecological costs of water scarcity are not considered, and the full costs of the
growing scarcity of freshwater in many regions and countries are not adequately reflected in markets,
there are often insufficient incentives for investment and innovation to improve the efficiency of
water use. The global risks to economies and societies from increasing water scarcity will be
exacerbated by population growth, economic development and climate change.

Our panel analysis of water productivity changes for 130 countries from 1995 to 2020 finds that
countries with lower initial levels of water use efficiency tended to have higher water productivity
growth, whereas more agriculturally dependent economies displayed lower improvements in water
use efficiency. Better institutional quality and capacity for innovation may also increase water use
efficiency. Although there is scope to improve water productivity and reduce scarcity through water
markets and trades, a number of major institutional and policy challenges exist.

Our exploration of the economics of water scarcity and efficiency suggests several important
areas for future research.

There needs to be more studies that analyze and decompose the impacts of improving water
productivity on freshwater withdrawal trends across countries [7,18-23]. This is especially important
to explore the influence of agricultural dependency, institutional quality, innovation and other
macroeconomic factors in more detail.

Future research should also explore the effectiveness of water markets and trades in alleviating
scarcity and improving water use efficiency. In particular, the lessons learned from successful
examples of implementation can help identify the policy and administrative conditions and reforms
necessary to enable governments and jurisdictions to develop water markets and trading
arrangements that help improve efficient and sustainable use [33,35-37].

Finally, there is an urgent need to examine the challenges and opportunities facing low and
middle-income economies. This includes understanding better the factors influencing changes in
water use productivity in these economies, as well as the unique conditions that they face in
establishing water markets and trades.
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