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Abstract Water scarcity frequently leads to a need for rationing. The choice of an adequate
rationing method should be based on the impact on consumer welfare that is produced by
each rationing plan. Some rationing schemes, such as the frequently used supply interruption
method, can be regarded as changes in the characteristics of the good (in this case, time
availability) that do not modify the pre-set consumer budget. Under the standard theoretical
restrictions on consumer behavior compensating or equivalent variations/surpluses cannot
be used to identify the impacts of these methods on household welfare. In this paper, we
propose a set of sufficient conditions with respect to the utility function that allows for the
evaluation of the compensating or equivalent variations/surpluses associated with changes in
goods’ quality, even if those goods are considered to be essential for consumers.We use these
conditions to compare the welfare losses associated with the water supply cuts implemented
in Seville (Spain) to those that would result if water was instead rationed using price changes.
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1 Introduction

The importance of water stems from the fact that it satisfies a broad range of needs in its
roles as both a necessary good upon which public health and life depend and as a basic
input for most agricultural and industrial production processes. Demographic pressures and
economic development will therefore lead to a continual growth in the demand for water
that will require greater volumes of water to be allocated to meet various needs.1 On the
other hand, climate change is altering rainfall patterns around the world (IPCC 2013; Bates
et al. 2008) causing decreasing levels of average rainfall, rising temperatures and lower water
availability in some geographical zones.2 Such increases in demand and local decreases in
supply suggest that water supply stress will increase over time in some zones, leading to
more frequent water shortages and calling for stronger rationing.

Although governing authorities frequently resort to supply cuts,3 a variety of other
rationingmethods can be implemented (Winpenny 1994;Olmstead and Stavins 2009;Garcia-
Valiñas et al. 2015). Therefore, a comparative analysis of the impact of different policies for
limiting water consumption is useful for guiding water management during periods of stress.
Many studies have focused on this topic (e.g. Moncur 1987; Renwick and Archibald 1998;
Garcia-Valiñas 2006; Roibas et al. 2007; Grafton and Ward 2008; Mansur and Olmstead
2012).

Several previous studies have analyzed the impact of supply interruptions on household
welfare using the concept of consumer surplus (Garcia-Valiñas 2006; Roibas et al. 2007;
Grafton and Ward 2008; Mansur and Olmstead 2012). Alternatively, analysis sometimes
uses contingent valuation or choice experiment techniques (Hensher et al. 2005; Genius
et al. 2008; Vasquez et al. 2009; McDonald et al. 2010) in order to estimate the willingness
to pay and/or to be compensated for reductions on water consumption and/or its quality.
However, none of these studies have evaluated welfare losses in terms of standard consumer
theory, which considers compensating or equivalent variations/surpluses.4 In this respect,
Roibas et al. (2007) prove that the use of those measures to evaluate changes in good’s
characteristics is not feasible under standard theoretical restrictions.

In this paper, we propose a set of restrictions regarding the utility function that allow
for exact measures of consumer welfare which can subsequently be used for evaluating the
impact of supply cuts. We apply these restrictions to a specific utility functional form, the
Stone-Geary utility function, and use this function to analyze the impact of the supply cuts
that occurred over the course of the drought that affected the city of Seville (Spain) during
the first half of the 1990s. This analytical tool allows for making decisions as to which is the
preferred rationing method in terms of welfare, improving the results compared with other
classical approaches based on consumer surplus.

The remainder of this paper is organized as follows. Section 2 reveals the restrictions that
must be satisfied by the utility function to evaluate the impact of supply cuts on welfare
through the use of compensating or equivalent surpluses. Section 3 discusses the empirical
specifications of this study. Section 4 describes the effects of the drought in Seville in the
early 1990s and the main response initiatives that were implemented by the water supplier;

1 The United Nations (2011) projects the current world population of nearly 7 billion to grow to 9.3 billion
by the middle of this century and to 10.1 billion within the next 90 years.
2 Baisa et al. (2010) analyzes the consequences of extremely severe water shortages in Mexico.
3 Many cities and towns in both developed and developing countries suffer from water supply interruptions
and discontinuous water-related services (OECD 2003, 2008).
4 Compensating or equivalent surpluses are welfare losses measures due to changes in quantity-constrained
goods Freeman et al. (2014).
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this section also presents the data set for the investigation. The estimates and welfare results
are provided in Section 5. Finally, Section 6 concludes the manuscript.

2 Measuring the Welfare Losses that are Associated with Supply Cuts

Consumer behavior data can be used to analyze consumer evaluations of certain characteris-
tics of goods through the use of hedonic prices (Rosen 1974). However, the use of hedonic
prices requires prices to depend on the characteristics of goods; this condition is not satis-
fied in various situations, such as scenarios that involve interruptions in water or electricity
supplies. Supply interruptions can be regarded as reductions in one specific characteristic of
a good, its availability. These interruptions impose the condition that the good in question
can only be acquired during periods when the supply is uninterrupted.5

For utility functions that satisfy standard theoretical properties (differentiability, mono-
tonicity and quasi-concavity), it is impossible to derive compensating or equivalent surpluses
that accurately reflect changes in the characteristics of goods. Mäler (1971) shows that weak
complementarity is a sufficient condition to identify welfare losses.6 Weak complementarity
could be defined as: δU (o,x2,...,xn ,c)

δc � 0, where U(·) is the utility function and c is a charac-
teristic of good x1. Thus, weak complementarity requires that the utility function is defined
when x1 is null implying therefore, the non-essentiality of x1. A good “is non-essential if
combinations of other goods can be found that will compensate the individual for its complete
absence” (Bockstael and McConnell 1993 p. 1248). That is, x1 is non-essential if for every
x01 there exists a vector

(
x12 , . . . , x

1
n

)
such that:

U
(
x01 , x

0
2 , . . . , x

0
n , c

) � U
(
0, x12 , . . . , x

1
n , c

)
(1)

Therefore, these restrictions are useful to evaluate the impact of, for example, environ-
mental changes in the demand for outdoor recreation (Phaneuf et al. 2000; von Haefen and
Phaneuf 2003; von Haefen 2008). However, given that water is necessary for survival, non-
essentiality could be considered too strong an assumption for that good.

In this study we use a primal analysis to demonstrate that under standard theoretical
restrictions, the impossibility of identifying compensating and equivalent surpluses is related
to the fact that the marginal utilities of the goods are not observable.7 Then, we identify
sufficient restrictions for the utility function that allows for exact measures of welfare to be
identified without assuming non-essentiality.

For simplicity, we assume that the consumer purchases two goods: water (x1) and other
goods (x2).We also assume that consumer behavior depends on a variable (c) that corresponds

5 In particular, in the case of Seville households are recommended to reduce water consumption, but no other
rationing measure is implemented. Therefore, households are allowed to maintain their previous consumption
if they wish. As a result, any reduction in water consumption will be due to changes in the household’s utility
function generated by the reduced availability of the good.
6 Bockstael and McConnell (1993) show that consumer surplus could be considered as an approximation
to compensated and equivalent variations if, additionally to non-essentiality and weak complementarity, the
so-called “Willig condition” holds (Willig 1978).
7 In Roibas et al (2007) a dual approach is used to demonstrate the impossibility of identifying compensated
or equivalent surpluses associated to supply cuts under the standard theoretical restrictions. However, no
restrictions allowing their identification are typified.
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to supply cuts duration and affects consumer utility. In this context, the consumer’s utility
maximization can be expressed as follows:

max
x1,x2

U (x1, x2, c)

s.t : p1x1 + p2x2 � R
(2)

here p1 and p2 are prices and R is income. Substituting the Marshallian demands into the first
order conditions for utility maximization we find:

−p1x1 (p1, p2, R, c) − p2x2 (p1, p2, R, c) + R ≡ 0 (3a)

−λp1 +U1 [x1 (p1, p2, R, c) , x2 (p1, p2, R, c) , c] ≡ 0 (3b)

−λp2 +U2 [x1 (p1, p2, R, c) , x2 (p1, p2, R, c) , c] ≡ 0 (3c)

whereUi (·) is the derivative of the utility function with respect to xi. Differentiating (3) with
respect to c we obtain:

⎛

⎝
0 −p1 −p2

−p1 U11 U12

−p2 U12 U22

⎞

⎠

⎛

⎝
δλ/δc
δx1/δc
δx2/δc

⎞

⎠ �
⎛

⎝
0

−U1c

−U2c

⎞

⎠ (4)

Solving for the derivatives of the Marshallian demands:
(

δx1/δc
δx2/δc

)
�

(
p22/H −p1 p2/H

−p1 p2/H p21/H

)(
U1c

U2c

)
(5)

where H is the determinant of the first matrix in (4). Therefore, as the budget set remains
unchanged, the first equation in (4) implies a linear relationship between the Marshallian
demand derivatives (δx1/δc � − (p2/p1) (δx2/δc)) and thus, the matrix multiplying the
derivatives of marginal utilities with respect to c in (5) is not of full rank, preventing the iden-
tification of those derivatives from theMarshallian ones.Consequently, it becomes impossible
to integrate U1c and U2c to recover the marginal utilities and prevents the evaluation of the
effect of changes in c on the utility function.

A graphical analysis can help to illustrate the nature of the analyzed identification problem.
From equations in (4) we obtain:

(
1

p1
U1c − 1

p2
U2c

)
� 1

p2

(
U12

δx1
δc

+U22
δx2
δc

)
− 1

p1

(
U11

δx1
δc

+U12
δx2
δc

)
(6)

Figure 1 illustrates Eq. (6), showing the consumer reactions that are induced by changes
in c. The initial equilibrium x0 is associated with c0. The change from c0 to c1 changes
the indifference map, generating a final equilibrium x1. The solid indifference curve U(x1,
c0) illustrates the marginal rate of substitution (MRS) in x1 in the initial indifference map
associated with c0.

The right-hand side of Eq. (6) includes the derivatives of the marginal utilities with respect
to x1 and x2 and is therefore related to changes in the MRS that are exclusively caused by
the change in consumption from x0 to x1 if c is maintained at its initial value (c0). In Fig. 1,
this change is represented by the difference between the MRS in x0 and the MRS in x1,
evaluated over the solid indifference curve U(x1, c0). The left-hand side of Eq. (6) includes
the derivatives of the marginal utilities with respect to c and therefore reflects the change in
consumer MRS in x1 related to the transition from the solid indifference curve (U(x1, c0))
associated with c0 to the dashed curve (U(x1, c1)) associated with c1.

It is clear that if there are sufficient observations for each value of c, it is possible to estimate
theMarshallian demand functions that correspond to each of these values and thereby recover
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U(x0, c0)

U(x1, c1)

x1

x2

U(x1, c0)

Fig. 1 Changes in consumption due to changes in c

the shape of both indifference maps. However, as utility is not observable, under standard
consumer preference restrictions, it is impossible using the Marshallian demands to assess
the effects of changes in c on consumer utility for two reasons that emerge in the graphical
analysis. First, any influence of c on the utility function that leaves the MRS unaffected
implies that the consumer does not react to changes in c. Therefore, it would be impossible
to identify variations in utility from the (absent) consumer reaction. Second, it is possible
to observe the changes in the MRS that are generated by changes in c (the left-hand side of
Eq. (6)). However, as is clear from Eq. (5), the change in each individual marginal utility
cannot be identified from the Marshallian demands. Thus, it becomes impossible to integrate
the marginal utilities to determine the changes in consumer utility.

It is possible, however, to identify a set of sufficient conditions for the utility function that
allows for the effect of c on consumer utility to be evaluatedwithout requiring non-essentiality.
Compensated and equivalent surpluses associated to changes in c can be identified if the utility
function verifies:

P1 The utility function does not include any autonomous component that depends only on
c.

P2 The marginal utility of one of the goods is independent of c.

P1 implies that the utility function cannot be expressed as U∗ (x1, x2, c) + UC (c). P1
becomes a necessary condition because any autonomous componentUC (c)would not affect
marginal utilities and would therefore generate no influence on consumer behavior. As men-
tioned above, effects on utility that do not generate consumer reactions cannot be evaluated
by observing consumer behavior.

P2 Assuming that the marginal utility of x2 is independent of c (U2c � 0), the utility
function can be expressed in the following form:

U (x1, x2, c) � U 0 (x1, c) +U 1 (x1, x2) (7)
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Under P2, equations in (5) imply:

U 0
1c �

(

2
p1
p2

U12 −U11 − p21
p22

U22

)
δx1
δc

(8)

which allow U1c to be identified from the Marshallian demand of x1. Therefore, simple
integration of U 0

1c allows the effect of c on the marginal utility of x1 to be recovered:
∫

U 0
1c (x1, c) dc � U 0

1 (x1, c) (9)

Therefore, onceU 0
1 (x1, c) is identified and P1 is taken into account, the simple integration

of U 0
1 (x1, c) allows the effect of c on consumer utility to be recuperated:

∫
U 0
1 (x1, c) dx1 � U 0 (x1, c) (10)

It is worth noting that given a utility function verifying P1 and P2, only affine trans-
formations of that function generate utility functions fulfilling P1 and P2 (see “Appendix
A”).

This analysis could easily be extended to the general n-dimensional case. In this situation,
P1 would remain unchanged, and P2 would again imply the existence of at least one good
with amarginal utility that is independent of c. Therefore, these restrictions have an appealing
interpretation. P1 implies that consumers extract welfare by consuming goods and suggests
that the characteristics of these goods are only relevant through the act of consumption. P2
requires that the utility extracted from at least one of the available goods to be independent
of the evaluated characteristic. In our empirical application, we evaluate the effect of inter-
ruptions in the water supply on consumer welfare. It therefore appears reasonable to assume
that the utility that is obtained from various activities, such as attending the theater or taking
a tourist trip, will be independent of the duration of water supply cuts.

3 The Empirical Model

To calculate the compensating surplus associatedwith supply cuts in the empirical application
of this study, we specify a demand function that is based on a Stone-Geary utility function.
If a consumer purchases two goods, this function takes the form:

U � b1 ln (x1 − a1) + (1 − b1) ln (x2 − a2) (11)

where b1 and ai are parameters of the utility function. Based on this functional form, the
maximization of utility can be understood as a process in which the household purchases
a subsistence level of each good i that does not depend on price and then allocates fixed
proportions of the leftover income (which is known as supernumerary income) to each good
or service in accordance with the parameter (b1) (see Deaton andMuellbauer 1980; or Chung
1994; for more details). This utility function has frequently been used to analyze residen-
tial water demand, particularly during the past decade (see Al-Qunaibet and Johnston 1985;
Gaudin et al. 2001; Martínez-Espiñeira and Nauges 2004; Madhoo 2009; Meran and von
Hirschhausen 2009; Nauges et al. 2009; Schleich 2009; Monteiro 2010; Garcia-Valiñas et al.
2010; Dharmaratna and Harris 2012; Renzetti et al. 2015; Clarke et al. 2017). One reason that
this function is frequently used may be because previous studies found very low own-price
elasticities, possibly indicating that a portion of water consumption could be unresponsive
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to price changes; this phenomenon corresponds to the subsistence or non-discretionary con-
sumption concept that is implicitly assumed by the Stone-Geary utility function. In addition,
this utility function enjoys the advantages of being theoretically consistent. Unless the sub-
sistence or minimum consumption threshold is zero, elasticity is non-constant. Finally, when
using the Stone-Geary functional form, the Hicksian demands and the expenditure function
can be analytically derived. The use of more flexible functional forms would require the
compensating surplus to be identified by numerical calculation. Table 8 in the “Appendix
B” illustrates certain aspects of the studies that have applied this functional form for the
modeling of residential water demand,8, 9

Including supply cuts (c) in the Stone-Geary function in a manner that satisfies properties
P1, and P2 yields:

U � b1 ln (x1 − a1) + (1 − b1) ln (x2 − a2) + b2 ln (x1 − a1) c (12)

It is assumed that the consumer maximizes this utility function subject to the following
budget constraint:

R � px1 + x2 (13)

In the previous equation p denotes the price of x1 and x2 corresponds to expenses for other
goods in the empirical application of this study, so its price is equal to one. The Marshallian
demand functions are:

x1 � a1 +
(R − pa1 − a2)

p

(b1 + b2c)

(1 + b2c)
(14a)

x2 � a2 + (R − pa1 − a2)
(1 + b1)

(1 + b2c)
(14b)

The following Hicksian demand functions correspond to the proposed functional form:

xh1 �
[

b1 + b2c

(1 − b1) p

](
1−b1
1+b2c

)

exp

(
U

1 + b2c

)
+ a1 (15a)

xh2 �
[

(1 − b1) p

b1 + b2c

](
b1+b2c
1+b2c

)

exp

(
U

1 + b2c

)
+ a2 (15b)

Once theseHicksian demand functions are specified, it is possible to obtain the expenditure
function, which can be used to calculate the compensating surplus associated with changes
in c:

e (p,U, c) �
⎡

⎣
(

1 − b1
b1 + b2c

)
(
b1−1
1+b2c

)

+

(
1 − b1
b1 + b2c

)
(
b1+b2c
1+b2c

)⎤

⎦ p

(
b1+b2c
1+b2c

)

exp

(
U

1 + b2c

)
+ a1 p + a2

(16)

The empirical application that is developed in this study is based on the estimation of the
Marshallian demand for x1 in Eq. (14a). In particular, the equation to be estimated is:

x1i t � a1 +
Ri − pit a1 − a2

pit

(
b1 + b2ct
1 + b2ct

)
+ eit (17)

8 See Arbues et al. (2003), Worthington and Hoffman (2008) or Reynaud (2015) for broader surveys on
residential water demand.
9 The expenditure function dual to the Stone-Geary utility function can be expressed in an analytic form
and this is an important advantage in this study as it avoids the use of numerical methods to calculate the
compensating surplus which, additionally, allow for their standard deviations to be calculated.
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Table 1 Water reserves in Seville during drought periods

Drought Maximum capacity of the
reservoirs (Hm3)

Reserves during periods with
interruptions (%)

1974–1976 187 5–6

1981–1983 222 12–34

1992–1996 390 5–15

Source: EMASESA (1997)

where:

a1 � g1 + bN PERN PERi + bT EMPT EMPt + bRAI N RAI Nt + bQU AL QU ALt +
2000∑

T�1992

bT DT

(18)

and x1it is the water consumption of consumer i in period t; pit is the price that this consumer
pays for water in period t; Ri is the consumer’s income; TEMPt is the average temperature
during each period; RAINt corresponds to the total rainfall; NPERi is the number of persons
in the consumer’s household; QUALt is a dummy variable that indicates the existence of
drops in pressure and/or chemical parameters that determine the quality of the product; DT

is a set of year dummies; ct is the duration of supply interruptions, measured in hours per
quarter; a2, g1and b’s denotes parameters to be estimated; and eit is the error term.

4 Water Provision in Seville

4.1 Cyclical Shortages

Seville is a city with more than 700000 inhabitants (INE 2011) that in the past has been
severely affected by water scarcity problems. This city is located in Andalusia, a region in
southern Spain that exhibits the greatest levels of water stress of any area in the European
Union (European Environment Agency 2009). In recent decades, water supply and sanitation
in the city and certain surrounding municipalities have been the responsibility of the Seville
Municipal Water Company (EMASESA); during this time, several water emergencies have
arisen that necessitated water restriction initiatives. The first two emergencies occurred from
1974 to 1976 and from 1981 to 1983. The third emergency, which is the focus of the empirical
analysis in this paper, was experienced during the first half of the 1990s.10 Table 1 presents
the status of water reserves in reservoirs near Seville during these droughts, illustrating the
seriousness of these water shortages.

In the drought which occurred from 1992 to 1996, water shortages first appeared at the end
of 1991, and the situation worsened during the following year. The first water consumption
restrictions to address these shortages, which were formally introduced through the publica-
tion ofmunicipal edicts,11 were implemented at the beginning of 1992. These edicts specified

10 Therewas another drought at the beginning of theXXI century, but no supply restrictionswere implemented
in Seville to address this drought (EMASESA 2005).
11 Although supply cuts are legally permitted under certain circumstances, regulations require users to be
notified in advance regarding the initiation, intensity and estimated duration of these cuts (Molina 2001). It
should be noted that supply cuts also forbid the use of water stored in storage devices.
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the conditions under which water would be supplied and the responses that were expected
from consumers. The implemented restrictions included interruptions in water supply and
reductions in water pressure. These restrictions were particularly intense during 1993 and
1995; during this period, water supply interruptions sometimes lasted for up to 12 h per
day.12 In addition to restrictions on the hours of water availability, the water quality was also
affected during this drought. Despite the efforts of the supplier to guarantee this quality, the
unusual weather conditions and the consequent decision to diversify the sources of water
supply led to a considerable deterioration of water quality. The health authorities were forced
to provisionally relax water standards; in order to justify this laxity, these authorities offered
the argument that the drought constituted a period of “exceptional conditions”.

4.2 Data

Equation (17) has been estimated using a balanced panel that consists of quarterly observa-
tions for 208 Sevillian households with individual water meters.13 The sample period ranges
from the fourth quarter of 1991 to the third quarter of 2000. The data was obtained from
several sources. The Seville municipal water supply firm (EMASESA) provided information
about water consumption per household (x1), the price of water and the presence of quality
restrictions for the supplied water (QUAL). A two-part tariff with three blocks is adopted in
Seville. The fixed fee depends on the meter caliber. The fixed fee and the blocks of water
prices are presented in Tables 9 and 10 in “Appendix C”. The price considered in the empir-
ical analysis is the household’s marginal price.14 The quality variable is a dummy that was
set equal to 1 if there were changes in water pressure and/or the chemical parameters that
determine the quality of the product. The durations of the supply cuts (ct) were calculated
from the municipal edicts that were announced to Sevillian citizens.

A proxy for household income (R) is obtained from an estimation based on the location of
the sampled homes within the Seville municipality. The Seville Revenue Office has provided
information on the fiscal category of the street where the household is located,15 and a level
of disposable income (La Caixa 2000) has been assigned to each category. This estimation
was originally designed to assess household income in 1998; for the purposes of this study,
the estimated incomes (expressed in e) have been indexed to 2002 price levels.

Data regarding temperature and rainfall (TEMP, RAIN) were provided by the Spanish
National Meteorological Institute and reflects important climatic differences among the four
quarters of the year (Table 2 shows the quarter average of temperature and rainfall). We use
the arithmetic mean of themaximum daily temperatures and total rainfall that were registered
during each quarter.

Finally, the number of users per household (NPER) was obtained by dividing the total
number of people in each building, as provided by the Spanish census, by the number of
households in each building. We could only obtain the exact number of individuals per

12 These restrictions were not applied to users that provided services that were deemed to be essential to the
public interest, such as health centers.
13 It is worth noting that most people in Spanish cities reside in apartment blocks and not in single-family
houses. In particular, all the households in the sample reside in apartment blocks and residential water uses
such as car washing or garden irrigation are not taking place in our sample.
14 It is worth noting that the whole sample period is prior to the Directive 2000/60/EC of the European
Parliament and of the Council of 23October 2000 (Water FrameworkDirective,WFD) that requires complying
with the full-cost recovery principle. During the period analyzed in this research, household expenditures were
lower than the cost of water provision andwater provision was consequently a subsidized activity. Even several
years later, WDF has not been yet fully applied in Spain (European Environment Agency 2013).
15 Seville city council classified streets into 8 categories.
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Table 2 Meteorological conditions per quarter

Variable 1st Quarter 2nd Qarter 3rd Quarter 4th Quarter

Temperature 22 31 30 19

Rainfall 367 199 311 1707

Table 3 Variable descriptive statistics

Variable Unit Mean SD Min. Max.

x1 m3 104 140 2 528

p e/m3 0.86 0.27 0.48 1.34

Ra e/household 1583 307 1078 2409

NPER Persons 3.76 2.10 1 11

TEMP Degrees Celsius 25.85 5.32 18.1 32.6

RAIN l/m2 651 1 81 4340

QUAL Dummy 0.35 0.48 0 1

c Hours 94 238 42 1052

aIncome is provided in monthly basis

household in the case of large families (families with 4 or more members) because of the
application of water tariff discounts that were dependent on household size. Difficulties in
obtaining information prevented us from determining how the number of people in each
household varies over time. Hence, this variable only exhibits variation across the different
households and is assumed to remain constant over time. The information for this variable
was provided by the Seville City Council and EMASESA. The main descriptive statistics
related to the variables and the consumed quantities are presented in Table 3.

5 Results

From the household perspective, most of the variables in the demand equation could be con-
sidered as exogenous or predetermined variables (income, number of persons, quality dummy,
supply cuts duration, temperature and rainfall). However, marginal price is expected to be
endogenous when block tariffs apply (Olmstead et al. 2007; Olmstead 2009). Thus, the esti-
mation was performed through a non-linear two stage least squares estimator with instrumen-
tal variables,16 using the TSP econometric software package.17 All the exogenous and prede-
termined variables alongwith the inverse of block prices and their interactionwith income and
supply cuts were used as instrumental variables. Table 4 provides the parameter estimates.

In general, the parameter estimates are statistically significant. The price elasticity of the
demand forwater is calculated for a representative household. This household is characterized
by the average monthly income (=1583e) and by a number of members equal to four (which
is the whole number closest to the sample mean). The representative household is assumed to
demand water at the largest yearly marginal price (as it is expected to demand more than 60
cubicmeters ofwater) and the yearly average of temperature and rainfall. It is assumed also the

16 Olmstead (2009) shows that instrumental variables could be a valid technique in this case.
17 See Greene (2008) for details on the non-linear least squares estimator.
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Table 4 The parameter estimates of the demand function

Parameter Value SE t-Statistic

g1 − 122.173*** 11.367 − 10.75

bnper 46.143*** 0.578 79.89

btemp 0.772*** 0.159 4.85

brain 0.002** 0.001 2.41

bqual − 6.744** 2.833 − 2.38

b1992 − 4.582 3.624 − 1.26

b1993 − 6.244* 3.607 − 1.73

b1994 − 4.382 3.833 − 1.14

b1995 − 18.894*** 4.102 − 4.61

b1996 − 7.220** 3.647 − 1.98

b1997 1.036 3.449 0.30

b1998 3.215 3.412 0.94

b1999 − 1.245 3.300 − 0.38

b2000 − 5.317 3.397 − 1.57

ba1 0.021*** 0.002 9.14

bb2 − 0.000011*** 0.000004 − 2.73

ac2 162.926 383.281 0.43

***Significant at 1%; **significant at 5%; *significant at 10%
ab1 shows the relative marginal utility of x1 with respect to x2
bb2 captures the impact of supply interruptions on water marginal utility
ca2 represents subsistence consumption in other goods (x2)

absence of restrictions on water quality and availability. For this household, the elasticity of
demand ranges from − 0.29 to − 0.43, depending on temperature, rainfall and the parameter
interactingwith the corresponding year dummy. This result is consistentwith previous studies
on water demand (Arbués et al. 2003; Worthington and Hoffman 2008). Moreover, these
elasticities are similar to that found by other studies using the same dataset but quite different
demand specifications. In particular, Garcia-Valiñas (2006) found elasticity to be equal to
− 0.53 while Roibas et al. (2007) found a − 0.33 value for demand elasticity. The estimation
of parameter b1 reveals that income has a positive and significant influence on water demand.
The estimated value of b2 is negative and significant, indicating that supply interruptions
reduce water marginal utility and then, water consumption. Only three parameters associated
with year dummy variables becomes significant and negative evidencing a rather stable
demand over the sample period. The remaining parameters also have the expected sign. The
effects of temperature, rainfall and the number of individuals per household are positive and
significant, and cutbacks in quality produce very significant reductions in water consumption.

We next use the above parameter estimates to compute welfare losses associated to supply
cuts and the welfare losses that would take place if the same reduction in consumption were
achieved by increasing the price of water as is shown in Eqs. (19a) and (19b):

WLc (c � c) � CS (c � c) + [p (x1 (c � 0) − x1 (c � c))] (19a)

WL p
(
p � pR

)
� CV

(
p � pR

)
+

[
px1 (c � 0) − pRx1 (c � c)

]
(19b)

where WLc (c � c) is the welfare loss when the average water supply disruption is applied
(c);CS (c � c) is the compensating surplus associated to that average supply cut; x1 (c � 0)
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Table 5 Simulation values

Variable Unit 1993 Mean value

p e/m3 0.81

Ra e/household 1583

NPERb Persons 4

TEMP Degrees Celsius 24.65

RAIN l/m2 406

QUALb Dummy 1

cc Hours 359

aIncome is provided in monthly basis
bThe whole value closer to the sample mean
cSupply cuts usually occurs along with quality restrictions

is water consumption when no supply cut takes place and x1 (c � c) is water consumption
when the average supply interruption applies; CV

(
p � pR

)
is the compensating variation

associated to the price rationing scheme; pR is the price that would generate the same reduc-
tion in water consumption than the average supply cut (virtual price); finally,WL p

(
p � pR

)

is the welfare loss when price rationing is put in practice. Thus, welfare losses include both:
the consumer welfare losses and the changes in the water utility’s revenues generated by
each rationing regime.18 The welfare losses are calculated for the representative household
demanding water in 1993, which is the year with the largest supply interruption duration
(359 h per quarter). Table 5 shows the values defining the representative household in the
welfare loss evaluation.

Figure 2 shows the distribution of the differences ofwelfare losses between the two regimes
across the 208 households. A strong heterogeneity is observed and the histogram is far from
adopting a normal shape.

As the elasticity of the demand for water has a clear impact on the effectiveness of the price
rationing procedure and this elasticity depends on household income, several income levels
have been considered. Table 6 shows the results of the welfare evaluation for the eight income
categories. Several aspects deserve some attention from this analysis. First, differences in
consumerwelfare losses between the two rationing regimes are small and, given their standard
deviations, the Wald test shows that these differences are not significant. Nevertheless, it
seems that the greater the water consumption, the larger the demand elasticity and the greater
the advantage of the price rationing scheme over the supply interruptions, in terms of the
consumer welfare losses. Moreover, Table 6 shows the percentage of household’s water bill
over income,19 before rationing (B) and after rationing by means of supply interruption
(Bc) or price (Bp). On average, the weight of water expenditures over household’s income
is lower than 3%, so no significant water poverty issues are detected under any scenario.20

18 As aforementioned, water provision was a subsidized activity and therefore the lower the households’
expenditure the larger the subsidy (and consequently, the larger the taxation) necessary to cover the difference
between revenues and costs.
19 Note that these results should be interpreted with caution, since the income used in the empirical exercise
is an approximation that could be far from the real households’ income.
20 For a broader discussion on affordability issues on water residential sector, check García-Valiñas et al.
(2010).
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Fig. 2 Histogramof the difference betweenwelfare losses (e) of supply cut andprice rationing (WLc (c � c) −
WLp

(
p � pR

)
)

Note: WLc (c � c) : welfare loss under supply cut; WLp
(
p � pR

)
: welfare loss under price rationing

Although the relationship is non-linear, water expenditure weight increases with income, and
it is always lower in the case of supply cut rationing.

Moreover, when the variation of the water utility’s revenues is taken into account the
advantage of price rationing always becomes significant (see the last file in Table 6). Note
that rises in price imply higher revenues for the water company when the demand is inelastic.
This fact underlines the advantage of price rationing from the social welfare perspective as
per our case. If the price elasticity was large enough price rationing would generate revenue
reductions and then, the preferred rationing scheme could be the supply cuts for the lower
income households. When comparing the highest and lowest income categories (Cat. 1/Cat.
8), we observe that the difference between welfare losses of prices and supply cuts for the
richest is three times the difference for the poorest.

Finally, we perform a simulation analysis in which we calculate the welfare losses asso-
ciated to each rationing procedure (supply cuts and price rationing) for a range of water
consumption reductions from 2.5 to 15% of their initial values. Moreover, to simplify the
simulation, only three different levels of income are considered: the highest income in the
first quartile (q1�1363 e) of the income distribution, the mean value (=1583 e) and the
highest income in the third quartile (q3�1712 e). Table 7 and Fig. 3 summarize the results
of this simulation exercise.

Figure 3 represents graphically the compensating variations/surpluses under different
income levels and consumption reduction aims. On the one hand, for lower income levels and
higher consumption reduction objectives, price rationing generates higher consumer welfare
losses than supply cuts. So, low-income households would prefer supply cut rationing when
targeted reduction in consumption is higher. On the other hand, and in terms of compensating
variation/surpluses, high-income households would prefer price rationing.

However, results are slightly different when changes in a household’s water expenditure
are taken into account. From Table 7 further interesting conclusions can be highlighted.
First, price rationing is always the preferred system as the difference between welfare losses
is always significant in favor of the rationing procedure. Nevertheless, when the targeted
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Fig. 3 Compensating variations/surpluses (e) depending on targeted reduction of water consumption (%)

Note: CV
(
p � pR

)
: compensating variations under price rationing; CS (c � c): compensating surpluses

under supply cut

Table 7 Differences of welfare losses (e) depending on targeted reduction of water consumption (WLc

(c � c) −WLp
(
p � pR

)
)a

Consumption reduction (%) Income (q1) Income (mean) Income (q3)

Exp. value SD Exp. value SD Exp. value SD

2.5 1.25 0.54 1.68 0.48 1.93 0.46

5 7.14 1.22 8.34 1.08 9.04 1.03

7.5 5.96 0.23 6.27 0.2 6.46 0.2

10 17.97 2.92 20.82 2.53 22.43 2.39

12.5 22.80 4.02 26.53 3.43 28.64 3.21

15 27.14 5.36 31.83 4.49 34.44 4.17

aWLc (c � c) : welfare loss under supply cut; WLp
(
p � pR

)
: welfare loss under price rationing

reduction in consumption is small, the gap between welfare losses generated by the two
alternative rationing methods becomes narrower. Since values are very close in this scenario,
operating and maintenance costs of both rationing methods would probably emerge as a key
issue when making a decision about the more efficient option.21 However, when the targeted
reduction in consumption increases, the advantage of the price rationing procedure grows.
In this respect, a 15% reduction in consumption generates welfare losses that are lower for
the price rationing in a range from 27 e to 34 e per household22 each quarter. Hence, the
aggregate social welfare loss that would be avoided by adopting a price rationing procedure
is really important and should be taken into account.

Note that these estimates are far from those obtained under a baseline linear demand
model. Thus, using a linear demand function and the consumer surplus as a welfare measure,
and considering the simulation values in Table 5, the average welfare losses generated by
supply cuts are huge compared with those generated by price rationing. As a consequence,
policy implications and conclusions would be extremely different. The results of this model
are presented in “Appendix D”.

21 Unfortunately, no information about these costs was provided by the public utility.
22 In 1991, 197967 householdswere registered in Seville. Further information about the number of households
living in the municipality is available at http://www.ine.es.
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6 Conclusions

Water scarcity is a cyclical problem that is expected to occur regularly around the world.
Policies to limit water consumption are frequently implemented in response to this problem.
The evaluation of the impact of these policies on welfare is recommendable in order to
design an efficient rationing scheme. However, certain methods that are used to reduce water
consumption, such as the commonly implemented measure of supply cuts, cannot be easily
evaluated because they do not affect the pre-set consumer budget.

In this study, we propose a set of sufficient conditions that allow for the identification of
the welfare impact of supply cuts without encompassing the non-essentiality of the good.
Under these conditions, consumption data can be used to evaluate consumer welfare losses.
Assuming that these conditions are applicable, we evaluate the impact of the water supply
interruptions that occurred in Seville in the 1990 s and compare the results with the welfare
losses thatwould have resulted if the consumption reductions had been achieved by increasing
the price of water.

Our results reveal that a rationing method based on price increases would have had a lower
impact on consumer welfare than the supply cuts that were actually implemented in Seville
during the examined period. We develop a simulation analysis that suggests that the targeted
reduction in consumption could have impact on welfare calculations. Looking exclusively at
compensating variation/surplus results, we detect that low-income households would prefer
supply cut interruptionwhen the targeted consumption reduction is relatively high.Moreover,
high-income households would choose price rationing for any of the targets considered.

However, once that we consider the changes in the water utility’s revenues generated by
each rationing regime, even for moderate reductions in consumption the advantage of the
price rationing procedure becomes significant. So, in the case of Seville, the price instrument
seems to be preferred to supply interruptions in terms of welfare. In particular, the welfare
difference favors the price rationing scheme in 18.44 e for the average household. This fact
implies that the aggregate benefits of switching to this method amounts to approximately
3651000 e per quarter. On top of that, this figure would grow for large targeted reductions
in water consumption.

Note that conclusions and policy implications could be completely different if a non-
adequate theoretical/empirical framework is applied (see baseline model in “Appendix D”).
Definitively, we have provided an analytic tool to calculate welfare variations in an accurate
way, in order to make the right decisions when managing water services.

Appendix A

Given a monotonic twice differentiable transformation f , the function f (U ) only verifies P2(
δ2 f (U )
δx2δc

� 0
)
if f is an affine transformation. The marginal utility of x2 becomes:

δ f (U )

δx2
� δ f (U )

δU

(
δU

δU 0

δU 0

δx2
+

δU

δU 1

δU 1

δx2

)
(A1)

which, taking into account that δU0

δx2
� 0 and δU

δU1 � 1 becomes:

δ f (U )

δx2
� δ f (U )

δU

δU 1

δx2
(A2)
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and, therefore:

δ2 f (U )

δx2δc
� δ2 f (U )

δU 2

δU

δc

δU 1

δx2
+

δ f (U )

δU

δ2U 1

δx2δc
(A3)

Taking into account that δ2U1

δx2δc
� 0, P2 is verified only if δ2 f (U )

δU2 � 0 which implies that f
is an affine transformation.

Appendix B

Table 8 Residential water demand functions based on a Stone-Geary utility function

Study Sample Method Price elasticity

Al-Qunaibet and
Johnson (1985)

Kuwait 1973–1981 OLS − 0.77

Gaudin et al. (2001) 221 Texas communities,
1981–1985

OLS − 0.19 to − 0.28

Martínez-Espiñeira and
Nauges (2004)

Seville (Spain),
1991–1999

Time series methods − 0.1

Schleich (2009) 592 German
communities, 2003

OLS − 0.113 to− 0.356

Madhoo (2009) Mauritius 1995–1997 Linear Expenditure
System

− 0.0609

Nauges et al. (2009) 2329 French
communities,
1998–2004

Panel data methods − 0.049 to − 1.04

Monteiro (2010) Portugal, 1998, 2000,
2002, 2005

Panel data methods − 0.052

Garcia-Valiñas et al.
(2010)

Andalusia (Spain), 2005 Stepwise OLS regression − 0.06

Dharmaratna and Harris
(2012)

Sri Lanka, 2001–2005 OLS-GLS models − 0.06 to − 0.22

Renzetti et al. (2015) Capital Region District,
British Columbia
(Canada), 2000–2010

Panel data methods − 0.09 to − 0.66

Clarke et al. (2017) Tucson, Arizona (United
States), 2001–2011,

Panel data methods − 0.08 to − 0.37
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Appendix C

Table 9 Fixed fee (e)

Year Meter diameter (mm)

7 10 13 15 20 25

1991 4.42 4.42 4.42 7.94 13.48 20.15

1992 4.60 4.60 4.60 8.25 14.01 20.93

1993 4.83 4.83 4.83 8.67 14.72 21.98

1994 5.14 5.14 5.14 9.23 15.68 23.40

1995 5.26 5.26 5.26 9.49 16.11 25.06

1996 6.03 6.03 6.03 10.86 18.46 27.57

1997 6.26 6.26 6.26 11.26 19.12 28.56

1998 8.50 8.50 8.50 13.50 28.11 37.53

1999 8.55 8.55 8.55 13.34 28.26 37.73

2000 8.49 8.49 8.49 13.02 28.08 37.49

Table 10 Block dimension and price

Year Block 1 Block 2 Block 3

m3 Price (e) m3 Price (e) m3 Price (e)

1991 0–21 0.48 > 21–60 0.58 > 60 0.82

1992 0–21 0.48 > 21–60 0.58 > 60 0.82

1993 0–21 0.48 > 21–60 0.59 > 60 0.83

1994 0–21 0.53 > 21–60 0.64 > 60 0.92

1995 0–21 0.52 > 21–60 0.65 > 60 0.94

1996 0–21 0.56 > 21–60 0.73 > 60 1.08

1997 0–21 0.58 > 21–51 0.76 > 51 1.24

1998 0–21 0.66 > 21–51 0.84 > 51 1.32

1999 0–21 0.66 > 21–51 0.84 > 51 1.32

2000 0–21 0.66 > 21–48 0.83 > 48 1.34
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Appendix D

The baseline linear demand model estimated is the following:

x1 � b1 + bN PERN PERi + bT EMPT EMPt + bRAI N RAI Nt + bQU AL QU ALt +
2000∑

T�1992

bT DT

+ bR R + bcc + bp p (D1)

Tables 11 and 12 show the main results of the estimation/simulation based on the previous
linear demand function and the consumer surplus as a welfare method.

Table 11 Baseline linear demand model estimationa

Variable Coeff. SE t-Statistic

b1 − 92.017 10.194 − 9.03

bNPER 60.737 0.614 98.95

bQUAL − 12.134 4.052 − 2.99

bTEMP 0.945 0.234 4.04

bRAIN 0.003 0.001 2.06

bR 0.009 0.003 2.77

bc − 0.020 0.006 − 3.54

bp − 62.403 7.390 − 8.44

aCoefficients on yearly dummies are omitted for simplification purposes

Table 12 Consumer surplus (e) under alternative rationing schemes: baseline model

Supply cut Price rationing

Consumer surplus 658 55
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