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Abstract

The aim of this paper is to re-investigate water demand in the presence of tariff blocks
and heterogeneous agents. The purpose is to develop a theoretical model with 'general
features’, which could be implemented in certain countries or cities to evaluate the impact
of tariff blocks on water consumption and well-being at individual and aggregate levels.

For this purpose, we extended the "standard" utility-maximization framework set out
by Dalhuisen et al. (2001) or Corral et al. (1999) to several dimensions of agent heterogene-
ity: wage heterogeneity (between individuals), heterogeneity in the size of the different
income classes, heterogeneity in terms of preferences of individuals. We study the case of
a tariff with B blocks where preferences between water and others consumption goods is
captured by a constant elasticity of substitution (CES) utility, and the structure of the
blocks is such that the water supplier’s budget is always balanced. We also investigate
problems of perception of water consumption.

Among other results, we show how balanced water supplier’s budget imposes that
the parameters of the block tariff (price of the 1st instalment, progressivity of the tariff,
threshold levels of consumption, amount of the subscription) are dependent on agents’

preferences, the distribution of income in the population and external "macro" factors.
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1 Introduction

This paper aimed at reinvestigating water demand in the presence of tariff blocks and
heterogenous agents. Its purpose is to carry a theoretical model with “general features”, which
could be implementable in some countries or cities to evaluate the consequences of tariff blocks
on water consumption at both individual and aggregate levels, and on well-being.

To the best of our knowledge, very few studies have specifically focused on the theoretical
analysis of demand in the presence of tariff blocks when agents are heterogeneous. Recently,
Caravaggio et al. (2024) build a theoretical game model between a household and a service
provider, taking into account household size and income as well as the service provider’s con-
sideration of consumer welfare in the presence of a 2-blocks tariff. Neugart and Sotoudehmol-
lashahi (2026) build an agent-based model of a water market with a 3-blocks tariff calibrated
on German data. They show that different water pricing schemes have an impact on water
consumption and distributive consequences as well." Otherwise, most of the studies use an
agent-based modeling framework, but the heterogeneity, when present, is generally at a geo-
graphical level and the agents are typically representative households (see, for example, Sattler
et al. (2023) and Moosavi et al. (2023)). Our article therefore aims to address this gap by
extending the ’standard’ utility-maximisation framework set out in Dalhuisen et al. (2001) or
Corral et al. (1999) to include agent heterogeneity. We have integrated several dimensions of
agent heterogeneity, firstly in terms of income. Our income distribution takes into account
both wage heterogeneity between individuals and heterogeneity in the size of different income
classes. This has significant effects at the global level when individual consumption is aggre-
gated. A second dimension of heterogeneity concerns individuals’ preferences, either in terms
of satisfaction derived from consuming water services relative to consuming other goods or in
terms of the quality of equipment associated with water consumption.

In an effort to make the model as general as possible, we extend the analysis to a form
of utility that is more general than the Cobb-Douglas form, using a constant elasticity of
substitution (CES) utility function between water services and the consumption of other goods.
We also model a tariff with B blocks, assuming that their structure ensures the water supplier’s
budget is always balanced. Furthermore, we consider variants that take important elements
of water demand into account, such as individuals’ perceptions when making consumption
decisions.?

Finally, the paper demonstrates how a balanced water supplier’s budget imposes constraints
on the parameters of the block tariff (price of the initial installment, progressivity of the tariff,

threshold levels of consumption, amount of the subscription). These constraints are contingent

'Recently also, Chovar Vera et al. (2024) conduct an empirical analysis using data from a city in Chile.
They evaluate how changing from a uniform price to an increasing block tariff could influence people’s behavior.
Estimating the residential water demand and the price elasticity they show that people are affected by changes
in tariffs and that consumers’ heterogeneity is important in the design of tariff. They show that socioeconomic
determinants influence the choice of the pricing structure.

2Thus, we obtain a theoretical framework that can be simulated using data on a country’s or city’s income
distribution and individual demand characteristics. Such a numerical exercise is done in the second part of this
paper (Maslianskaia-Pautrel et al., 2023).



on agents’ preferences, the distribution of income in the population, and external "macro'
factors. In this ways, our modeling and result differ from Caravaggio et al. (2024) and Neugart
and Sotoudehmollashahi (2026), and offer a complementary contribution to the investigation

of water demand in the presence of tariff blocks and heterogenous agents.

2 The heterogeneous agent model with a 3-blocks tariff

We take up the approach used, among others by Dalhuisen et al. (2001, p.5), for the
derivation of the demand for water, as a result of the maximisation of the utility of an individual
under a budget constraint, by considering the consumption of other goods in the decision-

making process.

2.1 The framework

Compared to Dalhuisen et al. (2001) and other theoretical works on water demand, we

introduce several important modifications.

1. We consider that there is a set of individuals who are heterogeneous, both in terms of
income, but also in terms of their utility, the efficiency of the equipment linked to water
consumption, etc. Then it makes possible to characterize specific individual demands for
water (for example, as a function of income bracket) and an overall demand for water
that will be linked to the distribution of the population. Furthermore it enables to
introduce a “disconnection” between individual demand and overall demand and to study

the “redistributive” effects of water-pricing.

2. We have chosen a more general utility function than the Cobb-Douglas function used by
these aforementioned authors. The choice of a CES utility was motivated by the fact that
most theoretical contributions make the assumption of a Cobb-Douglas utility between
water services and other consumer goods, i.e. a unitary elasticity of substitution between
water services and other consumer goods. One possible justification for the use of the
Cobb-Douglas form, apart from its ease of handling, is that demand for water with a
Cobb-Douglas utility is independent of the price of other goods, which is in line with
the low elasticity between water consumption and the price of other goods that emerges
from a number of empirical studies (see Dalhuisen et al., 2003; Sebri, 2014; Reynaud
and Romano, 2018; Puri and Maas, 2020, among others). Nevertheless, as highlighted
in Maslianskaia-Pautrel et al. (2023), relaxing the assumption of a Cobb-Douglas utility
function could have strong implications for individual consumption, aggregate consump-
tion by income group, the financial equilibrium of the water supplier, and the affordability
of the tariff. Furthermore, the relaxation of the Cobb-Douglas hypothesis modifies the
reactions of water consumers to a variation in their environment (an improvement in the
efficiency of equipment associated with water consumption, an increase in the price of

consumer goods, a switch from binary pricing to block pricing, a rebalancing of the water



provider’s budget, etc.). That the reason why we have chosen the general CES form of
utility.

3. We first develop a 3-block pricing version before extending it to a general framework
of a B-block pricing. This enables us to account for more complex tariff systems, for
example the super-progressive block pricing existing in Spain, to compare the effects with

the progressive block pricing.

4. We assume that the water supplier’s budget is always balanced, which is rarely taken into
account in water demand modeling. The major implication of this assumption is that, for a
given subscription amount, the tariff structure must adjust to changes in the environment
so that the prices set by the operator take account of this budget balancing constraint.
If a shock occurs in the economy, leading for example to a fall in the operator’s income,
the operator will have to increase its resources (by increasing prices or the subscription),

which will have additional implications for the demand for water.

2.2 The assumptions

We make the following assumptions:

1. There is a population of heterogeneous agents of size n. The population is divided ac-
cording to income. Agents in the same income bracket i are indexed by 4 and are n’ in
number, so that n = 3, n’. If the individual i has an individual consumption of ¢, then
the consumption of the income bracket i is n’q’ and the global consumption is the sum

of all the income brackets 3°; n'q’.

2. Each agent has two types of consumption from which he derives satisfaction: consumption
of water services and consumption of a composite of current consumption goods (other
than water services). We denote ¢' the volume of water demanded/consumed by agent i

and X! the quantity of the composite consumption good.

3. Water pricing is made up of 3 blocks 3. Each block is denoted by the letter b with
b =1,2,3. Each block b is characterised by a price per cubic metre, p,, and a consumption

threshold, noted k;, above which the price increases to py.1 > pp.

4. The water operator incurs a fixed cost of water distribution, noted F, as well as a marginal
cost (per unit of water consumed) noted p. He charges each water consumer a subscription

fee, the amount of which is noted S.

2.3 Consumers and water demand

We are interested here in the individual and aggregate water demand. Individual demand

is derived from each agent’s maximisation of his utility under his budget constraint. Aggre-

3See the next section for a generalized model with B blocks.



gate consumption is the sum of all individual demands, each of which is specific due to the

heterogeneity of the agents.

2.3.1

Individual utility

The utility of agent 7, denoted U (qi, Xi>, is of the CES form and is written:

fed

@ f(g)%F + (1= af)g(X) 7| if o €0, 1[U]1, +o0]
U(d.X) = (1)
Flgh) (X if 0=1

o' € (0,1) represents the relative importance of the consumption of water services (com-
pared to the composite consumer good) in utility. A higher o’ means that agents give
greater importance to water consumption. Here, o' is specific to each individual in the

I income bracket and so each individual ¢ has a specific utility and demand for water.

The parameter o is the elasticity of substitution between the consumption of water ser-
vices and the consumption of the composite consumer good. When o tends towards in-
finity, the 2 types of consumption are perfectly substitutable, whereas when o approaches
o the 2 types of consumption tend to be perfectly complementary. The case where o = 1

is the Cobb-Douglas case, generally used in the literature.

f(q") represents the influence of water consumption services on the satisfaction of agent
i, with ¢* the volume of water actually consumed. For example, in the Stone-Geary case,
we will have f(¢') = €'q" — z' where &' > 0 measures the efficiency of the equipment used
to benefit from the water and z* > 0 is the subsistence consumption. In the following, we

will use the specification f(q') = &'q'.

g(X1) represents the influence of the consumption of the composite consumption good on
the satisfaction of the agent 7, with X' the quantity of goods consumed. It is possible to
specify g(X') to take into account subsistence consumption, for example: g(X!) = X!—X".

In the following, we will use the specification g(X') = XI.

Each agent 7 has an income I’ he uses to consume water in quantity ¢’, at a price which

depends on the block in which his consumption falls. Thus, if he consumes a quantity ¢* within

consumption block 1 (i.e. below the k; threshold), he will pay each unit p; and therefore p;q
overall. If his consumption is in block 2 (between the k; threshold and the ky threshold), then
he will pay p; for each unit of water below the k; threshold then he will pay ps for each unit
above the k; threshold. His total bill will therefore be p1k; + po(g* — ky). If his consumption

is in block 3 (above the ko threshold), then he will pay p; for each unit of water below the

kq threshold, then he will pay py for each unit between the k; and ks thresholds, then he will

pay p3 for the remaining units. His total bill will therefore be p1ki + pa(ky — k1) + p3(q* — kz).



Whatever his water consumption, the agent will also consume the composite consumption good
in quantity X! for a unit price p, and he will pay for access to water S, so his budget constraint

(depending on the quantity of water he consumes) can be summarised as follows:

I'=p1¢" + p X'+ S if ¢' <k
I'=piky +po (¢ — k) +p. X+ S if k< ¢ <k (2)
I'=piky + py (ko — k1) + p3 (" — ko) + p. X'+ S if ¢' > ko

2.3.2 Individual consumption

We assume that f(q") = €'q’, where £’ > 0 measures the efficiency of the equipment used to
benefit from water, and we assume g(X!) = X!. By maximising his utility (equation 1) under
his income constraint (equation 2), individual ¢ determines his demand for water as well as his
demand for composite consumer goods.

His demand for water is expressed as follows:

. - (R+D -
qﬁzﬂ+ﬁm]l<+l> if R <R
P1
ki if R<R <R,
: . 1 (R'+D , i .=
d={a=nrea (TI) w mer<n (3)
2
ks if R,<R <R}
. 4 (R'+D ) . .
g5 =[1+cos) " <pg> it  R'> Ry
3

where g, = (p./ pb)l_g (1575007 R! = I' — S is the arbitrary revenue, and the arbitrary revenue

thresholds for tariff block b are defined by

R = p, {(1 + €i9b) k?b—1] — Dy
R, =py Kl + 5in) kb} — Dy
with
S km(Pmst — D) > 0, sib>1
=0 if b=1

Db =
is Nordin’s D for the b tariff block.

The system of equations (3) tells us that if an individual ¢ has an arbitrary income R', i.e.
the income he can spend once the water subscription has been paid, between R, and R;, he
will consume in block 2 the volume ¢} as defined in the system (3). And if an individual i has
an arbitrary income R’ greater than Ré, he will consume in block 3 the volume ¢} as defined

in the system (3). Note that whatever the block, the demand for water is always of the same



form, i.e. for block b:

(RZ +Db>
Po

o positively on the resources that the individual can spend (R + D,) over the price of the

Ei -0 1_0/-0
() ()
Db o

Individual water demand in the b block depends:

q =

tranche py.

« on the relative price of the slice compared to the price of the composite consumer good
Do/ P.- Note that the sign of this influence depends on the elasticity of substitution between
the 2 types of consumption. When the 2 types tend to be complementary (o < 1), an

increase in py/p, increases the demand for water.
o positively on the relative importance given to water consumption in utility (a).

 negatively on the efficiency of water consumption equipment (¢’) when water and the

composite consumption good tend to be complementary (o < 1).

We can also express the demand for the composite consumer good, which will depend on
the tariff block b in which the consumption of the individual 7 falls, since due to preferences

and the budget constraint, this demand for the composite good is linked to water consumption:

i Do 1_0/ Jii
Xi, = (p( > )) Eqy

2.3.3 Aggregated consumption

To calculate aggregated water consumption, we first need to sum up individual consumption
for each tariff block b (excluding threshold consumption), noted @y, and for each threshold level,
noted Kj:

Qy = Z ngbq,’; and K, = an’bkb

where n! represents the number of individuals ¢ with an arbitrary income R’ €]R}, Rj], who
therefore consume g;. n}%b represents the number of individuals ¢+ with an arbitrary income

R’ €]R;, R}, ,], who therefore consume k;. Aggregate consumption is obtained by summing

over the whole population and all the blocks:

3 2 3 2
Q= ZQb+ZKb = ZznlqqujLZZ”;cbkb
b=1 b=1 b=1 i b=1 i
Note that, since néb is associated with income R’ compatible with consumption in tariff
block b, if a shock causes individuals with income R’ to adjust their water consumption from

block b to block b — 1, then n!, will decrease while n},  will increase. The same applies to nj, .



So nflb and n%b are endogenous and depend on the tariff structure and what is happening in the

economy.

2.4 Balancing the water operator’s budget

The operator’s budget is balanced when the total cost of supplying water (noted CT') equals
the total revenue from this supply (which equals the total expenditure on water by individuals
noted DT).

Conventionally, total cost is made up of the fixed cost of production (F) and the variable

cost, the product of marginal cost (u) and aggregate consumption (Q):
3 2
CT=F+u-Q=F+pu- (ZQb+ZKb>
b=1 b=1

Total expenditure associated with water demand (excluding subscriptions) is the sum of

aggregate expenditure by tariff block:
« For the block 1 (outside the threshold), p;Q;.
o For the block 1 threshold, p; K.

« For the block 2 (outside the threshold), each individual ¢ who consumes less than ks,
spends p1k; + p2 (¢4 — k1). There are nflz of them, so for the population as a whole, total

expenditure amounts to 3, [pags — Da]niy.

 For the threshold of block 2, each individual spends p1 ki + pa(k2 — k1). There are "227 SO
for the population as a whole, the total expenditure is 3°; [pako — Do nfw.

o For block 3, each individual ¢ who consumes ¢4 spends piki + poks + p3 (¢ — ko). There

are n'

g2 S0 for the population as a whole, the total expenditure is >ilpsds — Dg]nfﬁ.

So total expenditure, including subscriptions, is given by *:

3 2 3 2
DT =% ni, (prIl; - Db)+z > i, (ks — Dy)+nS = > [psQp — nu Do) +>_ ppKyp+n.S

b=1 i b=1 i b=1 b=1
where n, = Zi(nzb + nﬁgb) represents the size of the population consuming in tariff block b
(threshold b included), with >p n, = n the total size of the population. Total expenditure
thus equals total consumption in value Y5, pyQp + 32, pp Ky, plus the subscription for the
whole population, n.S, from which we must remove all Nordin’s Ds which capture the fact that

consumption in tariff blocks below b is billed at lower prices than consumption in tariff block b.
Balancing the budget, that is CT = DT, we obtain

Z [(py — 1) Qp — Dy + Z(pb — Ky =F —nS

b=1 b=1

4Here we simplify by using 22:1 >oink, Dy + Zi:l >ing, Dy = 22:1 ny Dy (because nj, = 0).
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We will investigate this relationship in the next section.

3 The generalized heterogeneous agent model

In this section, we will be extending our framework to a more general case of a B-block
tariff, following the presentation of the special case of a 3-bloc tariff. The initial step in this
process is to redefine the pricing system to accentuate the progressive nature of the tariff. This
is achieved by demonstrating that the tariff can be reduced to the price of the initial bracket,

complemented by the progressive price coefficients that span the range between brackets.

3.1 The redefinition of the block pricing system

In order to facilitate the usefulness of the model and to understand the levers available
to the operator to define the tariff, from a perspective of budget balancing but also of tariff
affordability constraints, the block pricing system is reduced to two key variables: the price of
the 1st tranche and the progressivity of the tariff.

Thus, the price of the second block can be summed up as the price of the 1st block p; and
the progressivity coefficient ws between block 1 and block 2, and the price of teh tird block can
be summed up as the price of the second block and the progressivity coefficient w3 between

block 2 and block 3:

P2 = wWap1 and P3 = W3p2 = W3Ww2P1

In general, the price of the b block is a function of the price of the initial block and the

progressivity of the pricing:

oy = Qpp1 with Qp = H W

where w,, > 1 measures the progressivity of the pricing between blocks m — 1 and m, and p;
is the price of the initial block. €, captures the progressivity between the first bracket and the
bt bracket.

3.2 Individual and aggregate demand

The individual water demand of agent 4 in pricing block b, noted ¢ is then written :
T (R4D
(J”’) if R < R"< R}

i 1—0o i\ O
an) ()
Qppy a Qypy

s, if By < R'< By,

(4)



where R’ = I' — S is arbitrary income, and

; 1—0o SN\ O
, &', 1—ao
R, = Oy (1+<Qp > ( ; ) )kbl_Db
bP1 o

; l1-0o i\ O
. Dy 1—at
RZEprl(l—f—(gp > ( iOK> )kb_Db

prl

with the D of Nordin defined as

P S0 Qi (@gr — 1) > 0, ifh>1
b pr—

0 ifb=1

Individual demand for income group 4 in block b is therefore defined as a function D(-) of

different types of variables in the economy:

QIZ) :D(Qb’phkb7S7aZ70.’€l7px7ll) (5)
T U E

There are 3 main types of variable determining individual demand for water.

The "T" variables concern the pricing system and are chosen by the operator when defining
its pricing system. They include the price of the 1st instalment (p;), the progressivity of the
tariff system (captured by €2), the definition of the threshold (k;) above which a new tariff is
applied and the amount of the subscription defined by the operator (S). These are therefore
exogenous variables, which can be considered as economic policy variables insofar as they are
manipulated to obtain an objective for water consumption (individual and/or aggregate) and/or

an objective for the affordability of the water supply system.

The “U” variables concern the preferences (utility) of the agents, whether in terms of the
structure of preferences (with the elasticity of substitution o between water services and the
composite consumption good) and the relative importance of water consumption (a') in relation
to other consumption®. These variables are given by individual characteristics and are therefore

imposed on the operator.

The “E” variables bring together the elements of the water consumer’s environment: the
agent’s income ¢ which is influenced by what is happening in the wider economy, the price of
the composite good (p,) which could be interpreted here as a consumer price index (excluding
water), and the efficiency of the water supply systems (whether this concerns the operator’s
own system or the equipment available to the consumer). These variables are also data for the

operator.

5Subsistence consumption, when taken into account (see below), is also part of these preference variables.
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Aggregate demand is therefore as follows:

B B-1
Q = ZZ n;b D(vapla kb7‘s’;al70‘;gzavall) + Z Z n?gb kb (6)

b=1 i ~~ b=1 1 N~
P P

Equation (6) indicates the presence of an additional variable that governs water consumption
at the aggregate level: the distribution of income in the population (by convention, it is noted
as the variable “P”, for population). This distribution, in conjunction with other variables,
establishes the quantity of consumers in each tariff block nflb and n};b. As previously mentioned,
this suggests that the number of individuals in each tariff block is endogenous and is influenced

by the same variables that determine individual water demand.

3.3 The operator’s balanced budget

We can now rewrite the operator’s balanced budget as follows:

3 2
> (Z nt (01 — 1) D(Qy, p1, ko, Sy o€, pe, 1Y) — anb> +> (% — p) Ky+nS =F
b=1 \ i b=1

The revenue generated from the production/distribution of water must be sufficient to cover
the fixed costs associated with these activities. As demonstrated above, under specific envi-
ronmental variables, given preferences, and within a certain population, the operator possesses
the capacity to delineate the parameters of the block tariff (price of the 1st instalment p;, pro-
gressivity of the tariff €2, threshold levels of consumption &y, amount of the subscription S) to
balance his budget.

Therefore, this equilibrium relationship indicates that the parameters of the block tariff
are contingent on agents’ preferences, the distribution of income within the population, and
external "macro" factors. Consequently, in the event of external shocks, the tariff should be
adjusted to either eliminate surpluses or absorb deficits.

It has been demonstrated that pricing can function as a mechanism to regulate water usage
in a manner that is both environmentally sustainable and financially responsible. This approach
can be employed to meet both individual and collective consumption goals, as well as ensure

equitable distribution of water resources and enhance overall well-being.

4 Variants of the model

Once the general framework of the heterogeneous agent model has been established, it is
interesting to examine a certain number of variants which allow important characteristics linked

to water demand to be introduced into the analysis.

11



4.1 Stone-Geary utility

The general presentation of the model ignored an important component of residential water
consumption behaviour: subsistence water consumption. To take this into account, we assume
that f(q') = €'q" — z' where z' > 0 is subsistence consumption.

The demand for water for tariff block b is then written:

oo ) e (e () () ), mensh
Ky, if B < R'< R},

(7)

with

i gip 1-o 1 O{i o D 1-o 1 Cl{i o
= 1 z — kyo1 — | == — ‘=D
21p Do _( + (pr1> ( ol ) ) b—1 (pr1> < el ) Z ] b
i ; 1-o i\ O 1-0o i\ O
_ o 1—a Dz 1—a ,
P = 1 . ky — — ‘' =D
' pb_( +_<Qwh> ( al ) ) ' (QMH> ( ya%) Z] '

It appears that taking subsistence consumption into account does not qualitatively modify

the results of the reference model: the level of subsistence consumption z* now has a positive
influence on individual consumption. However, it does complicate the influence of relative prices
pe/py and the efficiency of water consumption equipment £’ on individual water demand (see
equations (4) and (7)) and it also affects the threshold income levels that determine in which

block the individual 7 consumes.

4.2 Taking account of perception problems

Consumers’ poor perception of the tariffs to which they are subject, or of the quantities they
consume, is an element which has been the subject of numerous studies in the theoretical and
empirical literature (see Attari, 2014; Brent and Ward, 2019; Garcia-Valinas et al., 2021, among
others). Our aim here is to examine the implications for individual and aggregate consumption

levels and, more generally, for the budgetary equilibrium of the system.

4.2.1  Misperception of quantities consumed

When you turn on the water tap, for most of the uses to which water is put, it is very difficult
to fully understand the quantities actually consumed. So, alongside the poor perception of water
prices, there is also a poor perception of the quantities consumed, which leads to changes in the
expected effects of pricing. Thus Attari (2014) shows, on a panel of 1020 participants in the
USA, that individuals tend to systematically underestimate their water consumption, whatever

the intended use of the water, and this misperception increases with the quantities consumed
6

6See also Brent and Ward (2019) concerning the misperception of volumes consumed.
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A very simple way of capturing this in our model is to specify f(¢') of the utility function
(equation 1) as follows 7:

i\ Y’
fl¢h = <Z> ¢ with ¢ €[-1,1]
The parameter 1) measures the perception of the quantities consumed by the individual .
When " = 0, the perception of the design is perfect. When 1" < 0 (respectively ¢ > 0), the
individual over-estimates (respectively under-estimates) his water consumption as long as his
actual consumption is below a threshold noted §* (Cf. the graph taken from Attari (2014)). In
accordance with the graph below from Attari (2014), we assume that §* is sufficiently low and
' < 0, so that the individual underestimates his water consumption most of the time. When
the individual ¢ determines his demand for water, he takes as given the term (¢‘/ q"')w in his

utility.

1000000

100000

10000

Perceived Water Used (Gallons)

10 100 1000 10000 100000 1000000

Actual Water Used (Gallons)

Fig. 3. Mean perceptions of water use as a function of actual water use for 17 different behaviors and activities. Error bars for 95% confidence intervals are
omitted because they are typically no taller than the symbols themselves. The diagonal dashed line represents perfect accuracy.

Attari PNAS | April 8, 2014 | vol. 111 noe 14 | 5131

Individual demand in the presence of poor price perception, noted ¢i, is then expressed

~f (1—0 l—0o i\ O
(@ () ()
q Qo1 o

Remembering that individual demand with perfect perception is defined by the equation above

implicitly:
_ R'+ D,
Qpr

a,

for 9" = 0, and under the hypothesis that ¢’ is sufficiently small for ¢ > ¢*, we can show that
g >q ifY(l-0)<0

It is interesting to note that it is not only the index of wrong perception ¢® that deter-
mines whether wrong perception leads to over- or under-consumption of water in the presence,

compared to the case of perfect perception, it is also the value of the elasticity of substitution

7To simplify the presentation, we abstract from the efficiency of water equipment (captured by the parameter
") as well as from the level of subsistence water consumption (z*).
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(o greater or less than 1), i.e. the degree of substitution between the water services and the
composite consumption good in the utility that plays a role ®.

Thus, when the individual underestimates his water consumption (1* < 0), we would expect
him to consume more than in the case of perfect perception (G, > qi), yet this is not the case
when the water services and the composite consumption good tend to be substitutable (o > 1).
This is because the individual perceives that each unit of water he consumes contributes less to
his utility, so that he consumes relatively less water than the composite consumer good when
substituting with the composite good. As a result, his water consumption decreases.

Another interesting element is that the threshold incomes R} and R 1 are now defined as

k Pi(1—0) 1-0o 1—af o
=G ) ()]
q Qopr a'
k Yi(1-0) N 1-0o 1— i\ 7
=G ) ()]
q Qo1 o

and are therefore affected by the misperception of quantities. For 1)‘(1 — o) < 0, the arbitrary

follows:

R(i, =y 1p1kp—1

Ry =ik

threshold incomes are higher, so that for a given tariff block, individuals with higher incomes

will consume more, compared with the case of perfect perception of quantities.

4.2.2 Price Misperception

We now consider the case where individuals have a poor perception of water prices because
of the block structure of pricing 9. We take up the formulation of Shin (1985), which defines
the price charged by individual ¢ for block b, denoted by 7}, as the combination between the

“true” price of block b, py, and the “wrong” price, denoted p’,:
s i . 1—¢i
w=m)"p,) "

where ¢} € (0,1) captures the level of price perception, with ¢j = 1 when an individual i has
a perfect perception of prices and ¢ = 0 when the wrong perception is maximal.

We assume that the "wrong' price p!, can be either a presumed price, denoted by p, *° or the
average price of his last bill, noted p* *. The average price is defined as the ratio between the
last bill received and the volume of water actually consumed as shown on that bill. It means

that is depends on the block in which the agent actually consumes, that is p = p, — Dy/q} if

8Note that in the presence of a Cobb-Douglas utility (o = 1) the poor perception of quantities, as formalised
here, has no influence on the demand for water.

9See Brent and Ward (2019), Garcia-Valinas et al. (2021), among others.

°The presumed price could be either the price of block 1 if the agent is aware of a change in the price of the
first block or, when the agent is absolutely miopic, the price of the previous tariff (before the implementation
of block tariff) called pg, such that ps = plﬁp(lfﬁ, with 8 € {0,1}.

1This assumption allows us to easily account for the 2 behaviours of “schmeduling” which are “spotlighting”
and “ironing” (see among others Liebman and Zeckhauser, 2003; Rees-Jones and Taubinsky, 2019).
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he is consuming in block b '2. As a consequence the individual who consumes ¢} evaluates a
mean price higher that the price of the previous block (b — 1) but lower than the price of his

actual block (b). So the "wrong" price is defined as follows:

=) (7))

with x* = {0,1}. When ' = 0, the wrong price is the average price, while when s’ = 1, the

i

wrong price is the presumed price. The perceived price is therefore written as a combination
of the effective price, the presumed price and the average price according to the value of the
parameters k' and ¢}

i ot ¢ i\ (A=sD)(A=¢) /K (1=¢})

it ()" )

Thus, our definition of perceived price allows us to capture two levels of misperception. A
first level of misperception between the "wrong price" and the actual price (through the ¢}
parameter). A second level of misperception, for the wrong price (through the s’ parameter),
associated with the behaviour of “schmeduling” (Cf. Liebman and Zeckhauser, 2003), leading

the latter to think that pricing is either binary or at the average price:

e ¢ = 1 : the perception of the price is perfect and we find the benchmark case of the

model,;
e ¢, =0 : the wrong perception is complete.

— k' = 0 : the individual 7 thinks that the price is that of bracket 1 (result of a
“spotlighting” behaviour)

— k' =1: individual i thinks that the price is the average price (result of an “ironing”

behaviour)

o ¢} €]0, 1], the perception of the price is imperfect and the individual i reasons on a sort

of weighted average of different prices.

In its general form the perceived price is given by:

_i — Ki—l 1_¢7é
t=p |- (p) Z D
b Do \ D5 <

The individual water demand of agent i is therefore written as:

-1 .
R'+ Dy
L

Ky, if Ri <R < Eéﬂ

if Rt < R' < R}

q =

*?In the case of a 3 block tariff, the average price could take 3 different values, depending on whether the
individual is actually subject to the 1st tariff block (p* = p1), 2nd tariff block (p° = [p2g — (p2 — p)k1] /¢b) or

3rd tariff block (p° = [psg — ((p2 — p)k1 + (ps — p2)k2)] /4b).
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where

; -0 i\ O
: , €'y 1—ao A
R;Eﬁ;<1+<5> ( l. ))kb_l—Db
T o
_ gt l-0o 1—af o
R;Eﬁ;<1+<5x> ( @- ))kb—Db
T a

and D is Nordin’s D incorporating the perceived price for the b tariff block:

. Yo b (fy — ) > 0, sib>1

(=
Il

The lower the perception (¢} decreases), the more linear the water consumption profile
should be in relation to income distribution, representing the phenomenon of “schmeduling”

identified in the literature on poor price perception.

5 Concluding remarks

The purpose of this paper is to present a theoretical model that we developed to study water
demand in the presence of heterogeneous agents and block tariffs. The results of our work are

of several kinds.

1. We have developed a theoretical model that serves as a tool for implementing and eval-
uating water pricing and/or management policies. This model can be calibrated using
local data to replicate the demand behavior of a conurbation or region. Thus, it can
be used to examine how individuals and groups react to changes in water pricing or the
effects on affordability of the tariff.

2. A second important element is the model’s modularity, which allows alternative hypothe-
ses to be added to enrich the analysis of water demand in the presence of heterogeneous
agents (e.g., perception problems or habitual behavior). Enhancements to the model could
include integrating different types of water consumption (e.g., hot/cold water, differen-
tiated water use) and the consumption of complementary goods (e.g., electricity). This
analytical framework should enable us to analyze the effects of rising electricity and/or
gas prices on residential water demand and the potential impact of a "tariff shield" policy,
as recently implemented in France. Additionally, it is possible to examine the effects of

introducing a super-progressive pricing system, as exists in Spain.

References

Attari, S. Z. (2014). “Perceptions of water use” Proceedings of the National Academy of Sciences
(PNAS) 111(14): 5219-5134.

16



Brent, D. A. and M. B. Ward (2019). “Price perceptions in water demand” Journal of Envi-
ronmental Economics and Management 98: 102266 ISSN 0095-0696 doi:https://doi.org/
10.1016/j.jeem.2019.102266.

Caravaggio, A., L. De Cesare, and A. Di Liddo (2024). “Socio-economic determinants of pricing
water for domestic use: A comparison of blocks and linear tariffs” Socio-FEconomic Planning

Sciences 93: 101876.

Chovar Vera, A. M., F. A. VAl'squez-LavA-n, and R. Ponce Oliva (2024). “Estimating
Residential Water Demand Under Systematic Shifts Between Uniform Price (UP) and
Increasing Block Tariffs (IBT)” Water Resources Research 60(4): e2022WRo033508 doi:
https://doi.org/10.1029/2022WR033508.

Corral, L., A. Fisher, and N. Hatch (1999). “Price and non-price influences on water conserva-
tion: An econometric model of aggregate demand under nonlinear budget constraint” Cudare

working paper 881 UC Berkeley.

Dalhuisen, J. M., R. J. G. M. Florax, H. L. F. de Groot, and P. Nijkamp (2001). “Price and
Income Elasticities of Residential Water Demand: Why empirical estimates differ?” Tinbergen

Institute Discussion Paper 057/3.

Dalhuisen, J. M., R. J. G. M. Florax, H. L. F. de Groot, and P. Nijkamp (2003). “Price and
Income Elasticities of Residential Water Demand: A Meta-Analysis” Land Economics 79(2):
292-308 ISSN 00237639.

Garcia-Valinas, M. 1., R. Martinez-Espianeira, and M. Suarez-Varela Macia (2021). “Price
and Consumption Misperception Profiles: The Role of Information in the Residential Water
Sector” Environmental and Resource Economics 80(4): 821-857 doi:10.1007/s10640-021-

00611-8.
Liebman, J. and R. Zeckhauser (2003). “Schmeduling” Harvard University.

Maslianskaia-Pautrel, M., M. Paul, and X. Pautrel (2023). “Behaviour of water demand in the

presence of heterogenous agents and tariff blocks part 2: Simulation” Working paper.

Moosavi, S. F., N. Salehnia, A. Seifi, A. AsgharpourMasouleh, and N. Salehnia (2023). “De-
signing and calibrating an agent-based platform to evaluate the effect of climate variables
on residential water demand” Water and Environment Journal : 1-12doi:https://doi.org/10.

1111/wej.12864.

Neugart, M. and V. Sotoudehmollashahi (2026). “Water Pricing Schemes: An Agent-Based

Simulation” Water Resources Management 40(8): 311 doi:10.1007/s11269-026-04703-2.

Puri, R. and A. Maas (2020). “Evaluating the Sensitivity of Residential Water Demand Es-
timation to Model Specification and Instrument Choices” Water Resources Research 56(1):

e2019gWR026156.

17



”N

Rees-Jones, A. and D. Taubinsky (2019). “Measuring “Schmeduling”” The Review of Economic

Studies 87(5): 2399—2438 ISSN 0034-6527 doi:10.1093 /restud /rdzo45.

Reynaud, A. and G. Romano (2018). “Advances in the Economic Analysis of Residential Water
Use: An Introduction” Water 10(9) ISSN 2073-4441 doi:10.3390/w10091162.

Sattler, B. J., J. Friesen, A. Tundis, and P. F. Pelz (2023). “Modeling and Validation of
Residential Water Demand in Agent-Based Models: A Systematic Literature Review” Water

15(3) ISSN 2073-4441 doi:10.3390/w15030579.

Sebri, M. (2014). “A meta-analysis of residential water demand studies” Environment, Devel-

opment and Sustainability 16(3): 499-520 doi:10.1007/s10668-013-9490-9.

Shin, J.-S. (1985). “Perception of Price When Price Information Is Costly: Evidence from
Residential Electricity Demand” The Review of Economics and Statistics 67(4): 591-598
ISSN 00346535, 15309142.

18



APPENDIX

I The individual water demand

Individual utility of agent 7 is given by:

U(d,X'") = [a'f(d) +(1—a)g(X)= | (L.1)

The program of the consumer:

max U <qi,Xi) _ [o/f(qi)%l + (1 — ai)g(Xi)%} g1

¢t X1
I'=pig’ +p. X'+ 5 if ¢ <k

s.t. I'=piki +p2 (¢ — k1) + p. X + S if k1 <q¢ <ky (L2)
I' = piky +po (b — k1) +ps (¢" — ko) + p. X' + S if ' > ko

The Lagrangian is written as:

L= [af(6)F + (1 a)g(X)F]

4
+ A []i — <p1 min(q’, k1) + Zpb min(max(q" — ky_1,0), ky — kp_1) + p, X1 4 S)] (I.3)

b=2

First-order conditions are:

S =0 [0 (@) + (1= a)g(X) 7] Eal ) = dn (L)
a£ . . o—1 . s o—1 1 - s o—1
=0 = [T (- a)g(X) T (- ae(X) T =0, (Ls)

Equations (I.4) over (I.5), give the demand for consumption goods when agents spent water

in block b: s
. Do 1—ao ;
Xy =|— — ! 1.6
) e o

where 0 = 1/(1 — ¢) is the elasticity of substitution between water consumption and other

goods in utility
As a consequence, using budget constraint, the individual demand of water for an household

i in the block-tariff b, denoted by ¢i, can be written as (under the assumption that f(¢') = €'q’):*

(R +D
(14 €' o) 1( b
Do

ks, if B < R*< R,

+ gbz’) , if R < R' < R}

@ = (I7)

We have re-written p; min(¢’, k1) + 2322 pp min(max(q® — ky_1,0),k, — kp—1) as ppq — Dy where d, =
S km(Pmi1 — Pm) is the Nordin D.



1—at

where g, = (po/ps)'° ( o ) , R = I' — S is the arbitrary revenue, and

R, =p, [(1 + €in) kp—1 — szz} - D, (1.8)
Ry =py [(1 + €in> ky — szl} — Dy (Lo)
with
5L K (Pms1 — Pm) > 0, ifb>1
Dy = Y=t ki (Pmr1 — Pm) (L.10)
=0 ifb=1

is the Nordin D for block-tariff b.
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