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Private households around the world use and combine multiple water sources, including
diverse forms of market services and self-supply. The reasons for this have so far not been
explained in a coherent framework, nor have the implications for water management and
policy been sufficiently analyzed. Here, we examine how heterogeneity of water services,
household co-production, and risks of provision influence household demand patterns. We
apply an economic household production model that incorporates two water quality levels for
different household activities to exemplary situations. We derive a number of explanations
why households use and combine water services that expand the current state of research.
Relevant findings include: (i) The diverse characteristics of available water services result in
different time requirements for water procurement and varying degrees of suitability for
household activities. (ii) Differences in the value placed on time can induce households to
demand heterogeneous water services because these enable them to find a balance between
using time and money to access water. (iii) Certain water services may be demanded because
they fundion as insurance against both uncertain and unreliable supply. Our insights are
relevant for water policy, in particular for developing and managing demand-responsive
systems, and for the implementation and monitoring of normative goals for access to water.
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1. Introduction

The international community has recognized access to water as a human right and
aims to achieve “universal and equitable access to safe and affordable drinking
water for all” (Target 6.1 of Sustainable Development Goal 6) by the year 2030
(UN Water 2018). Given that water is a scarce resource with competing uses and
manifold environmental impacts, it is essential to precisely understand the eco-
nomic conditions of water services provision. Better understanding household
demand for water services in particular is a prerequisite to develop policies that
effectively and sustainably implement access goals. Traditionally, economic per-
spectives originating in industrialized countries have considered “water” as a ho-
mogeneous good with no direct substitute which is demanded quantitatively in
dependence of its (marginal) price or a volumetric network tariff (Nauges and
Whittington 2010). Frequently, however, the situation is by far more complex:
There is ample evidence that private households across low- and middle-income
countries use and combine diverse forms of market water services, for example,
from intermittent piped networks, public standposts, water kiosks, automated water
dispensing units (“water ATMs”), tanker trucks, and other water vendors (Elliott
et al. 2019; Wutich and Ragsdale 2008; Nganyanyuka et al. 2014; Kariuki and
Schwartz 2005; Gurung et al. 2017; Evans et al. 2013). In addition to or instead of
such services, many households access water by self-supplying water services from
private wells, boreholes, springs, and surface water bodies (Elliott et al. 2019;
World Health Organization 2017; Majuru et al. 2016). Frequently, households
complement market or self-supplied water services by a variety of strategies such
as storing, recycling and treating water, or constraining their consumption (Majuru
et al. 2016; Cook et al. 2016; Elliott et al. 2017). As a result, particularly in rapidly
urbanizing areas, complex systems have evolved around the supply and demand
for water services. Allen et al. (2006), for instance, compared household water
consumption in five metropolitan areas and found a “dizzying array of non-con-
ventional and often officially un-recognized means such as informal operators,
privately operated wells, gifts from neighbors, rainwater harvesting and clandestine
connections” (p. 334).

To better understand these complexities is relevant for at least two main reasons.
On the one hand, the international community has to monitor whether and under
what conditions such systems deliver a degree of access to water commensurate
with Sustainable Development Goal (SDG) 6. On the other hand, the use of
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multiple water sources in private households “must be understood by the global
WaSH [Water, Sanitation & Hygiene; note from the authors] community to
design appropriate and effective interventions,” as a recent review by Elliott et al.
(2019, p. 1) concluded. A common existing explanation for the use of multiple
water sources by private households is that absent, rationed, or unreliable network
supply induces households to demand “alternative” water sources (Abubakar 2018;
Pattanayak et al. 2010; Majuru et al. 2016). This seems straightforward given that
an estimated one billion people receive intermittent network supply (Rawas et al.
2020). However, the explanation may be incomplete: Various water researchers
have argued that households choose water sources in dependence on many factors
(Nganyanyuka et al. 2014), for example, due to their availability (World Bank
1994), the ease of collection (Evans et al. 2013), because water quantities from
different sources are allocated to specific activities (Rosenberg et al. 2007; Elliott
et al. 2017) or to avoid overreliance on one specific option (Elliott et al. 2019).

In this paper, we aim to systematically analyze what drives residential demand
for multiple water services and how households choose among these. We argue
that demands for water services are shaped by a variety of determinants beyond
mere pricing and discuss relevant implications for water management and policy.
Drawing on microeconomic theories, in particular the new theory of the consumer,
the theory of time allocation, and the theory of uncertainty and information, we
focus on three key aspects of household demand for water services. These are as
follows:

1. Heterogeneity of water services and uses: The wide array of existing water
services cannot be considered homogeneous. Rather, water-related goods and
services are bundles of different characteristics (Lancaster 1966) that determine
their utility for households. We use insights from the literature on the right to
water (Albuquerque 2014) to explore which characteristics may distinguish
available water services from the perspective of a consumer. Relevant char-
acteristics are water quality and acceptability, as well as spatial accessibility
and temporal availability of supply. Together, these characteristics can be as-
sumed to influence which water source(s) a household selects. Household
decisions may also be determined by heterogeneous uses of water (e.g.,
drinking vs. flushing the toilet) for which specific characteristics (e.g., quality)
may be more or less relevant.

2. Households (co-)produce water services: To obtain water quantities, house-
holds combine available market goods and services with their time and, pos-
sibly, physical effort. In economic terms, such activities are referred to as
household production (Becker 1965). Productive activities of the household
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could be complementary to an existing market service, e.g., when time is used
to fill storage vessels under intermittent supply, or substitutional, for example,
when households obtain water through private wells. The time households
spend in order to procure and process water has an opportunity cost, which can
be viewed as non-pecuniary cost of access. Given that these costs differ con-
siderably depending on the service level (Gawel and Bretschneider 2016;
Moriarty et al. 2013) of market water services, households may combine
multiple water services to reduce the pecuniary and non-pecuniary costs as-
sociated with access (Acharya and Barbier 2002).

3. Risk and uncertainties of characteristics and cost: These exist and can
impact which water sources households choose. There may be limited certainty
with respect to certain characteristics of supply, e.g., about the water quality
and the available quantities, and the cost of household production, for instance
when the time required to obtain a specific water quantity is unknown due to
queuing or fluctuating water pressures.

These ideas were drawn from concepts well established in other strands of the
economic literature (Hamermesh 2008; Verbooy et al. 2018; Rosen 1974). As we
discuss in the following section in higher detail, individual contributions in the
water literature have also dealt with some of these concepts. Econometric studies
focused on household selection of water sources (Cheesman et al. 2008; Nauges
and Strand 2007; Persson 2002) have developed predictive choice models that
incorporate some of the characteristics discussed above as independent variables.
Household production theory is the theoretical foundation for a number of studies
estimating water demand functions based on monetary prices and opportunity cost
of travel time (Uwera and Stage 2015; Nauges and Strand 2007; Acharya and
Barbier 2002) and for another strand of literature inferring willingness-to-pay for
improved services based on coping cost (Pattanayak et al. 2005; Gurung et al.
2017). Finally, (perceived) quality risks have been shown to impact household
water treatment behaviors and the selection of drinking water sources (Onjala et al.
2014; Grupper et al. 2021).

Despite these advancements, however, we are not aware of an economic
analysis that has systematically considered all three aforementioned aspects of
household demand for water services. We aim to fill this gap and develop a
nuanced economic perspective that incorporates heterogeneity, household pro-
duction and risk in one conceptual framework. To demonstrate the usefulness of
this approach, we (i) develop hypotheses about the demand for heterogeneous
water services and (ii) subsequently test these by applying a household co-pro-
duction model, which we adapt to account for supply characteristics and multiple
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uses of water. We discuss why the insights of the analysis are highly relevant for
water policy, in particular for developing and managing demand-responsive supply
systems, and for the implementation and monitoring of normative goals for access
to water (SDGB, right to water). By doing so, our paper aims to lay a conceptual
foundation for later empirical work through case studies.

The remainder of the paper is structured as follows: In Section 2, we present
theoretical and empirical foundations for our framework and define hypotheses. In
Section 3, we apply a household production model to test these hypotheses and
derive insights on household use of multiple water sources. Relevant implications
for water policy and limitations of the analysis are discussed in Section 4.
Section 5 concludes.

2. Heterogeneity, Household Co-Production, and Uncertainties
of Water Services

In this section, we combine insights from different strands of the economic and
water-related literature to clearly define our concepts and derive three hypotheses
for the subsequent analysis.

2.1. Heterogeneity of services

The academic literature has made numerous attempts to describe what sets the
various existing forms of water services apart, typically dependent on the context
and focus of analysis. In the following, we concentrate on the perspective of a
specific group of consumers of water services, private households. We, therefore,
do not consider debates regarding the ownership (Bakker et al. 2008) of water
service providers." Irrespective of whether a service is rendered by a public or
private entity, informally or not, we ask: Which factors are likely to influence
household demand for water services and the selection of specific water sources?
The economic literature dealing with residential water demand originally assumed
that water services from a piped network have no close substitutes and focused on
estimating single-equation demand functions in dependence of prices and socio-
economic variables such as income (Arbués et al. 2003; Nauges and Whittington
2010). This is still the most commonly used approach and is applicable for various
types of analyses. In settings where households use multiple water sources,
researchers have estimated demands for one particular water source (Basani et al.

IWe also exclude the “improved/unimproved” dichotomy applied for the monitoring of SDG 6.1
(WHO & UNICEF 2017), which arguably is more relevant for classification in reporting than for
household choices.
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2008) or assumed that several are homogenous goods and thus substitutable. The
tiered-supply-curve approach, for example, assumes that consumers choose among
available bulk water services exclusively in dependence on their prices (Srinivasan
et al. 2010; Klassert et al. 2015; Zozmann et al. 2019). Other approaches explicitly
address the heterogeneity of water services and have conducted discrete analyses
of water source choice (Persson 2002) or combined models of source choice with
demand estimations for the selected water sources (Nauges and van den Berg
2009; Cheesman et al. 2008). Some of these studies consider specific attributes of
water services, such as the associated water collection time, the distance to the
source, the pressure and hours of availability for water supply, or potential
household uses of water as independent variables relevant for source selection. The
contributions of this body of the literature and the respective econometric methods
have been reviewed in detail by Nauges and Whittington (2010).

These insights, particularly those derived from case studies dealing with se-
lection criteria for water sources, point toward relevant aspects of the choice
problem that a household selecting among multiple water sources is confronted
with. Consider the example of a private household that can obtain water quantities
from (i) a piped network that intermittently supplies drinking water at a specific
tariff or (ii) from a borewell close to the household’s residence, from which water
in non-drinking quality can be abstracted free of charge. It is rather straightforward
that the monetary price alone will not determine the household’s choice, as it does
not account for relevant differences in the water collection process, in this example
the ease of an in-house supply vs. hauling water back to one’s residence. Even if
this is accounted for by placing a value on the opportunity cost of time needed for
traveling to the well and back (Nauges and Strand 2007), the difference in water
quality remains; and depending on the intended use within the household,
groundwater may not be appropriate without treatment. A further differentiation is
introduced through the span of time during which each service is available: While
piped supply is intermittent in this example, the borewell may allow abstractions
without temporal limitation. This brief example encapsulates key factors that might
be weighed by households when deciding between multiple water sources. It
seems clear that the decision problem would be further complicated through a
multitude of other potentially available water services, such as bottled water ser-
vices or rainwater harvesting. These water services are so distinct from one another
that they should be considered heterogeneous goods and/or services (Nauges and
Whittington 2010). Acknowledging heterogeneity raises new questions, in par-
ticular whether and to which extent diverse water services are in fact comparable
and substitutable. To address this, it can be useful to consider factors such as the
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availability or quality of a water service as elements in a bundle of attributes or
characteristics which distinguish individual services.

Framing household consumption decisions as a choice among bundles of
characteristics has first been proposed by Lancaster (1966) who contended that
these characteristics are what households actually derive utility from, as opposed to
the goods or services themselves.” Applying this perspective to the choice of
multiple water sources is useful because it allows comparing individual char-
acteristics (e.g., the quality) of different water services, without assuming that these
are fully homogenous goods. The determination of what the most relevant char-
acteristics are, however, is non-trivial due to the strong differences between water
services and the wide array of potential uses for water quantities in household
activities.

For the purposes of this analysis, the water access dimensions identified in the
debate on a right to water (Albuquerque 2014; United Nations Committee on
Economic Social and Cultural Rights 2003) are assumed to encompass the most
relevant characteristics for both the collection and intended use of water. Five key
dimensions have been identified as relevant for access: These include the price or
affordability of a service and the water quality, here referring to levels of chemical
and biological substances contained in water quantities that may cause harm to
human health. Beyond these, there is the acceptability, i.e., taste, odor, and color of
water, its physical accessibility, i.e., the distance between the location of water
abstraction and the consumer’s residence, and the temporal availability of service
(United Nations Committee on Economic Social and Cultural Rights 2003). The
latter dimension not only refers to the time span during which water is available but
also to the timing and — in some definitions (Moriarty et al. 2011) — punctuality
of supply. In a small number of empirical studies, heterogeneous water services
have been distinguished through some or all of these properties (Flores Baquero
et al. 2016; Thompson et al. 2000; Deal and Sabatini 2020). Flores Baquero et al.
(2016), for example, use nine indicators to assess which degree of access two water
services (community-based supply vs. self-supply) bring about. The access
dimensions have also been discussed for cost efficiency assessments of water
services (Moriarty et al. 2011). Their explanatory power with respect to house-
holds choosing between multiple water sources, however, has not been fully
exploited yet.

Re-framing the access dimensions as bundles of characteristics that distinguish
water services from the perspective of a household is useful because together these

2According to this theory, a household demands, for example, not a cup of coffee itself but rather its
flavor, caffeine content, nourishing effect, or function for social interactions.
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Figure 1. Comparing Characteristics of Exemplary Water Services. (Illustration adapted from Flores
Bagquero et al. (2016), where similar diagrams were developed for comparing two water sources in a
case study in Nicaragua)

contain crucial aspects relevant for water collection and treatment, such as how far
away the point of access is and at which time water services are supplied, and for the
intended use. Through these characteristics, it is possible to characterize the example
used above adequately: Water fetched from the borewell has a lower accessibility
than an in-house piped water connection but may have a higher temporal availability,
as the piped supply is intermittent. The piped services may score higher on quality
and acceptability, while the affordability of the water services from the well is higher.
In Figure 1, exemplary characteristics for both water services are plotted alongside a
third example, home-deliveries of bottled water, to illustrate how heterogeneous
water services may be differentiated through this lens.

2.2. Household production

While the perspective discussed in the previous paragraphs may be useful to
distinguish the different characteristics of water services, it does not fully char-
acterize the cost of access, and particularly the contribution of private households
to generating “access.” Associated with each water source available to a household
are not only expenditures of money, but also of time and effort. This further layer
of complexity can be approached effectively through Becker’s (1965) theory of
time allocation, which is based on the premise that households combine market
goods and services with their time to produce final “commodities.” Households are
assumed to allocate their full income to produce such commodities, for which they
essentially decide how much time to allocate to market work to generate disposable
income and how much time to spend in other productive activities and leisure. The
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economic literature on other household-related services, for example dealing with
food production (Hamermesh 2008; Velarde and Herrmann 2014) or care work
(Verbooy et al. 2018; Niehof 2002), has used this theory to analyze household
decision-making or to value unpaid work.

Applications dealing with household production of water services have been
limited in their number, but a growing body of literature has evolved in the past two
decades. The review of literature conducted for this article revealed two relevant
types of studies: First, the literature investigating coping cost or averting cost of
“unreliable supply” (Amit and Sasidharan 2019; Gurung et al. 2017; Pattanayak et al.
2005), which quantifies how much households spend to gain access to drinking water
services. This includes spending on durables, such as storage tanks or water filters, on
“alternative services” and the use of time to fetch water from remote sources. Fo-
cusing on drinking quality water as an input to the production of health, Pattanayak
et al. (2005) demonstrate how a household production model can be used to infer a
lower bound on willingness-to-pay for supply improvements through an estimation
of coping cost. Second, a less extensive strand of economic literature based on
household production theory (Nauges and Strand 2007; Cheesman et al. 2008;
Uwera and Stage 2015) estimates demands for water services based on their full price
or total cost, i.e., monetary charges and the time required for traveling to remote water
access points, valued at the wage rate of household members.

A key contribution of both types of studies is to extend the traditional under-
standing of cost related to access. This expanded concept of cost includes, besides
the monetary price of the service, (i) spending on complementary goods and
services and (ii) monetary values of household expenditures of time. In areas with
low levels of service quality, time cost can make up to 50% of all costs related
to access (Pattanayak et al. 2010; Cook et al. 2016) and are therefore highly
relevant for water demand and questions of access. Studies and conceptual models
(e.g., Pattanayak et al. 2005) dealing with time cost have thus far focused on time
spent traveling to remote water sources. Assessing travel time alone, however,
excludes the amounts of time spent on other activities aimed at generating access,
within and outside of the households’ residence, which can be substantial. These
include expenditures of time to fill storage vessels if water pressure is very low or
to improve the water quality through boiling and filtering (Aini et al. 2007;
Laughland et al. 1993) or to wait for the beginning of supply. Even with very
comprehensive water services such as home-deliveries of drinking water, there is
an associated time cost for organizing the delivery, negotiating prices (Wutich and
Ragsdale 2008) and implementing the transaction.

Therefore, it seems useful to clearly define the scope and boundaries of
household production and its relationship to demand for water services and the
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question of access. For this, the debate on the implementation of a right to water can
again be insightful. Bretschneider (2016) proposed the idea of hurdles to access, in
order to characterize the degree of access to water by what stands in its way (Gawel
and Bretschneider 2017). Access hurdles can be of pecuniary and non-pecuniary
nature: When paying for network water services, for instance, a household over-
comes a pecuniary hurdle in form of a tariff to attain access. Non-pecuniary hurdles,
on the other hand, are of spatial, temporal, or qualitative nature and are for instance
surmounted by walking to a public access point, by storing water at home or by
boiling or filtering water quantities to improve their safety and acceptability.?
According to Gawel and Bretschneider (2016, p. 76), “the extent to which the non-
pecuniary access hurdles are lowered by the supplier” defines the service level. The
service level is also closely related to the characteristics of water services discussed
previously, which point toward specific hurdles. The accessibility characteristic, for
example, is inversely related to the extent of remaining spatial hurdles.

We can consider the example of “producing” a water-related commodity, such
as a cup of tea, to demonstrate how this delimitation may become practical and
concrete. Multiple inputs are required to make a cup of tea: Potable water, water-
heating devices and energy, a cup, tea leaves or bags, perhaps sugar, and household
time. To carve out what is immediately tangible for questions of access and de-
mand for water services, the water-related components of household productions
can be divided into two phases, namely, (i) procurement and processing and (ii)
direct use, as shown in Figure 2.

This distinction is useful because it allows to treat the procurement and proces-
sing phase in isolation and, therefore, to assign a specific cost to the act of accessing
water. Depending on the service level and the extent of necessary household pro-
duction, specific pecuniary and non-pecuniary costs can be attributed to generating
access. When choosing between multiple water services on different service levels, a
household has to decide which hurdles to overcome through monetary expenditure
and which to overcome through the use of time and effort (a make or buy decision).
The activities carried out in the procurement and production phase could be directed
at complementing existing market water services or at substituting these altogether.

The following example may clarify these facets: Consider a household that can
obtain water in potable quality from three potential water sources, which are all
characterized by different degrees to which service providers are lowering access
hurdles — and thus require different activities in household production to over-
come remaining hurdles. First, there is the entirely self-supplied water service, e.g.,

3From an economic point of view, household activities aiming to overcome the three non-pecuniary
hurdles to access may all be considered expenditures of time (Gawel and Bretschneider 2016).
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Procurement & Processing Direct Use

Household production quantity
ready to use i

Figure 2. The Two Phases of Water-Related Household Production. During the procurement and
processing phase, water quantities are made available and ready to use, for which water services and
other inputs such as time and storage tanks are required. This precedes the phase of direct use, during
which these water quantities are combined with other inputs (e.g., tea bags) to produce final water-
related commodities. Note that this distinction of the two phases is not trivial, as the meaning of “ready to
use” may differ considerably between individual uses of water (e.g., tea vs. flushing the toilet).

Water

Services

a private well, from which drinking water can be made available by pumping and
filtering water. Second, there is water service A, rendered at a comparatively low
service level such as a shared tap in the household’s yard, where households
members might wait and then haul water back to their residence. Finally, consider
water service B, rendered at a comparatively high service level leaving small effort
to the household, e.g. home-delivered canisters of drinking water. Figure 3 illus-
trates the relationship between service level, market provision of services, and
household production associated with each of these examples.

Assuming that no other factors play a role, heterogeneous services become
substitutable through household activities in the procurement and processing
phase. By implication, the demand for these services should then depend on the
quantities and prices of all the factor inputs used during household production.
This includes the monetary prices charged for market water services but also the
opportunity cost of the amount of time spent to make the required water quantities
“ready to use,” which may differ strongly. Depending on the specific water service
and household production technologies, the considered cost may further include
the prices of complements such as capital services from durable goods (storage
vessels, well systems, pumps, and water filters) and additionally used goods and
services, such as electricity or fuels.

2.3. Risk and uncertainty over characteristics and cost

In the concepts presented so far, a crucial aspect shaping the reality of many private
households has not yet been addressed: The service level of specific options may
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Figure 3. Access Hurdles and Household Production Cost for Water Services on Three Exemplary
Service Levels (illustration adapted from Gawel and Bretschneider (2016, p. 75))

not be reliable. The literature has dealt extensively with the reliability of water
services, a term that is not clearly defined (Majuru et al. 2018). In most cases,
reliability concepts encompass characteristics such as availability and quality
presented above. In other studies (Nganyanyuka et al. 2014), reliability itself has
been considered a characteristic of service. We, however, propose and use the
following definition: Water services are defined as unreliable if there is limited
certainty with respect to (i) the characteristics of the service and/or (ii) the full cost
associated with making water quantities available and ready to use. Here, limited
certainty encompasses both risks, i.e., situations in which the decision-maker
knows potential outcomes (and their probabilities), and uncertainty, i.e., situations
in which outcomes and their probabilities are unknown at the time of decision-
making.

Empirical studies provide abundant documentation for the existence of risk and
uncertainty over the characteristics of water services. Quality and acceptability of
water services can fluctuate or become unpredictable due to global changes
(Garrote 2017), extreme events and accidents (Zhang et al. 2011), interruptions of
supply resulting in degradation of infrastructure (Brocklehurst and Slaymaker
2015), lack of control or oversight in water markets (Cain and Mulenga 2009;
Rachmadyanto et al. 2016) and, frequently, seasonal variability (Kostyla et al.
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2015; Sappa et al. 2015; Wutich and Ragsdale 2008). The temporal availability of
water services may be uncertain due to fluctuations in the timing, duration, or
pressure of supply (Subbaraman et al. 2013) or due to queuing and waiting times.
There are reports of how emergency situations lead to the failure of primary water
sources (Subbaraman et al. 2013), inducing households to seek for alternatives
(Nganyanyuka et al. 2014), which may have lower accessibility, for example
walking to a remote access point if piped supply is interrupted for several days.

Limited certainty over the service level reduces the predictability of the
expected cost of access. This, in turn, may affect household behaviors during
the procurement and processing phase and their choice of the water source. The
(perceived) quality risk associated with specific water services is strongly corre-
lated with household decisions whether and how to treat water (Aini et al. 2007;
Onjala et al. 2014). Grupper et al. (2021) have shown that it also influences the
choice of water services, for instance in the use of bottled water by households
with higher risk perception. There are also other conceivable cases in which risk
affects the choice of water source, e.g., if households are unable to predict the
procurement time associated with a specific service or the quantities they can
obtain, due to fluctuating pressure or waiting time.

Analytically, such situations can be approached through established concepts
from information economics, particularly if households face risk rather than un-
certainty.* There are a number of conceivable cases in which households are able
to assign probabilities to outcomes based on past experiences, for example, if they
regularly queue at a water kiosk or have a good estimate of piped supply fluc-
tuations. In this case, expected utility theory (Neumann and Morgenstern 1947)
postulates that a household chooses the water service(s) associated with the highest
expected utility. Depending on the relationship of individual households to risk,
specific effects on demand patterns can be predicted. For risk-averse households,
for instance, the utility gained from reducing risks about the characteristics and
cost of water services may outweigh the decline in utility associated with paying a
higher price or risk premium. This explains, for example, why wealthy households
(given the ability) choose water services that reduce risk over characteristics and

4If households face uncertainty, as may be the case in extreme weather events or under unpredictable
supply conditions, intertemporal consumption decisions must be made. Baisa et al. (2010) modeled
the optimal use of household storage if it is uncertain when the next delivery of water arrives and
calculated welfare losses compared to reliable supply. In water markets, the insights of information
economics on quality uncertainty, here referring to uncertainty over service quality, can be applied
(Akerlof 1978). While these insights offer potential for analyzing certain aspects of water services
provision, such as signaling in tanker water markets (Wutich et al. 2016), their applicability for this
analysis is limited, which is why they are not explored in further detail.
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cost, for instance by constructing private wells (World Bank 1994) or by using
vendor services (Raina et al. 2020; Graham et al. 2013).

2.4. Definition of hypotheses

To demonstrate how the extension of economic thinking on household demand for
water services outlined in this section can deepen our understanding of real-world
problems, we define three hypotheses that will be examined through the lens of a
household production model. In particular, we aim to find consistent explanations
for why households choose and combine multiple water services as a foundation
for developing and implementing effective policies concerning access goals.

Hypothesis 1: Heterogeneity. We hypothesize that heterogeneous water services
are demanded and combined by households due to differences in the character-
istics of service (see above, Section 2.1, “Heterogeneity of services”). We analyze
in particular, how differences in characteristics can result in different levels of time
cost and suitability for water uses within households.

Hypothesis 2: Inputs of household production. We further hypothesize that the
demand for heterogeneous water services responds in a predictable way to var-
iations in the input prices of the determinants of household production (see above,
Section 2.2, “Household production”). We investigate in particular the effect of the
opportunity cost of time on selection and combination of multiple water services
through variations in household wages.

Hypothesis 3: Risk aversion. Based on expected utility theory, we hypothesize
that the demand for heterogeneous water services responds in a predictable way to
risk over characteristics and cost of market water services (see above, Section 2.3,
“Risk and uncertainty over characteristics and cost”). We investigate under which
circumstances risk-averse households may choose water services that provide
certainty of outcome (with respect to respective characteristics such as waiting
time) against the payment of a premium.

We proceed to analyze these three hypotheses through our model in the next
section and subsequently discuss relevant implications for water policy.

3. Analytical Model and Hypothesis Testing

In this section, we apply Becker’s (1965) household production model to the
problem of household choice on multiple water sources. We assume that house-
holds produce water quantities in two quality levels available for different end uses
by combining market inputs and time. The characteristics or the service level of a
water source are assumed to determine the time a household spends to procure and
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process water quantities. We explore the implications of the modeled inter-
dependencies for the hypotheses posed above with exemplary situations observ-
able in the real world.

3.1. Analytical model

In the household production framework (Becker 1965), households derive utility
from time-consuming goods® z;, which they produce by combining market input
goods with their own time.

u=u(zy,2,...,2,) — maxl, (1)
with
z;: time-consuming good z; with i € {1,2,...,n}.

The utility function is restricted by household budgets of time and money,
which are linked. The use of time for household production entails foregoing
potential pecuniary income from wage labor. Based on this concept, we define the
disposable maximum household income Y., as a hypothetical budget, resulting
from a household spending all disposable time working for income in the market,

while assuming that the household receives no non-wage income. Both constraints
on u can therefore be summarized under the following equation®:

Yiax — ZZ{"T& > 0, (2)
i=1

with
Yoax =T - w, (3)

Ymax: (Hypothetical) disposable maximum income;

T: Maximum amount of time available in a period for both work and consumption
activities, excluding time for personal care and sleeping. Note that consumption
activities include the consumption of leisure time.

w: wage rate of the private household.

and

=X pit+i-w, (4)

5In Becker’s classic work (Becker 1965), z; are referred to as ‘commodities’. Due to some ambiguity
in the term commodity, we follow the approach of Hoyer and Rettig (1983) and refer to them as time-
consuming goods.

6A more detailed formal derivation of budget in the household production model can be found in
Hoyer and Rettig (1983).
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;- full price of one unit of z;;

x; : vector of market good(s) used for the production of one unit of z;. When capital
goods are used, x; refers to the services yielded by these goods (Becker 1965,
p. 494);

p;i: vector of market price(s) of x;;

t;: time spent for the production of one unit of z;.

In the previous section, we have differentiated between two phases of water-
related household production, out of which the procurement and processing phase is
the most important for this analysis. To incorporate this and reduce complexity, we
assume that two z; are produced during the procurement and processing phase,
namely the water quantities z;, defined here as drinking water (z,) and non-drinking
water quantities (z,4), available for immediate use in the intended location.

zj: water quantities of quality level j € {d,nd}.

Here, our model differs from previous household production models (e.g.,
Pattanayak et al. 2005), as we consider not only the production of health or
drinking water services, but all other forms in which water quantities may con-
tribute to utility. While we use two z; for simplicity, note that the following analysis
also holds for more quality levels. We assume that z; encompass the water-access-
related utility obtained from the various z; that require water quantities as an input.
Similar to any other time-consuming good, we assume that z; is produced by a
household combining (intermediate) input market goods and their time.

zj = 2(X 1 ) (5)
with
x;.: Vector of market goods or services used for the procurement of one unit of
water from source k € {1,2,...,n}. This could, for example, include a tanker
water delivery and/or capital services yielded by water storage or filters.
; ¢ Quantity of time associated with the production of z; for a given water source k.
This could, for example, be the time required to organize the tanker water delivery

or to walk to the river and carry water to the location of use. 7;; depends, in
essence, on the service level.

The price 7; of z; then consists of the following elements:
T =Xg Pr+ g W, (6)
px: monetary price of x;.
Consider the two-goods case for z; and another time-consuming good z, to

analyze household production decisions for “producing” water quantities of a
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specific quality level, while taking into consideration all other household uses of
time and market input goods. Household utility u is defined as follows:

u = u(z,z,) — max!. (7)

Incorporating the constraints from Egs. (2) to (4) results in the following
Lagrange function:

L=1u(z;,2,) = A(Ypax — 7 - T — 2, - T,) — max!, (8)
JL  du
_— _|_ )k B — 0, 9
L du
g:g—F)&‘ﬂ'ﬂ-:O. (]—0)
Equations (9) and (10) can be transformed into
== —. (11)
9z, o

This implies that the utility-maximizing consumer choice occurs when the ratio
of the marginal utilities of z, and z; is equal to the ratio of their prices. This is
analogous to the traditional perspective on optimal consumer choice but includes
the extension of the concept of price by the opportunity cost of time (Becker 1965).

For the purpose of deriving insights about household demand for water quan-
tities from different sources k, it is useful to divide the full price M into its
components:

L= u(g) = A(Ymax = D (3 prc+ - w) ) — max! (12)
%z?—?j-%ﬂt-m:a (13)
%=§—;‘%+A‘w=0, (14)

%:%. (15)
i

Given an output quantity of z; the optimal choice of a household would
combine quantities of x; and 7 ; which result in a ratio of their marginal pro-
ductivities (dz;/dx; and dz;/dt; ;) equal to the ratio of their prices. This is a key

2250006-17



Water Econs. Policy 2022.08. Downloaded from www.worldscientific.com

by 128.150.207.128 on 08/01/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

H. Zozmann et al.

outcome of Becker’s model and relevant for the purposes of this analysis. Im-
plicit in Eq. (15) is the compensated utility-maximizing demand for the factor
inputs used in producing gz, i.e., the demands for market inputs and household
time, according to their respective price and according to the source of water. In
analytical form, the demand function for x; for a specific output level z; takes the
following form:

X = X (Pk, W, Zj)- (16)

Relaxing the assumptions of a fixed output level and income compensation,
(16) can be re-written in the general form:

X = X (P> W, Py)- (17)

While the own-price elasticity of demand for each of the factor inputs should be
negative according to the law of demand (Eq. (18)), we assume a substitutability
between market goods/services and household time common in household pro-
duction models (more on this below). This implies a positive cross-price elasticity
between these factor inputs, exemplified in Eq. (19) for the elasticity of demand for
x; in dependence of w.

_ Axy py

e(xk) = A_pk . g <0, (18)
Axp w

ec(xk) :A_Hfg > 0. (19)

3.2. Hypothesis testing

Having formulated the adapted household production model and clarified key
assumptions, we now employ it to investigate the hypotheses posed in Section 2.4.
To facilitate our analysis and provide examples for real-world cases, we will use a
consistent set of examples in the following section. In Table 1, four sets of market
inputs x; required to procure and process water from a water source k are listed and
briefly described. Note that these are examples and not a generalized assessment of
characteristics of a type of water service. Piped network supply, for instance, can
have significant differences in the service level and higher degrees of availability or
accessibility are possible. The insights derived in the following analyses thus
always refer to the specific examples in Table 1.

Hypothesis 1. Heterogeneous water services are demanded and combined by
households due to differences in the characteristics of these services, which result
in differences in time requirements and suitability for intended water uses.
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Table 1. Examples of market inputs in household production of water services

Market Inputs Water Source Description of Example
X Piped supply on low Intermittent water supply on the household’s pre-
service level mises, with variations in water pressure and tim-

ing of supply, requiring storage devices and a
water filter or boiling to make water quantities

potable.
Xy Home-delivered drinking Delivery of canisters of treated and potable water to
water the household’s residence, requiring no other
inputs (ready-to-use).
X3 On-site groundwater well ~ Groundwater well on the household’s premises, re-

quiring durables such as a pump and other inputs
such as energy and a water filtering system, if the
abstracted water is used for drinking.
Xy Bottled drinking water Kiosk selling bottled water, in vicinity of the house-
from kiosk hold’s residence, requiring no other inputs.

The characteristics of service are, in our model, assumed to result in a specific
time requirement #; to produce z;. If we further assume a household can select
between water services with different characteristcs and — as a result — different
time requirements, the question is: what is the “right” amount of household pro-
duction, given the service level and other costs? Equation (15) postulates that
households would choose a combination of factor inputs x; and 7 ; through which
the ratio of their prices (p;/w) equals the ratio of their marginal productivities.

While in reality, available water services may only allow for specific combina-
tions of x; and 7, it is useful for the exploration of this hypothesis to first consider
what households would do if x; and #; ; could be combined in marginal quantities. In
this case, the ratio of their marginal productivities could be interpreted as the slope of
an isoquant line, which represents constant levels of output produced with different
combinations of the two-factor inputs. In Figure 4, two exemplary isoquant lines
(curves IQ1 & IQ2) have been plotted convex to the origin, under the standard
assumption of a diminishing marginal rate of substitution. The isocost lines IC1 and
IC2 in the figure represent combinations of inputs x; and # ; which result in a
specific level of cost. In this hypothetical example, optimal combinations of factor
inputs specified in Eq. (15) are indicated by the points E1 and E2.

What this implies for reality is that unless an available water service offers such
an optimal combination of expenditures of time and money, it is likely that
households will combine several services. This is because the combination of
water services with different characteristics, resulting in different ratios of market
inputs and time, allows the household to move closer to its optimum. In the real
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Figure 4. The isoquant lines represent exemplary levels of output, produced by different combi-
nations of market inputs and household time under the assumption of a diminishing marginal rate of
substitution. At their intersection with the blue isocost lines, an optimal combination of inputs is
accomplished for this level of cost

world, multiple water services on diverse service levels may imperfectly enable the
substitutability of time and market inputs assumed in our model.

Suppose there are two options to produce drinking water z; available to a
household. There is a time-intensive source, e.g., the example of a network con-
nection described in Table 1, from which water can be obtained by using low cost’
market inputs x; but which requires relatively high time inputs #; ;. Second, there
is a service-intensive source, e.g., deliveries of canisters of treated drinking water,
which is associated with comparatively high levels of market services x, and
comparatively low time requirements 7, ,. The two options are assumed to be
marginally combinable and — after the procurement and processing of water is
complete — close substitutes. In Figure 5, the production possibilities for both
options are depicted as rays from the origin, assuming fixed proportions of time
and market goods in the production process. We further assume for the sake of this
example that the household is endowed with a specific budget that can be allocated
for drinking water production. This budget allows the household to reach a par-
ticular point on both rays (points A & B). Under the aforementioned assumption of
a diminishing marginal rate of substitution between x; and # ;, the isoquants IQ1
and IQ2 mark output-constant combinations of inputs. Now suppose the household
can combine marginal quantities of the market goods x; and x, with 7, 3, the time

7While households may at times face no per-unit charges, e.g., for using tap water, they still fre-
quently use market goods such as storage tanks or energy to boil water for their household production
activities, thus resulting in monetary cost of access to some (minimal) extent.
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Figure 5. Three exemplary combinations of market inputs x; and x, with different amounts of
household time #; ;. Assuming a fixed budget and the dashed blue line as the frontier of possible input
combinations, point C indicates a higher level of output accomplished by the combination of the two
water services

required to produce drinking water with this specific combination of market goods.
The ray in the center of Figure 5 results. In Point A (B), the marginal productivity
of market goods (time) is lower than the marginal productivity of time (market
goods), which implies that substituting for the other factor input — graphically
illustrated through the dotted line — results in a higher utility level, until an
optimal point C is reached.® We thus find that a comer solution, using predomi-
nantly one water service, is — at least formally — limited to the case where the
optimal combination of market goods and time is exactly found in one of the
available options (or if the price of all options but one exceeds the maximum
willingness-to-pay of the household). In all other cases, it increases the utility of
the household to combine water sources, which results in demands for heteroge-
neous market services on different service levels.

The characteristics of water services may also be particularly relevant for
specific uses of water within the household. In other words, heterogeneous uses for
water can result in demand for heterogeneous services. In the model presented
here, this can be explained with variations in the full price 7; due to the relative
significance of specific characteristics of service to individual usage forms. Water
in non-drinking quality, for instance, can be used immediately for non-consump-
tive applications, while it needs treatment, i.e., additional inputs of x; and 7 ;, to be
used for drinking purposes. Consider the following example: A household pro-
duces two water quantities z;. z; is for a purpose requiring high quality and low

8In analytical terms, this is represented in Eq. (15).
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Figure 6. Depending on the intended use of water, the required time to procure and process water
quantities varies: (a) High-quality requirements for the produced water quantity result in increased time
requirements to produce z; from x; and therefore high demand for x,. (b) Higher quantity and lower
quality requirements result in x3 as the predominantly used set of market inputs

quantity, e.g., making a cup of tea, and z,4 is for a purpose requiring high quantity,
while quality is of secondary concern, for example flushing the toilet. Two water
sources are available: There is a groundwater well on-site (market inputs x3, as
described in Table 1), which can be used almost immediately for z,; but requires
extensive treatment for z; For the specific time requirement of each production
process, this implies 7; 3 > 1,4, 3. The household can also purchase bottled water
from a kiosk (x4), in which case the per-unit procurement time is equal
(4,4 = tna,4), but the monetary cost is significantly higher ps > ps. For this ex-
ample, we assume that larger quantities of water are required of z,,; than of z;.

As Figure 6 illustrates, the differences in the full price m; for each of the
applications of water results in a shift in the budget line, holding all other things
equal: In relative terms, x3 is more expensive for a consumptive use than for
flushing the toilet, resulting in different optimal combinations (E; in Panel (a), E,
in Panel (b)) depending on the intended use.

In sum, these results confirm hypothesis 1. Households demand water services
with different characteristics because these can facilitate an imperfect substitut-
ability between market services and household time. This, in turn, enables
households to choose and combine services to find a balance between using time
and money to access water. Moreover, households demand heterogeneous water
services due to the relative utility of individual characteristics in their water-related
activities, which can result in variations of the cost associated with water
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procurement and processing. Note, however, that markets for water services are
rarely perfect in empirical reality, which may result in corner cases (Acharya and
Barbier 2002) and will be discussed in Section 4.

Hypothesis 2. Demand for heterogeneous water services responds in a predictable
way to variations in the input prices of the determinants of household production.

Another relevant implication of the assumption that the two types of factor
inputs market goods/services and household time become (albeit imperfectly)
substitutable through multiple sources of water is characterized in Eqs. (18) and
(19), which indicate that the own-price elasticity of each factor input is negative,
whereas their cross-price elasticity should be positive. The effects of this rela-
tionship are exemplified by considering an increase in an individual’s wage rate w
and the implications for the choice between two available market water services.
For the sake of convenience, the above-mentioned choice between the market
inputs x;, x, and their respective time requirements can be considered once more.
The effect of the wage rate increase is a shift in the household’s demand for water
services away from x;, shown in Figure 7.

The second hypothesis can thus be confirmed on the basis of our model. Dif-
ferences in the opportunity cost of time can explain why households with a higher
income tend to use more goods- or service-intensive production technologies (e.g.,
larger storages and private wells) or rely on water deliveries (Majuru et al. 2016).
Another conceivable implication of this result is that in areas characterized by
strong differences in income levels, a higher diversity of market water services

(xZ: td,Z)“

Market inputs (ef. Table 1)
x50 Piped supply onlow serdoe level
%z: Home-delivered drinking water

D 8 (x1,841)

Figure 7. A wage rate increase (Aw > 0) results in an inward shift of the budget line, from AB to
CD because the higher use of the factor input time associated with x; decreases the amount pro-
ducible under a given budget. A substitution toward the service-intensive option (Ax, > 0) results
and the equilibrium moves from E; to E>. Note that for the sake of clarity, we ignore the income
effect associated with a wage rate increase here
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would be demanded, as a result of diverging preferences for combinations of
market services and time. This fits the empirical reality of many rapidly urbanizing
areas in the Global South.

Hypothesis 3. Demand for heterogeneous water services responds in a predictable
way to risk over characteristics and cost of market water services.

To approach situations in which there is a risk, for example with respect to the
procurement time #; ;, the perspective is now shifted. A household dealing with risk
is assumed to select a strategy that maximizes the expected utility from a set of
potential outcomes (Neumann and Morgenstern 1947). This can be made tangible
with a real-world example. A household can obtain water quantities z; by storing
intermittent piped supply (x;), for which a storage tank and time to fill the tank is
required. The pressure of piped supply is fluctuating, however, so filling the
storage tank may require either a large amount of time #; | or a moderate amount of
time r},l, with #; | > r},l. We assume that due to past experience, the household is
able to estimate the probability of each event (low pressure/high pressure) at 50%.
Due to the variation of time requirements depending on the water pressure, a
different full price per unit m; > 11-} results in each event. If the output quantity
filled into the storage tank is fixed, the expenditure for each event and an average
expenditure, weighted by the probability of each event, can be computed.

These expenditures of time and money reduce the full income of the household
to varying degrees, i.e., they affect how much of Y, can be allocated to other
ends that the household derives utility from. It is, therefore, possible to connect
each event to a level of utility which is a function of remaining income. If we
assume a risk-averse household, the marginal utility of full income is diminishing,

U n

Ua

Ue

Ug

.
>

Yg Yy Y ¥y Y

Figure 8. Expected cost and willingness-to-pay for risk premiums among risk-averse households
under unreliable supply conditions
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indicated by the concave function U(Y) in Figure 8. In point A, the household
incurs a moderate procurement time because the water pressure is high (r},l),
resulting in a higher remaining full income ¥,. In point B, on the other hand, low
water pressure has resulted in 7 ;. The associated higher expenditure results in a
lower remaining income ¥g. On the ordinate axis, each outcome is associated with
a level of utility indicated by points U, and Up. Point C, located in the middle of
line AB in Figure 8, marks the average expected cost of both events, which results
in Y¢ and is associated with the expected utility level U..

Consider now that the second market water service is available to this house-
hold, e.g., the household may have the ability to reliably obtain water from a
private well. We assume that this outcome is certain, e.g., not affected by
groundwater shortages, which enables the household to reach the utility level U,,
i.e., the same utility as associated with the expected utility at point C. This is
indicated by point D in Figure 8. To limit risk, the household in this example
would be willing to pay more than the average expected cost. Marked by the
distance CD is the maximum premium the household would be willing to pay for
certainty. Whether such forms of insurance are attractive to households depends on
their relationship to risk. If the utility function is non-concave, i.e., the household is
risk-neutral or risk-tolerant, this reasoning does not apply.

This example demonstrates how it can be rational for risk-averse households to
pay premiums for the reliability of water services, confirming the third hypothesis.
Transferred to reality, this implies that for certain households, a higher price per
unit is acceptable, simply to avoid the risk of high cost or inadequate levels of a
specific characteristic. Given that drinking water in particular is essential to human
welfare, it is plausible that such risk-averse behaviors might occur in reality, for
example through purchases of bottled water.

4. Discussion

Understanding household water demand comprehensively is a prerequisite to
implement goals of international water policy and for an effective management of
resources. In the previous sections, we analyzed how heterogeneity of services,
household co-production, and risk impact residential demand for water services. To
our knowledge, the framework we presented is the first to systematically integrate
two crucial concepts: (i) that water services have heterogeneous characteristics and
(ii) that they are co-produced by households under varying levels of pecuniary and
non-pecuniary cost. Besides fusing these pre-existing concepts, we contributed
new ideas to each: On the one hand, we proposed to re-frame the water access
dimensions as the most relevant characteristics of heterogeneous services. On the
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other hand, we clearly delineated which household production activities are rele-
vant for the problem of access to water and established a clear connection between
characteristics, service level and full cost. To account for the lack of reliability
experienced by many water users, we enriched our framework with insights from
information economics to account for risk-averse behavior with respect to essential
resources.

We applied our framework in this paper to expand the set of explanations for the
use of multiple water sources in private households. Previous studies had explained
this by rationing or inadequacy of network supply, through “preferences” or the
quality level of water required for specific household uses. While these reasons still
hold, we were able to demonstrate that heterogeneous water services can also have
the function of providing households with a choice. We assumed that through
expenditures of time and money, water services become substitutable. Based on
this premise, we found that combinations of heterogeneous services allow
households to find a balance between spending their money and time to access
water. This balance, essentially, reflects the value households assign to their time.
With this, we contributed a theoretical grounding for the frequent empirical ob-
servation that wealthier households tend to invest in capital goods or rely on
market services to meet their water needs, while poorer households use water
sources that require mainly time inputs (Majuru et al. 2016). That individual
valuations for time differ have been substantiated by numerous studies from other
fields (Asensio and Matas 2008) and for the case of water by Cook et al. (2016).
Considering the opportunity cost of time as a determinant of demand for water
services can explain why a multitude of services is found particularly in rapidly
urbanizing areas of the South, where high differences in income levels exist. We
also showed how households may choose to avert risks associated with unreliable
services, for instance by self-supplying through private wells as a form of insur-
ance against unpredictable costs.

Our insights on household demand for heterogeneous water services are highly
relevant for water management and policy. Beyond the frequently applied focus on
finding the “right” price (Massarutto 2020), our analysis points toward considering
service levels of water supply, which others have advocated before us (Moriarty
et al. 2011), and underscores that there are no one-size-fits-all solutions. Given
detailed data and a situation where households combine different sources of water,
their choices may reveal preferences for the characteristics that certain services
offer and allow the computation of shadow prices. The ability to differentiate
between characteristics of service and, potentially, willingness-to-pay for these
could enable the estimation of demands for different water services under given
supply constraints. This would also produce valuable insights for allocating limited
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funds in water supply planning. While demand-responsive systems are no pana-
cea,” they arguably have the potential to circumvent lock-ins in inadequate service
levels on the one hand, or supply systems that cannot be maintained and fall into
disrepair on the other hand. This may help to avoid future situations where
“hundreds of millions of dollars have been spent by donors on projects that
households do not want and that are subsequently abandoned” (Nauges and
Whittington 2010, p. 266). The perspective of household production and the ex-
tension of cost of access may also indicate, as others have argued (Pattanayak et al.
2005), what the urban poor in particular are already paying for water services,
which should be considered in cost-benefit analyses of supply enhancements.
The insights of this analysis are highly relevant for the normative goals on
access to water (SDG 6, right to water). Water supply systems characterized by
multiple water services on diverse service levels do not necessarily produce out-
comes in line with the minimal standards the international community agreed on,
and may thus require public interventions to meet these. As Moriarty et al. (2013)
put it: “It is an inescapable reality that, where the aim is to provide service levels
that meet the minimum levels commensurate with the human right to water, there
will be a need for ongoing subsidy” (p. 338). In many cases, expanding piped
networks will likely still remain a key measure for implementing SDG 6 or the
right to water. The dominant logic of considering access goals implemented if a
network exists, however, can be challenged by the perspective centered on service
levels. If these become the key focus of water policy,'® a combination of non-piped
supply forms may continue to improve access in certain contexts, as it has already
been the case in the Millennium Development Goals era in regions such as Sub-
Saharan Africa, South Asia and South-East Asia (WHO/UNICEF 2015). Multiple
water services may also increase the resilience of the overall system, as Elliott et al.
(2019) have pointed out, by avoiding overreliance on one option. This stands in
contrast with arguments put forward against “alternative water service suppliers”
such as tanker water vendors, claiming that their services are too expensive

Swhittington et al. (2009) find that while rural demand-responsive community supply systems have
come a long way, they rarely cover more than their operation cost and cannot finance infrastructure
maintenance or expansion of the system.

101f water policy focuses on improvement of service levels in water supply, this may bring about
synergies between SDG6 and other sustainability goals regarding gender, health, livelihoods and
education, among others. To name one relevant synergy: Reducing non-pecuniary cost of access can
free time for other activities, particularly for female household members. While there is mixed
evidence that higher service levels lead to enhanced female participation in labor markets (Ilahi and
Grimard 2000; Koolwal and van de Walle 2013), they result in improved safety of women during
water collection and increased school attendance of girls (UN Water 2006; Koolwal and van de Walle
2013).
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(O’Donnell and Garrick 2019; Raina et al. 2020). Such services can be more
reliable or offer levels of characteristics, e.g., availability or quality, which are
otherwise unattainable in the respective supply system. Thus, there are reasons
beyond mere quantity constraints for why such services are demanded, sometimes
at considerably higher prices than the network tariff.**

The conceptual framework developed here may also be relevant for the ongoing
debates on the monitoring of access goals, an aspect that this paper did not in-
vestigate in detail. Prevailing systems of reporting whether access goals are met
often use indicators “far from perfect in the eyes of many water managers and
experts” (Guppy et al. 2019, p. 502). that “do not count the access to drinking
water that counts for citizens” (Nganyanyuka et al. 2014, p. 358). Various indi-
cators have been proposed to investigate water access conditions (Roaf et al. 2005;
Albuquerque 2014; Schiff 2019). These range from “excessively simplistic”
indicators (Flores Baquero et al. 2016, p. 755) attempting to compare highly di-
verse water services through one figure, to extensive sets of indicators with strong
data needs. The framework presented in this paper could contribute to a central
question in this debate, namely how to operationalize the reasonableness of burden
(Gawel and Bretschneider 2016), which asks whether the money, time and effort a
household spends to overcome access hurdles is considered acceptable in a specific
situation. Our framework does not address the normative question of determining
the degree to which access hurdles are reasonable or even functional from the
perspective of sustainability (Gawel and Bretschneider 2017). It may, however, be
capable of establishing a calculable (albeit imperfect) comparability between water
services by relating their full cost to their service levels. This may still be a
simplification and will not replace other relevant indicators, but would allow the
computation of one figure to compare water services that are more consistent than
merely discussing their monetary prices, as is frequently done in assessments of
“affordability”.

4.1. Limitations and perspectives

While we presented a consistent conceptual framework, care needs to be taken
when transferring insights into real-world situations. Markets for water services
and labor are frequently imperfect. As a result, many households will not have the
ability or information to freely choose between multiple available water services,
nor will they be able to freely choose how many hours to allocate to market work.

UNotwithstanding this, there is ample empirical evidence for market and governance failures in
urban water markets which highlights that these bring about specific challenges for monitoring and
regulation and may result in excessive market power and extortion (O’Donnell and Garrick 2019).
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Thus, there are many conceivable reasons for “corner cases” in reality, for instance
when opting for specific water services requires households to invest in a con-
nection fee, a sufficiently large storage, an electric pump or a private well which
thus create path-dependencies for the choice of supply. In addition, available
quantities may be smaller than household demands. Certain supply options, may
not allow the purchase of marginal quantities as is frequently the case for tanker
water vendors (Nganyanyuka et al. 2014). Thus, many of the choices we con-
structed as continuous may in fact be discrete. Notwithstanding, our framework is
better equipped to deal with these complexities than standard demand models and
the key interdependencies that our analysis dealt with arguably still hold. Future
applications of this framework can potentially lift some of the assumptions we
operated under or analytically extend our approach with insights from other strands
of economic literature. An example for this would be to extend the household
production approach to analyze behavior in queues (e.g., Barzel 1974) for public
water taps. One could, for instance, assess at which point time cost associated with
obtaining a “free” water quantity equals or exceeds the benefits derived from it,
applying differing personal valuations of time (Suen 1989) to determine in which
cases public tabs might become congested and whether there is a need to install
additional ones. For analyzing household decisions in dependence of the behavior
of others in a queue, a dynamic game-theoretic approach would be adequate to
capture non-cooperative behavior, resulting in a process of bidding for time slots or
property rights at the tap with one’s time (Holt and Sherman 1982). Similarly,
future refinements of our approach may address some theoretical limitations. For
one, we (deliberately) neglected market mechanisms by assuming water supply
forms as given, due to the focus on individual consumer behavior. Criticisms
frequently directed at household production models (e.g., Pollak and Wachter
1975) also apply to this work, particularly the neglect of joint production and
uncertainties with regard to intra-household allocation of time. Joint production
refers to the idea that households might be capable of producing several time-
consuming goods in parallel (Baumgértner et al. 2006). The collection of water
from a shared tap may, for example, be an activity during which members of the
community socialize and can therefore yield utility beyond the “produced’ water
quantities. This would limit the extent to which different water services can be
compared by exclusively considering their full prices. Our neglect of intra-
household allocation of time results in a somewhat reductionist view of the
household as one homogeneous unit, whereas it usually consists of individuals
with different potentials and capabilities for market and household work. House-
hold production theory (Becker 2008) suggests that the household members with
the strongest comparative disadvantage in market employment would be the first to
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allocate their time to water collection. This consideration, however, can perpetuate
existing gender inequality in the labor market and may in reality be impacted by
gendered power relations and socio-cultural factors (Sultana 2009). Thus, eco-
nomic reasoning and the logic of household production theory may have limita-
tions in this discussion. There are furthermore standard criticisms of expected
utility theory that may be transferred to this analysis: As Kahneman and Tversky
(2013) have demonstrated, the framing of options influences choice, and many
people may not have a purely “rational” approach to the choice of water services
under risk.

Furthermore, there are relevant challenges for empirical studies that should test
the implications raised by this framework. While our framework enables a deeper
understanding of the demand for water services, it generates more extensive data
needs about household activities requiring time and water quantities. These data
needs may also impede the application of our framework in the monitoring of
international goals, where “required estimation variables are not available from
surveys” (Hutton 2012, p. 43). Likewise, researchers applying this framework
cannot rely, at least in most cases, exclusively on available panel data but need to
gather more detailed data for their assessment (Zozmann et al., 2022). Notwith-
standing such challenges, the practical use of the insights derived in this paper
needs to be evaluated in empirical studies to fully assess its potential.

5. Conclusions

In this analysis, we contributed to economic thought on household demand for
water services, particularly in situations where multiple and diverse services are
used. We incorporated the crucial concepts of heterogeneity of services, household
co-production and risk in one framework, which has to the best of our knowledge
not been done previously. As a result, we were able to analyze more compre-
hensively why households use and combine multiple water sources and find
consistent explanations for observations from real-world, complex water supply
systems. This allowed us to expand the typical view that multiple water services
are consumed due to inadequacies of intermittent network supply. We showed that
multiple water sources can also enable households to find their individual balance
between using money and their time to access water. Where strong differences in
individual valuations of time exist, this can result in demands for water services on
heterogeneous service levels. We further showed that certain services are
demanded because they reduce risks over the characteristics of the service, such as
water quality or timing of supply, and thus the expected cost for risk-averse
households.
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The framework we developed is highly relevant for water management and
policy. Its nuanced understanding of the demand for water services substantiates
that a key focus of policy should be on service levels, not on infrastructure
alone. The characteristics of water services impact both the full cost and quality
of access as well as for which household uses they are applicable. Our frame-
work has practical significance in this regard because it establishes a clear
conceptual connection between the service level of supply and households’
willingness-to-pay. A simultaneous consideration of all relevant service char-
acteristics and their impacts would help to explain the individual supply situation
and the market prices much more precisely. If this relationship, in turn, can be
quantified with empirical data, it could prove to be useful to allocate scarce
funds and supply water services on levels that are demanded by the respective
communities. In complex supply systems, where households access water
through various ways, it is essential for policy makers to understand that het-
erogeneous services, their characteristics and uses, as well as the resulting
monetary and non-monetary cost are interrelated and influence consumption
decisions. Service levels as well as service characteristics, therefore, at the same
time, provide a complex system of policy variables that may be used to meet
sustainability goals. Effectively regulating tanker water markets or groundwater
abstractions, for instance, requires understanding why these services are
demanded, what kind of burden is imposed on households and which aspects of
access (e.g., availability, affordability etc.) are addressed. Furthermore, our
framework can help to examine whether and under which conditions supply
systems with multiple water services produce outcomes commensurate with
international access goals such as Target 6.1 of the Agenda 2030. Our frame-
work can be used to empirically estimate the full cost (including the cost of time
or cost of household co-production) of diverse water services and compare these,
which could provide a foundation for the normative consideration of whether a
sufficient degree of access exists in a specific situation and the associated costs
are a reasonable burden for households to bear.

Moreover, a sound understanding of “sustainable access” to water is interrelated
with many prominent debates in terms of water supply, i.e., the improved analysis
of water markets with different types of water provision, the debate on pricing
water and affordability, and the debate on how to organize supply (privatization)
(Gawel and Bretschneider 2017).

Therefore, this analysis can be a starting point for future research, which has
manifold potentials for expanding the approach. Future efforts should focus on (i)
refining the model we presented, for instance by developing detailed theories on
capital investments for generating access to water and (ii) substantiating the
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developed hypotheses and the previously discussed implications for water policy
in empirical studies. A challenge for empirical applications of this framework,
however, is obtaining reliable data about household use of multiple water services
and time. It is therefore an important avenue for future research to develop methods
that can measure and disaggregate the full cost of access to water in the presence of
multiple sources (Wutich 2009; Hoque and Hope 2020; MacDonald et al. 2016;
Whittington 2000). Such research will help to determine the merits and limitations
of the practical implications that can be derived from this analysis.
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