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The determinants of household water consumption: A review
and assessment framework for research and practice

A. Cominola@®'?®, L. Preiss @, M. Thyer*™, H. R. Maier °, P. Prevos (3, R. A. Stewart>® and A. Castelletti

Achieving a thorough understanding of the determinants of household water consumption is crucial to support demand
management strategies. Yet, existing research on household water consumption determinants is often limited to specific case
studies, with findings that are difficult to generalize and not conclusive. Here, we first contribute an updated framework for review,
classification, and analysis of the literature on the determinants of household water consumption. Our framework allows trade-off
analysis of different criteria that account for the representation of a potential water consumption determinant in the literature, its
impact across heterogeneous case studies, and the effort required to collect information on it. We then review a comprehensive set
of 48 publications with our proposed framework. The results of our trade-off analysis show that distinct groups of determinants
exist, allowing for the formulation of recommendations for practitioners and researchers on which determinants to consider in

practice and prioritize in future research.

npj Clean Water (2023)6:11; https://doi.org/10.1038/s41545-022-00208-8

INTRODUCTION

As urbanization is increasing globally, with trends that are unlikely
to stabilize in the next decades'? water demand-side manage-
ment strategies are emerging as key interventions to manage the
current and future urban metabolism, and realize the potential of
water conservation in cities®™.

The domestic sector uses one of the largest portions of water
in cities®’. Therefore, achieving a thorough understanding of
how, when, and how much water is used in households is of the
upmost importance for water authorities and policy makers alike
to design effective demand-side management strategies and
inform future urban planning®. Knowledge of the behaviour
surrounding water demand is vital to positively influence water
conservation® and to implement effective and enforceable
water demand management strategies. Additionally, better
knowledge and improved predictions of water demands also
allow water authorities to better size new water storage,
distribution, and treatment infrastructure, as well as plan future
upgrades of current systems'®,

Recent literature has shown that there is a large number of
climate and socio-demographic variables, attitudes, beliefs, and
other factors that can vary between different households and can
potentially influence water consumption. These factors, called
determinants, can all influence household water use in different
ways. In addition, the collection of data on each determinant is
just as varied as the determinant itself. Some, such as average
temperature, are readily accessible on a regional scale and can be
obtained and analysed with ease''™'3. Others, such as people’s
perception of behavioural control, are difficult to capture. They
represent subjective and stated information, rather than measur-
able observations, and often require detailed surveys with
multiple questions, followed by lengthy and time-consuming
analysis, to determine whether any information can be inferred
from the survey data'*'>.

The advent of advanced metering infrastructure (or smart meters)
provides unprecedented access to high spatial and temporal
resolution information on water consumption'®'®, As smart
metering is becoming more and more common and accessible
on a global scale’?, it provides the opportunity to greatly increase
knowledge on the different potential factors driving household
water consumption?'22,

Despite the advances described above, most of the state-of-the-
art determinant analyses to date are often limited to a few case
studies, and the existing findings are difficult to generalize and not
conclusive. More research is needed to explore the trade-offs
among different criteria that account for the relevance of potential
determinants for water consumption modelling and management,
their proven impact on heterogeneous case studies, and the cost
of labour and/or of equipment required to collect information
about a determinant. While previous studies have already
performed literature reviews or meta analysis to identify key
determinants of household water consumption and household
water demand modelling, they usually only provide a descriptive
analysis of the literature, without proposing analytic tools,
quantitative trade-off analysis, and recommendations for both
practitioners and researchers®22923-27 Fyrthermore, following the
need for more data with a higher granularity also highlighted by
some of these previous studies, the literature has seen numerous
recent developments enabled by smart metering information.
Here, we contribute an updated framework for review, classifica-
tion, and analysis of the literature on household water consump-
tion determinants. We also comprehensively analyze 48 peer-
reviewed scientific publications focused on the identification and
analysis of the determinants of household water consumption,
selected after application of exclusion criteria from a larger data
base of 231 papers analyzed for contextual information. Water
consumption data recorded at the individual household level
became only recently available, with the development of smart
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metering studies. Yet, previous residential water consumption
studies included domestic water consumption data aggregated at
coarser spatial scales. The set of reviewed papers includes studies
using water consumption data gathered at different scales, from
individual households to census tract/municipality level, depend-
ing on data availability.

The ultimate goal of this review is to identify which
determinants have proven impact via extensive research and,
thus, are recommended for consideration in practical applications
related to household water consumption characterization, model-
ling, and prediction. After identifying these proven-impact
determinants, the other determinants identified are those that
require more research to fill existing gaps related to validation
over multiple case studies, impact evaluation, and assessment of
the costs and benefits of gathering information on a particular
determinant. Specifically, the contribution of this review is three-
fold. First, we develop a multi-criteria assessment framework for
analyzing the key determinants that influence household water
demand. Assessment criteria include their popularity in the
literature, impact on household water consumption, and cost for
determinant quantification. Second, we apply the proposed
assessment framework to a comprehensive set of state-of-the-art
studies to derive insights about the predominant determinants of
household water consumption. Finally, we provide a classification
system of household water use determinants and recommenda-
tions for researchers and practitioners that can be used to inform
future research and applications.

Paper search and exclusion criteria

To gain an understanding of the current state of research on the
determinants of household water consumption, we systematically
searched for peer-reviewed journal papers and technical reports
and comprehensively reviewed the state-of-the-art literature
following a three-step procedure.

We first searched for the combinations of keywords reported in
Fig. 1 in the subject/title/abstract of papers published in the last 40
years and stored in the Elsevier “Engineering Village” databases?®.
These keywords returned a search of over 8200 papers, requiring
the “limit to” feature to be used to narrow the search. This allows
most irrelevant topics to be filtered and removed from the search,
reducing the list of papers to 4326 (See Supplementary Notes 1 for
the full list of removed keywords).

Second, we manually screened the title and abstract of each
paper from the reduced sample of 4326 paper, checking for
relevance within the scope of our study. This expert based
screening for consistency returned a total of 231 papers referred
to as general water consumption-related set of papers (see
Supplementary References for the complete list). Some of these
general water consumption-related papers are commonly cited
within the literature found in the search. We reference them in
the motivation of this study or discussion surrounding the results,

psycholog*
OR
use influenc*
OR OR
hous* | AND | water | AND demand AND driver*
OR OR
consumption factor*
OR
cause™®

Fig. 1 Keywords used in literature search. The represented query
was used to search for papers on the determinants of household
water consumption published in the last 40 years and stored in the
Elsevier “Engineering Village” databases®®. Subject, title, and
abstract fields were considered for the initial search.
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but they were not necessarily analysed as part of the water
consumption determinant assessment framework.

Finally, we reviewed all the general water consumption-related
papers to determine if they actually analysed determinants
against water use results, which is the main requirement for a
paper to be included in our systematic review. Additionally, we
formulated the following exclusion criteria:

(i) We excluded papers that focus on water consumption in
non-residential settings, including public buildings or
touristic facilities?®3°, However, we kept studies consider-
ing residential water consumption data or determinant
data at the aggregate level for residential groups (e.g.,
census tracts).

(i) We excluded papers that focus on theoretical models or
self reported data, without quantitative comparison to
actual (metered) water consumption data3'32,

(iii) We excluded papers that examine only a single type of
indoor end use (e.g., only shower usage®3).

(iv) We excluded papers that do not focus on analysing
determinants to water use, but were otherwise water
related. These included papers with a primary focus on
water use behaviour change, water restriction compliance,
water efficient appliance uptake, water use estimation
accuracy, or water price elasticity, without quantitative
analysis of the determinants-to-water consumption rela-
tionship34-3°,

(v) We included papers that examined water consumption in
both households and apartments. However, studies
centred on just apartments (which often use water only
indoor) were deemed to be beyond the scope of the
review and were not included?®.

As a result of the application of the above selection procedure, a
database of 48 papers was compiled as the final set for systematic
review and formulation of our assessment framework. This set of
papers is hereafter referred to as framework analysis papers (see
Supplementary Table 1).

Water consumption determinant assessment framework

In this study, we developed a two-phase comprehensive assess-
ment framework to analyze the water consumption determinants
reported in the framework analysis set of papers. At the conceptual
level, the first phase of our framework, i.e., the determinant
classification, is aimed at characterizing the nature of the identified
water consumption determinants (e.g. physical, psychological)
and categorizing them in groups based on their similarities,
independently from their influence on water consumption. The
second phase, named determinant analysis, is aimed at assessing
the influence of different determinants in relation to water
consumption, along with their relevance in the literature, and the
effort required to retrieve them. The categories and attributes we
defined for determinant classification and analysis are described in
the next sections.

Determinant classification. We defined three main categories to
classify the water consumption determinants: observable, latent,
and external.

Observable determinants are defined as those determinants that
can be physically seen or measured. They can be easily and/or
directly measured and include objective features related to the
occupants of the household and their house (e.g., occupant age,
household size, household income, number of toilets).

Latent determinants relate to the way the occupants of the
household think, feel, or act. Typically, they cannot be directly
measured and need to be inferred from surveys/direct questions,
and they can be subjective. Examples include attitude to water
saving, individual habits, and beliefs.

Published in partnership with King Fahd University of Petroleum & Minerals
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Of value of water Appliance efficiency
Awareness Other
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Garden size
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Perceived behavioral control L Yard J Irrigation system
Perceived water conservation level | Perception Ea”l‘wate" tank
00|
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Habits
Trust in others
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Other EXTERNAL Average rainfall

Water price

Other

Fig.2 Household water consumption determinant classification system. Potential water use determinants are classified in three categories,
namely observable, latent, and external. Observable determinants are defined as those determinants that can be physically seen or measured.
Latent determinants relate to the way the occupants of the household think, feel, or act. External determinants are external to the house and

might influence a suburb or groups of houses at a regional level.

External determinants are external to the house and might
influence a suburb or groups of houses at a regional level.
Examples might include weather variables, such as rainfall and/or
temperature.

These three categories were used to facilitate the character-
ization and analysis of the determinants found in the literature,
both in terms of ease of information gathering and impact on
water consumption. For instance, observable determinants are
generally easier to collect information on and, therefore, are
expected to be more common in literature than latent
determinants. External determinants often influence houses on
a suburb or higher level, whereas observable determinants may
have a different impact on every house on a street*'. An
overview of the determinant classification system is provided in
Fig. 2. As shown in the figure, we further separated each of
the three categories above into sub-categories to group the
individual determinants that were closely related into the
same categories. A detailed summary of the sub-categories,
the determinants included, and the question defining each
determinant are reported in Table 1 (observable determinants),
Table 2 (latent determinants), and Table 3 (external determi-
nants). The category of observable determinants is further
broken down into three sub-categories, i.e., socio-demographic
(relating to the people inside the household), house (relating to
the structure of the house itself), and yard characteristics
(relating to the yard and its irrigation). Latent determinants are
further separated into the following categories: gardening,
awareness, perception, habits, and other. External determinants
are sub-classified depending on the variable of interest, i.e.,
average temperature, average rainfall, water price, and other. This
sub-categorization is primarily useful for discovering latent
determinants, because it enables specific questions related to
subjective behavioral attitudes and/or habits to be grouped and
analysed together. However, due to the low number of papers
for each individual question, the analyses for the latent
determinants is mainly undertaken at the category level.

Determinant analysis. After extracting and categorising the
determinants of household water consumption from each paper
in the framework analysis set, we assessed the influence of
different determinants in relation to water consumption, along
with their relevance in the literature, and effort required to
retrieve them. The goal of this determinant analysis phase is to find

Published in partnership with King Fahd University of Petroleum & Minerals

the trade-off among how much a determinant has been studied in
the literature, how much it impacts water demand, and the cost
required to obtain information about this determinant, relating to
both labour and equipment. We defined three criteria to perform
the determinant analysis: representation, impact, and effort.

Representation refers to how popular a determinant is in
the reviewed literature on household water consumption. The
representation R of a determinant i is thus defined as its relative
frequency in the set of framework analysis papers:

P M

where N; is the number of times a determinant i appeared in the
studies considered and T is the total number of framework
analysis papers (i.e., 48).

Impact refers to whether or not a particular determinant
actually influences the water use in a household. If the
measurement and inclusion of a determinant was found to
change the accuracy of a prediction or have some other effect on
the household water demand, then the determinant was said to
have impact. Given a potential determinant of water consumption
and the study where it was mentioned, we defined three possible
categories of impact:

(i) Yes (Y). Impact found and analyzed: determinant information
was collected in the study, numerical analysis was under-
taken (e.g., statistical analysis, regression) and the determi-
nant was found to have an impact on demand/predictability
by the authors of the paper.

(i) No/Low (NL). Impact found and analyzed: determinant
information was collected in the study, numerical analysis
was undertaken (e.g., statistical analysis, regression), but the
determinant was found to have no or low impact on
demand/predictability.

(iii) Collected, but not analyzed (CNA). Determinant information
was collected in the study, but no analysis was undertaken
for one or a number of reasons, such as lack of sufficient data
or not selecting the determinant as a focus. Studies contain-
ing determinants that fall in this category also analyzed other
determinants falling in the previous two categories. For this
reason, they were not excluded from the framework analysis
set of papers. Despite collecting data on several determinants,
these studies only performed quantitative analysis for a

npj Clean Water (2023) 11
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Table 1. Sub-categories and determinants classified as observable.
Category Determinant Acronym Does the paper consider...
Socio-demographic Family Size FSZE The size of the family?
Age AGEF The age of occupants in the family?
Gender GNDR The gender of occupants in the family?
Income INCM The income of occupants in the family?
Education EDUC The education of occupants in the family?
Other OTHS Any other detail about the individual?
House Ownership OWND If the house is owned or leased?
Age AGEH The age of the house?
Value VALU The value of the house?
Appliance Efficiency APPL The efficiency of appliances within the house?
Other OTHH Any other detail about the house?
Yard Lot Size LSZE The lot size of the property?
Garden Size GSZE The garden size of the property?
Garden Composition GCOM The composition of the garden (e.g., types of plants, hardiness of plants, etc.)?
Irrigation System IRRS If the house has some kind of irrigation system?
Rainwater Tank RWTS If the house has some kind of rainwater tank?
Pool POOL If the house has some kind of pool or water feature?
Other OTHY Any other detail about the yard

Observable determinants are grouped in sub-categories. Each determinant is defined with an acronym and the question formulated to identify the

determinant in the framework analysis papers is reported.

Table 2. Sub-categories and determinants classified as latent.
Category Determinant Acronym Does the paper consider...
Gardening Enjoyment of Gardening GARD_C How much the occupants enjoy gardening? (ENJG)
Value given to Gardening How much the occupants value their garden? (VALG)
Aesthetic How much the occupants appreciate the look and tidiness of their garden? (AESG)
Other Anything else to do with the occupants’ opinion of their garden? (OTHG)
Awareness  Of Local Issues AWARE_C How aware the occupants are of issues in their community? (LOCI)
Of Value of Water How aware the occupants are of the value of water? (VALW)
Of how to Save Water How aware the occupants are of how to save water? (SAV)
Other Anything else to do with the occupants’ awareness? (OTHA)
Perception Behavioral Control PERCEP_C How much the occupants’ believe their thoughts can influence their actions? (PBHC)
Water Conservation Level How much the occupants’ believe they are already saving or wasting water? (PWCL)
Other Anything else to do with the occupants’ perception? (OTHP)
Habits HABT The habits/routines of the occupants?
Other Trust in Others TRUS How the occupants’ trust in others?
Tolerance of Antisocial Behavior TABH The occupants’ tolerance of antisocial behaviour?
Other OTHO Anything else?

Each determinant is defined with an acronym and the question formulated to identify the determinant in the framework analysis papers is reported.

Latent determinants are grouped in sub-categories.

Table 3. Sub-categories/determinants classified as external.

Category/Determinant Acronym Does the paper consider...

Average Temperature TEMP The average temperature of

the area?
Average Rainfall RAIN The average rainfall of the area?
Water Price WTRP The price of water in the area?
Other OTHE Any other external factor?

External determinants are defined with acronyms and the question
formulated to identify each determinant in the framework analysis papers
is reported.

npj Clean Water (2023) 11

subset of determinants. This category does not include
determinants that were only superficially mentioned (e.g., in
the paper introduction) and, thus, did not refer to the specific
case study analyzed in the paper.

A blanket “Yes” rating was given to all determinants where
impact was found. This was done rather than assigning a low,
medium, high impact rating because each paper used a different
technique for assessing impact. This means that different metrics
are used in different papers, hampering a direct comparison and
grouping determinants into individual impact categories. Some
papers, such as'' and’, compare determinants to other determi-
nants in the paper, whereas other papers use statistics to
determine which determinants have a larger impact. Some build

Published in partnership with King Fahd University of Petroleum & Minerals



A. Cominola et al.

npj

Table 4. Effort rating categories.

Effort rating category Description

Effort rating factor

Low (L)

Medium (M)
survey, telephone call, etc.).

High (H)

Determinant information was already recorded and available for analysis (e.g., from census data). 1
Determinant information requires some cost to collect, but no house visit is required (e.g., online/paper 10

Determinant information requires household visit to collect, requiring physical presence by a researcher 100
or water authority (e.g., to survey fixtures in a house).

actually visiting the house and taking measurements and/or surveys.

Effort is divided into three categories, i.e., Low (L), Medium (M), and High (H). A low rating means that the information on the determinant is easily available for
each house and can be obtained via a desktop study, with no interaction with the households needed. In contrast, the high effort rating corresponds to

35 A

30 4 Framework Analysis papers

Paper count

B General Water Consumption-related

oL —m

pmfl. 8§ am

Vo> 00 D O A O N> LD Vv > O
D' RDXD VDO DO OO OO OOV N
N AT AT RN RN DT DT DT AT AT AT AT AT AR AR AR AR ADT AP

Fig.3 Temporal development of the literature on the determinants of household water consumption. The yearly count of the 231 general
water consumption-related (blue) and 48 framework analysis (orange) scientific publications reviewed in this study is represented for the last

forty years.

mathematical models for impact assessment, such as structural
equation models*?*=**, or multiple linear regression'>4>4¢ We
defined the impact / of a determinant j as follows:

NiYes

= (Ves + No) ()
where NiYes is the number of papers where the determinant i is

given a “Yes” rating and T,.(Yes +NO) s the total of papers with

“Yes” and “No” impact rating for determinant i. This excluded
papers where the determinant had a CNA impact rating, because
there was no definitive impact from this determinant from the
papers that mentioned it.

Effort refers to the cost of labour and/or of equipment required
to collect information about a determinant. For the purposes of
this paper, effort is divided into three categories, i.e., Low, Medium,
and High (Table 4). A low rating means that the information on the
determinant is easily available for each house and can be obtained
via a desktop study, with no interaction with the households
needed. In contrast, the high effort rating corresponds to actually
visiting the house and taking measurements and/or surveys.

In cases where the paper did not explicitly state the effort
required to collect the information on the determinant, we
assigned a low effort rating, assuming that no special effort was
required (i.e., no ad hoc procedure for data gathering needed to
be set up and described). Each of the categories is quantified by a
corresponding effort rating factor, based on an estimate of the
number of hours of labour required to collect information on a
given determinant. This rating factor was then scaled such that
the low rating is coupled with an effort rating factor equal to 1

Published in partnership with King Fahd University of Petroleum & Minerals

(see more details in the Supplementary Notes 2). For a given
determinant i, the overall effort rating E; was determined by
calculating the geometric mean of the effort rating across the
analyzed papers:

E = V1 Nit s 10Nim % 100N (3)

where N;, Njm, and N;y are the number of studies reporting
determinant i with an associated low (L), medium (M), and high (H)
effort, respectively, and T; is the total number of papers reporting
determinant i. We used the geometric mean, rather than the
arithmetic mean, because the effort rating factor varies across two
orders of magnitude.

OUTCOMES
Overview of paper search outcome

A general overview of the 231 general water consumption-related
and 48 framework analysis scientific publications reviewed in this
study (Fig. 3) shows that the number of papers published per year
from the general water consumption-related set has been
increasing, particularly since the early 2000s. Peaks of more than
10 papers per year in this category emerge since 2011, with a
maximum peak of 34 papers recorded in 2018. This increasing
trend in time can be attributed to the increasing development of
smart metering studies, which have been increasingly allowing
detailed household water demand/consumption and behavioral
analysis?®¥, As a selected subset of the general water
consumption-related papers set, the number of framework analysis
papers has also increased in the last decade, compared to the '80s

npj Clean Water (2023) 11
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Fig. 4 Geographical locations of the 48 framework analysis papers. The location of the 48 framework analysis papers reviewed in this study
is represented with blue markers. Marker size is proportional to the amount of studies in a specific location.

and '90s, constituting up to 5 papers per year. The final set of
papers includes small-case studies comprising only a few units
(11 individual households are considered as a minimum in*®), as
well as large-scale studies comprising several thousands of
households (e.g, more than 8000 individual households are
considered in*), or entire communities/towns>°.

Figure 4 shows the locations of the studies from the framework
analysis set, with larger blue dots indicating more studies. The
geographical distribution of the reviewed studies indicates that
the interest in the determinants of water use is worldwide.
Prominent interest emerges in particular areas, such as the US
west coast, the east coast of Australia, and the Mediterranean area
in Europe, perhaps reflecting the combination of areas more
prone to drought and/or having the higher economic capacity to
undertake water use related research.

Determinant representation by class

From the analysis of the 48 framework analysis papers, we
identified a range of heterogeneous determinants and quantified
different combinations of determinant classes, namely observable,
latent, and external (see Determinant classification). Figure 5
shows an overview of the representation for the different classes
of determinants over the 48 analyzed papers. Observable
determinants were the most popular (47 total studies, i.e., 98%
representation), with latent and external having lower representa-
tion of 52% and 56%, respectively. The values represented in the
figure confirm our hypotheses that observable determinants are
more common in literature than latent determinants, due to their
availability in public databases, either at the household level or at
coarser spatial sub-urban scales (e.g., census data collected at the

npj Clean Water (2023) 11

block group-level, such as those used in*°). The slightly higher
representation of external determinants, compared to latent
determinants, is also as expected due to the widespread
availability of weather records (e.g., temperature, rainfall) from
national or international environmental agencies. While there is no
full consensus in the literature on the effect of weather or price
variables on water consumption®'=>3, the high degree of
representation of external determinants demonstrates that they
are considered in more than half of the studies.

It is worth observing that multiple classes of determinants are
simultaneously analyzed in most of the reviewed studies, with
fewer than 20% analyzing observable variables alone. Further,
almost every time external or latent variables are considered, they
appear in combination with observable variables. Only one study
specifically focused on analyzing the motivations for using and
conserving water based on only latent determinants*?, while no
studies exclusively considered external variables. In contrast,
nearly 30% of the studies included both observable and external
variables, approximately 23% of the studies considered latent and
external variables simultaneously, and 27% of the studies included
all three types of determinant classes.

The high representation of observable determinants (Fig. 5)
suggests that observable variables are widespread in the literature
on modelling and forecasting of household water consumption.
The prevalence of this class of determinants seems also to confirm
the findings from previous studies, which demonstrated that
meteorological variables have a greater influence on medium-term
prediction and urban/suburban scales, but socio-demographics
become more relevant when household-scale and short-term
water demand models are developed*>°.
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Fig. 5 Venn diagram of household water consumption determinants representation. The representation of different classes of
determinants (observable, latent, and external) in the 48 reviewed framework analysis papers is represented with coloured circles. Intersections
are also visualized. The size of each circle and the numerical labels indicate the number of studies in which each combination of determinant

classes appeared.

Individual determinant representation, impact, and effort

To facilitate interpretation of the numerical values we obtained for
the three determinant assessment criteria (i.e., representation,
impact, and effort) we defined some regions of interest for each
criterion based on thresholds (see the regions labelled as low/
high/very high in Fig. 6). We selected the threshold values used to
delimit the above regions of interest based on visual inspection of
the empirical distribution of the representation, impact, and effort
values. This simplification is carried out to facilitate the inference
of general qualitative conclusions, while accounting for the low
number of papers and, at the same time, high number of
determinants. As a result, representation values above/below 30%
are considered high/low. Impact values below 75% are considered
low, values between 75% and 90% are considered high, and
values above 90% are considered very high. Effort rate values
above/below 8 are considered high/low.

From the resulting data visualized in Fig. 6, we can infer the
following insights about determinant representation, impact, and
effort. First, the determinants with the highest representation (top
plot in Fig. 6) were household income (> 70%), family size (> 60%),
and age (> 45%). As already suggested by the outcomes of class
representation (Fig. 5), all the above determinants with high
representation are observable. One exception is the awareness
determinant, which is the only non-observable determinant we
found with high representation. The majority of the other
determinants had a representation rate of 10% to 30%.

Second, the number of determinants with a high or very high
impact (middle plot in Fig. 6) is much larger than the number of
determinants with high representation. It must be noted that a
high impact does not necessarily mean that a determinant was
found to have a high influence on water consumption, but rather
that it was found to have some influence on water consumption
in many publications. Interestingly, some determinants from all
classes achieve high or very high levels of impact. Observable
determinants with very high impact include socio-demographic
information (number of occupants), house characteristics (house
age, value), and outdoor characteristics (garden size, and
presence of rainwater tanks). While these latter attributes related
to gardens ranked among those with the highest impact, garden
composition was found to have one of the lowest impact rates
across the analyzed studies. Also, the observable determinants
related to the education level of occupants was found to have
low impact. A latent variable that emerges as very important
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(GARD_Q) is also related to garden characteristics, but, rather than
representing any physical variable, it accounts for the psycholo-
gical value given by occupants’ attitudes and habits towards
gardening. Finally, all external variables were found to have high
or very high impact, with rainfall and water price emerging as the
two with impact above 90%.

The bottom plot of Fig. 6 shows that there was a wide variability
in the effort rate for each individual determinant. Data on most of
the observable determinants can be generally gathered with low
effort, but some (e.g., appliance inventory and irrigation system)
require house visits, and thus require high effort. In turn, all latent
variables display an effort rate higher than 6, and three out of four
are classified as high-effort. Conversely, data on all external
determinants can be retrieved with low effort, as they are usually
available from national agencies (weather data) and water utilities
(water price). Obtaining information on higher effort determinants
likely requires getting in contact with individual householders, via
phone/online surveys, or house visits.

Overall, the results reported in Fig. 6 suggest that there are
trade-offs between representation, impact, and effort. In the next
section, we perform a joint analysis of the three criteria and their
trade-off to infer the implications of the outcomes of this study for
researchers and practitioners.

Trade-off analysis and implications for researchers and
practitioners

Figure 7 shows the interaction between the representation,
impact, and effort criteria. The distribution of blue and orange
points in the figure demonstrates that there are different trade-
offs among the three criteria. Each trade-off can have a different
set of implications to derive recommendations for researchers and
also practitioners. We identified the three groups of determinants
marked with (A), (B), and (C) to illustrate the different needs of
research and practice. Group A is characterized by high impact,
high representation, and low effort. Determinants in this group
include household family size, occupants’ age, and occupants’
income. This group of well-studied determinants with proven
impact might be particularly interesting for practitioners aiming to
gather knowledge on household water consumption with budget
constraints. Group (B), which includes, among others, information
on the household irrigation system, appliance efficiency, and
occupant gender, is characterized by medium-to-high impact, but
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Fig. 6 Individual analysis of representation, impact, and effort. The three criteria to perform determinant analysis, i.e., representation (top),
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for determinant acronyms definition (the determinants included in the categories marked as “Other” in the tables are not represented for
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Fig. 7 Trade-off analysis of determinant representation, impact, and effort. Impact (x-axis) vs Representation (y-axis) vs Effort (color) of
each determinant. Each point refers to a specific determinant. See Tables 1-3 for determinant acronyms definition. The determinants classified
as “High effort" are those with an effort value larger than 8.0, vice-versa for the “Low effort" determinants. Determinants are organized in three
groups: Group A - high impact, high representation, and low effort; Group B - medium-to-high impact, low representation, and mixed low and

high effort; Group C - low representation, low impact, mixed effort.

low representation, and a range of low to high effort. While this
group might not be very appealing for practitioners due to low
representation, researchers might be interested in focusing on
these determinants to increase their representation and, thus,
validate or contrast the limited findings on these determinants
that appear in the literature. Finally, Group C refers to
determinants with low representation and, compared to those
in groups A and B, lower impact. As they also might require high
gathering efforts, these determinants should be treated with
caution until more research is performed to prove their potential
impact on a larger sample of studies.

Accounting for similar trade-offs across the entire sample of
determinants that we have identified from the review of the
literature enables determinant-specific recommendations to be
derived for practitioners and researchers. In the last step of this
review and determinant classification effort we thus develop a
trade-off analysis framework that considers different combina-
tions of representation, effort, and impact to formulate such
recommendations. In keeping with the goal of this study, our
trade-off analysis aims at identifying groups of determinants that
have proven cost-effective impact via extensive research and,
thus, can be recommended for use in practice, compared with
groups of determinants that require more research to address
open questions related to representation, impact, and effort. The
proposed trade-off analysis framework includes four main
recommendation categories:

U. In this category, we include determinants characterized by
high representation, high/very high impact, and low effort. We
consider these determinants as determinants that practitioners
can “definitely use" (U), as they have been extensively researched
and have been shown to have an impact in most cases, while
being affordable. For the same reasons, higher levels of research
priority should be devoted to less explored determinants, while
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these can serve as references. The determinants included in box
(A) in Fig. 7 belong to this group.

IR-UC. In this category, we classify those determinants character-
ized by low representation, high/very high impact, and low effort.
Given their promising, but not extensively proven, impact, and
overall affordability, further research on these determinants
should be prioritized to increase their representation (IR). We
consider these determinants as determinants that practitioners
can “use with caution" (UC), as they have not been extensively
researched, but at the same time might have high impact at low-
cost. The determinants included in box (B) in Fig. 7 and classified
as low effort (blue color) belong to this group.

LE/IR-UC.  In this category, we include determinants characterized
by generally low representation, high/very high impact, and high
effort. Similarly to the previous category, we believe that
practitioners can use these determinants “with caution" (UC), as
they have not been extensively researched and require high effort
for data collection, but at the same time might have high/very
high impact. Given their promising, but not extensively proven,
impact, and high cost, further research on these determinants
should be prioritized, primarily to lower the effort (LE) needed to
collect them and, thus, facilitate their consideration in more
studies (increased representation - IR). The determinants included
in box (B) in Fig. 7 and classified as high effort (orange color)
belong to this group.

IR/LE/AI-NP.  In this category, we include determinants character-
ized by low representation, low impact, and mainly high effort.
Given the limited knowledge on these determinants, we suggest
that these determinants are “not prioritized" (NP) for use by
practitioners unless further research demonstrates that the effort
required to collect these determinants is worth the benefit of
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Table 5.

Framework for trade-off analysis, based on representation, impact, and effort.

Determinant usage Representation Impact Effort

Recommendation

Recommendation

indicator for researchers for practitioners

V] High (Very) High Low Extensively researched. No further research to  Definitely use.
prioritize. Use as benchmark.

IR-UC Low (Very) High Low More research needed to increase their Use with caution until further
representation and further validate impact. research.

LE/IR-UC (Mainly) Low  (Very) High High More research needed to lower effort and Use with caution until further
increase representation to validate impact. research.

IR/LE/AI-NP Low Low (Mainly) High More research needed to lower effort and Do not favor adoption until

increase representation to further assess impact. further research. Not prioritized.

Four determinant usage indicators (i.e., U, IR-UC, LE/IR-UC, IR/LE/AI-NP) are identified, based on the analysis of representation, impact, and effort.
Recommendations for researchers and practitioners are formulated for each level of determinant usage.

considering them. Further research should then aim at increasing
their representation (IR), lowering the effort needed to obtain data
on these determinants (LE), and further assessing their impact (Al)
to acquire better knowledge on their actual value. The determi-
nants included in box (C) in Fig. 7 belong to this group.

Summary information on the above categories is reported in
Table 5. Based on the proposed trade-off analysis framework
and the threshold values defined in Fig. 6, we associated each
of the different determinants identified in the framework
analysis papers with a level of recommendation (see Fig. 8).
Some relevant insights for researchers and practitioners
emerge. First, only observable determinants are classified as
“U". At present, there are some socio-demographic determi-
nants (i.e., number of occupants, income level, and occupant
age) that can be reliably used by practitioners in most cases to
model household water consumption and can be easily and
affordably retrieved.

Second, all external variables (i.e., average rainfall, tempera-
ture, and water price) are classified as IR-UC. Consequently, they
have a proven impact, but have been used sporadically in
connection with household water consumption (while they
have been used more often at larger, urban scales), thus results
might be case-specific and further research is needed to assess
their impact on a larger number of studies.

Third, a mix of observable and latent external variables deserves
further research to lower effort (e.g., by improving technology/data
gathering practices or identifying lower-effort proxies for the same
type of information) and increase representation. These variables
are either observable determinants, the collection of which
requires significant effort and house visits/calls to occupants (e.g.,
to build an inventory of appliance efficiency or storing information
on irrigation systems), or latent variables the impact of which is still
not proven due to low representation. The increasing availability of
high-resolution metering and behavioral studies fostered by smart
metering development is likely to contribute more knowledge on
these determinants and more complete guidelines for use by
practitioners in the coming years”'7%°,

Fourth, we would like to stress that the recommendation “Do
not favor adoption until further research" for the determinants
classified as IR/LE/AI-NP does not mean that they should not be
considered in future applications or no research should be done on
them. Conversely, we recognize that many existing studies are
based on limited data or data with coarser spatio-temporal
resolutions, thus conclusive statements on the impact of such
determinants would require further validation. Since large
uncertainty about their impact remains, more studies are actually
needed to increase the representation of these determinants and
increase the statistical significance and generality of their impact
assessment. Joint research that also includes other determinants
with higher levels of representation could be beneficial to discover
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more information on the determinants in this group and better
understand whether practitioners should eventually include one/
more of these determinants in their analysis. Further research
could be also developed to assess the degree to which these
determinants are correlated with others, and hence redundant,
and to which extent these and other determinants can relate to
particular characteristics of water consumption (e.g., demand
peaks, end use components).

Finally, some of the determinants that we recommend to use
with caution (UC) in practice, and that should be prioritized for
research, might become determinants to definitely use (U) in the
future. Two limitations currently prevent us to recommend
“definitely use" for these determinants, i.e, generally low
representation and high effort for data collection. Low representa-
tion indicates that the determinant has not been well-studied in
the literature. Hence it might not be generalizable to a wide range
of locations. To address the disadvantages of low representation,
the following is recommended for practitioners:

® Check the literature and if there are studies with similar
context (location/climate/application) to the practitioners’
required application, and the impact of the determinant is
high, then the determinant could be considered for use.

® (Continue to monitor the literature, to see if new studies
appear using that determinant.

The other limitation, high effort, means that in the reviewed past
studies it has been costly for practitioners to collect some of the
required determinants. With the advent and widespread use of new
technologies, the effort required to collect some of the required
high-effort determinants may be substantially reduced. Lowering
the effort related to some high-impact, yet also high-effort,
determinants (see, e.g., those indicated with orange color in Group
B in Fig. 7) would have a two-fold benefit. The direct reduction of
the costs required to collect information on those determinants will
also enable wider consideration of these determinants in a larger
number of studies, thus increasing their representation. As
technology enhances the capture of such determinants, there is

an opportunity to revisit past studies/datasets and increase the
representation of these determinants, which might then transition

to determinant group A in in Fig. 7. To address the current
limitations and disadvantages of high effort, the following is
recommended for practitioners:

® Monitor the use of emerging technologies that provide an
opportunity to lower the cost required to collect the
determinant. For example, there is an opportunity for
analysis of high resolution satellite maps/photos to provide
automated estimates of observable determinants such as
garden size (GSZE) over large number of households, which
would lower the cost substantially®®. Similarly, latent
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Fig. 8 Household water consumption determinant classification and associated recommendations for practitioners and researchers
based on individual determinants. Each household water consumption determinant identified in the framework analysis papers is associated
with a level of recommendation. Determinants are classified according to the three defined classes (columns), i.e., observable, latent, and
external. Four levels of recommendation (rows) are formulated for practitioners and researchers. They are sorted in decreasing order of
representation and proven impact in research, as well as confidence for use in practical applications. Confidence for use in practical
applications decreases going from green ("U" level of recommendation) to orange ("IR/LE/AI-NP" level of recommendation).

determinants such as water consumption awareness
(AWARE_C) could be based on the uptake of user-friendly
smart metering and phone apps on water consumption if
they were widely available'””.

® Evaluate overall costs vs benefits based on preliminary
experiments on small sample data (to evaluate benefits while
avoiding high costs), and consider the use of lower cost
proxy data for the “high effort” determinant.

These recommendations provide some guidance for practi-
tioners to handle determinants classified as “use with caution”.

Limitations and future research

This work provides evidence and a quantitative framework for the
analysis of household water consumption determinants, yet
several limitations and questions remain for further research.
First, alternative formulations of determinant representations,
impact, and effort could lead to different results. This also stands
for the subjective thresholds we adopted to distinguish between
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high and low representation, impact, and effort. Such thresholds
and criteria formulation could be changed based on needs and
subjective judgement.

Second, in this review we focused on the analysis of individual
determinants of household water consumption. However, some
determinants could be correlated, present redundant information,
or be accounted for in alternative ways to build models for
forecasting water demand (e.g., rainfall amount versus rainfall
occurrence®3). Input feature engineering, variable redundancy,
and data accuracy can substantially affect the performance of
water demand models. Future studies focused on comparative
analysis of alternative determinant formulations and inter-links/
dependencies among different determinants can help define non-
redundant determinant sets to train models of water demand and
recommendations for variable pre-processing.

Third, the findings of this study are consistent with previous
review papers that identified both observable and latent
variables as the most important with respect to domestic water
consumption®. Yet, other meta-analyses and review studies
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found partly contradictory results. Differently from our study?®,
found that the most important determinants of water use
behaviour are related to individual opportunities and motiva-
tions, gender, income, and education level. In turn®®, formulated
a model that accounted for a wide range of variables including
demographics, dwelling characteristics, household composition,
conservation intention, trust, perceptions, habits, and perceived
behavioral control. It must be noted that the above studies do
not consider household water consumption per se as we do here,
but relate potential determinants of water consumption also to
individual consumption or behavior changes (i.e., changes in
water consumption over time). Future, potentially contrasting,
studies could then expand the scope of this work and relax the
exclusion criteria we adopted here to achieve more inclusive
comparative analyses that investigate the effect of different
determinants in relation to quantified intervals of total house-
hold water consumption, and other heterogeneous aspects of
domestic water demand, including statistics on end use
components (e.g., flow rate, duration, or frequency of individual
appliances)®® and temporal changes of water consumption levels
due to external stressors such as droughts, or demand manage-
ment interventions3°#°, for example.

Fourth, the set of framework analysis papers includes case
studies primarily located in the United States, Australia, and
Europe (see Fig. 4). Geographical coverage is thus skewed. There
is a need for more studies from other geographical regions
(including countries with low-income economies) in order to
obtain a more balanced picture and consolidate/expand the
results obtained so far.

Finally, recent works have highlighted that urban and house-
hold water demands have been modelled at different spatial and
temporal resolutions*’. The choice of the temporal and spatial
resolution of interest is determined both by data availability and
the specific modelling and management purpose. Multi-scale
studies combining different levels of spatial and temporal
aggregation of water demands and potential determinants would
further advance our analysis and contextualize specific recom-
mendations for data collection and processing at the different
spatial and temporal scales of interest.

OUTLOOK AND SUMMARY

In this paper, we contributed a comprehensive literature review
and assessment framework to evaluate state-of-the-art research
on the determinants of household water consumption. Starting
from a search that returned over 8200 papers, we identified 48
papers that clearly identify whether a particular determinant can
have an impact on household water demand (see Supplementary
Table 1 for the list of selected papers). We then developed a
classification system and assessment framework to analyze these
48 papers with the following two-fold goal. First, we classified the
potential determinants of household water consumption into
three main categories, i.e., observable, latent, and external based
on their nature and ease of information retrieval. Second, we
defined three quantitative criteria to analyze the influence of
different determinants in relation to water consumption and
quantified them for the determinants identified in the reviewed
papers. These three indicators look at (i) how frequently a
determinant appears in the literature (representation), (ii) whether
or not a particular determinant has been observed to influence
household water consumption (impact), and (iii) what the cost for
labour and/or equipment required to collect information on a
particular determinant is (effort).

Our trade-off analysis of representation, impact, and effort
shows that there are some distinct groups of water consumption
determinants. Each group has different implications for practi-
tioners and researchers and our analysis provides valuable
guidance for practitioners and researchers on which determinants
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to consider in a range of situations. We identified a group of high
impact, high representation, and low effort determinants which
include household family size, occupants’ age, and income. These
observable determinants have been widely studied in the
literature and their impact on household water consumption
has been demonstrated in several cases. Moreover, as information
on these determinants can be obtained with low effort, this group
may be of interest for practitioners that need to estimate or model
household water consumption with budget constraints and little
room for exploratory analysis. A wide range of other determinants
may be more interesting for research purposes. This range include
information on the external determinants, including climate
variables and water price, which is usually easily accessible and
does not require ad hoc data gathering campaigns, yet only a
limited number of studies has correlated these determinants with
water consumption at the household scale, demonstrating
potentially high impact. In turn, some other observable determi-
nants and most latent determinants that relate to subjective
perceptions, awareness, habits, or opinions, require a higher data-
gathering effort and have a more uncertain impact on household
water consumption, often only demonstrated in specific case
studies. Given the higher cost and more uncertain return, further
analysis on these determinants can be prioritized by researchers
before direct use in practice. Practitioners and researchers should
also monitor emerging technologies that could potentially lower
the cost of data gathering on wide-scale and provide an
opportunity to analyse past data sets and increase the represen-
tation of these determinants.

This study also highlights several limitations that required
further research to achieve general and conclusive interpreta-
tions on the link between the multi-faceted characteristics of
household water consumption (including end-use compo-
nents®!, consumption change, and demand patterns) and its
determinants. Overall, our literature review contributes a
further step to systematically analyze the determinants of
household water demand, develop a general understanding,
and derive several recommendations to guide future research
and practice. Moreover, the assessment framework we pro-
posed here is ready to be used by water authorities and other
parties that are interested in identifying informative sets of
variables to predict household water consumption with a high
degree of confidence, while taking into account budget and
data availability.
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