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Abstract

Residential Hot-Water Consumption (HWC) is a key component of the water—energy
nexus at the household scale, and its accurate characterization is crucial for developing
effective and sustainable water and energy management strategies, as well as for
reducing the environmental footprint of the built environment. However, current
knowledge of residential HWC is constrained by data fragmentation and methodological
heterogeneity, underscoring the need for a comprehensive, standardized database to
support robust comparative analyses across different contexts. In response to this gap,
the present study provides a systematic and comprehensive literature review of
residential HWC, synthesizing evidence from 77 scientific and technical sources referring
to 59 distinct HWC databases. The investigation includes a preliminary phase examining
available studies, their objectives, and levels of data aggregation, followed by a multi-
level analysis at both the household and end-use (i.e. domestic fixture category) scales.
This approach aims to explore HWC values, hot-water use parameters, and consumption
profiles across multiple time scales. By providing a systematic comparison of HWC
characteristics, assembling a consolidated open-access database, and identifying the
underexplored areas, this review supports the derivation of transferable values and
provides guidance for future research.
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1. Introduction

Ensuring access to safe and reliable drinking water is a fundamental objective for modern
societies (United Nations, 2010). However, potable water supply requires substantial
environmental and economic resources, as treatment and distribution processes rely on
significant raw-water withdrawals and energy-intensive operations (Zhao et al., 2025). In
a context of growing pressure on freshwater systems and increasing energy footprints of
water services (Khalkhali et al., 2021), optimizing the management and operation of
supply systems, together with promoting the sustainable use of water resources, has
become a critical priority (Wang et al., 2026). Achieving these goals ultimately depends
on a robust understanding of how consumers use water; therefore, the characterization
of water consumption — including volumes, temporal profiles, and composition of end uses
(i.e. domestic fixture categories) — provides essential information for developing resilient
and effective water-management strategies (Blokker et al., 2010; Cominola et al., 2019).

Over recent decades, technological advancements have significantly transformed the
monitoring and analysis of water consumption, particularly in the residential sector. Smart
metering technologies have enabled the transition from low-frequency, aggregate
measurements to high-resolution datasets collected at the household scale, with
increasingly fine temporal granularity—down to hourly, minute, or even second intervals
(Clifford et al., 2018; Mazzoni et al., 2023a). Smart-meter data have been widely applied
in the scientific literature to disaggregate residential water consumption into its major end
uses (Mazzoni et al., 2023b), develop water-demand models (Pesantez et al., 2020), and
assess behavioral and socio-technical drivers of consumption (Cominola et al., 2023). In
parallel, smart meters have demonstrated substantial operational value, supporting
utilities and consumers through applications such as leakage detection (Luciani et al.,
2019), anomaly identification (Salomons et al., 2022), and personalized feedback on
water use (Britton et al., 2013; Koop et al., 2021).

Beyond overall residential water consumption, a detailed characterization of its hot-water
component — hereinafter referred to as hot-water consumption (HWC) — can help better
understand the resource and energy implications of domestic water demand. In fact,
HWC includes a substantial energy component due to the heating phase, making it a
central driver of the water—energy nexus across multiple aggregation levels (Sousa &
Meireles, 2022). At the national scale, for instance, in countries such as the Netherlands,
the thermal energy required for domestic water heating can be nearly four times greater
than that needed for drinking water production and distribution and for wastewater
collection and treatment (Roest et al., 2010). At the building scale, improvements in
insulation and heating-system efficiency are significantly increasing the relative share of
energy attributed to HWC: in high-performance residential buildings, HWC can account
for up to half of the total thermal energy demand (Verhaert et al., 2016; Kitzberger et al.,
2019). Nevertheless, HWC can also affect overall domestic energy consumption and
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carbon emissions due to heat losses occurring along the plumbing system (Hall et al.,
2024). In this context, distinguishing hot- from cold-water volumes enables the
characterization of HWC statistics and profiles, supporting the design of efficient domestic
water-heating strategies and the implementation of conservation, heat-recovery, and
reuse measures, ultimately reducing the environmental footprint of water heating
(Fuentes et al., 2018; Meireles et al., 2022).

Although significant efforts have been made over recent decades to investigate
residential HWC, the existing knowledge remains fragmented. For instance, some recent
studies estimate hot-water use indirectly from energy measurements (Graf et al., 2024),
predict it using artificial-intelligence-based methods (Bayle et al., 2024), or infer potential
volumes from total-consumption smart-meter data (Schaffer et al., 2024). While these
approaches are suitable for energy assessments, they do not necessarily capture actual
HWC volumes, hot-water use characteristics, or profiles. In contrast, several studies have
assessed HWC through volumetric measurements in the field, providing descriptive
parameters and profiles across households and end-use categories. Nevertheless, these
datasets are dispersed, methodologically heterogeneous, and difficult to compare.

In a notable effort to collect the results of studies carried out over the last three decades,
Fuentes et al. (2018) provide a broad overview of residential and non-residential HWC.
With specific reference to the residential sector, the review characterizes HWC from
different contexts worldwide together with the related technical standards, identifies the
main drivers, and summarizes the modelling techniques currently applied to simulate
HWC patterns in residential buildings. However, due to the wide scope of its objectives,
the review places greater emphasis on the energy-performance perspective. In addition,
the authors note that most empirical studies report HWC data — such as daily or annual
volumes per building or per capita — which provide limited insight into the spatio-temporal
variability and complexity of HWC. This highlights the need for more detailed information
on hot-water use parameters (frequency of use, drawn volumes, and durations) as well
as daily consumption profiles, which are typically required for the development of accurate
demand models. in this context, technical standards for domestic plumbing design and
energy-efficient water heating (e.g., CEN, 2017; ASHRAE, 2019) provide guidelines for
estimating residential HWC. However, these are mainly based on synthetic data, and
relying solely on this type of information may lead to a misrepresentation of actual system
behavior. This underscores the need to prioritize direct field assessment (i.e. based on
volumetric monitoring) of HWC and related profiles to capture actual operational
performance and ensure reliable energy evaluations (Edwards et al., 2015; De Santiago
et al., 2017).

Overall, these findings highlight a broader critical gap in the state of the art: the absence
of a comprehensive and systematic database integrating HWC values, parameters, and
profiles derived from direct field assessment across different contexts worldwide. Such a
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database is needed to support comparative analyses, improve model representativeness,
and guide both water-demand and energy-performance assessments.

In light of the above, the present study innovatively provides a systematic and
comprehensive review of residential HWC descriptive parameters and profiles as
reported in the scientific and technical literature. From an operational standpoint, 77
studies on direct field assessment of HWC are reviewed, and the results from 59
associated databases are systematically compared at both the household and end-use
scales. The study adopts a multi-level framework to address three specific objectives: (1)
to compare HWC descriptive parameters and synthetize results into consistent
benchmarks; (2) to address data fragmentation by assembling the reviewed datasets into
an open-access database to support future research on residential HWC; (3) to identify
key knowledge gaps and underexplored aspects in current research, thereby informing
future studies and supporting further characterization of HWC.

2. Materials

This section presents the systematic review approach and discusses the initial insights
obtained from the literature search. The analysis is grounded in a specific definition of
HWC, here considered as the volume of water that reaches domestic end uses through
the hot-water line of the domestic plumbing system. This water may be heated at the
household scale (e.g., by boilers, heat pumps, or other systems) or supplied via a
centralized hot-water distribution system, a configuration typically found in multi-
apartment buildings. Consequently, water that is heated internally within individual fixtures
or appliances by electric resistance (such as dishwashers and washing machines in most
non-US contexts) is excluded from the analysis. This water is formally classified as cold
water, as it cannot be detected by flow meters or monitoring devices installed on the
domestic hot-water line.

2.1. Literature review

To ensure transparency and reproducibility, the review is conducted in accordance with
the PRISMA guidelines (Page et al., 2021), the main steps of which are illustrated in
Figure 1.
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Figure 1. Layout of the PRISMA-based literature review process.

From an operational standpoint, the Scopus (Elsevier, 2025) and Web of Science
databases (Clarivate, 2026) are consulted to identify relevant sources (i.e., scientific
papers, reports, theses, and other grey literature) related to HWC. Specifically, the
following combination of search terms and operators is used: (hot AND water AND
(consumption OR demand OR use OR usage)) AND (analysis OR characterization OR
investigation OR assessment OR profile OR pattern OR domestic OR residential OR non-
residential). Three criteria are applied to filter the results: (1) the research domain is
restricted to engineering to exclude sources related to chemical, medical, or physical
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applications of hot water; (2) the source is required to be published in English; and (3) the
term “water” is required to appear in at least one of the source keywords. Additional
sources on HWC are identified through searches in the Zenodo database (Zenodo, 2026),
consultation of international and national statistical bureaus, international and national
technical standards and guidelines and backward reference screening of the selected
sources.

In total, 2,148 sources are identified (i.e., 2.258 records, including 110 duplicates). These
are screened by title and abstract to exclude records not related to quantitative
assessments of HWC at the level of groups of households, individual households, or end
uses, resulting in a subset of 214 sources. The set of sources is further refined by
restricting it to the residential sector and to studies reporting quantitative HWC
assessment relying on direct field assessment, i.e. volumetric data collected in the field
(optionally coupled with temperature monitoring and/or interaction with users).
Accordingly, studies focusing on non-residential HWC, as well as those estimating HWC
exclusively from energy consumption data, are excluded. The exclusion of the latter is
justified by the strong dependence of water-heating energy demand on inlet and outlet
water temperatures; as a result, identical HWC values may correspond to substantially
different energy consumption requirements depending on geographical context and
seasonal conditions.

At the end of this process, a total of 77 studies on residential HWC conducted from the
1970s through 2026 and including measured hot-water data (hereinafter referred to as
Residential Hot-Water Studies, RHWSs) are retained.

Each RHWS is individually reviewed to assess its specific contribution to the
characterization of HWC. In particular, a preliminary analysis examines the main
objectives of each study, the results of which are presented in Figure 2 (in which the total
number of occurrences exceeds the total number of RHWS because some studies
addressed multiple objectives). The review also reveals that the 77 RHWSs correspond
to 59 distinct HWC databases (hereinafter referred to as Hot-Water Databases, HWDs),
with some databases used in more than one RHWS and others appearing in only one
RHWS. An overview of the 59 HWDs identified — together with their main characteristics
and the corresponding RHWS — is provided in Table 1.

Table 1. Overview of the 59 Hot-Water Databases (HWD) and the related 77 Residential Hot-Water Studies (RHWS) identified.
Columns L1-L5 (household and end-use scale) refer to the levels of analysis which can be carried out for each HWD based on the
information reported in the related RHWSs.
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Note: # Study no longer accessible in the literature, data derived from Butler (1991); ® Study no longer accessible in the literature, data
derived from Parker et al. (2015) and Fuentes et al. (2018); ¢ Study no longer accessible in the literature, data derived from Becker
and Stogsdill (1990); ¢ Study no longer accessible in the literature, data derived from Gleick et al. (2003); ¢ Study no longer accessible
in the literature, data derived from Chen et al. (2020); * Study no longer accessible in the literature, data derived from Parker et al.
(2015) and Chen et al. (2020); AM = Aggregate-level monitoring (household groups); DC = (End-use) disaggregation and classification;
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DGE = Data gathering and elaboration; EM = End-use-level monitoring (individual fixtures); EUWC = End-use water consumption
analysis; HM = Household-level monitoring (individual households); HSD = Heating system design; HWCD = Hot-water consumption
drivers; HWCM= Hot-water consumption modelling; HWCQ = Hot-water consumption quantification; | = Interaction with householders’;
RDP = Raw data presentation; RWEN = Residential water-energy nexus; TM = Temperature-based inference approach; WC = Water
conservation; WWQ = Wastewater quantification; N/A = Not available (i.e. unreported information).

Table 1. Overview of the 59 Hot-Water Databases (HWD) and the related 77
Residential Hot-Water Studies (RHWS) identified.

[See attachment]
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Data gathering and elaboration
Water conservation

Hot-water consumption drivers
Heating system design

End-use water consumption analysis
Raw data publication

Wastewater quantification

| 1
0 5 10 15 20 25 30 35 40
Frequency of occurrence

Figure 2. Aims of the 77 RHWSs reviewed.

2.2. Database characteristics

For each of the 59 HWDs, the review covers eight specific fields: (1) database location;
(2) household sample size; (3) average duration of the monitoring period per household;
(4) temporal resolution of monitoring; (5) aggregation level (i.e., household groups,
individual households, or end uses of water); (6) approach adopted to obtain HWC data;
(7) type of hot-water heating system; and (8) temperature monitoring.

The characteristics of each HWD are investigated exclusively based on the information
reported in the related RHWS(s). This approach ensures methodological consistency,
given that the vast majority of databases are not publicly accessible. Among the available
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open-access databases (i.e., HWDs used by Walnum et al., 2021; Arsene et al., 2022;
Mazzoni et al., 2025; Schattmann et al., 2025; and Graupera Serra et al., 2026), many
consist of raw data repositories with limited documentation or guidance for proper use,
which often preclude further processing and interpretation. Moreover, most of the selected
fields are consistent with those applied in previous reviews on water consumption across
different aggregation levels (from urban to end-use scale), such as the works by Di Mauro
et al. (2021) and Mazzoni et al. (2023b). In the present study, two additional fields
specifically related to HWC characterization are introduced, namely the type of hot-water
heating system and temperature monitoring. It should be noted that the study of HWD
characteristics is limited to a preliminary classification of the datasets and their features,
whereas specific levels of analysis are defined and applied in the subsequent phases of
this study to extrapolate substantial information from the data.

HWD characteristics are summarized in Table 1. The following criteria are applied across
different fields: (1) for household sample size and temporal resolution of monitoring, the
largest sample size and finest resolution reported in the corresponding RHWS are
considered, respectively. For example, in cases where the HWD includes measurements
collected from varying numbers of households or at multiple temporal resolutions, the
maximum sample size and the finest temporal resolution are used for classification; (2)
for the method used to obtain HWC data and the type of hot-water heating system, all
reported instances are considered to capture the full range of approaches and system
configurations, providing a comprehensive overview of the analyzed studies.

The key findings of the preliminary analysis of HWDs are discussed in the following.

2.2.1. Location

Most HWDs were developed in North America (24) and Europe (24), with far fewer
originating from other continents (Figure 3). This contrasts with the findings of Mazzoni
et al. (2023b) on the residential end uses of water, in relation to which a substantial share
of data also come from Oceania, a continent that is frequently affected by water scarcity
and drought, and where detailed water-consumption characterization is often a priority for
implementing water-management strategies.

Concerning North America, HWDs are distributed across diverse locations, ranging from
warm and mild regions (Florida and North Carolina, United States) to cold regions
(Ontario and Québec, Canada). In Europe, HWDs were primarily developed in central or
northern countries, such as Belgium, Denmark , Poland, and Scandinavian countries,
where energy requirements for water heating are particularly relevant due to cold winter
temperatures and, more generally, the climatic regime. Conversely, fewer HWDs
specifically developed for hot-water analysis are available for Mediterranean or Atlantic
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European countries. Finally, two HWDs cannot be geographically identified, as the
corresponding RHWSs were either unavailable in the literature or did not provide explicit
information on their location (Thrasher and DeWerth, 1993; Arsene et al., 2022).

35+
30

24 24
25+ (41%) (41%)

Number of HWDs

Figure 3. HW

2.2.2. Household sample size

A large number of analyzed HWDs are related to small and medium-sized household
samples, comprising fewer than ten dwellings (14 HWDs) or tens of dwellings (23 HWDs).
Conversely, only a minority of databases monitored larger household samples, with 9
HWDs covering more than 100 households and only 5 HWDs covering more than 1,000
households (Figure 4).

Consistent with the findings of the study on residential end uses of water by Mazzoni et
al. (2023b), the analysis reveals that, in general, household sample size tends to
decrease as the temporal resolution of HWC monitoring increases, reflecting the greater
effort required to manage and process the larger volumes of data generated. For
example, the HWD used by Meireles et al. (2022) includes data from over 9,000
households monitored at a monthly resolution. The same resolution was adopted in Gerin
et al. (2014) and Chmielewska et al. (2025), which include more than 8,000 and 1,300
households, respectively. In these cases, monitoring at finer temporal resolutions was still
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performed, but only for a much smaller subset of households. Conversely, most HWDs
with samples of ten or fewer households were developed based on high-resolution HWC
monitoring, ranging from the minute scale (e.g., Weihl and Kempton, 1985; Makonin et
al., 2016; Mazzoni et al., 2025) up to 10°%-10" hertz (e.g., Marszal-Pomianowska et al.,
2019; 2021).

Number of HWDs
— — "] "] (%] (%]
o [$3] o o (o] [$2]
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Figure 4. HWD characteristics: investigation by household sample size.

2.2.3. Average duration of the monitoring period

The majority of HWDs (i.e., 32 out of 59) include data from yearly monitoring periods,
whereas a smaller number refers to shorter periods (Figure 5). This contrasts with other
research on water consumption, e.g., studies on residential end uses of water, most of
which involve more limited monitoring periods, e.g., only several weeks or a few months
(Mazzoni et al., 2025). Despite these differences, a similar trend can be observed: the
average monitoring duration generally decreases with increasing temporal resolution or
with larger household sample sizes. For example, RHWSs aimed at investigating
residential end uses of hot water (e.g., Mayer et al., 2000; 2003; DeOreo et al., 2016)
featured sub-minute resolution data collected for only a few weeks per household.
Conversely, HWDs with monitoring periods exceeding one year were typically developed
for a very limited number of households (Lowenstein and Hiller, 1998; Schoenbauer et
al., 2012; Binks et al., 2016), for groups of households such as multi-apartment buildings
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(Bghm, 2013), or at much coarser temporal resolutions (monthly or longer) (Parker et al.,
2015; Meireles et al., 2022; Canale et al., 2023). A notable exception is the HWD
developed by Lee and Yim (2021), which includes individual monitoring of nearly 1,000
households for more than one year with a 30-second resolution. Finally, it is important to
note that sub-yearly monitoring periods can limit the ability to investigate seasonal
variations in HWC. Indeed, studies explicitly addressing seasonal profiles typically rely on
datasets covering at least one full year of monitoring.
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Figure 5. HWD characieristics: investigation by monitoring period duration (average per
household).

2.2.4. Temporal resolution of monitoring

The reviewed HWDs exhibit a wide range of monitoring temporal resolutions, with no
single category prevailing, as shown in Figure 6. Overall, most studies monitored HWC
with fine sampling frequencies, from 1-5 minutes (15 HWDs) up to a few seconds (12
HWDs). Specifically, all studies aiming to investigate HWC at the individual end-use scale
— either directly or indirectly — used HWDs featuring data with fine temporal resolutions,
confirming that these are generally required to characterize end-use water consumption
when direct monitoring is not feasible (e.g. through end-use disaggregation and
classification methods) (Cominola et al., 2018; Heydari et al., 2022). Nevertheless,
several studies focusing only on the quantification of HWC at higher aggregation levels,
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such as individual households or groups of households, also employ fine temporal
resolution.
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Figure 6. HWD characteristics: investigation by temporal resolution of monitoring.

2.2.5. Aggregation level

The review reveals that the aggregation level of each HWD is primarily related to the
objectives of the corresponding RHWSs. In 30 cases, HWC data are provided at the scale
of individual households or end uses of water, as shown in Figure 7. On the one hand,
household-scale HWDs are typically employed in studies aiming to characterize hot-water
use by reporting summary statistics — such as the average daily HWC per household or
per person (e.g., George et al., 2015; Makonin et al., 2016; Meireles et al., 2022) —,
household-scale daily profiles (e.g., Ahmed et al., 2016; De Santiago et al., 2017; Lee
and Yim, 2021), or aggregate seasonal trends (e.g., Perlman and Mills., 1985; Chao et
al., 2015; Chmielewska et al., 2025). On the other hand, 22 HWDs provide HWC data at
the end-use scale, thus enabling the quantification of similar metrics for one (e.g., Sborz
et al., 2022; 2024) or several (e.g., Abrams and Shedd, 1996; DeOreo et al., 2016)
categories of domestic fixtures. In these cases, hot-water use is analyzed for a range of
purposes, including water consumption modeling (e.g., Binks et al., 2016; Chen et al.,
2020), the assessment of water-conservation potential through specific fixture-retrofitting
interventions (e.g., Sullivan and Parker, 1999; Mayer et al., 2000; 2003), the bottom-up
estimation of wastewater (e.g., Butler, 1991), and the development of data acquisition
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systems integrating multiple sensor types (e.g., Henze et al., 2002; Vitter and Webber,
2018; Marszal-Pomianowska et al., 2019). Conversely, only 7 HWDs include HWC data
collected over groups of households — such as a single (Bagge and Johansson, 2011), a
few (Milligan, 1987; Papakostas et al., 1995; Bghm, 2013; Walnum et al., 2021), or even
over 100 (Canale et al., 2023) multi-apartment buildings — without employing methods to
disaggregate data to the scale of individual households or end uses. Additionally, the
observed variety in data aggregation levels is closely linked to the approach adopted to
obtain HWC data, which represents another key criterion considered in the preliminary
investigation.

Number of HWDs

Figure 7. HWD characteristics: investigation by aggregation level.

2.2.6. Approach adopted to obtain HWC data

The most common technique used to investigate HWC is direct monitoring, typically
involving the installation of a flow-rate sensor on the hot-water inlet pipeline supplying
individual households (HM; Figure 8), multi-dwelling buildings, or even entire groups of
buildings supplied by the same water-heating system (AM; Figure 8). It is worth noting
that, depending on the objectives of the related RHWSs, an additional meter was often
installed on the cold-water inlet to allow comparisons between hot- and cold-water
consumption or to evaluate total household water use (Anderson et al., 1993; Gerin et al.,
2014; Ahmed et al., 2015; Chao et al., 2015; Ahmed et al., 2016; Makonin et al., 2016;
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Chmielewska et al., 2017). Direct monitoring also emerges as the most common
approach for end-use scale investigations, involving separate HWC measurements at
individual fixtures (EM; Figure 8).

However, beyond studies based on direct monitoring, several HWDs include hot-water
measurements at the household scale (i.e., flow-rate monitoring at the household inlet)
while deriving additional information on end uses — or groups of end uses — through
various indirect methods. One example is the HWD developed by Sborz et al. (2022;
2024), which recorded household-scale HWC in a sample of 150-220 dwellings in Brazil,
where showers represent the only hot-water fixtures; hence, end-use water consumption
for this fixture category can be inferred solely from the household-scale HWC time series.
Another example involves temperature-based inference approaches (TM; Figure 8),
which rely on the principle that activating a fixture requiring hot water produces a
measurable increase in the temperature of the corresponding branch of the plumbing
system. Such approaches were adopted by Weihl and Kempton (1985), Abrams and
Shedd (1996), and Lowenstein and Hiller (1998), who installed thermometers at specific
points along the plumbing network, as well as by Henze et al. (2002), DEFRA (2008), and
Schoenbauer et al. (2012), who extended temperature monitoring to individual fixtures.
In other cases, information on hot-water use at the fixture scale was obtained through
automated end-use disaggregation and classification techniques applied to high-
frequency data (i.e., sampling intervals shorter than one minute) collected at the
household inlet. In other cases, information on hot-water use at the fixture scale was
obtained through automated end-use disaggregation and classification techniques (DC;
Figure 8) applied to high-frequency data collected at the household inlet. Examples
include the HWDs used in Thomas et al. (2011), Henderson and Wade (2014), and
DeOreo et al. (2016), where HWC was disaggregated into individual end uses without
explicit labeling, as well as Mayer et al. (2000; 2003) where hot-water uses were also
classified using the TraceWizard® software. Additionally, Vine et al (1987) obtained HWC
data through a hybrid approach combining hot-water measurements at the inlet of four
multi-apartment buildings with thermal sensors installed at key points in the plumbing
system and household surveys to estimate individual apartment consumption.

Overall, these examples highlight that, while direct monitoring remains the predominant
approach, alternative data collection methods are sometimes adopted depending on
contextual and technical constraints.

23



Journal Pre-proof

25
25 | (42%)

[~
o

Number of HWDs
o

8
6 6 (14%)
(10%X10%)

-
o
T
~

(&3]

Figure 8. HWD characteristics: investigation by HWC data obtainment method. Note:
AM = aggregate-scale monitoring (household groups); HM = household-scale
monitoring (individual households); EM = end-use scale monitoring (individual fixtures);
TM = temperature-based inference approach; DC = end-use disaggregation and
classification methods; | = interaction with users.

2.2.7. Type of hot-water heating system

In general, the type of heating system can be characterized along three main dimensions:
(1) heating technology and energy source (e.g., gas, electricity, solar), (2) the degree of
system centralization (centralized versus decentralized systems), and (3) the presence
or absence of a storage hot-water tank. However, as shown in Table 1, these aspects are
generally poorly documented in relation to the reviewed HWDs.

Details on heating technology and energy source are available for only 31 of the reviewed
HWDs, revealing a highly heterogeneous set of systems. Apart from a few studies
focusing on a single water heating system type, most HWDs include households
equipped with multiple system types. Among these, gas- and electricity-based heaters
(both tank and tankless) appear most frequently, characterizing 15 and 13 HWDs,
respectively. In addition to conventional heating systems, 14 HWDs include data from
households equipped with solar-assisted systems, often integrated with other heating
technologies such as gas or electric heaters, heat pumps (Merrigan, 1988; Papakostas
et al., 1995; Knight et al., 2007; Henderson and Wade, 2014; Marszal-Pomianowska et
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al., 2021), desuperheaters (Merrigan, 1988), or wind (Salmanova and Yusupov, 2023).
Other studies report hot-water monitoring in dwellings supplied by district heating
systems, either in combination with recirculation systems (Bghm, 2013; Canale et al.,
2023), solar systems (Ahmed et al., 2015; 2016), or other hybrid configurations (Marszal-
Pomianowska et al., 2021).

Information on system centralization is reported in relation to 47 HWDs, revealing that
most HWDs are based on decentralized systems (29 HWDs), where hot water is
produced at the dwelling-unit scale. In contrast, 9 HWDs refer to centralized hot-water
production systems typically serving multiple dwellings and often including district-
heating, while only 4 HWDs include a mix of centralized and decentralized configurations
within the same household sample (Abrams and Shedd, 1996; Lowenstein and Hiller,
1998; Knight et al., 2007; CEC, 2008).

Finally, the availability of a hot-water storage tank is documented for 37 HWDs, 22 of
which involve systems equipped with storage tanks, while 10 databases include both tank
and tankless configurations, and only 5 account for tankless systems (Figure 9). Overall,
the presence of a storage tank in the water-heating system is particularly relevant for
HWC characterization, as monitoring performed upstream of the tank can distort the true
actual profiles of HWC. However, based on the reviewed RHWSs, no studies specifically
examine the extent to which tank storage alters HWC profiles, making this issue
unexplored in the literature.
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Figure 9. HWD characteristics: investigation by water-heating system type (tank
presence).

2.2.8. Temperature monitoring

Temperature can be observed at different sections of the hot-water plumbing system: (1)
upstream of the heating source (i.e., inlet temperature); (2) immediately downstream of
the heating source (outlet temperature); and (3) at domestic fixtures (end-use
temperature). The (positive) difference between outlet and inlet temperature is related to
the thermal energy supplied by the heating system, whereas the (negative) difference
between end-use and outlet temperature reflects heat losses along the domestic
distribution system. Temperature data for at least one of these three sections are available
in 35 HWDs, while no temperature-related information is reported for the remaining 24
HWDs (Figure 10), highlighting the challenges associated with standardizing HWC
values and profiles reported in the literature.

Inlet temperature is a key determinant in predicting residential water-related energy (Bors
et al.,, 2017). This parameter directly influences the energy demand associated with
residential HWC, as lower inlet temperatures require a higher proportion of heated water
to achieve the user-defined set-point water temperature (Chen et al., 2021). Inlet
temperature is reported in 15 HWDs. The average values shown for each database
(Table 1) indicate a range from a few degrees Celsius in cold climates, such as
Scandinavian countries (Ahmed et al., 2015; 2016), to approximately 20 °C in mild-to-
warm climates, such as Australia (Binks et al., 2016) or Florida (United States) (Masiello
and Parker, 1992), with most reported average values falling within the 10-15 °C interval.
Inlet temperature, however, is strongly affected by seasonality (Abrams and Shedd, 1996;
DEFRA, 2008; Agudelo-\era et al., 2020). For this reason, several RHWSs — despite not
directly monitoring or reporting inlet temperature — provide monthly or seasonal profiles
of ambient air temperature over the HWC monitoring period (Merrigan, 1988; Lee and
Yim, 2021; Sborz et al., 2022; 2024; Meireles et al., 2022; Canale et al., 2023). This
aspect is relevant from an energy perspective, as lower inlet temperatures lead to higher
energy requirements for water heating (Blokker et al., 2013). However, while higher inlet
temperatures would reduce the energy demand for water heating, technical guidelines
(e.g., NIPH, 2016; CDC, 2017; Hellenic Ministry of Health, 2017) and regulatory
frameworks (e.g., Dutch Ministry of Infrastructure and Water Management, 2004; Spanish
Ministry of Health, 2012; Health and Safety Executive, 2013) typically assume or
recommend cold-water (thus inlet) temperatures below 20-25°C to limit the risk of
microbial growth in building water systems. This is consistent with studies indicating that
proliferation of pathogens such as Legionella mainly occurs within the 25-45°C range
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(European Centre for Disease Prevention and Control, 2017; World Health Organization,
2017).

Outlet temperature is the most frequently reported thermal variable, available in 24
HWDs. Hot-water set-point temperatures are typically kept constant throughout the year
(DEFRA, 2008), and the reported values indicate that most databases adopt outlet
temperatures above 55 °C, with only a limited number of studies reporting lower values.
This is consistent with the commonly adopted requirement of maintaining outlet
temperatures of at least 55 °C to reduce the risk of Legionella proliferation (Gavalda et
al., 2019; Rasheduzzaman et al., 2020), in line with evidence that this pathogen is
significantly reduced at temperatures above 50 °C and is effectively inhibited above 60
°C (European Centre for Disease Prevention and Control, 2017; World Health
Organization, 2017). In this context, maintaining water temperature at the heating system
(i.e., at the storage tank, where present, and in the downstream sections of the plumbing
system) at or above these values is recommended in several international and national
guidelines (CEN, 2005; French Ministry of Health, 2005; NIPH, 2016; Swedish National
Board of Housing, Building and Planning, 2015; CDC, 2017; Hellenic Ministry of Health,
2017; FIOH, 2018; ASHRAE, 2020) and is in some cases mandated by regulatory
frameworks (Dutch Ministry of Infrastructure and Water Management, 2004; DVDW,
2004; Spanish Ministry of Health, 2012; Health and Safety Executive, 2013; Standards
Australia/New Zealand, 2021a). Despite the relevance of the above thermal value, the
absence of outlet temperature data in more than half of the reviewed HWDs highlights
the inability to systematically analyse this variable, as well as to standardize reported
HWC to a reference temperature. Moreover, owing to heat losses along the distribution
system, outlet temperature can differ substantially from end-use temperature, and
therefore does not accurately represent the actual water temperature at the point of use
(lvanko et al., 2022).

End-use temperature values are reported for at least one end-use category in 9 HWDs.
Despite studies suggesting that the desired water temperature can remain relatively
stable over time for specific end uses, such as showers (e.g., Jacobs et al., 2018), the
reviewed HWDs reveal a wide range of end-use temperatures, spanning from slightly
above 40 °C (Papakostas et al., 1995) to nearly 60 °C (Vine et al., 1987). In the latter
case, the reported values clearly suggest mixing with cold water to achieve the desired
temperature. It is worth noting that end-use temperature is generally not explicitly
addressed in technical standards or regulatory frameworks, except for recommendations
to limit hot water supplied to end uses to below 50 °C, typically through the use of mixing
valves, to prevent scalding (ASHRAE, 2020; Standards Australia/New Zealand, 2021a).
Overall, this variability in end-use temperature values can reasonably be attributed to
differences in plumbing layouts and characteristics, heating system setpoints, and heat
losses along the plumbing system.
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Finally, temperature measurements at multiple points are reported by some HWDs. For
example, both inlet and outlet temperatures are reported in 10 HWDs, while two
databases (George et al., 2015; Binks et al., 2016) provide information on both inlet and
end-use temperatures. However, none of the reviewed HWDs report outlet and end-use
temperatures simultaneously, preventing a direct assessment of heat losses along the
domestic hot-water distribution system.
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Figure 10. HWD characteristics: investigation by temperature monitoring point(s).

3. Methods

HWDs are examined through a multi-level framework aimed at comparing databases,
deriving representative values, and identifying similarities and differences across studies.
The following five aspects are investigated (Figure 11): (Level 1) daily per capita HWC;
(Level 2) ratio of hot water to total water consumption (hereinafter referred to as the hot-
water ratio, HWR); (Level 3) HWC parameter values (i.e., frequency, duration, volume,
and flow rate of hot-water uses); (Level 4) HWC daily profiles; (Level 5) HWC monthly
profiles.

The framework is inspired by the methodology proposed by Mazzoni et al. (2023b) and
considers both the household and the end-use scales. Specifically, with respect to the
end-use scale, the following categories of indoor fixtures potentially involving hot-water
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use are considered: dishwasher (D), washing machine (WM), shower (S), bathtub (B),
and taps (T; i.e., kitchen sink and bathroom taps).

Level 1 - Daily per capita HWC
<" Comparison of the daily per capita hot-water consumption values reported in relation to each HWD

HOT-WATER Level 2 - Hot-water ratio
CONSUMPTION | - Assessment of the ratio of hot- water to total-water consumption
(HWC) :
ANALYSIS

Level 3 - HWC parameter values

/ Evaluation of the average values of frequency, volume, duration and flow rate per hot-water use
(569 HWDs)

¢ Household scale
o End-use scale

Figure 11. Method layout.

Although this method enables comparison of available data within a multi-level
framework, the study is subject to challenges associated with to harmonizing information
across databases, as discussed in the “Study characteristics” subsection. These
challenges are primarily related to the differences in heating system configurations and
output temperatures, which may lead to misrepresentations of actual HWC patterns and
of temperatures at the point of use.

3.1. Level 1: daily per capita HWC

Daily per capita HWC (L/person/day) is used as a basic indicator to quantify the amount
of residential hot water consumed on a daily basis. This parameter is derived for each
HWD according to the aggregation level(s) adopted in the dataset. In studies directly
reporting daily per capita average values of household- or end-use-scale HWC
(L/person/day), the published data are used without further processing. However, when
values are not directly available, a standardization process is carried out based on the
following criteria.

e When daily per capita HWC (household or end-use scale) is expressed as a
percentage of daily total water consumption, the corresponding value (L/person/day)
is obtained by multiplying the percentage by the reported total consumption.
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e When values are reported per household rather than per capita, the occupancy rate
(persons/household), if available, is used to convert the values to L/person/day.

e When specific subsets of the sample (e.g., household types or family groups) are
presented separately, a single representative value is calculated using a weighted
average based on the size of each subset.

¢ When separate seasonal values are provided (e.g., cold and warm season), these are
averaged to derive a yearly, seasonally-independent estimate.

¢ When studies report values before and after fixture retrofitting (e.g., installation of low-
flow showerheads or taps, as in Mayer et al., 2000; 2003), the two scenarios are
averaged for the comparative analysis. Nevertheless, pre- and post-retrofit values are
individually retained in Table 1 allowing for the assessment of water conservation
measures impact.

¢ When a HWD includes data from heterogeneous geographic locations (e.g., multiple
countries) reported separately rather than averaged, each location is treated
separately to avoid averaging across substantially different contexts.

e At the end-use scale, when values are reported for aggregated fixture groups
comprising multiple categories (e.g., showers and bathtubs combined, Kempton,
1988; Schoenbauer et al., 2012), they are excluded from the comparative analysis.

Finally, for all standardized daily per capita HWC values — at both household and end-
use scales — the mean and standard deviation across all HWDs are calculated to derive
an overall reference estimate.

3.2. Level 2: Hot-water ratio (HWR)

Assessing the proportion of hot water in relation to the total amount of water used (i.e.,
both hot and cold) provides additional insights into residential water-use behaviours at
the household or end-use scales. To this end, HWR (%) is introduced to express this
proportion as a percentage. When not explicitly reported, HWR is derived from a
household- or end-use-scale water balance, where possible. Specifically, this information
is inferred from the availability of cold-water consumption data alongside the hot-water
data, as detailed in the 2.2.6. Approach adopted to obtain HWC data subsection.

As for Level 1 of the analysis, mean and standard deviation across HWDs are computed
for both household- and end-use-scale HWR to obtain an overall reference estimate.

3.3. Level 3: HWC parameter values

In addition to average HWC and HWR, the characteristics of individual hot-water uses
are also examined. In line with the approach introduced by Mazzoni et al. (2023b), three
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parameters are investigated, at either the household level or for a specific end-use
category: (1) daily per capita frequency of use (uses/person/day); (2) average volume per
use (L/use); and (3) average duration per use (min/use) . From an operational standpoint,
the same standardization criteria adopted for Level 1 are applied to ensure comparability
of these parameters across HWDs, after which mean and standard deviation are
computed for all datasets where such information is available. In addition, parameter
values are excluded from the comparative end-use analysis when reported in
incompatible formats, e.g., appliance parameters expressed in terms of single water
withdrawals rather than full operational cycles (loads) (Kempton, 1988; Henderson and
Wade, 2014), or end-use parameters provided only for a subset of a category (e.g.,
kitchen taps but not bathroom taps, as in Marszal-Pomianowska et al., 2019).

3.4. Level 4: HWC daily profiles

Level 4 of the analysis examines daily HWC profiles reported in the RHWSs, with the aim
of understanding how hot water is used throughout the day, identifying peak periods, and
assessing similarities and differences relative to total water-consumption profiles.
However, daily hot-water profiles are mainly presented in the literature in graphical form
and through heterogeneous formats (e.g., hourly percentages of the daily total, or hourly
volumes). Due to this predominance of graphical data, all profiles are digitized using the
Web Plot Digitizer v5 software (Rohatgi, 2024). Additionally, to enable comparison across
studies, the digitized profiles are aggregated at the hourly resolution (if not directly
available) and normalized with respect to the 24-hour average value, yielding a set of 24
hourly dimensionless coefficients that assume values greater than 1 during hours when
HWC exceeds the daily average and values below 1 during hours with lower-than-
average use.

Daily HWC profiles are obtained for each HWD by applying the following assumptions:
(1) household- (or end-use profiles) derived from HWDs monitoring only a single
household (or a single end use) and based on fewer than three days of observation are
excluded from the analysis; (2) for HWDs reporting profiles only for different seasons
(e.g., cold and warm season), an average profile is first computed to obtain a
representation not influenced by seasonal variability, although the individual seasonal
profiles are retained for subsequent comparison; and (3) for HWDs presenting separate
weekday and weekend (or holiday) profiles, a weighted average is calculated to derive a
result not affected by day type, while individual weekday and weekend/holiday profiles
are retained for comparative analyses.

3.5. Level 5: HWC monthly profiles
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Level 5 of the analysis focuses on the assessment of seasonal trends made possible by
the large number of HWDs reporting HWC over monitoring periods of at least, or
exceeding, one year. As with daily profiles, the available seasonal trends — typically
presented in graphical form at monthly resolution or obtained by aggregating sub-monthly
data — are digitized using Web Plot Digitizer v5 (Rohatgi, 2024) and subsequently
normalized with respect to the annual average, yielding twelve monthly coefficients that
reflect deviations above or below the yearly mean. To ensure consistency across studies,
all normalized profiles are standardized to the temporal reference of the Northern
Hemisphere: specifically, profiles from studies conducted in the Southern Hemisphere are
aligned to the seasonal cycle of the northern one.

4. Results and Discussion

Given the large amount of information reported in the literature for the different levels of
the analysis, a preliminary assessment is carried out to identify which aspects of HWC
are most frequently available in the reviewed HWDs. In greater detail, information
concerning the availability of results for each level of the analysis is reported in Table 1
for each HWD and RHWS. An overview of data availability for every level of analysis is
also depicted in Figure 12, with the label “Unavailable” indicating HWD features that
could not be assessed referring to the studies available in the literature.

(a) (b)

Household scale

End-use scale

Level1
Daily per capita HWC

Level 2
HWR

Level 3
HWC parameter values

Level 4 Unavailable

HWC daily profiles

Level 5
HWC monthly profiles

0 10 20 30 40 50 0 10 20 30 40 50
Number of HWDs Number of HWDs

Figure 12. Number of HWDs providing results related to each level of the analysis.

Overall, the findings highlight a clear predominance of household-scale data in the
literature (Figure 12a), with a strong emphasis on daily consumption and profiles. At the
household scale, daily per capita HWC (Level 1) emerges as the most consistently
reported metric, followed by daily HWC profiles (Level 4), whereas the reporting of HWR
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(Level 2), HWC parameters (Level 3), and monthly profiles (Level 5) is markedly less
common. The predominance of information on household-scale daily averages and
profiles likely reflects their primary role as input parameters for most applications in HWC
modelling (Parker et al., 2015; Vitter and Webber, 2018; Chmielewska et al., 2017),
heating system design (Knight et al., 2007; Edwards et al., 2015; Verhaert et al., 2016),
or investigations of the domestic water—energy nexus (CEC, 2008; Bghm, 2013; De
Santiago et al., 2017), whereas hot-water use parameters and HWRs are typically
available in RHWSs with different purposes, e.g., data gathering and elaboration (Henze
et al., 2002; Makonin et al., 2016) or the application of water conservation strategies
(Chao et al., 2015).

As opposed to the household scale, end-use-scale information on HWC is much more
limited (Figure 12b). At this aggregation level, daily per capita HWC (Level 1) remains
the most frequently reported metric, followed by hot-water use parameters (Level 3) and
HWR. In contrast, daily or monthly profiles for individua! end uses (Levels 4 and 5) are
almost entirely absent from the literature. The greater availability — beyond average
values — of HWR and HWC parameter values largely reflects the specific focus of the
reviewed studies on end uses. Among these, some RHWSs aim to characterize individual
fixtures in terms of hot- and cold-water use, including the relative contribution of hot water,
sometimes accompanied by details on the parameters characterizing individual end uses
of water (Edwards et al., 1995; Mayer et al., 2000; Mayer et al., 2003; DeOreo et al.,
2016; Mazzoni et al., 2025). Other studies primarily focus on the development of data
collection systems with high temporal resolution and low aggregation level (Marszal-
Pomianowska et al., 2019; 2021), which still allows obtainment of detailed parameter
values based on the analysis of the collected HWC time series.

4.1. First level: daily per capita HWC

Daily per capita HWC values at the household scale are identified for 37 HWDs. The
corresponding average values, along with available information on household occupancy,
are reported in Table 2. It is worthy of note that, for 9 additional HWDs (not indicated in
Table 2), daily per household HWC are available in the literature. However, due to the
absence of data on average occupancy rates for the monitored samples, it was not
possible to derive the respective daily per capita estimates. The related daily per
household HWC values are included in the Supplementary Materials (Table S1).
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Table 2. Daily per capita HWC data reported in relation to different HWDs.

Occupan Daily per capita HWC (L/person/day)

Househol cy rate
HW d sample  (persons
D RHWS (househol / Houlzeh VI?/ V|\>|/ S B T
ds) househo 0
1d)

1 Butler 1991 : 3.2 534 - - - =+ %
2 Perlman and Mills 1985 55 3.8 62.1 - - - - -

Weihl and Kempton 1986 (data from o138 24
4 Kempton 1988) ! 3.7 716 7 0
5 Vine et al. 1987 48 2.6 108.1 - - - -
7 Merrigan 1988 98 3.6 62.4 - - - - -
9 Anderson et al. 1993 o5 29 59.8 ) ) ) ) )

(pre-retrofitting)

Anderson et al. 1993

(post-retrofitting) 25 2.9 £g:3
11 Meyer and Tshimankinda 1996 90 6.7 5.6 - - - - -
12 Papakostas et al. 1995 83 4.0 32.2 - - - - -
13 Abrams and Shedd 1996 27 2.4 70.1 - - - - -
14 Lowenstein and Hiller 1998 14 3.7 57.3 % 7.7 225' 4.8 -
15 Meyer and Tshimankinda 1998a 90 3.1 55.7 - - - - -
16 Meyer and Tshimankinda 1998b 90 3.0 72.3 - - - - -

. 40 10. 14

18 Jordan and Vajen 2001 - 2.0 100.0 - - 0 0 0

Mayer et al. 2000 3. 14, 23. 15. 32
19 (pre-retrofitting) P ».6 94.6 4 8 8 9 6

Mayer et al. 2000 3. 26. 29

(post-retrofitting) X 28 1.6 8 57 5 95 1
20 Henze etal. 2002 1 2.0 us7 ¢ N % 0 ¥

Mayer et al. 2003 5. 26 32.
21 (pre-retrofitting) 10 25 79.9 3 7.2 1 6.4 6

Mayer et al. 2003 3. 22 23.

(post-retrofitting) 10 25 62.4 8 3.8 7 57 5
22 Knight et al. 2007 (Canada) - 2.9 94.0 - - - - -

Knight et al. 2007 (United States) - 5.7 40.0 - - - - -

Knight et al. 2007 (Switzerland) - - 55.0 - - - - -

Knight et al. 2007 (Finland) - 2.2 43.0 - - - - -

Knight et al. 2007 (United Kingdom) - 1.7 29.5 - - - - -

Knight et al. 2007 (Germany) - - 64.0 - - - - -
23 CEC 2008 41 2.7 86.8 - - - - -
24 DEFRA 2008 124 2.9 41.9 - 1.1 - 1;_1" 1:::'
26 Thomas et al. 2011 74 3.3 56.2 - - - -
28 Schoenbauer et al. 2012 10 2.7 53.0 21 3.7 - - l;"
31 Henderson and Wade 2014 5 2.6 917 i 7.6 Sg' - 22
32 Ahmed et al. 2015 182 2.1 43.0 - - - - -
33 Chao et al. 2015 59 2.6 51.0 - - - - -
34 George et al. 2015 119 3.8 44.9 - - - - -
35 Edwards et al. 2015 73 3.2 59.4 - - - - -
36 Parker et al. 2015 69 3.0 64.0 - - - - -
37 Ahmed et al. 2016 86 2.2 42.8 - - - - -
38 Makonin et al. 2016 1 3.0 60.3 - - - - -
40  DeOreo etal. 2016 94 2.2 91 % 76 % a5 2L
42 Chmielewska et al. 2017 78 2.2 81.0 - - - - -
43 De Santiago et al. 2017 4 3.3 35.3 - - - - -
44 Aguirre et al. 2019 90 2.3 90.0 - - - - -
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17

48 Marszal-Pomianowska et al. 2021 2 3.0 22.1 % 0.0 9' - 4.2
52 Shorz etal. 2024 220 3.0 25 % 00 % . o0

55 Salmanova and Yusupov 2023 1 4.5 52.2 - - -
57 Mazzoni et al. 2025 5 2 33.9 % 0.0 Zg'
2. 31. 21.

Average - - 60.1 6 6.7 8 8.4 9
Standard deviation 2. 1. 12.

23.6 5 8.3 1 5.2 5

Note: DW = dishwasher; WM = washing machine; S = shower; B = bathtub; T = taps.

Across the 37 HWDs for which daily per capita data could be derived, the resulting
average daily HWC amounts to 60.1 L/person/day, with a standard deviation of 23.6
L/person/day. A statistical representation of the HWC averages referred to individual
HWDs is shown in Figure 13a. The box—whisker plot reveals an overall symmetric
distribution, with a median value of 56.8 L/person/day falling close to the mean, and
quartiles and whiskers that are approximately balanced around it. It is worth noting that,
when only the 17 HWDs with monitoring periods of at least one full year are considered
to exclude potential biases induced by seasonal monitoring, the average daily HWC
decreases to 51.6 L/person/day, with a standard deviation of 19.7 L/person/day. This
reduction is likely attributable to the fact that most studies based on monitoring over
limited periods, were conducted during the cold season, when HWC is expected to
exceed the average.

Comparison with the reference values reported in (or derivable from) technical standards
and guidelines — most of which provide aggregated total water consumption values (i.e.,
hot and cold water combined), while only a minority (listed in Table S2 of the
Supplementary Materials) allow HWC to be derived separately — shows generally
consistent daily per capita HWC values, despite spanning very wide ranges. For example,
European technical standards based on building energy models of domestic HWC
indicate values of 20-50 L/person/day (CEN, 2017), with national energy-model-based
ranges of 30-60 L/person/day in Germany (DIN, 2011; DIN, 2012) and 25-60
L/person/day in ltaly (UNI, 2019), as well as design practice values of 22—-30 L/person/day
assumed in Spain (Spanish Ministry of Transport, Mobility and Urban Agenda, 2013; UNE,
2015). In Australia and New Zealand, HWC values used as inputs in energy models range
from 45 to 60 L/person/day (Standards Australia/Standards New Zealand, 2021b), while
values of 40-70 L/person/day are assumed for similar purposes in Canada (NRCan,
2025). Higher values, ranging from 50 to 200 L/person/day, are reported in the United
States (ASHRAE, 2019), derived from end-use models with specific occupancy and
simultaneity assumptions. It is worth noting that most values reported in technical
standards and guidelines are energy-based and normalized to end-use temperatures
(thus including a fraction of cold water), and therefore do not align with the study’s focus
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on direct, field-based volumetric monitoring of HWC. Consequently, these standards are
not classified as HWDs.

As for the temporal evolution of daily per capita HWC, Figure 13b shows average values
from individual RHWSs plotted against their publication year, with marker sizes scaled to
the monitored household sample size. Overall, dispersion in HWC values is observed —
likely reflecting differences in sample size, location (and associated cultural habits), and
inlet/outlet water temperatures — precluding a formal quantification of long-term variations
due to these numerous sources of uncertainty. Nevertheless, some RHWSs across North
America (Thomas et al., 2011; Edwards et al., 2015; George et al., 2015; Chen et al.,
2020) and Europe (Ahmed et al., 2016) report a general long-term decrease in HWC. The
literature attributes this reduction to multiple drivers, including technological, behavioral,
economic, and regulatory factors (Meireles et al., 2022). On the technological side,
because in some contexts dishwashers and washing machines are directly supplied with
hot water (Marszal-Pomianowska et al., 2021), the diffusion of more efficient appliances
has markedly reduced the total water consumption — and consequently the HWC -
associated with these end uses (Edwards et al., 2015; Parker et al., 2015). Additionally,
the widespread adoption of high-efficiency fixtures, such as low-flow showerheads and
aerated taps, has contributed to lowering HWC for personal hygiene and general tapping
(i.e. water use from washbasins and kitchen sinks) (Chen et al., 2020). Complementary
behavioral and regulatory dynamics — such as shorter showers, lower-temperature
laundry cycles, reduced hot water waste, rising water and energy prices, targeted
campaigns, and stricter efficiency regulations — have further contributed to this trend
(Mayer et al., 2003; Chen et al., 2020; Meireles et al., 2022).

Daily per capita average HWC
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Figure 13. Daily per capita HWC at the household scale: (a) box-whisker plot of the
average values reported in reviewed HWDs; (b) values reported in relation to the period
1985-2025.

Regarding the spatial distribution of daily per capita HWC, the preliminary analysis shows
that the vast majority of available data originate from North America and Europe, limiting
the possibility of a robust global comparison due to the scarcity of information available
for other continents. Nevertheless, a comparison among the most represented regions
highlights differences in daily per capita HWC, with North America showing the highest
average value (around 71 L/person/day), and Europe the lowest (approximately 48
L/person/day). However, North American datasets are generally older, with an average
study year of 2002, whereas European studies are more recent, averaging 2011. Within
Europe, further differences emerge between Northern and Southern countries. Northern
Europe (including data from Switzerland, Germany, Belgium, Denmark, Poland, Sweden,
Norway, Finland, and the UK) shows an average HWC of about 51 L/person/day (average
study year: 2010), while Southern Europe (ltaly and Greece) exhibits a lower average of
33 L/person/day (average study year: 2010). This difference is likely primarily driven by
climatic conditions, suggesting that daily per capita HWC is influenced not only by socio-
economic and technological factors, but also by regional climate regimes.

At the scale of individual end uses, the results reported in the reviewed RHWSs (covering
14 HWDs) indicate that showers constitute the category with the highest HWC (31.8
L/person/day), followed by taps (21.9 L/person/day (Table 2, Figure 14). A broader
spread characterizes tap-related values, suggesting greater heterogeneity in how hot
water is used for general tapping across different contexts. In contrast, the distribution of
shower-related values is more compact, reflecting the relatively consistent reliance on hot
water for personal hygiene. Overall, the hot-water values obtained for showers and taps
are lower than the corresponding total (hot- and cold-water) values reported by Mazzoni
et al. (2023b), i.e., approximately 44 L/person/day for showers and 33 L/person/day for
taps. This indicates that these end uses commonly rely on mixed water rather than
predominantly hot water (Parker et al., 2015; Vitter and Webber, 2018), as also discussed
in the Second level: hot-water ratio subsection. This interpretation is further supported by
the findings of Marszal-Pomianowska et al. (2021), whose study shows that, at the point
of use, hot water is generally mixed with cold water for hygiene-related activities.

As far as the other end-use categories are concerned, an average HWC of approximately
8.4 L/person/day is associated with bathtubs. This value is considerably lower than those
observed for showers and taps, and confirms the long-term reduction in the use of
bathtubs in favor of showering, as documented in multiple RHWSs (Butler, 1991; Mayer
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et al., 2000; 2003; DeOreo et al., 2016; De Santiago et al., 2017; Vitter and Webber,
2018).

In addition, a non-negligible share of HWC is associated with washing machines (6.7
L/person/day) and dishwashers (2.6 L/person/day), when these appliances are supplied
directly by the hot-water line. The use of hot water in these appliances is a recurring theme
across the analyzed studies. By comparing Danish and North American practices,
Marszal-Pomianowska et al. (2021) argue that the higher HWC recorded in the United
States and Canada for dishwashers and washing machines may be partly attributable to
the common connection to the domestic hot-water plumbing system. Evidence from
earlier RHWSs supports this interpretation: in the studies by Mayer et al. (2000, 2003),
dishwasher use consisted entirely of hot water, whereas approximately 28% of washing-
machine water consumption was hot, predominantly during the wash cycle (with rinse and
spin cycles relying almost exclusively on cold water). Additional confirmation is provided
by Parker et al. (2015), who estimate that 13—38% of the water used by American clothes
washers is hot; for dishwashers, the same study reports that cold water supply occurs
only in a very limited subset of the monitored households. Conversely, several authors
note that such appliances are typically not connected to the domestic hot-water plumbing
systems in Europe (Marszal-Pomianowska et al., 2021; Meireles et al., 2022). It should
be emphasized, however, that the total hot-water balance associated with these
appliances should also include the volume of water heated internally, for which none of
the HWDs analyzed in this study provide information. Based on the limited data available
in the literature (e.g., Blokker et al., 2013), a conservative approximations suggest an
additional 10 L/person/day of cold water internally heated in washing machines and
approximately 2 L/person/day in dishwashers. Overall, the differences between North
American and European installation practices — together with the lack of rigorous studies
comparing the energy efficiency of hot- versus cold-water appliance connections and the
limited data on volumes of cold water heated internally within appliances — suggest that
the characterization of HWC and the determination of the optimal supply strategy for
these devices remain open questions.

The available results also provide insight into the effects of fixture-retrofitting campaigns
on HWC. Anderson et al. (1993) report a reduction of approximately 16% (from 59.8 to
50.3 L/person/day) following the installation of efficient fixtures. Comparable reductions,
on the order of 15-20%, are shown by Mayer et al. (2000; 2003), where the overall
domestic HWC decreased from 94.6 to 77.6 L/person/day and from 79.9 to 62.4
L/person/day, respectively, following the replacement of conventional fixtures with water-
efficient appliances. These studies also highlight effects on end uses: in Mayer et al.
(2000), most end-use categories show reductions in HWC, in some cases exceeding
60%, with the exception of dishwashers and showers, where slight increases are
observed due to longer usage durations. Overall, the results indicate that retrofitting
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campaigns and the introduction of efficient fixtures and appliances can contribute to
lowering not only total water consumption but also the related hot-water fraction.

Finally, it is worth noting that the sum of HWC values reported in Table 2 for end-use
categories does not always match the total household HWC. This discrepancy arises
primarily for two reasons. On the one hand, not all end-use categories are consistently
monitored; for example, when appliances such as dishwasher or washing machines are
connected to the hot-water line but lack dedicated monitoring, it is impossible to fully close
the household-scale HWC balance (e.g., Kempton, 1988; Lowenstein and Hiller, 1998;
Jordan and Vajen, 2001; DEFRA, 2008; Schoenbauer et al., 2012; Mazzoni et al., 2025).
Second, end-use categories beyond those considered in this paper are sometimes
reported, typically under the label “Other” (Mayer et al., 2000; 2003; DeOreo et al., 2016).
In addition to the “Other” category, hot-water leakages are sometimes reported. For
example, Mayer et al. (2000) show an average of 3.8 L/person/day of hot-water leakage
in 10 houses in Seattle, while about 2.6 L/person/day of hot-water leakages were
observed in 10 houses in the San Francisco Bay Area (Mayer et al., 2003). Similarly,
DeOreo et al. (2016) report leakage values up to 7.8 L/person/day across more than 90
houses in the United States and Canada.
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Figure 14. Daily per capita HWC at the end-use scale: box-whisker plots of the values
reported in reviewed HWDs.
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4.2. Second level: hot-water ratio (HWR)

HWR — expressed as the share of HWC over total residential water consumption —is less
explored in the reviewed RHWSs (Table 3). At the household scale, values are available
for 15 HWDs, yielding an average HWR of 35.3% and revealing that, on average, about
one-third of residential water consumption is associated with hot-water use. The
dispersion around the mean is limited, with a standard deviation of 9.4%. Nevertheless,
HWR values span from less than 20% in the Brazilian context documented by Sborz et
al. (2024), where mild climatic conditions allows the restrict of HWC essentially to
showering, to nearly 60% in Denmark (Marszal-Pomianowska et al., 2021), where the
more extensive HWR can be reasonably related to lower temperatures throughout the
year.

At the end-use scale, 10 HWDs provide information on HWRs for at least one end-use
category. Overall, the most documented fixtures are appliances (9 HWDs report HWR
values for washing machines and 8 for dishwashers) and taps (8 HWDs), while fewer
values are reported for showers and bathtubs (4 HWDs each). Despite the lower number
of observations, showers and bathtubs are associated with the highest HWR values (with
average ratios of 69.5% and 71.6%, respectively), followed by taps (54.0%). These
results highlight that end uses associated with personal hygiene and cleaning activities
consistently rely on hot water for more than half of their total water consumption. On the
other hand, markedly heterogeneous values emerge for appliances, reflecting substantial
differences across the reviewed RHWSs. As discussed in Section 4.1 and documented
in the literature (Parker et al., 2015; Meireles et al., 2022), washing machines and
dishwashers show markedly heterogeneous HWRs across RHWSs, reflecting differences
in connection to cold or hot water. In some cases, appliances are supplied exclusively
with cold water, resulting in nil HWRs (Marszal-Pomianowska et al., 2021; Mazzoni et al.,
2025), while in others they are connected entirely to domestic hot water (Mayer et al.,
2000; 2003; DeOreo et al., 2016). Consequently, average HWRs differ across RHWSs,
with dishwashers showing a mean of 37.5% and washing machines 8.8%, both with high
variability. For dishwashers, reported HWR values are typically 0% or 100%, indicating
uniform supply configurations within each RHWS.

Table 3. HWR: average values reported in relation to different HWDs.

HWD RHWS Household  End-use scale (%)
scale (%) DW WM S B T
9 Anderson et al. 1993 (pre-retrofitting) 31.2 - - - - -
Anderson et al. 1993 (post-retrofitting) 31.1 - - - - -
10 Edwards and Martin 1995 23.0 0.0 4.5 - 65.8 68.0
17 Gleick et al. 2003 - - 20.7 - - -
19 Mayer et al. 2000 (pre-retrofitting) 40.0 100.0 27.8 73.1 78.2 72.7
Mayer et al. 2000 (post-retrofitting) 49.2 100.0 15.1 75.5 80.5 79.5
21 Mayer et al. 2003 (pre-retrofitting) 29.8 100.0 15.3 71.9 89.5 65.2
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Mayer et al. 2003 (post-retrofitting) 29.6 100.0 10.1 60.0 75.0 50.0
30 Gerin et al. 2014 36.4 - - - - -
32 Ahmed et al. 2015 39.0
33 Chao et al. 2015 32,5
37 Ahmed et al. 2016 32.0
38 Makonin et al. 2016 48.0
39 Binks et al. 2017 40.7 - - - - -
40 DeOreo et al. 2016 33.2 100.0 20.0 66.2 59.1 57.0
48 Marszal-Pomianowska et al. 2021 56.3 0.0 0.0 71.4 - 46.7
51 Arsene et al. 2022 - - - - - 68.0
52 Sborz et al. 2024 19.0 0.0 0.0 - - 0.0
53 Meireles et al. 2022 32.4 0.0 0.0 - - -
57 Mazzoni et al. 2025 31.7 0.0 0.0 - - 58.4
Average 35.3 37.5 8.8 69.5 71.6 54.0
Standard deviation 9.4 51.8 9.8 4.1 11.0 23.6

Note: DW = dishwasher; WM = washing machine; S = shower; B = bathtub; T = taps.

The HWR values reported in Table 3 represent averages over the monitoring periods;
however, this indicator is typically affected by seasonal variability. Among the reviewed
studies, only Ahmed et al. (2015) provide a monthly characterization of HWR, showing a
clear increase during colder months. During the cold season, higher HWR values may
result not only from residents’ preference or need to use larger volumes of hot water or
water delivered at higher temperatures (Jacobs et al., 2018), but also from increased heat
losses along the plumbing system. Under these conditions, water at the end uses may be
mixed with a larger volume of hot water to achieve the desired temperature, thereby
leading to higher HWC and, consequently higher HWR. However, the lack of outlet and
end-use temperature measurements in many of the HWD datasets analyzed prevents a
robust investigation of this aspect.

4.3. Third level: HWC parameter values

Metrics such as hot-water use frequency, average volume per use, and average duration
per use are only sparsely investigated, both at the household scale (values reported in
relation to 8 HWDs) and at the end-use scale (13 HWDs). As shown in Table 4, the
available studies indicate an average of 14.63 hot-water uses/person/day at the
household scale, ranging from a minimum of 7.30 (Kempton, 1988) to a maximum of
23.94 (Thomas et al., 2011) and with a standard deviation of 6.39 uses/person/day, while
the corresponding volumes result in an average of 6.3 L/use (standard deviation 3.5
L/use), with values spanning from 2.0 L/use (Department for Energy Reduction and Net
Zero, 2024) to 12.7 L/use (DEFRA, 2008).

At the end-use scale, the highest hot-water use frequency is observed for taps, averaging
9.57 uses/person/day, followed by showers (0.76 uses/person/day), washing machines
(0.32 loads/person/day), dishwashers (0.16 loads/person/day), and bathtubs (0.07
uses/person/day). While acknowledging different underlying datasets and monitoring
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contexts, hot-water frequencies are comparable to the total-water frequencies reported
by Mazzoni et al. (2023b) in the case of showers and bathtubs (0.74 and 0.11
uses/person/day), as well as washing machines and dishwashers (0.29 and 0.20
loads/person/day). In contrast, the average hot-water frequency for taps is markedly lower
than the total-water frequency (16.98 uses/person/day), indicating that while shower and
bathtub uses typically involve mixed water, a substantial share of tap uses rely on cold
water only. Overall, these results suggest that hot-water use frequencies can reasonably
approximate total-water frequencies for most end uses, whereas taps require explicit
differentiation in hot-water demand modelling. Regarding volumes per use, bathtubs
exhibit the largest average hot-water volumes (70.4 L/use), followed by showers (44.1
L/use), washing machines (37.7 L/load), and dishwashers (29.2 L/load), while taps show
the smallest volumes (3.6 L/use). Comparison with total-consumption volumes reinforces
the interpretation derived in the case of hot-water frequencies: hot-water volumes are
lower than total-water volumes for bathtubs and showers (105.5 and 63.1 L/use,
respectively) — confirming mixed or partial hot-water use — and for washing machines
(92.2 L/load), reflecting predominantly cold-water operation with hot water limited to
specific cycle phases (Mayer et al., 2000). Conversely, dishwashers and taps show hot-
water volumes comparable to total-water values (17.6 L/load and 2.3 L/use), indicating
that, if hot water is required, it is typically supplied throughout the entire use without mixing
with cold water. Finally, duration of hot-water use emerges as the least documented
parameter, reported in only 6 HWDs and mainly for showers and taps. Average durations
of 6.1 min/use for showers and 33 s/use for taps align with the respective total-
consumption durations (8.1 min/use and 25 s/use, respectively), suggesting that water
use duration is independent of water temperature for these end uses.

Table 4. Summary of HWC parameter and values reported in the reviewed RHWSs.

Frequency of hot-water
use

Duration per hot-water

Volume per hot-water use
use

(L/use)

\l;lv RHWS (uses/person/day) (min/use)

D Hou D W Hou D W Hou D W T
seh W M S B T seh W M S B T seh WMSB c
old a  a old b b old

4 Weihl and Kempton 7.30 6. 94 2 4 -

1985 (data from 0 5. .
Kempton 1988) 2 8 0
1 Lowenstein and Hiller 0. 0. 0 0O - 4 2 3 5 -
4 1998 1 2 . 0. 9. 7 T
6 6 6 0 0 3 5
7 8 6
1  Gleick et al. 2003 - 2
7 2.
5
1  Jordan and Vajen - - - 1 0 1 - 4 1 1 5 1 6
8 2001 4. 0 4 0 O
0 0 O . 0. O 0o .
0 7 O 0 O 0
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1  Mayer et al. 2000 - 0. - - - - - 3 - - - - - - - - - -
9  (pre-retrofit) 1 5.
5 2
2 Henze et al. 2002 136 0. 0. 0 O 5 84 8. 7 5 1 8 - - - - - -
0 0 1 4 .01 0O 3. 7 5 .
9 1 6 0 O 1 . 2 4
2 4 1
2 Mayer et al. 2003 - 0. - - - - - 3 - - - - - - - - .-
1  (pre-retrofit) 1 3.
3 7
2 CEC 2008 68 - - - - - 5.2 - - - - - - - - - oo
3 0
2  DEFRA 2008 960 - - - - - 127 - - - - - - - - - oL
4
2 Thomas et al. 2011 239 - - - - - 2.7 - - - - - - - - - -
6 4
2 Schoenbauer et al. 960 - - - - 6. 55 - - - - - - - - - - 3
8 2012 3 5
0
3  Henderson and Wade 215 - - 1 - 5 42 - - 5 - 3 - - - - o
1 2014 9 . 8 1 .
0 6 7
8 5
4 DeOreo et al. 2016 - 0. 0. 0 0 1 - - - ¥ - 1 - - - 8 - 4
0 1 2 7. 1 5
7 8 7 0 8 . 5 0
4 8 8 6
4  Marszal- - S - » - - - - - - - 5 - 2
5  Pomianowska et al. . 0
2019 0
4 Marszal- - - - 0 - 1 - - - - - - - - - 6 - 1
8  Pomianowska et al. . 1. 1
2021 4 8 7
2 4
5  Department for - - - - - - 2.0 - - 3 6 3 - - - 5 1 2
6  Energy Security and 7 o9 1 9
Net Zero 2024 . 0 0 8 .
0 0
14.6 0. 0. 00 9. 2 3 j 7 3 6 3
Average 3 | 1 3 7 0 5 6.3 9. 7 . 0. . - - - -3
6 2 6 7 7 2 7 1 4 6 1
0 O
0. 0. . . 5. 1 2 8 5 2 1
0O 0 2 0 O 4. 3. . 1. . . 1
Standard deviation 639 2 8 5 2 1 36 4 8 2 8 6 3 8

[V

Note: DW = dishwasher; WM = washing machine; S = shower; B = bathtub; T = taps;
loads/person/day; P L/load; ° s/use

4.4. Fourth level: HWC daily profiles

HWC daily profiles are well documented at the household scale, with results reported for
nearly half of the available HWDs (25 out of 59). The average profiles derived from each
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HWD are depicted in Figure 15a and included in the Supplementary Materials (Table
S$3), while the corresponding box—whisker plots are shown in Figure 15b. Overall, the
figure reveals that, similarly to total consumption, hot-water use exhibits markedly lower
values during nighttime hours, when residents’ activity is significantly reduced and nearly
all fixtures requiring hot water cease operating, as widely acknowledged in the literature
(Butler, 1991; Bagge and Johansson, 2011). Conversely, higher and more dispersed
values occur during diurnal hours, with two distinct peaks reported across RHWSs
(Ahmed et al., 2016; Becker and Stogsdill, 1990; DeOreo et al., 2016; Lee and Yim, 2021).
The first and more pronounced peak appears in the morning, with an average hourly
coefficient approaching 2, while a second, less marked peak occurs in the evening, with
an average coefficient of about 1.5. In addition, HWC typically decreases around midday
and during the late afternoon, as also observed by George et al. (2015). Overall, these
peak periods reflect daily household routines and occupancy patterns (Vine et al., 1987;
Marszal-Pomianowska et al., 2021), consistent with what is documented for total
consumption (Mazzoni et al., 2023b): hot water is commonly used upon waking and
before leaving home for work, school or other non-occupational activities, whereas
evening peaks correspond to residents returning home and engaging in personal-hygiene
and cleaning activities or meal preparation. The time intervals 6:00-8:00 and 19:00-20:00
show the greatest variability across HWDs, reflecting the diversity of domestic routines
and hot-water use habits, also in relation to different geographic and socio-economic
contexts.

The morning and evening peak periods observed in the literature are also reflected in
daily HWC distributions derived from technical standards and guidelines (e.g., CEN,
2017; ASHRAE, 2019; UNI, 2019; Standards Australia/Standards New Zealand, 2021b).
However, these sources generally allow only an approximate reconstruction of daily HWC
profiles, as they are based on energy profiles with coarse temporal resolution, typically
aggregated into multi-hour blocks rather than reported at hourly resolution. In addition,
standards typically report more pronounced fluctuations, with peak coefficients of up to
approximately 2.5. This contrast suggest a potential divergence between field-based
consumption profiles and the more conservative assumptions adopted for infrastructure
design. As a consequence, as reported in the literature, existing guidelines may lead to
system oversizing and reduced efficiency (Averfalk et al., 2021).
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Figure 15. HWC (normalized) daily profiles: individual trends (a) and related box-
whisker plots (b). An average profile is considered for each of the 25 HWDs in relation
to which this information is available in the literature.

It is worth noting that, for some HWDs, the corresponding RHWSs report not only the
average HWC profiles, but also information on profiles observed during specific periods
or times of the year, e.g., weekdays (Figure 16a) versus weekends and holidays (Figure
16b), or cold season (Figure 16d) versus warm season (Figure 16e). Comparisons of
the average HWC profiles observed at the household scale across different days of the
week (13 HWDs) or seasons (9 HWDs) are presented in Figure 16c and Figure 16f,
respectively. In addition, the values making up all the profiles reviewed in this study in
relation to specific day types or seasons are included in the Supplementary Materials.
(Table S4-S7).

Overall, the comparison of HWC profiles shown in Figure 16 highlights two main aspects.
First, a substantially different daily profile emerges on weekends compared to weekdays
(Figure 16c), characterized by a reduction in the morning peak and a redistribution of
HWC throughout the morning, while no significant changes are observed in the afternoon
and evening. This pattern is likely explained by the reduction in work- and school-related
activities on weekends, which delays morning water use and leads to a more evenly
distributed HWC throughout the morning (Gelazanskas and Gamage, 2015; George et
al., 2015; Marszal-Pomianowska et al., 2021), consistent with findings from household-
scale water-use studies (Alvisi et al., 2021). Second, differences between cold and warm-
season daily profiles are subtle. On average, a slight advance of morning HWC peak and
a delay of the evening peak are observed during the warm season, likely driven by
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changes in daily routines and increased use during daylight hours. Specifically, some
studies explicitly report that the evening hot-water peak tends to occur later in warm
season compared to cold season. This trend has been clearly observed in RHWSs
conducted in specific geographic contexts, particularly South Africa (Meyer and
Tshimankinda, 1996; 1998b) and Brazil (Sborz et al., 2024 ), where the evening peak shifts
forward by approximately one hour during the warm season. It should be noted that, in
general, daily profiles of HWC are influenced not only by lifestyle (Perlman and Mills,
1985), cultural context (Ahmed et al., 2015), and geographic and climatic conditions,
which explain differences between countries (De Santiago et al., 2017), but also, within
the same context, by seasonal variations.
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Figure 16. HWC (normalized) daily profiles: box-whisker plots of weekday (a) and
weekend (b) profiles available in the literature (12 HWDs); comparison of weekday and
weekend average profiles across the 12 reviewed HWDs (c); box-whisker plots of cold

season (d) and warm season (e) profiles available in the literature (7 HWDs);
comparison of winter and summer average profiles across the 7 reviewed HWDs (f).

At the end-use scale, information on daily HWC profiles are available for at least one end-
use category in relation to 5 HWDs only. By way of example, Lowenstein and Hiller (1998)
report the daily distribution of water uses of appliances, showers, and bathtubs across
three sample households. Notably, one of these households provides the only
documented instance of hot-water use (combined with cold water) for toilet flushing,
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implemented to prevent condensation on toilet fixtures. Here, different daily patterns
emerge, depending on the end-use considered, and variations between weekdays and
holidays are also observed. In addition to the above study, DEFRA (2008) presents daily
profiles for all end-use categories, although limited to a single household, while Arsene et
al. (2022) provide an example for a single tap. Mazzoni et al. (2025) report daily HWC
profiles for two main end-use categories, namely showers and taps (the latter subdivided
into kitchen and bathroom), across five households, highlighting shifts between hot- and
cold-water peaks in kitchen sinks associated with different activities before and after
dinner. However, hot water is separately monitored for only a single shower, limiting the
characterization of this fixture across the sample. A HWD including shower profiles for a
large group of households (ranging from about 150 to over 220 dwellings) is that by Sborz
et al. (2022; 2024), although in this case showers are the only fixtures connected to hot
water. Overall, the above outcomes confirm the scarcity of detailed end-use profiles of
HWC across the reviewed RHWSs, with most data restricted to individual households or
specific fixtures, thereby limiting the potential for broader generalizations across end uses
and underscoring the information gap within the current literature.

4.5. Fifth level: HWC monthly profiles

Monthly HWC profiles are investigated, at the household scale, for 12 HWDs. Because
most of these datasets originate from the Northern Hemisphere, the profiles from
Southern Hemisphere countries — such as South Africa (Meyer and Tshimankinda, 1996;
1998a; 1998b), Brazil (Sborz et al., 2024), and Australia (Chao et al., 2015) — are aligned
to the seasonal cycle of the former hemisphere, so as to ease the comparison of profiles
and ensure consistency in their interpretation.

An overview of the normalized monthly profiles is presented in Figure 17, which displays
both the individual profiles reported for each HWD (Figure 17a) and the corresponding
box—whisker plots (Figure 17b), while all values making up each profile are included in
the Supplementary Materials (Table S8). Overall, the trends indicate an increase in
HWC during the winter months (i.e., October to March, referring to the Northern
Hemisphere), when the monthly coefficient reveals values above the annual average.
Specifically, peak consumption typically occurs in January, with an average coefficient
exceeding 1.1. In contrast, HWC decreases during the summer, with a minimum of about
0.8 in July (referring to the Northern Hemisphere). With regard to the dispersion of values
around the mean, Figure 17b shows that the widest interquartile ranges occur around
the peak winter period (December—February; referring to the Northern Hemisphere),
highlighting that the reviewed RHWSs exhibit the greatest variability when HWC is
typically the highest. It is worth noting that three of the profiles reported in Figure 17a
exhibit a similar pattern that slightly deviates from the general trend. These trends are
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derived from the studies by Meyer and Tshimankinda (1996, 1998a and 1998b), all of
which were conducted in South Africa. The observed uniformity is therefore likely due to
the consistent methodology applied and the specific socio-climatic characteristics of the
study location.

Although the seasonal trend of total-water consumption is known to typically peak during
the warm season and decrease in winter (Rathnayaka et al., 2015; Potter et al., 2022),
the RHWS by Chao et al. (2015) appears to be the only study that clearly demonstrates
an inverse relationship between the monthly profiles of HWC and total-water
consumption, highlighting that peak summer consumption is fully attributable to increased
cold-water use. In addition, while not explicity comparing HWC and total-water
consumption profiles, Abrams and Shedd (1996) and Gerin et al. (2014) show that
monthly HWC profiles are inversely related to air temperature profiles. Similarly, Sborz et
al. (2024) show that HWC reaches its lowest values when air temperature is at its
maximum, even though the monitored households exhibit limited seasonal variation in
total-water consumption.
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Figure 17. HWC (normalized) monthly profiles: individual profiles (a) and related box-
whisker plots (b). An average trend is considered for each of the 12 HWDs in relation to
which this information is available in the literature.
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Finally, although they do not fully meet the criteria required for this level of the analysis,
several RHWSs nonetheless provide partial indications of seasonal HWC trends of the
related HWDs, either through limited temporal coverage or by reporting summary
statistics rather than continuous (i.e., year-long) profiles. For instance, Gilbert et al. (1985)
report average consumptions of 265 and 216 L/household/day for January and July,
respectively, illustrating a basic cold—hot season contrast without presenting a full
seasonal trend. Similarly, Merrigan et al. (1988) observe 241 and 184 L/household/day
for January and July, highlighting comparable seasonal differences, while Papakostas et
al. (1995) provide the average per capita HWC for all seasons, in relation to each
monitored multi-apartment building. Ahmed et al. (2016) align with this approach by
reporting 47, 39, and 43 L/person/day for January, August, and November, respectively,
again suggesting monthly variation but without providing a continuous profile, whereas
Lee and Yim (2021) report 269 and 129 L/household/day for winter and summer,
respectively, though without specifying particular months. Lastly, the Department for
Energy Security and Net Zero (2024) reveals seasonal deviations of 5 L/household/day
with respect to yearly average.

Regarding the assessment of HWC monthly profiles at the end-use scale, it is worth
noting that none of the reviewed RHWSs provide monthly profiles of hot-water use for
individual end-use categories. The only exception is the HWD examined by Sborz et al.
(2024), which reports monthly HWC for showers which are the sole fixtures connected to
the hot-water system; therefore, the household-scale monthly profile effectively
corresponds to the monthly profile of shower HWC. Despite this isolated case, the
absence of end-use-specific monthly trends across the reviewed studies indicates that
seasonal profiling of HWC at fixture scale has not yet been addressed in the scientific
literature and suggests promising opportunities for future research. The scarcity of such
information is partly attributable to the fact that end-use monitoring — both for hot water
(as discussed the Study characteristics section) and for total water consumption (Mazzoni
et al., 2023b) — typically relies on fine temporal resolutions. These sampling resolutions
generally make year-long monitoring impractical due to the large volume of data
generated and the associated technical and logistical constraints, such as increased
storage requirements and limitations in product availability (Cominola et al., 2018).
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5. Summary of Study Findings and Limitations

This section summarizes the main findings of the study together with the main limitations
and critical gaps identified in the reviewed literature on field-based HWC data, primarily
related to data availability, completeness, and comparability.

Overall, the multi-level analysis revealed the following main findings:

e Daily per capita HWC shows an average of about 60 L/person/day at the
household scale, with substantial variability across contexts and a gradual decline
from 1985 to 2025, reflecting technological improvements, behavioral changes,
and regulatory measures, and with showers consistently accounting for the largest
share of end-use HWC.

¢ Roughly one-third of household water consumption is hot, with personal-hygiene-
related fixtures showing the highest shares (typically accounting for about half to
two-thirds of total use), whereas appliances are more variable due to differences
in connection standards.

e Taps are the most frequent hot-water uses (with nearly 10 uses/person/day),
followed by showers, while bathtubs and appliances occur less frequently.
However, showers and bathtubs account for the largest volumes of hot water per
use (45-70 L/use), whereas taps show the smallest (3—4 L/use).

e Daily household HWC follows a clear pattern, with low night-time use and two
distinct morning and evening peaks that shift on weekends and, to a lesser extent,
across seasons.

e Monthly profiles reveal higher household HWC in winter and lower use in summer,
while monthly end-use profiles remain largely undocumented and limited to very
few cases (e.g., showers).

The main limitations and gaps identified in the reviewed literature are summarized below:

e Most studies focus on household-scale daily per capita HWC and consumption
profiles, while fewer report hot-water ratios, hot-water use specific parameters, or
monthly HWC profiles. End-use data are particularly scarce, reflecting the limited
number of detailed field measurements at the fixture scale. In particular, specific
appliance-scale contributions to HWC (i.e., due to dishwashers and washing
machines) are rarely investigated, especially when internal electric heating
elements are used, which may lead to underestimation of HWC.

e The characterization of hot-water systems is often incomplete, as HWC data are
hardly ever coupled with thermal measurements at inlet, outlet, and end-use
points. This limits the ability to discriminate between the share of HWC due to user
demand and that driven by system-related heat losses, highlighting the need for
comprehensive, standardized datasets integrating water and temperature
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measurements. In addition, inconsistencies in system configurations, such as the
presence of storage hot-water tanks (potentially affecting the HWC profile), further
reduce data comparability.

e Seasonal HWC profiles are often based on broad distinctions between cold and
warm periods, with limited transparency regarding the specific months considered.
Moreover, information on how Daylight Saving Time transitions are handled is
generally absent, despite its potential relevance for the interpretation and
comparison of daily HWC profiles.

e Ageographic bias is evident, with most studies concentrated in North America and
Northern Europe. This spatial imbalance limits global comparability and suggests
that current benchmarks may be primarily representative of specific regions.

e Freely accessible and standardized HWC datasets remain scarce, requiring
reliance on values reported in the literature and often lacking sufficient metadata
for deeper analyses. Although additional datasets have recently been made
available in open-access repositories (e.g., Walnum et al., 2021; Schattmann et
al., 2025; Graupera Serra et al, 2026), they frequently lack detailed documentation
on monitoring protocols, units, system configurations, or methodological
frameworks. This limited metadata availability restricts their integration into the
present analysis.

In light of the above limitations, future research should prioritize expanding field
measurements at the end-use scale and improving coverage in under-represented
geographic regions. Efforts shouid also focus on the development of standardized,
open-access databases with comprehensive metadata, including detailed
methodological descriptions and temperature data at key system locations (inlets,
outlets, and end-use points), which are essential for improved energy-management
and water-heating strategies.

6. Conclusions

This study provides a systematic and standardized review of residential hot-water
consumption (HWC) based on field data from 59 hot-water databases across diverse
contexts, revealing average values, usage parameters, and temporal distributions, as well
as their similarities and differences across contexts. The key outcome is the
establishment of a reference framework for HWC characterization, based on the
systematic comparison of consumption values, profiles, and end-use behaviors. By
integrating data across annual, seasonal, and hourly scales, the study provides a robust
basis for advancing knowledge on residential HWC and supporting comparative analyses
and modeling. This, in turn, has direct implications for building-scale energy-performance
assessments, where accurate estimation of HWC is essential for evaluating the water—
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energy nexus. In addition, the results can support the refinement of technical standards
and guidelines for plumbing system sizing and water-heating systems, while contributing
to the development of water- and energy-efficient technologies and strategies.
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