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A B S T R A C T   

Hot water use in showers is a major contributor to residential water and energy consumption, and associated 
costs and carbon emissions. This study aims to quantify how heat loss from non-circulating pipes contributes to 
water and energy consumption in residential showers. Heat loss from pipes was modelled for detached dwellings 
in Melbourne, Australia, using Monte Carlo analysis to quantify variability. Sensitivity analysis was conducted to 
identify key factors contributing to heat loss. This is the first study to quantify the variability of the impact of heat 
loss from pipes into increased water (and hence energy) consumption in showers. Under Melbourne conditions, 
we predicted that heat loss from pipes contributes approximately 2 to 10 % in average shower hot water con
sumption. Longer pipes, smaller diameter, longer showers and longer intervals between showers were the pri
mary factors driving additional hot water consumption.   

1. Introduction 

There is an urgent need to globally address climate change, water 
security and the cost-of-living crisis. As climate change worsens, the risk 
of severe weather events such as droughts and floods will increase, 
resulting in limited and unpredictable water supply. Simultaneously, the 
cost-of-living is continuing to increase, largely due to rising water and 
energy costs. 

Conservation of water and energy will play a critical role in 
addressing these challenges. Energy conservation will be essential to 
support the transition to renewable power sources (Riahi et al., 2021) 
and water conservation will be necessary to manage the impacts of 
limited water supply (Beal et al., 2012). Both water and energy consti
tute a major cost for families, thus conservation will also result in 
reduced cost-of-living (de Oliveira et al., 2022). 

Domestic hot water consumption is a major contributor to residential 
water consumption and energy demand. In modern residential proper
ties, hot water consumption contributes 30–50 % of energy consump
tion, compared to 20–35 % in older homes (Pomianowski et al., 2020). 
The proportion of domestic energy consumption attributed to hot water 
is increasing because other services such as space heating are using less 
energy. Meanwhile, there has been limited intervention to improve 
energy efficiency of hot water systems (Hadengue et al., 2022a). 

Therefore, reductions in domestic hot water consumption can play a 
role in lowering carbon emissions and improving water security (Chen, 
2020). For example, Hadengue et al. (2022b) found that the installation 
of water-efficient shower-heads could reduce energy for hot water by 31 
%. Showers are typically the greatest component of hot water con
sumption, comprising between 27 % (Kenway et al., 2013) and 48 % 
(Jiang et al., 2016). Hot water requirements for showers can also be 
reduced using drain water heat recovery, which has been shown to result 
in energy savings of 20 % to 50 % (Manouchehri and Collins, 2022). 

Heat loss from hot water pipes is one of the major components of 
energy consumption for domestic hot water, comprising 2 % (Kenway 
et al., 2013) to 55 % (Genuardi et al., 2023). Moss and Critoph (2022) 
also demonstrated that heat loss from pipes resulted in water waste of 
2.9 to 5.0 L/shower event. To reduce the water consumption due to heat 
loss, circulating hot water systems are an effective solution (Moss and 
Critoph, 2022), but they require more energy (Guo and Goumba, 2018). 
In circulating hot water systems, heat loss is responsible for between 20 
% (Hamburg et al., 2021) and 70 % (Cholewa et al., 2019) of the energy 
for hot water, whereas heat loss in non-circulating hot water systems is 
between 2 % (Kenway et al., 2019) and 20 % (Hadengue et al., 2020). 

According to Pomianowski et al. (2020), detached dwellings typi
cally have non-circulating hot water systems. In Australia, approxi
mately 70 % of residential dwellings are detached houses (Australian 
Bureau of Statistics, 2022), and in the USA, approximately 70 % of 
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residential dwellings are single family houses (United States Census 
Bureau, 2021). In Germany (IWU - Institute for Housing and Environ
ment, 2014) and Great Britain (Ltd, 2014), approximately 45 % and 95 
% respectively of residential dwellings are single family houses. 
Considering the prevalence of detached dwellings, this study has 
focussed on non-circulating hot water systems. 

Heat loss from non-circulating hot water pipes in detached dwellings 
has received limited attention because it is more complex to model 
compared to other components. In detached, non-circulating systems, 
transient analysis is necessary to fully understand the mechanisms 
governing heat loss. Kenway et al. (2019) and Hadengue et al. (2020) 
both recognized the need for transient calculations, but both studies 
focussed only on a single case study. Similarly, Marini et al. (2021) only 
considered two case study households. Hamburg et al. (2021) and Braas 
et al. (2020) consider heat loss in 21 and 11 buildings respectively, 
however they both model circulating hot water systems. 

Furthermore, previous studies on heat loss from non-circulating hot 
water pipes have purely focussed on the energy associated with heat 
loss, rather than quantifying the effect of that heat loss on water and 
energy consumption. Moss and Critoph (2022) discussed this concept at 
length and provided empirical evidence, however their model did not 
account for this as it was focussed on circulating hot water systems as a 
solution to the water waste problem. Araújo and Pereira (2017), Hofer 
et al. (2023) and Marini et al. (2021) all modelled the heat loss pipes 

directly without considering their impact on hot water consumption. 
This paper uses mathematical modelling to estimate heat loss from 

pipes in detached dwellings under typical conditions found in Mel
bourne, Australia, and to quantify the effect of pipe heat loss on water 
and energy consumption associated with showers. The novelty of this 
study is that it seeks to quantify the impact of heat loss on increased on 
hot water consumption, rather than assessing the heat loss in isolation. 
The model has been used to assess the impact of variable piping and heat 
transfer conditions and to identify the key factors driving heat loss and 
associated water and energy consumption. This fills a major gap in the 
literature, as previous studies have focused only on selected case studies. 

2. Methods 

We have developed a thermodynamic model to calculate heat loss 
from hot water pipes and the associated increase in water and energy 
consumption (Python code available on request). The model is called 
Domestic Hot Water Heat Loss from Pipes (DHW-HLP). The main output 
is the additional hot water consumption due to heat loss from hot water 
pipes. The model is intended to capture the transient nature of heat loss 
whilst maintaining efficient computation, in contrast to the existing 
models (Kenway et al., 2019; Hadengue et al., 2020), which capture the 
detail of the dynamic processes at the expense of simulation run-time. 

The modelled hot water system (Fig. 1) represents a theoretical 

Nomenclature 

Variable name description units 
Cp heat capacity of water (J/(kg K)) 
ESL energy required to heat the additional hot water due to 

standing losses (J) 
EFL energy required to heat the additional hot water due to 

flowing losses (J) 
ET total energy required to heat hot water for shower (J) 
h convective heat transfer coefficient for hot water pipe 

outer surface (W/(m2 K)) 
k thermal conductivity of hot water pipe insulation (W/ 

(mK)) 
L length of hot water pipe between mixing valves (m) 
Lc time constant: an arbitrarily defined value which enables 

partial nondimensionalization of Eq. (25). Consequently 
when L = Lc, Tf = T∞ + (T0 − T∞)e− 1 ≈ T∞ + (T0 −

T∞)2/3, which means the hot water has lost approximately 
2/3 of its energy when it has travelled a length equivalent 
to Lc. Therefore, the value of Lc provides key information 
about the significance of flowing heat loss from the hot 
water pipe. For example, if L≪Lc, the temperature drop 
along the hot water pipe is small and we can deduce that 
the flowing heat loss is insignificant (m) 

ρ density of water (kg/m3) 
Q flow rate in hot water pipe (m3/s) 
QF flow rate in hot water pipe during flushing period (m3/s) 
QFL additional flow rate out of hot water tank due to flowing 

heat loss from the hot water pipe (m3/s) 
QHW realistic flow rate out of hot water tank during a shower 

(with flowing heat loss from the hot water pipe taken into 
account) (m3/s) 

QHWF flowrate out of hot water tank during the flushing period 
(m3/s) 

QHWI ideal flow rate out of hot water tank during a shower 
(without flowing heat loss from the hot water pipe taken 
into account) (m3/s) 

QSh shower flow rate (m3/s) 

QSL additional flow rate out of hot water tank due to standing 
heat loss from the hot water pipe (m3/s) 

r1 radius of hot water pipe (m) 
r2 outer radius of hot water pipe including insulation (m) 
Δr thickness of insulation (m) 
TCW temperature of cold water supplied to household (◦C) 
THW temperature of hot water at the outlet of the hot water 

system (◦C) 
TSh shower temperature (◦C) 
Tf ,cool temperature of hot water at inlet to second mixing valve, at 

the end of the shower interval (◦C) 
Tf temperature of hot water at inlet to second mixing valve, 

during the shower (◦C) 
T0,cool temperature of hot water at outlet of first mixing valve, at 

the end of the shower interval (◦C) 
T0 temperature of hot water at outlet of first mixing valve, 

during the shower (◦C) 
T∞ ambient temperature surrounding hot water pipe (◦C) 
tF duration of flushing period (s) 
tI shower interval: time between the end of the previous 

shower and the start of the current shower (s) 
tSh duration of shower (s) 
τc time constant: an arbitrarily defined value which enables 

partial nondimensionalization of Eq. (29). Consequently 
when tI = τc, Tf ,cool = T∞ + (Tf − T∞)e− 1 ≈ T∞ + (Tf −

T∞)2/3, which means the hot water has lost approximately 
2/3 of its energy when it has cooled for an amount of time 
equivalent to τc. Therefore, the value of τc provides key 
information about the significance of standing heat loss 
from the hot water pipe. For example, if tI≪τc, the 
temperature drop in the period of time is small and we can 
deduce that the standing heat loss is insignificant (s) 

VFL additional hot water consumption due to flowing heat loss 
from pipes (m3) 

VSL additional hot water consumption due to standing heat loss 
from pipes (m3) 

VT total volume of hot water consumed for the shower (m3)  
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household with a hot water storage tank servicing a single end-use. Hot 
water flows out of the tank at its highest temperature (THW). The hot 
water in the tank must be kept at this temperature to prevent growth of 
bacteria (Marszal-Pomianowska et al., 2021). Immediately after exiting 
the storage tank, the hot water (THW) is mixed with cold water (TCW) so 
that the hot water provided to the household is at a safe temperature to 
prevent scalding (T0). The hot water then flows through the main section 
of the hot water pipe towards the shower mixing valve. Over the length 
of this hot water pipe, the hot water cools to Tf . At the second mixing 
valve, cold water is added again to reduce to the target shower tem
perature (TSh). 

Heat loss from the hot water pipes was considered in two subsets 
(standing and flowing), which both result in additional hot water con
sumption. Standing loss was defined as the heat loss while water cools in 
the pipe between showers. When water cools in the pipes, the cooled 
water must be flushed before fresh hot water arrives at the shower. 
During flushing, water draws from the hot water system, so the flushed 
water volume was defined as additional hot water consumption due to 
standing heat loss (VSL). Flowing loss was defined as the heat loss while 
hot water flows through the pipes during a shower. Due to heat loss, the 
hot water at the inlet to the second mixing valve (Tf ) is cooler than an 
ideal case without loss, so more hot water is required to reach the target 
temperature. Therefore, this additional volume was defined as the 
additional hot water consumption due to flowing heat loss (VFL). 

The mathematical model has been carefully developed and tested 
under a wide range of conditions in order to assess the validity of the 
assumptions. The Supplementary Information outlines the model 
development process in full detail, with all assumptions and simplifi
cations documented and tested. The most significant assumptions were 
that cold water is equal to ambient temperature, there is no correlation 
between ambient temperature and shower temperature, and there is no 
axial mixing. We conducted Monte Carlo simulations with and without 
these assumptions, and demonstrated that there was limited differences 

in the results. 
The model results for the volume of hot water attributable to 

standing losses (VSL) were validated against data presented by Moss and 
Critoph (2022). Moss and Critoph (2022) presented data for four shower 
events, including details of the piping characteristics and hot water 
flowrates/temperatures. We used these parameters to calculate the 
additional volume of water consumed as a result of standing losses (VSL) 
using DHW-HLP. The results of DHW-HLP were compared to the 
measured values reported by Moss and Critoph (2022). The comparison 
found a root mean squared error of 0.7 L/shower event, with the total 
waste for each event ranging from 2.9 L/shower to 5.0 L/shower. There 
was no systematic error observed (i.e. the model did not overpredict or 
underpredict results). For further details of this process, please refer to 
the supplementary information. 

To assess variability in the hot water consumption due to heat loss 
from pipes, Monte Carlo analysis was conducted (100 000 iterations). 
All parameters were varied randomly according to the distributions 
indicated in Table 1. The Monte Carlo simulations were also supported 
by sensitivity analysis to understand the key factors driving the vari
ability. The baseline scenario for the sensitivity analysis was generated 
using the mean values for each parameter. Each parameter was then 
varied individually between the minimum and maximum values. 

2.1. Mathematical calculations 

To calculate the hot water consumption due to flowing loss (VSL), 
DHW-HLP calculates the difference between the realistic hot water flow 
rate (i.e. with flowing loss taken into account) (QHW) and the ideal hot 
water flow rate (i.e. without flowing loss taken into account) (QHWI). The 
additional hot water consumption due to standing loss (VSL) depends on 
the temperature at the inlet to the second mixing valve, at the end of the 
shower interval (Tf ,cool). At the start of the next shower event, if Tf ,cool is 
below the shower temperature (TSh), then it is not possible to reach TSh. 

Fig. 1. System flow diagram and calculation process used for Domestic Hot Water Heat Loss from Pipes (DHW-HLP) model.  
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Therefore, all water in the hot water pipe must be flushed before the 
shower duration commences. On the other hand, if the water has not 
cooled below TSh, then the shower duration can commence, but a greater 
flow rate of hot water is required until the cooled water is flushed, to 
account for the lower temperature. 

Mass and energy balances were conducted over the hot water pipe to 
determine the temperature profile along the length of the pipe during 
flow, and over time as the water cools. Conduction through the insu
lation and convection from pipe to air were considered, assuming that 
the hot water pipe is fully surrounded by ambient air. The conduction 
through the copper pipe was neglected because the copper pipe is very 
thin and has high thermal conductivity (50–400 W/(mK) depending on 
purity) compared to the insulation (0.04 W/(mK)) (Çengel and Ghajar, 
2020). Similarly, convection from water to pipe was neglected because 
typical convection coefficients for liquids are high (10–1000 w/(m2 K)) 
compared to gases (2–25 W/(m2 K)) (Çengel and Ghajar, 2020), so 
convection in air is the dominant heat transfer resistance. 

Combining Eqs. (2) and (9) (Fig. 1) gave the following equation to 
describe the temperature at the inlet to the second mixing valve, at the 
end of the shower interval (Tf ,cool). 

Tf ,cool = T∞ + (T0 − T∞)e
−

(
tSc
τc +

L
Lc

)

(1) 

The resulting Eq. (1) is very useful to understand the physical pro
cesses driving heat loss. When tSc≪τc, or L≪Lc, the exponent approaches 
0, so we can deduce that the temperature change over time or length 
respectively is insignificant. 

For details of the full set of equations developed for DHW-HLP, their 
derivation and underlying assumptions, refer to the Supplementary 
Information. 

2.2. Input data 

A combination of normal distributions and uniform distributions 
were used as the inputs to the Monte Carlo simulations (Table 1). Where 
data was available for standard deviations, a normal distribution has 
been used. Details of the data analysis for these distributions is provided 
in the Supplementary Information. The data analysis includes 

comparisons of the raw data distributions to the manufactured data 
distributions based on the values presented in Table 1. For other pa
rameters, a uniform distribution has been used based on estimated 
maximum and minimum values. 

Research partners Yarra Valley Water (YVW) provided data from a 
high-resolution end-use study conducted from 2017 to 2019, which has 
informed input data for shower flowrates, durations, and intervals. Over 
this period, water consumption for 105 households was monitored at 1- 
minute intervals. This data was disaggregated to end-uses using Auto
flow (Nguyen et al., 2015). 

3. Results and discussion 

Heat loss from pipes was estimated to contribute a median of 4.0 % to 
the total hot water consumption across a range of cases in the context of 
Melbourne, Australia (Fig. 2a). In absolute terms, the additional con
sumption of hot water due to heat loss was between 0.8 and 2.2 L/ 
shower (interquartile range) (Fig. 2b). This equates to an approximate 
median energy consumption of 63 to 170 kWh/year (assuming 4 shower 
events per household per day) (Fig. 2c). This result is similar to other 
values reported in literature (Table 2) for detached dwellings. 

The additional hot water consumption due to standing heat loss was 
shown to be more significant than the flowing loss (Fig. 2). The addi
tional hot water consumption due to standing loss was between 1.4 % 
and 8.2 % (interquartile range) of the hot water consumption, and the 
flowing loss was between 0.3 % and 0.7 %. When the standing hot water 
cools below the shower temperature, all water in the pipe needs to be 
flushed before the shower duration can commence. The standing water 
needed to cool for up to 60 min before it reaches the shower (Fig. 4a). 
Therefore, for the 70 % of showers that are greater than 60 min apart, all 
the hot water in the pipe needed to be flushed with fresh hot water. 
Conversely, the hot water would need to flow through at least 200 m of 
pipe (Fig. 4b) before it cools to the shower temperature, which dem
onstrates why the flowing losses were relatively insignificant. 

3.1. Sensitivity analysis 

According to DHW-HLP, the most significant factors influencing the 
additional hot water consumption due to heat loss from pipes were the 

Table 1 
Model input values and distributions. These values were developed based on the context of detached dwellings in Melbourne, Australia. For further details on the data 
and analysis supporting the selected parameter values, please refer to pages 8 and 9 of the Supplementary Information for this paper. The upper and lower cut-off 
values were implemented to avoid the occurrence of unreasonable values (e.g. negative flowrate), and discussion on how these were implemented is also included 
in the Supplementary Information.   

Unit Average Std 
Dev 

Min (Lower cut-off for 
normal distributions) 

Max (Upper cut-off for 
normal distributions) 

Distribution Source 

Ambient temperature 
Melbourne (T∞) 

◦C 13.6 4.5 2 28 Normal (Australian Government - Bureau of 
Meteorology, 2023) 

Shower temperature (TSh) ◦C 37 3 30 43 Normal (Kenway et al., 2016) 
Shower flow rate (QSh) L/min 7.8 2.7 3 20 Normal YVW End-Use data 
Shower duration (tSh) min 6.9 4.0 1 30 Normal YVW End-Use data 
Hot water temperature (tank 

outlet) (THW) 

◦C N/A N/A 55 65 Uniform Estimated based on (Victorian 
Building Authority, n.d.) 

Hot water temperature 
(mixing valve 1 outlet) 
(T0) 

◦C N/A N/A 40 50 Uniform Estimated based on (Victorian 
Building Authority, n.d.) 

Hot water pipe length (L) m N/A N/A 5 20 Uniform Estimated based on (Kenway et al., 
2016) 

Heat transfer coefficient (h) W/(m2 

K) 
N/A N/A 2 25 Uniform Natural convection in air (Çengel and 

Ghajar, 2020) 
Hot water pipe radius (r1) m N/A N/A 0.005 0.01 Uniform Estimated based on (Kenway et al., 

2016) 
Insulation thickness (Δr) m N/A N/A 0 0.05 Uniform Estimated based on (Plastics Industry 

Pipe Association of Australia, 2010) 
Thermal conductivity of 

insulation (k) 
W/ 
(mK) 

N/A N/A 0.04 N/A Uniform Expanded polystyrene (Çengel and 
Ghajar, 2020) 
(Kenway et al., 2019) 

Density of water (ρ) kg/m3 N/A N/A 1000 N/A  (Çengel and Ghajar, 2020)  
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pipe radius, pipe length, shower interval and shower duration (Fig. 2d). 
In the sensitivity analysis (Fig. 2), the additional hot water consumption 
varied from 0.8 L/shower to 2.8 L/shower for the range of radii, and 
from 0.7 L/shower to 2.6 L/shower for the range of lengths. The addi
tional hot water consumption varied from 0.2 L/shower to 1.6 L/shower 
for the shower interval, and from 1.5 L/shower to 2.1 L/shower for the 
shower duration. 

The modelled additional hot water consumption due to heat loss 
from pipes increased with increasing hot water pipe length and 
increasing radius (Fig. 3a). In 70 % of cases, the standing loss resulted in 
the flushing of the entire volume of the hot water pipe. Since the volume 
of the pipe is a function of its radius and length, it follows clearly that 
these two factors have a strong influence on the additional consumption 
of hot water due to pipe loss. The effect of hot water pipe length on the 
heat loss from pipes was much stronger when the shower interval was 
greater than 20 min. Beyond a shower interval of 25 min, the additional 
hot water consumption due to heat loss was 2.6 L/shower for a hot water 
pipe length of 20 m and 0.7 L/shower for a pipe length of 5 m. 

The clear dependence on length helps to explain the variation pre
sent in the literature (Table 2). For example, Braas et al. (2020) reported 
additional hot water consumption due to heat loss from pipes of between 
39 % and 52 %, significantly higher than any of the other studies 
considered here. Their results also exceeded the maximum values pre
sented in our study. The most likely reason for this discrepancy is that 
they considered apartment buildings in which the hot water system was 
located far from the end-use point. The smallest hot water pipe length 
Braas et al. (2020) considered was 23 m, whereas our study of detached 
dwellings has considered a maximum pipe length of 20 m. 

Similarly, the additional hot water consumption due to heat loss 
from pipes increased with increasing shower interval, until the shower 
interval reached 25 min (Fig. 3a). Beyond this point, the shower interval 
did not influence the additional hot water consumption due to heat loss. 
Between the shower intervals of 20 min and 25 min, there was a sharper 
increase in the additional hot water consumption. This corresponded to 
the shower interval at which the hot water pipe cooled to below the 
shower temperature (Fig. 3a). The link between target shower temper
ature and additional hot water consumption is highlighted by the black 
lines in Fig. 3a and c. 

The impact of shower interval may explain the difference between 
results reported by Hadengue et al. (2020) and Kenway et al. (2019), 
which both modelled the same household. Hadengue et al. (2020) found 
that heat loss contributed 17 % of the hot water consumption in the 
household, whereas Kenway et al. (2019) found that heat loss 

Fig. 2. Additional hot water consumption due to heat loss from pipes as a proportion of total hot water consumption (a), and as an absolute value (b); additional 
energy consumption due to heat loss from pipes (c); sensitivity analysis of key factors (d). 

Table 2 
Summary of pipe energy losses reported in literature.  

Study Percentage additional 
hot water consumption 
due to heat loss from 
pipesa 

Pipe 
lengths 

System 
scope 

Dwelling 
type 

Our study 2–10 % (interquartile 
range) 

5 to 20 
m 

Showers Detached 

Kenway et al. 
(2013) 

3 % 7 m All hot 
water 
taps 

Detached 

Kenway et al. 
(2019) 

8 % 14 m Showers Detached 

Hadengue 
et al. 
(2020) 

17 % Not 
stated 

All hot 
water 
taps 

Detached 

Binks et al. 
(2016) 

2–8 % 5 m to 
15 m 

All hot 
water 
taps 

Detached 

Marini et al. 
(2021) 

4–8 % 13 m to 
20 m 

All hot 
water 
taps 

Detached 

Zhou et al. 
(2022) 

42 % Not 
stated 

Not stated Apartments 

Braas et al. 
(2020) 

39–52 % 15 m to 
78 m 

All hot 
water 
taps 

Apartments 

Guo and 
Goumba 
(2018) 

12 % Not 
stated 

Not stated Apartments  

a Most papers do not directly present this value, so it has been calculated from 
other reported outputs. 
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Fig. 3. Predicted additional hot water consumption due heat loss from pipes (standing + flowing), as a function of pipe length and time between showers (a), and 
ambient temperature and temperature at outlet of first mixing valve (b); temperature of hot water at the inlet to the second mixing valve, at the end of the shower 
interval, as a function of shower interval (c), and as function of ambient temperature and temperature at outlet of first mixing valve (d). 

Fig. 4. Impact of heat transfer coefficient and insulation thickness on critical time (a) and critical length (b). Here the critical length and time are defined as the point 
at which the hot water in the pipe has cooled to the shower temperature (i.e. 37 ◦C. 
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contributed 8 %. A possible reason for this is that Hadengue et al. (2020) 
modelled the entire household dynamically, whereas Kenway et al. 
(2019) modelled the shower only. Therefore, Hadengue et al. (2020) 
included heat loss from pipes for other hot water uses, such as kitchen or 
bathroom sinks, which tend to use shorter and more frequent draw-offs 
than showers (Marini et al., 2021). These shorter and more frequent 
draw-offs are likely to result in a higher proportion of heat loss from 
pipes since there are more cooling intervals relative to the volume of hot 
water used. 

The critical length and time increased with increasing insulation 
thickness and decreased with increasing heat transfer coefficient 
(Fig. 4). Here we defined critical length and time as the point at which 
the hot water cooled to the showering temperature (37 ◦C). The critical 
time varied between 5 min and 60 min for the range of parameters 
considered in Fig. 4a. The critical length varied between 200 m and 
1200 m in Fig. 4b. These cooling lengths are much larger than typical 
pipe lengths in detached dwellings which are less than 20 m. 

Insulation had a surprisingly small impact on the additional hot 
water consumption due to heat loss according to the model (Fig. 2d). 
Generally, it is assumed that thicker insulation equates to less heat loss, 
however, this does not account for the true influence of heat loss on hot 
water consumption. Specifically, it does not consider the fact that the 
shower interval is usually much larger than the time taken for the hot 
water pipes to cool to the shower temperature. Therefore, in most cases, 
insulation had no impact. 

3.2. Implications for theory and practice 

This paper presented a new model (DHW-HLP) to calculate heat loss 
from DHW pipes, which incorporated a high level of detail whilst 
enabling quick and easy parameter variation. Historically, models pre
sented in the literature have achieved one of these objectives in isola
tion, but to the authors knowledge, this is the first study to achieve them 
simultaneously. The parameter which has typically been the barrier to 
achieving the objectives simultaneously is the shower interval. In other 
models, this has either been ignored, simplified excessively, or required 
a time series input. The time series input leads to a lack of flexibility in 
the model inputs, as well as longer run-times. DHW-HLP addressed this 
limitation by developing equations as a function of the shower interval, 
so shower interval was a single input. 

Additionally, DHW-HLP presented a novel perspective, considering 
the heat loss from pipes in terms of its impact on the total hot water 
consumption, which is more representative than presenting the heat loss 
as an energy value. Consideration of the impact on hot water con
sumption accounts for the fact that all the water in the pipe needs to be 
flushed if the temperature of the hot water pipe falls below the target 
shower temperature. 

The sensitivity analysis conducted in this study has enabled a better 
understanding of the variability of heat loss reported previously. Ken
way et al. (2019) greatly improved on the calculation of heat loss from 
pipes by using a 1-minute resolution time-series analysis. This ensured 
that all shower intervals were adequately captured. However, due to the 
detailed nature of this model, and time required to process simulations, 
it did not have the power to assess a wide range of scenarios. DHW-HLP 
overcomes this limitation and offers flexibility to vary parameters and 
assess sensitivity, and still captures all shower intervals (refer to Sup
plementary Information for a comparison between DHW-HLP and 
DYNWAREHO). 

A key implication of the results is that insulation of pipes may not 
have a significant impact on the additional hot water consumption due 
to heat loss. After 60 min, the water cooled below 37 ◦C in all but the 
most extreme cases (Fig. 3c). Therefore, even with the best insulation, all 
the water in the pipe needed to be flushed if the shower interval was 
greater than 60 min. So beyond 60 min, the insulation did not influence 
the additional hot water consumption due to heat loss from pipes. 

Conversely, one of the more effective options to conserve DHW 

would be to reduce length and radius of hot water pipes. This is also 
effective to conserve water and is most relevant to new households. 
Locating the hot water system as close as possible to the end-use will 
reduce the standing heat loss from pipes, saving water and energy 
(Klein, 2013). It may be beneficial to review sizing guidelines for hot 
water piping, which are often oversized due to outdated requirements. 

Another insight from these results is that energy and water can be 
saved by taking showers within a 20–25 min window of each other. 
Whilst this is not necessarily a feasible behaviour change in all house
holds, it may be beneficial to advertise this fact to households, as some 
may wish to act on it. Another way to reduce the shower interval could 
be for individuals to make use of communal showering facilities, such as 
end-of-trip facilities for cyclists. 

This study could be crucial to informing decisions for households, 
government and utilities to target energy and water consumption of hot 
water systems. For example, it may inform future updates to building 
codes with respect to length and insulation guidelines. It could also 
support household incentives to achieve energy efficient hot water 
systems. Additionally, it may inform household behaviours, with 
knowledge of the energy and water efficiency of back-to-back 
showering. 

3.3. Limitations and future work 

The validation of this model is limited (only four cases are assessed), 
however this is consistent with most studies in this field. To date, 
complete validation of heat loss models against household data has not 
been possible. For example, Tanha et al. (2015) conducted validation of 
the energy requirements for hot water in two households, however their 
study did not model hot water consumption. Conversely, Binks et al. 
(2016) modelled the hot water consumption as well as associated en
ergy, and although they validated against total measured household 
energy consumption, they did not have data for the hot water system 
energy requirements. 

Therefore, we strongly recommend that future work in this field 
prioritises data collection for validation. This would require extensive 
metering of households, including hot water flowrates, appliance flow
rates and times of use, hot water tank energy input, and temperatures in 
the tank and along the hot water pipes (Heidari et al., 2022). Alterna
tively, it would require the establishment of customised laboratory 
testing facilities. The technical parameters of the hot water system 
would need to be recorded in parallel, for example the tank size, pipe 
lengths, insulation thickness etc. To build on the literature, this data 
would need to be collected simultaneously for at least one household. 
However, to validate the model with confidence, it would need to be 
collected for a much larger number of households. 

Whilst this study has expanded on previous literature by considering 
heat loss from pipes in more than 10 individual household configura
tions, the results are specific to detached dwellings with non-circulating 
hot water systems in the location of Melbourne. However, this tool could 
be applied to new scenarios with relative ease. The most important 
scenarios to consider in future would be the application to circulating 
hot water systems, large apartment buildings and colder climates. Based 
on the trends presented in this study, circulating hot water systems 
would likely result in greater energy use than a detached dwelling, but 
similar levels of water waste due to sections of non-circulating pipes at 
the draw-offs. For colder climates, the hot water systems and piping are 
more likely to be located indoors, so the temperature around the pipe 
would likely be more consistent at about 18–20 ◦C. Thus the water waste 
as a result of heat loss would be smaller due to a reduced driving force 
for heat transfer. We recommend that these scenarios be tested with 
further modelling. 

Additionally, this study has not quantified the implications for cost 
and carbon emissions. However, the analysis presented here could be 
used to inform design of solutions to reduce water and energy con
sumption and subsequent economic and life cycle analysis of those 
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solutions. Based on our results, it is anticipated that the reduction in 
water and energy consumption would result in reductions to household 
costs and carbon emissions, but this would need to be verified with 
additional modelling and analysis. 

4. Conclusions 

Simulations based on Melbourne, Australia showed that the median 
additional hot water consumption due to heat loss from hot water pipes 
was 1.4 L/shower (4.0 %), with an interquartile range of 0.8 to 2.2 L/ 
shower (1.9 to 8.9 %). This corresponded to an additional 108 kWh/ 
household/year energy consumption on average, which has associated 
cost and carbon emissions. The result is directly applicable to the context 
of Melbourne detached dwellings, however the range of input parame
ters used has similarities with other cities and household types. 

The impact of heat loss from pipes between hot water events 
(standing loss) was greater than the impact of heat loss during hot water 
events (flowing loss) in the majority of cases. The additional hot water 
consumption due to standing loss was 6.4 % on average, and due to 
flowing loss was 0.6 %. This was largely due to the need to flush the 
entire hot water pipe in cases where the shower interval is high, because 
water had cooled below the showering temperature. 

The simulated key factors influencing the additional hot water con
sumption due to heat loss from pipes were the pipe length and radius, 
along with shower interval and duration. Insulation thickness was found 
to have little impact on the additional hot water consumption due to 
heat loss from pipes. Simulations suggested the hot water cools to below 
the shower temperature within 30 min of showering in most cases, even 
with the best insulation. 

This study has presented a novel model (DHW-HLP) to determine the 
additional hot water consumption due to heat loss from hot water pipes, 
which simultaneously enabled detailed analysis, and flexibility to 
conduct parameter variation. This enabled new insights into the po
tential key factors influencing heat loss from pipes. With further vali
dation in future, these insights may be used to inform policy and 
regulation for behaviours and designs that enhance water and energy 
efficiency, consequently reducing carbon emissions and household 
costs. 
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