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Highlights: 

• Performance frameworks must consider site and user behaviour parameters. 
• Policies on SWHs need to provide directions on best practices for operation. 
• Dust accumulation on collectors impacts significantly SWHs performance. 
• Split SWHs generally outperform thermosiphon SWHs. 
• Efficient solar collectors improve the protection against Legionella spp. 

Abstract 

A multi-parametric sensitivity analysis of Solar Water Heater (SWH) systems was undertaken for the city of Brisbane in 
Australia using computational models calibrated by experimental data. The models were calculated using EnergyPlus 
8.6. The following technical specification parameters were assessed in the modelling: (i) solar collector efficiency; (ii) 
solar collector area; (iii) tank volume; (iv) tank heat loss; (v) electric back-up heating power rate; (vi) electric back-up 
heating position (height) for vertical tanks; and (vii) electric back-up heating temperature range. The site-specific 
parameters included: (i) solar collector direction; (ii) solar collector tilt angle; (iii) solar collector shadowing; (iv) solar 
collector dust accumulation; (v) hot water pipe insulation; (vi) hot water pipe length; (vii) electricity tariff time-of-use; 
and (viii) cold water temperature. User behaviour patterns were comprised of the following parameters: (i) end-use 
water temperature; (ii) end-use water demand; and (iii) end-use time-of-use. For all parameters, two system types were 
assessed, namely: (i) thermosiphon systems with natural (passive) circulation in collectors and unstratified horizontal 
hot water storage tanks; and (ii) split systems with forced (pumped) circulation in collectors and stratified vertical hot 
water storage tanks. The performance of SWHs was analysed considering both energy performance indicators (i.e. total 
and peak-hour energy consumption, solar fraction and energy intensity) and level of service indicators (i.e. compliance 
with recommended hot water temperatures for Legionella spp. control and comfort levels). Notwithstanding the 
prevalence of thermosiphon systems among SWH technologies, results indicate that split systems usually outperformed 
thermosiphon systems both in terms of energy efficiency and level of service, and hence should be a preferred option 
for energy efficiency initiatives and policies.   

Keywords: solar water heater; sensitivity analysis; site-specific variables; technical specifications; energy performance; 
level of service.   
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Nomenclature 

CV Coefficient of variation 
CWT Cold water temperature 
EHP Electric back-up heating position 
EHT Electric back-up heating temperature range 
EPR Electric back-up heating power rate 
ETD Electricity tariff time-of-use 
EWD End-use water demand 
EWT End-use water temperature 
EWU End-use water time-of-use 
GHG Greenhouse Gas 
HPI Hot water pipe insulation 
HPL Hot water pipe length 
IoT Internet of Things 
LE Lower-extreme energy efficiency class 
LS Lower-standard energy efficiency class 
p Null-hypothesis probability (similarity) 
R2 Coefficient of determination 
RET Renewable Energy Target 
S Standard energy efficiency class 
SCA Solar collector area 
SCDi Solar collector direction 
SCDu Solar collector dust accumulation 
SCE Solar collector efficiency 
SCS Solar collector shadowing 
SCT Solar collector tilt angle 
SWH Solar Water Heater 
TKI Tank heat loss 
TKV Tank volume 
TLR6 Toll-like receptor 6 
UE Upper-extreme energy efficiency class 
US Upper-standard energy efficiency class 

 

 Introduction 1.

Australia has one of the largest greenhouse gas (GHG) footprints among developed countries in the world due to its 
considerable reliance on fossil fuels for energy supply [1–3]. However, the country receives one of the greatest 
quantities of solar radiation on earth, i.e. 1.5–1.9 MWh·m-2·year-1 on average [4]. As a result, the use of solar energy 
technologies has increased considerably (e.g. 7.2% per annum from 2000 to 2008) in Australia in the last two decades in 
connection with the sanction of national policies on GHG emissions mitigation since 1997 [5]. These measures were 
usually implemented as part of government renewable energy rebate policies, e.g. Small-Scale Renewable Energy 
Scheme [3]. To date, the aim of such policies is to achieve at least 20% of electricity supply from renewable energy 
sources by 2020 as part of the Renewable Energy Target (RET) set by the Australian Federal Government, i.e. 33 TWh 
per year by 2020 [6,7]. 
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Solar water heater (SWH) technologies were among the main strategies endorsed by renewable energy rebate schemes 
funded by the Australian government in the past decades. Since the 1950s, this technology has been researched and 
developed by Australian research and commercial institutions [8]. Notwithstanding developments in SWH technologies 
in the country, the proportion of the residential building stock with SWHs is approximately 5% in Australia [3,4]. 
Traditionally, the most popular system is flat plate thermosiphon SWHs [4], but there has been an increase in the use of 
split SWHs.  

In spite of general benefits associated with the use of SWHs in residences in Australia, the performance and electricity 
savings promoted by these systems is considerably influenced by the characteristics of their components, site-specific 
conditions and user behaviour. Therefore, SWHs may present inherent cost and efficiency limitations [2]. While cost 
limitations associated with SWHs for Australian households may be overcome with government renewable energy 
rebate schemes, efficiency limitations may persist if a careful selection of SWHs is not undertaken. As discussed by 
Mills [9], the performance of SWHs must be determined by using detailed models, rather than general approaches as the 
one defined by the Australian Standard AS 4234 – Heated water systems, calculation of energy consumption [10]. 

The assessment of SWHs must encompass a holistic approach based on multi-parametric analyses and associations 
between energy performance and service level indicators. Seldom are SWHs assessed considering a large range of 
variables and indicators under a single assessment framework. Nonetheless, recent studies on SWHs have addressed 
important aspects related to assessment frameworks, technological advancements, site-specific conditions, and user 
behaviour patterns. For instance, Allouhi et al. [11] indicated the importance of more efficient systems to reduce the 
reliance on energy from the electricity grid; Duomarco [12] pointed out the benefits of systems with high solar fractions; 
Halaway [13] alerted to the necessity of reviewing periodically the input assumption used to estimate the performance 
of SWHs, e.g. the standard AS/ANZ 4234:2008 on energy consumption modelling; Li et al. [14] showed that the 
application of vertical solar collectors are equally influence by site specific conditions, e.g. water consumption pattern 
and seasonal solar radiation; Yan et al. [15] demonstrated that considerable amounts of energy are missed due to a 
mismatch of solar collector energy supply and heating demand loads; Saravanan et al. [16] described the connection 
between technological advancements and performance improvements in the design of solar collectors; Tanha et al. [17] 
found that performance of systems is usually lower than the one described by manufacturers; Xue [18] studied the 
performance of new phase change materials for SWHs, which were significantly influenced by site conditions, e.g. cold 
water temperature and solar radiation variability; Lamnatou et al. [19] identified a lack of studies on the configuration 
of solar systems for building integrated design; Li et al. [20] investigated the impact of urban forms on the performance 
of solar systems, revealing a lower influence of site conditions (e.g. site coverage, building azimuths, etc.) on the 
performance of systems installed in low- and medium-density areas as opposed to high-density areas; Edwards et al. [21] 
suggested the use of variable water consumption loads based on empirical data, rather than static daily water 
consumption profiles, for performance assessment models of SWHs; Gill et al. [22] details in a qualitative analysis the 
interdependence among households, technologies and policies on SWHs, e.g. failure to achieve policy goals (household 
carbon emission reduction) and benefits for households (energy savings) due to a lack of quality professional advice and 
installation of systems; Lin et al. [23] assessed the financial feasibility of SWHs, which was dependent upon the daily 
water consumption pattern; and so on.  

Notwithstanding the vast number of studies on SWHs, there is a dearth of studies that comprehensively integrates 
various technical specification parameters, site-specific conditions, and user behaviour aspects in order to holistically 
evaluate the performance of SWHs across multiple key performance indicators. The objective of the herein study is to 
assess the performance of SWHs for the city of Brisbane in Australia using a multi-parametric sensitivity analysis for 
technical specifications, site-specific conditions and user behaviour variables taking into account energy performance 
and service level indicators. The analysis was carried out considering the variability of 19 parameters and six 
performance indicators. 
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 Research method 2.

This section provides an overview of the research method undertaken in this study. The study encompasses an analysis 
of SWHs focused on energy performance indicators (i.e. annual energy consumption, energy intensity, solar fraction and 
peak energy consumption) and level of service indicators (i.e. compliance with required hot water temperatures for 
Legionella spp. control and comfort levels). In order to accomplish the aim of the study, SWHs were assessed for the 
climate of the city of Brisbane considering 19 parameters combined into 192 scenarios emulated using calibrated 
computational models. Models were undertaken using the software EnergyPlus 8.6. The result of models were 
employed to analyse the influence of different technical specifications, site-specific conditions and user behaviour 
parameters on the six performance indicators of SWHs. Fig. 1 summarises the study method. 

 

 

Fig. 1. Flow chart of the study method. 
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In the supplementary material, a detailed explanation on supporting analyses is provided, including: (i) 
computational model calibration using a field experiment conducted in Brisbane, Australia (S-A); and (ii) review 
of input parameters for the sensitivity analysis (S-B). 

   

 

2.1. Sensitivity analysis inputs 

A sensitivity analysis was undertaken to evaluate the performance of split SWHs with vertical stratified tanks and 
thermosiphon SWHs with horizontal mixed tanks. Electricity was required during auxiliary heating events in split and 
thermosiphon systems alike, and for operating the pump of the circulation system between solar collectors and the tank 
in split systems only. In the analysis, three input categories were taken into account, namely: (i) technical specifications; 
(ii) site-specific conditions; and (iii) user behaviour. 

The value range for most of the input parameters was based on five energy efficiency classes, i.e. lower-extreme (LE), 
lower-standard (LS), standard (S), upper-standard (US) and upper-extreme (UE). The variability of such values was 
statistically determined for stochastic parameters, whereas prior studies and expert appraisal were adopted for 
non-stochastic parameters range estimation (refer to Supplementary material S-B for more details). The performance 
analysis was undertaken considering the variation of values for single parameters at a time, while the other parameters 
were kept constant at the reference category. The reference category was fixed at the S class, except for the following 
parameters in accordance with the local solar market practices: solar collector efficiency at LS, solar collector direction 
at UE, solar collector tilt angle at UE, solar collector shadowing direction at UE, and tariff power interruption at LE. 
Therefore, the 19 parameters were combined into 192 scenarios by emulating eight directions for two parameters (solar 
collector orientation and shadowing, n=16) and five values for other 16 parameters (n=80), with a total of 96 scenarios 
for two system types (split and thermosiphon systems, n=192).  

 

2.2. Key performance indicators 

Each studied parameter was analysed considering performance indicators related to energy efficiency and level of 
service under a single framework. This approach provides a holistic analysis of SWHs, as conservative service levels 
may lead to excessive electricity consumption, whereas low energy consumption may be associated with reduced 
service levels. 

Energy efficiency indicators encompassed the electricity consumption of auxiliary heating elements of SWHs, including 
the total annual electricity consumption as well as the peak-hour electricity consumption for the energy grid (i.e. from 4 
pm to 8 pm). The total electricity consumption of SWHs was calculated by totalising the electric energy consumption of 
simulation scenarios for one year. The peak-hour electricity consumption was calculated in an analogous way to the 
total electricity consumption, but considering peak-hours only.  

The solar fraction of SWHs was also used as an indicator. It was calculated as the quotient of the amount of solar energy 
to the total energy consumption of SWHs (i.e. solar energy and electricity). The consumed solar energy was calculated 
as a function of the subtraction between the total energy consumption and the electricity requirements of SWHs. 
Moreover, energy efficiency indicators also included electric energy intensity (unit of energy per unit of water 
consumption). 

Service indicators were related to compliance levels with temperature thresholds for comfort level of users at end-use 
points and protection against Legionella spp. growth in hot water tanks. The compliance level with the end-use point 
temperatures was analysed by comparing the supplied water temperature with their set-point temperature. The required 
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criteria for Legionella spp. control was adopted based on a continuous supply temperature at the storage tank outlet (top 
hot water layer) of 60 °C as suggested by Bédard et al. [24] and Boppe et al. [25] among other current studies published 
by government agencies (e.g. UK [26]). Notwithstanding the general inhibition of Legionella spp. for temperature equal 
to 60 °C, such bacteria group may persist under growth-restrictive temperatures (<20 and >55 °C) and heat shocks 
(70°C for 30 minutes) [27]. 

The herein assessment of Legionella spp. control temperature only provides an indication of the susceptibility of hot 
water supply systems to Legionella spp. growth as described in Table 1. Mercante and Winchell [27] pointed out that 
the proliferation of Legionella spp. in hot water supply systems is not directly associated with clinical cases of 
legionellosis, as this disease tend to occur when other underlying factors in addition to exposure to aerosols with 
Legionella spp. are present, such as: over 50 years-old man with lung disease, immunosuppression, smoking, recent 
travel, diabetes, cancer, acquired immune deficiency syndrome, end-stage renal disease, and human cellular Toll-like 
receptor 6 (TLR6) mutations. The authors also reported that the number of legionellosis has increased in the past 
decades, which may be attributed to a rise in diagnostic testing techniques, improvements in reporting, and growth of 
vulnerable elderly population. 

Table 1. Legionella spp. proliferation risk in hot water supply systems. 
Water heater outlet temperature (°C) Time frequency (%) Risk 
≥ 60 100  Very low 
≥ 60 90-99 Low 
≥ 60 51-89 Intermediate 
≥ 60 0-50 High 

Note: Adapted from Bédard et al. [24]. 

 Performance analysis 3.

Among the 19 studied parameters, the sensitivity analysis revealed a diversified interaction among the performance of 
SWHs, both in terms of energy efficiency and level of service, and the variability of technical specifications of SWHs, 
site specific conditions and user behaviour. As shown in Table 2, the electricity consumption of SWHs underwent a 
significant variation under different energy efficiency classes for most of the parameters. 

 

Table 2. Absolute and relative change in electricity consumption. 
System type Split with stratified vertical tank Thermosiphon with mixed horizontal tank 

Energy efficiency class LE LS S US UE LE LS S US UE 

So
la

r 
co

lle
ct

or
 

Efficiency (%) 39 43 56 64 67 39 43 56 64 67 
Electricity use (kWh/year) 416 340 118 107 100 450 365 61 42 32 
Electricity use change (%)  22 0 -65 -68 -71 23 0 -83 -88 -91 

Area (m2) 1.8 2.8 5.6 9.0 10.4 1.8 2.8 5.6 9.0 10.4 
Electricity use (kWh/year) 1072 749 340 201 176 875 643 365 236 219 
Electricity use change (%)  215 120 0 -41 -48 140 76 0 -36 -40 

Direction/orientation* S SE/SW E/W NE/NW N S SE/SW E/W NE/NW N 
Electricity use (kWh/year) 1099 940 614 397 340 1023 893 662 438 365 
Electricity use change (%)  223 177 80 17 0 180 144 81 20 0 

Tilt angle 90° 0° 13.7° 47.4° 27.4° 90° 0° 13.7° 47.4° 27.4° 
Electricity use (kWh/year) 1314 609 437 381 340 1270 - 489 401 365 
Electricity use change (%)  286 79 29 12 0 248 - 34 10 0 

Shadowing direction* N NE/NW E/W S/SE/SW None N NE/NW E/W S/SE/SW None 
Electricity use (kWh/year) 586 447 354 347 340 642 509 394 369 365 
Electricity use change (%)  72 31 4 2 0 76 39 8 1 0 
Dust radiation decline (%) 64.0 47.0 5.0 2.7 0.0 64.0 47.0 5.0 2.7 0.0 
Electricity use (kWh/year) 1584 1234 340 312 283 1449 1235 365 332 294 
Electricity use change (%)  366 263 0 -8 -17 297 238 0 -9 -19 

H
ot

 w
at

er
 

ta
nk

 Volume (litres) 90 250 315 450 630 90 250 315 450 630 
Electricity use (kWh/year) 549 372 340 354 385 774 434 365 291 240 
Electricity use change (%)  62 10 0 4 13 112 19 0 -20 -34 

Heat loss (W/K) 3.1 1.3 0.8 0.5 0.2 3.1 1.3 0.8 0.5 0.2 
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Note: * North (N), Northeast (NE), Northwest (NW), East (E), West (W), Southeast (SE), Southwest (SW), South (S); ** 
Adiabatic (AD) 
 
Under the reference energy efficiency class for each parameter (base scenario), split and thermosiphon SWHs had an 
electricity consumption of 340 and 365 kWh·year-1 per household, respectively, with an equivalent energy intensity of 
approximately 6 kWh·m-3. The use other energy efficiency classes showed a significant effect on the electricity savings 
of SWHs. For instance, the replacement of lower-standard collectors (most popular collector category in the local 
market) with standard performance collectors (median efficiency level among the 135 glazed solar collectors’ sample) 
promoted a decrease in energy intensity of 65% (1 kWh·m-3) for split systems and 83% (2 kWh·m-3) for thermosiphon 
systems. Conversely, a 64% transmittance reduction on solar collectors associated with excessive levels of dust 
accumulation, or other type of dirt (e.g. grime, bird drops, etc.), may almost eliminate the solar energy collection of 
SWHs. Under such conditions, there exists a tremendous increase in electricity consumption and associated energy 
intensity to ranges comparable to electric water heaters, i.e. 25 and 28 kWh·m-3 for thermosiphon and split SWHs, 
respectively. 

Reductions in the electricity consumption during peak-hours for the energy grid (i.e. from 4 pm to 8 pm) were mainly 
related to two major SWHs groups, namely: (i) systems with high energy efficiency and low electricity requirements 
during peak-hours; and (ii) systems with low energy efficiency with a random displacement of electricity consumption 
from peak-hours. The peak electricity consumption analysis is summarised in Table 3.    

Table 3. Absolute and relative change in peak electricity consumption. 

Electricity use (kWh/year) 1569 605 340 241 165 963 507 365 303 246 
Electricity use change (%)  361 78 0 -29 -51 163 39 0 -17 -33 
Cold water connection (°C) 14-21 16-23 20-27 24-31 26-33 14-21 16-23 20-27 24-31 26-33 

Electricity use (kWh/year) 517 452 340 248 212 636 544 365 213 160 
Electricity use change (%)  52 33 0 -27 -38 74 49 0 -42 -56 

H
ot

 w
at

er
 p

ip
e Insulation (R-value) 0.0 0.2 0.3 1.0 AD** 0.0 0.2 0.3 1.0 AD** 

Electricity use (kWh/year) 433 343 340 339 297 406 368 365 362 270 
Electricity use change (%)  27 1 0 0 -13 11 1 0 -1 -26 

Length (metres) 18 15 9 5 0 18 15 9 5 0 
Electricity use (kWh/year) 364 356 340 331 298 411 402 365 326 270 
Electricity use change (%)  7 5 0 -3 -12 13 10 0 -11 -26 

E
le

ct
ri

ca
l i

ns
ta

lla
tio

n 

Element power (kW) 5.5 4.8 3.0 1.5 0.9 5.5 4.8 3.0 1.5 0.9 
Electricity use (kWh/year) 325 325 340 348 328 367 367 365 352 334 
Electricity use change (%)  -4 -4 0 2 -3 1 0 0 -4 -9 
Element tank height (%) 0 25 50 75 100 - - - - - 
Electricity use (kWh/year) 1029 460 340 280 245 - - - - - 
Electricity use change (%)  203 35 0 -18 -28 - - - - - 

Set-point temperature (°C) 80 74 60 53 50 80 74 60 53 50 
Electricity use (kWh/year) 1334 965 340 182 143 1195 918 365 173 137 
Electricity use change (%)  292 184 0 -47 -58 227 151 0 -53 -62 
Tariff power interruption (h) 0 2 3 6 16 0 2 3 6 16 
Electricity use (kWh/year) 340 337 337 320 175 365 365 365 321 236 
Electricity use change (%)  0 -1 -1 -6 -49 0 0 0 -12 -35 

U
se

r 
be

ha
vi

ou
r 

End-use temperature (°C) 50 47 40 35 33 50 47 40 35 33 
Electricity use (kWh/year) 571 517 340 239 206 814 664 365 192 129 
Electricity use change (%)  68 52 0 -30 -39 123 82 0 -48 -65 

Water demand (litres/day) 233 210 155 100 77 233 210 155 100 77 
Electricity use (kWh/year) 612 521 340 208 162 815 664 365 138 88 
Electricity use change (%)  80 53 0 -39 -52 123 82 0 -62 -76 
Time of peak use hour (24h) 6:50 7&17 7:30&18 9&20 9:40 6:50 7&17 7:30&18 9&20 9:40 
Electricity use (kWh/year) 350 342 340 291 248 349 364 365 334 300 
Electricity use change (%)  3 0 0 -14 -27 -5 0 0 -8 -18 

System type Split with stratified vertical tank Thermosiphon with mixed horizontal tank 
Energy efficiency class LE LS S US UE LE LS S US UE 

So
la

r 
co

lle
ct

or
 

Efficiency (%) 39 43 56 64 67 39 43 56 64 67 
Peak use (kWh/year) 12 17 6 3 0 72 91 15 8 8 
Peak use change (%)  -27 0 -65 -81 -100 -21 0 -83 -92 -92 

Area (m2) 1.8 2.8 5.6 9 10.4 1.8 2.8 5.6 9 10.4 
Peak use (kWh/year) 32 22 17 10 7 114 109 91 80 79 
Peak use change (%)  89 32 0 -41 -59 25 20 0 -12 -14 

Direction/orientation* S SE/SW E/W NE/NW N S SE/SW E/W NE/NW N 
Peak use (kWh/year) 207 155 25 16 18 49 387 67 58 91 
Peak use change (%)  1023 738 36 -15 0 -46 323 -27 -36 0 

Tilt angle 90° 0° 13.7° 47.4° 27.4° 90° 0° 13.7° 47.4° 27.4° 
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Note: * North (N), Northeast (NE), Northwest (NW), East (E), West (W), Southeast (SE), Southwest (SW), South (S); ** 
Adiabatic (AD) 
 

The use of high energy performance systems was associated with a significant decrease in peak-hour electricity 
requirements, e.g. total displacement of electricity from peak-hours by adopting split SWHs with upper-extreme solar 
collector efficiency. This outcome has a direct benefit for the energy sector, as a reduction in peak-hour electricity 
consumption usually contributes to a deferral of capital expenditures for upgrades of energy grids. Peak-hour electricity 
reductions were also achieved by systems with low performance (e.g. thermosiphon SWHs with North shadowing or 64% 
transmittance reduction due to dust accumulation in collectors). Notwithstanding this apparent benefit, such systems 
have a limited electricity saving potential and may lead to a considerable increase in the peak-hour energy consumption 
depending on user behaviour pattern. The use of split SWHs with electric heating element placed at the bottom of hot 
water tanks showed the largest increase in peak-hour electricity consumption (21-fold) in relation to the base scenario. 
This system configuration (i.e. heating element and thermostat positioned at the same level as the cold water inlet) 
operates constantly heating cold water, and hence provides a larger hot water supply capacity by jeopardising the 
potential of split SWHs to divert electricity consumption from peak-hours. 

The solar energy use proportion in relation to the total energy requirement of SWHs (solar fraction) was mainly 
influenced by factors associated with the characteristics of solar collectors (Table 4); however, other factors related to 
user behaviour and back-up electricity heating set-point temperature also played an important role in the solar fraction 
of SWHs. 

Peak use (kWh/year) 162 17 13 15 17 318 - 31 128 91 
Peak use change (%)  869 0 -21 -12 0 247 - -66 40 0 

Shadowing direction* N NE/NW E/W S/SE/SW None N NE/NW E/W S/SE/SW None 
Peak use (kWh/year) 32 25 19 18 17 48 93 91 91 91 
Peak use change (%)  89 48 13 3 0 -48 1 -1 0 0 

Dust radiation decline (%) 64 47 5 2.7 0 64 47 5 2.7 0 
Peak use (kWh/year) 172 59 18 15 16 6 80 91 82 79 
Peak use change (%)  833 219 0 -16 -13 -93 -13 0 -11 -14 

H
ot

 w
at

er
 ta

nk
 

Volume (litres) 90 250 315 450 630 90 250 315 450 630 
Peak use (kWh/year) 43 28 18 21 41 172 71 91 94 67 
Peak use change (%)  134 54 0 12 122 88 -23 0 2 -27 

Heat loss (W/K) 3.08 1.32 0.75 0.47 0.18 3.08 1.32 0.75 0.47 0.18 
Peak use (kWh/year) 125 36 17 10 5 164 61 91 88 96 
Peak use change (%)  638 113 0 -43 -71 79 -33 0 -4 5 

Cold water connection (°C) 14-21 16-23 20-27 24-31 26-33 14-21 16-23 20-27 24-31 26-33 
Peak use (kWh/year) 12 15 17 9 7 118 78 91 63 52 
Peak use change (%)  -27 -11 0 -44 -58 29 -15 0 -32 -43 

H
ot

 w
at

er
 p

ip
e Insulation (R-value) 0 0.2 0.3 1 AD** 0 0.2 0.3 1 AD** 

Peak use (kWh/year) 29 19 18 18 12 85 92 91 88 90 
Peak use change (%)  56 3 0 -4 -33 -7 0 0 -4 -2 

Length (metres) 18 15 9 5 0 18 15 9 5 0 
Peak use (kWh/year) 15 18 17 17 12 86 68 91 78 89 
Peak use change (%)  -14 5 0 -3 -30 -5 -25 0 -14 -2 

E
le

ct
ri

ca
l i

ns
ta

lla
tio

n 

Element power (kW) 5.5 4.8 3 1.5 0.9 5.5 4.8 3 1.5 0.9 
Peak use (kWh/year) 26 27 18 18 19 91 91 91 91 32 
Peak use change (%)  42 44 0 -1 2 0 0 0 -1 -65 

Element tank height (%) 0 25 50 75 100 - - - - - 
Peak use (kWh/year) 381 83 17 6 10 - - - - - 
Peak use change (%)  2140 387 0 -67 -42 - - - - - 

Set-point temperature (°C) 80 74 60 53 50 80 74 60 53 50 
Peak use (kWh/year) 67 48 17 11 4 323 248 91 45 25 
Peak use change (%)  292 184 0 -36 -75 253 171 0 -51 -73 

Tariff power interruption (h) 0 2 3 6 16 0 2 3 6 16 
Peak use (kWh/year) 17 3 0 0 0 91 1 0 0 0 
Peak use change (%)  0 -84 -100 -100 -100 0 -98 -100 -100 -100 

U
se

r 
be

ha
vi

ou
r 

End-use temperature (°C) 50 47 40 35 33 50 47 40 35 33 
Peak use (kWh/year) 33 21 17 8 3 147 129 91 38 48 
Peak use change (%)  97 28 0 -53 -80 61 42 0 -59 -47 

Water demand (litres/day) 233 210 155 100 77 233 210 155 100 77 
Peak use (kWh/year) 33 22 17 5 6 116 109 91 49 28 
Peak use change (%)  95 31 0 -71 -66 27 19 0 -46 -69 

Time of peak use hour (24h) 6:50 7&17 7:30&18 9&20 9:40 6:50 7&17 7:30&18 9&20 9:40 
Peak use (kWh/year) 5 17 17 4 3 0 98 91 3 0 
Peak use change (%)  -71 1 0 -74 -83 -100 7 0 -97 -100 



9 
 

Table 4. Absolute and relative change in solar energy fraction. 

Note: * North (N), Northeast (NE), Northwest (NW), East (E), West (W), Southeast (SE), Southwest (SW), South (S); ** 
Adiabatic (AD) 

 

The maximum solar fraction (98%) was reached with the use of solar collectors in the upper extreme energy efficiency 
class, i.e. solar collectors with a 67% solar energy collection efficiency. Conversely, the use of lower extreme tilt angles 
(vertical position) and dust accumulation levels (64% transmittance reduction) in solar collectors promoted a 
considerable decline in the solar fraction of SWHs, with a minimum of 1% for thermosiphon SWHs with 64% dust 
accumulation. User behaviour also showed a significant influence on the solar fraction of SWHs; for example, lower- 
and upper-extreme water consumption patterns (77 and 233 litres·day-1, respectively) were associated with an increase 
and decrease of 20% in the solar fraction of thermosiphon SWHs in relation to the base scenario. By decreasing the 

System type Split with stratified vertical tank Thermosiphon with mixed horizontal tank 
Energy efficiency class LE LS S US UE LE LS S US UE 

So
la

r 
co

lle
ct

or
 

Efficiency (%) 39 43 56 64 67 39 43 56 64 67 
Solar fraction (%) 82 86 97 98 98 71 76 97 98 98 

Solar fraction change (%)  -5 0 13 14 14 -7 0 28 29 29 
Area (m2) 1.8 2.8 5.6 9 10.4 1.8 2.8 5.6 9 10.4 

Solar fraction (%) 45 64 86 93 94 41 57 76 85 86 
Solar fraction change (%)  -48 -26 0 8 9 -46 -25 0 12 13 

Direction/orientation* S SE/SW E/W NE/NW N S SE/SW E/W NE/NW N 
Solar fraction (%) 42 52 71 83 86 31 40 57 72 76 

Solar fraction change (%)  -51 -39 -17 -4 0 -59 -47 -26 -6 0 
Tilt angle 90° 0° 13.7° 47.4° 27.4° 90° 0° 13.7° 47.4° 27.4° 

Solar fraction (%) 29 72 81 83 86 14 - 68 74 76 
Solar fraction change (%)  -67 -17 -6 -3 0 -82 - -10 -4 0 

Shadowing direction* N NE/NW E/W S/SE/SW None N NE/NW E/W S/SE/SW None 
Solar fraction (%) 73 79 85 85 86 58 67 74 76 76 

Solar fraction change (%)  -16 -7 -1 0 0 -24 -13 -3 0 0 
Dust radiation decline (%) 64 47 5 2.7 0 64 47 5 2.7 0 

Solar fraction (%) 13 35 86 87 89 1 16 76 79 81 
Solar fraction change (%)  -85 -59 0 2 3 -99 -79 0 3 6 

H
ot

 w
at

er
 ta

nk
 

Volume (litres) 90 250 315 450 630 90 250 315 450 630 
Solar fraction (%) 69 83 86 86 86 50 72 76 81 84 

Solar fraction change (%)  -20 -3 0 1 1 -35 -6 0 6 10 
Heat loss (W/K) 3.08 1.32 0.75 0.47 0.18 3.08 1.32 0.75 0.47 0.18 

Solar fraction (%) 60 78 86 89 92 59 71 76 79 82 
Solar fraction change (%)  -30 -9 0 3 7 -22 -7 0 4 8 
Cold water connection (°C) 14-21 16-23 20-27 24-31 26-33 14-21 16-23 20-27 24-31 26-33 

Solar fraction (%) 81 82 86 89 90 67 70 76 84 87 
Solar fraction change (%)  -6 -4 0 4 5 -12 -9 0 9 13 

H
ot

 w
at

er
 p

ip
e Insulation (R-value) 0 0.2 0.3 1 AD** 0 0.2 0.3 1 AD** 

Solar fraction (%) 83 86 86 86 87 75 76 76 77 81 
Solar fraction change (%)  -4 0 0 0 2 -2 0 0 0 6 

Length (metres) 18 15 9 5 0 18 15 9 5 0 
Solar fraction (%) 85 85 86 86 87 75 75 76 78 81 

Solar fraction change (%)  -1 -1 0 0 1 -1 -1 0 3 7 

E
le

ct
ri

ca
l i

ns
ta

lla
tio

n 

Element power (kW) 5.5 4.8 3 1.5 0.9 5.5 4.8 3 1.5 0.9 
Solar fraction (%) 87 87 86 85 86 76 76 76 77 78 

Solar fraction change (%)  1 1 0 0 1 0 0 0 1 3 
Element tank height (%) 0 25 50 75 100 - - - - - 

Solar fraction (%) 54 80 86 89 90 - - - - - 
Solar fraction change (%)  -37 -7 0 3 5 - - - - - 
Set-point temperature (°C) 80 74 60 53 50 80 74 60 53 50 

Solar fraction (%) 42 58 86 94 96 29 44 76 89 91 
Solar fraction change (%)  -51 -33 0 9 12 -62 -42 0 17 20 
Tariff power interruption (h) 0 2 3 6 16 0 2 3 6 16 

Solar fraction (%) 86 86 86 87 94 76 76 76 79 85 
Solar fraction change (%)  0 0 0 1 9 0 0 0 4 11 

U
se

r 
be

ha
vi

ou
r 

End-use temperature (°C) 50 47 40 35 33 50 47 40 35 33 
Solar fraction (%) 79 81 86 89 90 62 66 76 85 89 

Solar fraction change (%)  -7 -6 0 4 5 -19 -13 0 11 16 
Water demand (litres/day) 233 210 155 100 77 233 210 155 100 77 

Solar fraction (%) 78 81 86 91 93 61 66 76 88 91 
Solar fraction change (%)  -9 -6 0 6 8 -20 -14 0 16 20 
Time of peak use hour (24h) 6:50 7&17 7:30&18 9&20 9:40 6:50 7&17 7:30&18 9&20 9:40 

Solar fraction (%) 85 86 86 88 90 77 77 76 78 80 
Solar fraction change (%)  0 0 0 3 5 0 0 0 3 4 
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electric heating element set-point temperature from 60 to 50 °C, the solar fraction of thermosiphon SWHs increased by 
20%; nonetheless, this practice reduces the compliance level with Legionella spp. control temperatures (Table 5).     

   

Table 5. Absolute and relative change in temperature compliance levels for Legionella spp. control. 

Note: * North (N), Northeast (NE), Northwest (NW), East (E), West (W), Southeast (SE), Southwest (SW), South (S); ** 
Adiabatic (AD) 

 

The compliance levels with the Legionella spp. control temperature (60 °C) at the storage tank outlet (top hot water 
layer) was mainly influenced by the electric heating element set-point temperature. A decrease of this parameter from 
60 to 50 °C showed a reduction of 10% and 18% in compliance levels of split and thermosiphon SWHs, respectively; 
whereas, the increase of this parameter to 74 °C promoted the full compliance of all SWHs with control temperatures. 

System type Split with stratified vertical tank Thermosiphon with mixed horizontal tank 
Energy efficiency class LE LS S US UE LE LS S US UE 

So
la

r 
co

lle
ct

or
 

Efficiency (%) 39 43 56 64 67 39 43 56 64 67 
Compliance (%) 67 72 94 94 95 61 66 95 96 97 

Compliance change (%)  -7 0 31 31 32 -8 0 44 45 47 
Area (m2) 1.8 2.8 5.6 9 10.4 1.8 2.8 5.6 9 10.4 

Compliance (%) 17 41 72 83 85 27 41 66 77 79 
Compliance change (%)  -76 -43 0 15 18 -59 -38 0 17 20 
Direction/orientation* S SE/SW E/W NE/NW N S SE/SW E/W NE/NW N 

Compliance (%) 28 36 50 67 72 28 33 51 62 66 
Compliance change (%)  -61 -51 -31 -7 0 -57 -50 -22 -6 0 

Tilt angle 90° 0° 13.7° 47.4° 27.4° 90° 0° 13.7° 47.4° 27.4° 
Compliance (%) 9 51 64 66 72 10 - 62 56 66 

Compliance change (%)  -88 -30 -11 -9 0 -85 - -6 -16 0 
Shadowing direction* N NE/NW E/W S/SE/SW None N NE/NW E/W S/SE/SW None 

Compliance (%) 49 55 69 72 72 56 55 63 66 66 
Compliance change (%)  -31 -24 -4 0 0 -16 -18 -5 -1 0 

Dust radiation decline (%) 64 47 5 2.7 0 64 47 5 2.7 0 
Compliance (%) 0 7 72 74 76 1 13 66 68 72 

Compliance change (%)  -100 -90 0 3 6 -98 -81 0 3 8 

H
ot

 w
at

er
 ta

nk
 

Volume (litres) 90 250 315 450 630 90 250 315 450 630 
Compliance (%) 69 74 72 67 55 56 67 66 65 62 

Compliance change (%)  -4 3 0 -7 -24 -15 1 0 -2 -6 
Heat loss (W/K) 3.08 1.32 0.75 0.47 0.18 3.08 1.32 0.75 0.47 0.18 
Compliance (%) 32 61 72 78 84 47 61 66 69 72 

Compliance change (%)  -56 -15 0 8 17 -29 -8 0 5 9 
Cold water connection (°C) 14-21 16-23 20-27 24-31 26-33 14-21 16-23 20-27 24-31 26-33 

Compliance (%) 68 70 72 76 77 59 61 66 72 76 
Compliance change (%)  -6 -3 0 5 7 -11 -8 0 9 14 

H
ot

 w
at

er
 p

ip
e Insulation (R-value) 0 0.2 0.3 1 AD** 0 0.2 0.3 1 AD** 

Compliance (%) 68 72 72 72 73 64 66 66 66 70 
Compliance change (%)  -6 0 0 0 2 -4 0 0 -1 5 

Length (metres) 18 15 9 5 0 18 15 9 5 0 
Compliance (%) 72 72 72 73 73 63 65 66 66 69 

Compliance change (%)  0 0 0 1 1 -5 -2 0 0 5 

E
le

ct
ri

ca
l i

ns
ta

lla
tio

n 

Element power (kW) 5.5 4.8 3 1.5 0.9 5.5 4.8 3 1.5 0.9 
Compliance (%) 71 72 72 73 72 66 66 66 65 64 

Compliance change (%)  -1 -1 0 1 0 0 0 0 -2 -3 
Element tank height (%) 0 25 50 75 100 - - - - - 

Compliance (%) 87 74 72 70 69 - - - - - 
Compliance change (%)  21 3 0 -3 -4 - - - - - 

Set-point temperature (°C) 80 74 60 53 50 80 74 60 53 50 
Compliance (%) 100 100 72 66 65 100 100 66 55 54 

Compliance change (%)  39 39 0 -8 -10 52 52 0 -17 -18 
Tariff power interruption (h) 0 2 3 6 16 0 2 3 6 16 

Compliance (%) 72 72 72 72 66 66 66 66 64 57 
Compliance change (%)  0 0 0 -1 -9 0 0 0 -4 -14 

U
se

r 
be

ha
vi

ou
r 

End-use temperature (°C) 50 47 40 35 33 50 47 40 35 33 
Compliance (%) 65 67 72 77 78 57 59 66 74 77 

Compliance change (%)  -10 -7 0 6 8 -14 -11 0 12 16 
Water demand (litres/day) 233 210 155 100 77 233 210 155 100 77 

Compliance (%) 65 67 72 78 80 59 60 66 76 82 
Compliance change (%)  -10 -7 0 8 11 -11 -9 0 15 24 

Time of peak use hour (24h) 6:50 7&17 7:30&18 9&20 9:40 6:50 7&17 7:30&18 9&20 9:40 
Compliance (%) 73 72 72 71 69 80 65 66 66 79 

Compliance change (%)  1 -1 0 -1 -4 21 -2 0 0 20 
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Despite the inhibition of Legionella spp. for temperatures equal or over 60 °C, such bacteria group may persist after 
heat shocks (70°C for 30 minutes). 

Results indicate that the characteristics and conditions of solar collectors are critical to achieve low electricity 
consumption at high compliance levels with Legionella spp. control temperatures. For instance, the use of collectors 
from the upper-extreme efficiency class showed compliance levels of 95% and 97% for split and thermosiphon SWHs, 
respectively. Conversely, lower-extreme efficiency levels for dust accumulation (64%) and position (vertical) of solar 
collectors showed the poorest levels of compliance with control temperatures, i.e.0-1% and 9-10%, respectively.    

The comparison among the different parameter groups (i.e. technical specifications, site specific conditions, and user 
behaviour) showed no significant variation for the total annual electricity consumption (null-hypothesis probability 
(p) >0.70), solar fraction (p>0.25), peak-hour electricity consumption (p>0.90), and Legionella spp. control temperature 
compliance (p>0.25). The energy intensity was not tested as it is a direct function of the annual electricity consumption; 
while, results for the end-use temperature were not compared due to the full compliance of studied scenarios with this 
indicator. Fig. 2 illustrates the Coefficient of Variation (CV) of assessed parameters for key performance indicators.    

 

 

Fig. 2. Coefficient of variation of energy performance and service of level indicators. 

Note: Solar water heaters (SWHs), Electric back-up heating position (EHP), Electric back-up heating temperature range (EHT), 

Electric back-up heating power rate (EPR), Hot water pipe insulation (HPI), Solar collector area (SCA), Solar collector efficiency 

(SCE), Tank heat loss (TKI), Tank volume (TKV), End-use water demand (EWD), End-use water temperature (EWT), End-use 
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water time-of-use (EWU), Cold water temperature (CWT), Electricity tariff time-of-use (ETD), Hot water pipe length (HPL), Solar 

collector direction (SCDi), Solar collector dust accumulation (SCDu), Solar collector shadowing (SCS), and (Solar collector tilt angle 

(SCT).  

 

The variability of the annual electricity consumption expressed in CV of split and thermosiphon systems were directly 
correlated with a Coefficient of Determination (R2) equal to 0.84, which indicates a similar influence of parameters on 
both system types. Nonetheless, split systems were more sensitive to oscillations on the parameters with the largest 
impact on both systems. For example, the respective coefficients of variation of thermosiphon and split systems related 
to the annual electricity consumption were 170% and 202% for solar collector dust accumulation, 77% and 167% for 
tank heat loss, 127% and 158% for electric back-up heating temperature range, 120% and 134% for solar collector tilt 
angle, 105% and 125% for solar collection direction, and 75% and 114% for solar collector area. On the other hand, 
thermosiphon systems were more influenced than split systems by parameters with intermediate influence on SWHs, for 
which the respective CVs of split and thermosiphon systems were 52% and 79% for end-use water demand, 44% and 75% 
for end-use water temperature, 54% and 69% for solar collector efficiency, 29% and 54% for tank volume, and 35% and 
51% for cold water temperature. The remaining parameters had less than 35% variability for both split and 
thermosiphon systems. The six largest variabilities in the sensitivity analysis of annual electricity consumption were 
associated with three site-specific parameters and three technical specifications categories. Thus, in order to attain 
energy efficiency through the use of SWHs, site-specific conditions must be considered along with technical 
specifications. Moreover, user behaviour also promoted a significant variation in the electricity consumption of SWHs. 

The variability of the solar fraction indicator followed the same trend as the annual electricity consumption, with a 
direct correlation of 84% (R2=0.82). This similarity is related to the inverse correlation between these two indicators. 
For instance, their correlation was equal to 95% for thermosiphon systems, and 91% for split systems. The comparison 
of the solar fraction variability between split and thermosiphon systems revealed a larger sensitivity of the latter system 
type due to changes in the input parameter classes. Not only did split systems have a consistently higher solar fraction 
than thermosiphon systems (9% higher on average), but also their solar fraction was more resilient to modifications in 
technical specifications, site-specific conditions and user behaviour patterns. The solar fraction changeability of split 
systems was only higher than that for thermosiphon systems for the hot water tank heat loss parameter. For this 
parameter, the solar energy gains of split systems were consistently 10% above thermosiphon systems for the standard, 
upper-standard and upper-extreme classes; albeit, for the lower-extreme class, this difference was reduced to only 1%, 
for thermosiphon systems were not as prone as split systems to heat losses due to their lower average hot water 
temperature within hot water tanks.      

The peak-hour electricity consumption measure in absolute terms (kWh·year-1) was the most variable indicator. This 
indicator was particularly influenced by changes in the input parameters of split systems, reaching the single highest 
variability among parameters (CV=973%) for the electricity back-up heating position parameter. This extremely high 
oscillation is associated with an increase in auxiliary heating events when the electric heating element is positioned 
between the lower half and the bottom of hot water tanks; under these conditions, the peak-hour electricity consumption 
increased from approximately 17 to a maximum of 381 kWh·year-1. On the contrary, the position of elements had 
neutral influence on peak-hour electricity consumption of thermosiphon systems (approximately 91 kWh·year-1 on 
average) due to the mixing of hot water into horizontal tanks. Among parameters with impact on both system types, the 
solar collector direction promoted the largest fluctuation of the peak-hour electricity consumption, i.e. CV=254% for 
thermosiphon systems and CV=567% for split systems. The solar collector tilt angle also had a considerable effect on 
the peak-hour electricity of thermosiphon (CV=118%) and split (CV=370%) systems. The electric back-up heating 
range (hot water tank set-point temperature) showed a significant modification of the peak-hour electricity consumption 
as well, for which the coefficient of variation of thermosiphon and split systems were 142 and 159%, respectively. The 
dust accumulation effect on collectors was associated with a significant expansion of peak-hour electricity consumption 
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of split systems (up to 174 kWh·year-1), and hence it had the third largest influence on the variability of split systems 
(CV=430%) with a considerably lower significance for thermosiphon systems (CV=46%). Electricity tariffs also played 
a major role in the peak-hour electricity consumption variability of split systems (CV=85%) and thermosiphon systems 
(CV=89%), as they can provide a full diversion of electricity consumption from peak-hours. Other parameters had an 
overall lower significance on the peak-hour electricity variability than the aforementioned parameters. 

The variability of the compliance level with Legionella spp. control temperature showed a significant lower range than 
the one for annual and peak-hour electricity consumption. Its average was slightly higher for thermosiphon systems 
(11%) in relation to split systems (14%). The parameters with the largest influence on the compliance levels of both 
system types were associated with solar collectors. For instance, the site specific conditions related to the dust 
accumulation and tilt angle of collectors had the largest variabilities among all parameters, with respective coefficients 
of variation of 57% for thermosiphon and 60% for split systems, and 39% for thermosiphon and 42% for split systems. 
Moreover, the specification of the area of solar collectors was also linked to a large variability of Legionella spp. control 
temperatures in relation to other parameters, i.e. CV=34% for thermosiphon systems and CV=37% for split systems. 
The second most important component of the SWHs in terms of Legionella spp. control temperature compliance was 
the hot water tank. Its auxiliary electricity heating element setting-point temperature was the major parameter to 
promote variability in the control temperature (CV=34% for thermosiphon systems and CV=25% for split systems) 
followed by the insulation specification (CV=14% for thermosiphon systems and CV=27% for split systems) and the 
tank volume (CV=8% for thermosiphon systems and 11% for split systems). The user behaviour also had a significant 
impact on the control temperature in particular for thermosiphon systems. For instance, the coefficient of variation of 
the end-use point temperature, time-of-use and demand for thermosiphon systems was 12, 13 and 14%, respectively; 
while, for split systems, respective results for the same parameters were equal to 5, 8 and 7%. The influence of other 
parameters on this indicator was not as pronounced as the one of the aforementioned parameters. 

The multi-parametric sensitivity analysis indicates a predominant influence of parameters related to solar collectors due 
to their importance for the adequate performance of SWHs. Among these parameters, direction, dust accumulation 
levels and area of solar collectors were the most influential parameters related to the total energy consumption 
variability. The reduced influence of user behaviour parameters on the total energy consumption and Legionella spp. 
control temperature is mainly associated with the adequate design of the standard system, in which the hot water supply 
is suitable for a range of demand scenarios. Conversely, the impact of user behaviour on peak-hours electricity 
consumption was significant, revealing the importance of a proactive attitude of households towards daily consumption 
pattern adjustments to reduce peak consumption. Alternatively, peak-hours electricity consumption can be also 
eliminated without significant impacts to other performance indicators by adopting off-peak electricity tariffs. Thus, the 
optimisation of SWHs under a multi-parametric framework encompasses multiple influential parameters, which have to 
be refined on a case-by-case basis. 

 

 Key findings 4.

The study showed a significant influence of different technical specifications and site-specific conditions on the 
performance of SWHs considering both energy and service level indicators. A summary of key findings is presented in 
the following sub-sections. 

 

4.1. Supply reliability 

SWHs can achieve full compliance with comfort requirements (i.e. continuous hot water supply at end-use points at 
40 °C) under variable conditions, albeit there may be some time periods where the temperature of systems may not be 
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adequate for Legionella spp. growth control (i.e. continuous hot water storage measured at the outlet of the storage tank 
at 60 °C or more) in particular during cold months.  

Care should be practiced in the interpretation of results related to Legionella spp. control temperature. As described by 
Kruse et al. [28], the susceptibility of residential hot water system to Legionella spp. proliferation cannot be easily 
linked to clinical cases of legionellosis. Nonetheless, Mercante and Winchel [27] indicate that the number of 
legionellosis are likely underestimated due to limitations in diagnostic and detection methods, and that this disease may 
pose mortality risk among at-risk populations (e.g. immunosuppressed and elderly populations).  

 

4.2. Split versus thermosiphon systems 

Split systems have an overall better performance than thermosiphon systems under standard specification and operation 
conditions. The total annual electricity consumption of split systems was 7% lower than the one for thermosiphon 
systems, with a reduction in peak-hour consumption of 20% and a 6% higher compliance level with Legionella spp. 
control temperatures. Nonetheless, thermosiphon systems were more energy efficient during summer, when they 
reached almost 100% solar fraction. 

Thermosiphon systems had a better performance under low water demand and temperature patterns, while split systems 
performed better under high water demand and temperature patterns. For instance, by comparison with the adopted 
standard user behaviour (155 litres·household-1·day-1 at 40 °C), the upper-extreme classes for temperature (155 
litres·household-1·day-1 at 50 °C) and water demand (233 litres·household-1·day-1 at 40°C) promoted an increase in the 
electricity consumption of 123% in thermosiphon systems; in split systems, the same parameter classes were associated 
with an expansion in the electricity consumption of 68% and 80%, respectively. On the other hand, the lower-extreme 
classes for temperature (155 litres·household-1·day-1 at 33°C) and water demand (77 litres·household-1·day-1 at 40°C) 
were associated with respective electricity saving potentials of 39% and 52% in split systems, and 65% and 76% in 
thermosiphon systems.   

The hot water tank volume had a higher impact on the total annual electricity consumption of thermosiphon systems 
(CV=54%) than split systems (CV=29%). Conversely, the peak-hour electricity consumption was more influenced by 
the tank volume in split systems (CV=51%) than thermosiphon systems (CV=21%). For a standard pipe length from the 
hot water tank to the supply point of 9 meters and standard to upper-extreme levels of pipe insulation (0.75–3.08 W·K-1), 
electricity saving potentials varied between 14% and 45% for split systems and between 35% and 50% for 
thermosiphon systems. Split systems are more sensitive to solar collector area variations than thermosiphon systems. 
Hence, in comparison with thermosiphon systems, the electricity consumption of split systems was 18% higher and 25% 
lower considering the use of lower-extreme (1.8 m2) and upper-extreme (10.4 m2) solar collector areas.  

 

4.3. Solar collectors 

Despite the widespread use of SWHs with lower-standard efficiency solar collectors, there is a significant potential for 
electricity savings by using more efficient collectors. For instance, the use of more efficient solar collectors showed 
electricity saving potentials from 65 to 71% for split systems and from 83% to 91% for thermosiphon systems.    

The performance of SWHs can decline considerably for solar collector orientations other than north facing, e.g. east and 
west orientation of collectors may cause a reduction in the electricity saving potential of 80–83% and a decline in 
Legionella spp. control temperature to compliance levels of 49–53%. Collectors facing south cardinal and inter-cardinal 
directions not only lead to a significant decline in the energy performance of SWHs, but also to critical levels of 
compliance with Legionella spp. control temperature (28–36%). The performance of SWHs was also highly influenced 
by the inclination (tilt angle) of solar collectors. For instance, in relation to the latitude angle, the vertical installation of 
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collectors on the façade of buildings may decrease the solar fraction and the Legionella spp. control temperature of 
SWHs by 56–63%. 

In relation to clean solar collectors, the standard level of dust accumulation with a 5% transmittance reduction on the 
glass of solar collectors promoted an increase in the electricity consumption of SWHs equal to 20–24%. For extreme 
levels of dust accumulation (i.e. 64% transmittance reduction), the annual electricity consumption of SWHs increased 
by 5 to 6-fold. North shadowing has the potential to reduce Legionella spp. control temperatures and energy saving 
performance of SWHs by 11–23% and 72–75%, respectively. 

 

4.4. Interconnected systems 

The electricity connection influenced considerably the performance of SWHs. Peak-hour electricity consumption can be 
diverted to shoulder and off-peak-hours by using controlled tariffs without any impact to the Legionella spp. control 
temperature. Moreover, night off-peak tariffs can be used to achieve full diversion of peak-hour and shoulder hour 
electricity consumption, yet with a decline in the compliance level with Legionella spp. control temperatures of 6–9%. 

The cold water connection temperature has a direct influence on the performance SWHs. For instance, the electricity 
savings potential can be improved by 38% to 56% or deteriorated by 52% to 74% with a respective increase or decrease 
of 6 °C on the average cold water supply temperature. 

 

 Market applications  5.

Taking into account the conditions assessed in the present study, the energy efficiency and the level of service provided 
by SWHs could be enhanced through the adoption of the following practices into the SWHs market: 

• Split systems is the preferred option for SWHs with medium to large solar collector areas (>5.5 m2) in 
households, while thermosiphon systems have a better performance if solar collectors are undersized.  

• The energy performance of split SWHs can be further improved by adopting photovoltaic powered pumps to 
circulate the heating fluid (water) in collectors. This initiative has the potential to promote electricity saving of 
15% on average, and can eliminate any disadvantage of split system in comparison with thermosiphon systems 
under low water demand and temperature patterns or for undersized solar collectors. 

• Thermosiphon systems have a lesser potential to reduce electricity consumption during peak-hours than split 
systems, and hence they should be a secondary system type adopted into policies aimed at a reduction of 
peak-hour electricity consumption. 

• The service performance of SWHs has to be analysed based not only on the comfort level, but also on the 
capacity to maintain high hot water storage temperatures to prevent Legionella spp. growth. This information 
has to be shared among all stakeholder groups, including but not limited to users who may deem the 
performance of systems being satisfactory taking into account the comfort level only. As a result, practices 
such as the manual activation and inactivation of electric heating elements on power switches by users based 
on their comfort level should be eliminated to prevent public health risks. 

• The set-point temperature of storage tanks can be increased during cold months in order to maintain adequate 
levels of protection against Legionella spp. proliferation. Alternatively, other systems can be used for 
disinfection, e.g. ultraviolet disinfection systems coupled to the solar collector and/or water supply circulation 
loops. 

• The adoption of SWHs with efficient solar collectors (standard, upper-standard or upper-extreme classes) will  
usually be required should higher levels of Legionella spp. control and solar fraction be required. 
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• The installation of solar collectors toward orientations other than north cardinal and inter-cardinal directions 
must be performed taking into account measures to improve the compliance with Legionella spp. control 
temperatures, including but not limited to: adoption of efficient collectors, increase in the hot water tank 
set-point temperature, alternative disinfection systems, etc. 

• The installation of SWHs with solar collectors oriented to east and west directions must be undertaken under a 
thorough system performance assessment framework considering site-specific conditions prior to 
commissioning in order to prevent poor energy efficiency and service levels. 

• Considering the significant influence of the cold water temperature on the performance of SWHs, heat 
recovery from drain water can be implemented to improve the energy efficiency of SWHs by increasing the 
cold water temperature. An example of such systems is described by Tanha et al. [17]. 

• The operational performance of SWHs must be assessed periodically or continuously, as variable site-specific 
conditions (e.g. dust accumulation, trees shadowing, etc.) may have a significant impact on Legionella spp. 
control temperatures and energy performance levels of systems, while maintaining adequate levels of hot water 
supply at the end-use points with the use of auxiliary heating systems (electric resistance elements). Hence, the 
“install-and-forget” approach is not suitable for SWHs. This limitation can be overcome with the adoption of 
automated metering technologies for energy consumption and temperature compliance levels of SWHs with 
remote data transmission to relevant stakeholders (e.g. households, building administrators, energy retailors, 
water utilities, health departments and/or energy departments). Depending on the automated metering 
technology used, a two-way communication with SWHs can be deployed, enabling the remote adjustment of 
operational parameters (e.g. auxiliary heating temperature set-point, time-of-use of electricity at premises with 
a single electricity meter and no power interruption during peak-hours, etc.). The economic feasibility of such 
technologies is increasing with an expansion of microcontrollers and sensors availability, as well as cloud-base 
big data analytics platforms and the Internet of Things (IoT). 

• If a decline in the performance of SWHs is identified or higher levels of performance are required, a 
mitigation/remediation process can be implemented, which may vary from simple measures (e.g. cleaning up 
solar collectors) to more complex ones (e.g. installing new components such as new insulation of pipes, frames 
to position collectors to north orientations at latitude tilt angles, etc.); however, complex initiatives may require 
government subsidies. A change in the user behaviour may also have a significant impact on the performance 
of SWHs. For instance, e.g. shifting from an early morning to a late morning water consumption peak may 
give rise to electricity savings of 14% in thermosiphon and 29% in split systems. 

• If night off-peak tariffs are used to increase the solar fraction of SWHs and prevent electricity consumption 
during peak and shoulder hours, Legionella spp. control temperature compliance levels must be assessed and 
accompanied by additional control measures should it be required.  
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 Conclusions 6.

The current study examined the influence of different technical specifications and site-specific conditions on the 
performance of SWHs in residential buildings in Brisbane, Australia. The study was undertaken by employing 
sensitivity analysis using computational models calibrated with experimental measurements.  

Results indicate that the annual total and peak-hour electricity consumption and the Legionella spp. control temperature 
of SWHs varied significantly (CV>10%) with the adoption of different confidence intervals for technical specification 
parameters, site-specific conditions and user behaviour. Dust accumulation level on collectors is a key site-specific 
parameter for the energy performance and level of service of SWHs, outplaying several technical specification 
parameters (e.g. solar collector area and efficiency). Therefore, the development of energy efficiency policies on 
thermal solar energy use must contemplate directions and best practices on the operation of systems considering 
site-specific conditions, e.g. frequency of solar collector dust removal events in order to maintain the intended levels of 
energy efficiency and service as per commissioning process. 

In this context, performance analysis frameworks for SWHs have to be based not only on technical specification 
parameters and energy efficiency indicators, but also they must take into account site-specific and user behaviour 
parameters and level of service indicators. 
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Nomenclature 

A Surface area considered per unit area – 1 (m²) 
ASHRAE American Society of Heating, Refrigerating and Air Conditioning Engineers 
c0 Optical coefficient (dimensionless) 
c1 Linear loss coefficient (W·m-2·K) 
c2 Quadratic loss coefficient (W·m-2·K2) 
DEWS Department of Energy and Water Supply 
Η Thermal efficiency coefficient (dimensionless) 
HL Heat loss coefficient (W·K-1) 
Isolar Global incident solar radiation (W·m-2) 
K Thermal conductivity of the insulation material (W·m-1∙K-1) 
L Thickness of the insulation material (m) 
LE Lower-extreme energy efficiency class 
LS Lower-standard energy efficiency class 
R Thermal resistance (K·W-1) 
RMY Representative Meteorological Year 
S Standard energy efficiency class (Mean value) 
SRCC-US Solar Rating and Certification Corporation of the United States 
Tair Outdoor air temperature (K° or C°) 
Tin Inlet temperature of the working fluid (K° or C°) 

UE Upper-extreme energy efficiency class 
US Upper-standard energy efficiency class 
US-DOE United States Department of Energy 
V95 Extreme value at 95% confidence interval (lower-standard or upper-standard values) 
V99 Extreme value at a 99% confidence interval (lower-extreme or upper-extreme values) 
z95 95% confidence interval factor from the Gaussian distribution 
z99 99% confidence interval factor from the Gaussian distribution 
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S–A. Computational model calibration 

 

 Technique and input parameters 1.

Computational models were undertaken using the software EnergyPlus 8.6 from the United States Department 
of Energy (US-DOE). This software is largely used for energy performance analysis in buildings [1–7]. 
Moreover, EnergyPlus is freely distributed, while most of other software packages with solar energy modelling 
capabilities have licensing fees, e.g. TRNSYS, SolDesigner, SolarPro, and T*SOL [8]. 

Theoretical results from models were calibrated and validated by means of comparison of energy performance 
results with experimental results from a field experiment. The validation process comprised of emulating field 
conditions based on the technical specifications and weather condition data from the SWH experiment followed 
by a comparison between experimental and theoretical energy consumption results. Model validation utilised 
field experiment data collected between the period of 20 September 2014 and 10 October 2014.  

The field data related to the weather condition were converted into the required weather file format for models 
(i.e. EPW files) using the Weather and Statistic Conversion software, which is part of the auxiliary EnergyPlus 
programs. The conversion was performed for the following parameters: cold water temperature, outside dry bulb 
air temperature and relative humidity, global solar radiation, and wind speed. All the input parameters were 
converted to an hourly basis to match the model input schedules. The direct normal radiation and diffuse 
radiation were estimated by the Weather and Statistic Conversion software using the method described by Perez 
et al. [9]. Likewise, the dewpoint temperature was estimated using the relative humidity and the barometric 
pressure for Brisbane based on the method described by the American Society of Heating, Refrigerating and Air 
Conditioning Engineers (ASHRAE) Handbook of Fundamental [10].  

The input parameters used in the validation model are summarised in Table S-A 1. Models were also used to 
analyse multiple scenarios for different SWH technical specifications, site-specific characteristics and user 
behaviour patterns in the sensitivity analysis. 

 

Table S-A 1. Input parameters for computational model validation. 

Parameter Unit Value Source 

Air temperature and relative humidity °C Oscillating Experimental data 

Cold water temperature °C Oscillating Experimental data 

End-use temperature °C 36 to 39 Experimental data 

Lower and upper hot water tank 
temperature thresholds 

°C 52 and 60 Technical specification 

Storage tank shape - Horizontal cylinder Experimental data 

Number of water stratification nodes in the 
storage tank  

- 12 Maximum model 
capability 

Storage tank volume litres 233 Experimental data 

Storage tank height of cold water inlet point metre 0.080 Experimental data 

Storage tank height of hot water outlet 
point 

metre 0.330 Experimental data 

Storage tank height of hot water inlet point 
from collectors 

metre 0.200 Experimental data 

Height of auxiliary electric heating element metre 0.205 Experimental data 

Power rate of the auxiliary electric heating 
element 

W 1800 Technical specification 
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Heat loss coefficient – Upper 2/3 of storage 
tank 

W·K-1 0.45 (average 
polyurethane insulation 
of 55mm at thermal 
conductivity of 0.025 
W·m-1·K-1)   

Experimental data 

Heat loss coefficient – Lower 1/3 of storage 
tank 

W·K-1 2.08 (average 
polyurethane insulation 
of 12mm at thermal 
conductivity of 0.025 
W·m-1·K-1)   

Experimental data 

Pipe heat loss coefficient* kW·K-1 130 (copper pipe with 
3mm wall at thermal 
conductivity of 390 W·m-

1·K-1) 

Experimental data 

Note: * The copper pipe lengths without insulation were installed in the collector inlet branch (2.1 m pipe from the tank 
bottom connection to the solar collectors inlet connection) and the collector outlet branch (0.4 m pipe from the solar 
collector outlet connection to the tank middle connection) as per the local SWHs retailers/installers practice.  

 

1.1. Field experiment 

Field experiments were performed utilising a SWH available on the local market in the city of Brisbane region, 
Australia. The analysed system was listed in the Register of SWHs provided by the Australian Clean Energy 
Regulator published on 15 December 2014 with registration valid until 31 December 2030 [11]. Tables S-A 2 
and 3 detail the technical specifications of the SWH and the collectors, respectively. 

 

Table S-A 2. Technical specifications of solar water heater for field experiment. 

Parameter SWH 

Type Thermosiphon roof mounted 

Tank volume (litres) 300 

Circuit Open 

Collector type Glazed flat-plat 

Collector absorber coating Polyester black paint 

Number of collectors 2 

Auxiliary electric booster power (W) 1800 

 

Table S-A 3. Technical specifications of the thermal efficiency of collectors. 

Parameter Value 

Gross area (m²·collector-1) 1.983 

Test fluid Water 

Test flow rate (l·s-1) 0.037 

Test correlation type Inlet 

Optical coefficient (dimensionless) 0.608 

Linear loss coefficient (W·m-2·K) -5.4707 

Quadratic loss coefficient (W·m-2·K2) -0.0271 
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Parameter Value 

Linear angle modifier coefficient -0.1718 

Quadratic angle modifier coefficient -0.058 

 

The field experiment system was a thermosiphon SWH fitted with two polyester black paint observer coating 
solar panels (Fig. S-A  1). The brand of the SWH was de-identified to preserve the anonymity of the 
manufacturer. The SWH was installed on a flat roof at the N44 building at Griffith University, Nathan campus in 
Brisbane (coordinates: 27°33’11.77”S; 153°03’07.48”E). The system was positioned on frames provided by a 
local SWHs retailer, and it was out of the influence of shades at an orientation angle of 18.0° relative to true 
north, and a tilt angle of 17.2°. The experiment conditions were different from the ideal condition for Brisbane 
city, i.e. 0° north direction and 27.5° tilt [12,13]; nonetheless, the experiment may be representative of a real site 
condition, as the ideal roof inclination and a perfect north orientation for SWHs may be rare.  

 

 

Fig. S-A  1. Field experiment with thermosiphon solar water heater. 

   

A solenoid valve operated by a timer was used to emulate a residential hot water consumption pattern in the 
field experiment (Fig. S-A  2). The emulated residential hot water time of use was based on previously 
completed high resolution smart meter studies, i.e. Beal and Stewart [14]. The system had two operation cycles, 
one for weekdays and another for weekends. In the weekday cycle, water was consumed between 7:00 am and 
7:30 am, 6:00 pm and 6:30 pm, and 8:00 pm and 8:15 pm; while, in the weekend cycle, consumption events 
occurred between 8:00 and 9:00 am, 12:00 pm and 12:30 pm, 6:00 pm and 7:00 pm. The average hot water 
consumption in the weekday and weekend cycles was 158 and 439 litres·day-1, respectively. The emulated water 
consumption pattern was intended to represent the hot water consumption in the more typical household where 
occupancy occurs mainly during non-business hours during weekdays and at all times on the weekends.  
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Fig. S-A  2. Total hot water consumption pattern at end-use points applied in the field experiment. 

 

The energy and water consumption of the SWH were monitored using high resolution energy and water meters 
with pulse precision of 0.1 W and 0.014 litres, respectively. The temporal resolution of loggers was set to record 
pulses every five seconds. The collected water and energy consumption data was converted into diurnal demand 
consumption patterns with a temporal resolution of one hour by using an electronic spreadsheet. 

 

1.2. Comparison between theoretical and experimental results   

Computational models showed a similar trend to experimental results with power-peaks from 8 am to 9 am and 
7 pm to 9 pm. The input power-peak of the SWH auxiliary heating element reached a maximum of 1,773 W in 
the field experiment, which is approximately equal to the technical specification of the manufacturer (i.e. 1,800 
W) utilised into the models. On average, modelled energy consumption results showed a discordance of -0.9% 
in relation to experimental results, with an equivalent daily energy consumption of 12.6 and 12.8 kWh, 
respectively. The level of variability calculated based on the root mean square error (3.1 kWh·day-1) and the 
average result (12.6 kWh·day-1) of models was equal to 24%. Fig. S-A  3 illustrates the average diurnal 
electricity consumption pattern from the experiment and model results.  
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Fig. S-A 3. Average energy consumption profile of the assessed SWH from 20 September 2014 to 10 October 
2014. 

 

The error bars in Fig. S-A 3 representing the root mean square error of modelled results in relation to 
experimental results on an hourly basis indicates the degree of variability of modelled results. The variability of 
the model was less pronounced after water consumption events (e.g. 8 am and 8 pm), as such instances are 
usually followed by auxiliary heating events. On the other hand, electricity consumption predictions at other 
times had a larger variability. 

Similar results are described by Griffith and Ellis [15], whom have also carried out the validation of EnergyPlus 
software package for solar thermal models. The authors have demonstrated that EnergyPlus and TRNSYS 
software packages provide the same result with minor differences only at very low solar radiance levels. Despite 
TRANSYS widespread use for thermal energy analysis by academics [16–19] and practitioners (e.g. AS/ANZ 
4234:2008 [20]), it is a proprietary software, while EnergyPlus is a robust publicly available software.   
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S–B. Review of inputs parameters for sensitivity analysis 

 

The value range for most of the input parameters used in the sensitivity analysis was based on five energy 
efficiency classes, i.e. lower-extreme (LE), lower-standard (LS), standard (S), upper-standard (US) and upper-
extreme (UE). The variability of such values was statistically determined for stochastic parameters, whereas 
prior studies and expert appraisal were adopted for non-stochastic parameters range estimation. In the following 
sections, stochastic and non-stochastic input parameters for the sensitivity analysis are described. 

 

1.3. Stochastic input parameters 

Input parameters with random variability were classified as stochastic variables divided into the five energy 
efficiency classes described in Table S-B 1. 

 

Table S-B 1. Stochastic variability of input parameter values for energy efficiency classes. 

Energy 
efficiency 
classes 

Description Statistical 
correspondence 

Upper-extreme 
(UE) 

Upper range of values based on an extrapolation of current value 
ranges described in the literature/technical specifications. It 
represents extreme levels of service, site characteristics or 
technological advancements which are not expected, common or 
currently available, and are likely to have a beneficial impact on the 
energy performance of systems. 

Extreme value, at a 
99% confidence 
interval, which 
promotes an 
enhancement in the 
energy performance.  

Upper-standard 
(US) 

Upper range of values described in the literature/technical 
specifications. It represents the maximum level of performance or the 
most advantageous standard value currently achievable which causes 
a beneficial impact on the energy performance of systems in 
comparison with standard values. 

Extreme value, at a 
95% confidence 
interval, which 
promotes an 
enhancement in the 
energy performance. 

Standard (S) Most frequent or recurrent value described in the literature/technical 
specifications. It represents the status quo, general assumption or 
default value applicable to a parameter.  

Mean value. 

Lower-standard 
(LS) 

Lower range of values described in the literature/technical 
specifications. It represents the minimum level of performance or the 
least advantageous standard value currently required which causes a 
detrimental impact on the energy performance of systems in 
comparison with standard values. 

Extreme value, at a 
95% confidence 
interval, which 
promotes a 
reduction in the 
energy performance. 

Lower-extreme 
(LE) 

Lower range of values based on an extrapolation of current value 
ranges described in the literature/technical specifications. It 
represents extreme levels of service, site characteristics or 
technological limitations which are not expected, common or 
foreseen, and are likely to have a detrimental impact on the energy 
performance of systems. 

Extreme value, at a 
99% confidence 
interval, which 
promotes a 
reduction in the 
energy performance. 

 

Among the analysed stochastic inputs, five parameters were associated with the technical specification of 
systems, including: solar collector efficiency, solar collector area, tank volume, electric back-up heating power 
rate, and electric back-up heating temperature range. Moreover, stochastic input parameters were also composed 
of three site-specific conditions, namely: solar collector dust accumulation, cold water temperature, and hot 
water pipe length. The three user behaviour variables were also part of this parameter group, i.e. water 
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temperature, demand and time-of-use at the end-use points. All stochastic input parameters were analysed as 
part of a population described by a Gaussian (normal) distribution.  

The standard value class was used to represent the expected value of the distribution (i.e. mean value) for 
stochastic parameters. For most of the parameters, the lower-standard and the upper-standard value classes were 
represented by the 95% confidence interval, as this level of confidence is typically adopted into engineering 
projects as described elsewhere (e.g. Moffat [21], Phillips & Eberhardt [22] and Mathioulakis et al. [23]). The 
broader level of confidence of 99% was utilised to describe extreme values (i.e. lower-extreme and upper-
extreme values), which were calculated using Eq. S-B 1 for most of the stochastic parameters. 

 

𝑽𝟗𝟗 = 𝑺 ± �𝒛𝟗𝟗
𝒛𝟗𝟗

× |𝑽𝟗𝟗 − 𝑺|�         (S-B 1) 

 

where V99 is the extreme value at a 99% confidence interval (lower-extreme or upper-extreme values); S is the 
mean value (standard value); V95 is the extreme value at 95% confidence interval (lower-standard or upper-
standard values); z99 is the 99% confidence interval factor from the Gaussian distribution; and z95 is the 95% 
confidence interval factor from the Gaussian distribution. 

 

Some of the values reviewed in the literature were considered to be part of either the lower-extreme or the 
upper-extreme classes (99.9% confidence interval) due to their unusual characteristics. For such parameters, the 
lower-standard and upper-standard classes were determined in an analogous way to the one described in Eq. S-B 
1. The variability of stochastic input parameters is summarised in Table S-B 2.  

 

Table S-B 2. Stochastic input parameters. 

Energy efficiency classes LE LS S US UE 

Solar collector 
Optical coefficient (Efficiency 
%)* 

0.574 
(39.4%) 

0.608 
(42.7%) 

0.691 
(56.2%) 

0.784 
(63.5%) 

0.823 
(67.2%) 

Gross area (m²)** 0.9 1.4 2.8 4.5 5.2 

 
Dust effect on glass transmittance 
reduction (%) 

64.0 47.0 5.0 2.7 0.0 

Storage tank 
Volume (litres) 90 250 315 450 630 

Electric power rate (kW) 5.5 4.8 3.0 1.5 0.9 

 Electric temperature range (°C) 80 74 60 53 50 

 
Inlet temperature – cold water 
(°C)*** 

Avg -6 Avg -4 Avg Avg +4 Avg + 6 

Hot water pipe Length (metres) 18 15 9 5 0 

End-use point Set-point temperature (C°) 50 47 40 35 33 

 
Water demand (litres·household-

1·day-1) 
233 210 155 100 77 

 
Morning water consumption peak 
(time)**** 

6:50 7:00  7:30  9:00  9:40 

 Evening water consumption peak None 17:00 18:00 20:00 None 
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Energy efficiency classes LE LS S US UE 

(time)**** 

Note: * The upper- and lower-extreme classes of solar collectors efficiency were estimated based on the 
variation of the optical coefficient, a constant solar radiation of 800 W·m-2 and temperature delta of 20°C 
between the air and cold water inlet, and a standard solar irradiance reduction of 5% due to dust accumulation. 
The efficiency was used only for classification purposes, while the optical coefficient was used in models. ** 
Gross area of a single collector. *** Average (Avg.) difference; **** The total time of all water consumption 
events was equal to 20 minutes. 

 

The efficiency of solar collectors was calculated only for flat plat solar collectors, which are the more common 
than other collector types (e.g. evacuated tubes) in Australia. The thermal efficiency coefficients of solar 
collectors were obtained from the Solar Rating and Certification Corporation of the United States (SRCC-US) 
[24] listed in the EnergyPlus library, including 134 glazed flat plate solar collectors. The instantaneous solar 
radiance was calculated using the second-order thermal efficiency equation (Eq. S-B 2) as per the AS/NZS 
2535.1/2007 [25]. This equation has large application for instantaneous thermal efficiency analysis of solar 
collectors, e.g. Duffie and Bechman [26] among several other studies and codes.  

 

𝜼 = 𝒄𝟎 + 𝒄𝟏
(𝑻𝒊𝒊−𝑻𝒂𝒊𝒂)
𝑰𝒔𝒔𝒔𝒂𝒂

+ 𝒄𝟐
(𝑻𝒊𝒊−𝑻𝒂𝒊𝒂)𝟐

𝑰𝒔𝒔𝒔𝒂𝒂
        (S-B 2) 

 

where η is the thermal efficiency coefficient (dimensionless); c0 is the optical coefficient (dimensionless); c1 is 
the linear loss coefficient (W·m-2·K); c2 is the quadratic loss coefficient (W·m-2·K2); Tin is the inlet temperature 
of the working fluid (K° or C°); Tair is the outdoor air temperature (K° or C°); and Isolar is the global incident 
solar radiation (W·m-2). 

 

The instantaneous thermal efficiency of collectors was utilised for the classification of solar collectors among 
the different energy efficiency classes, while the associated optical coefficient was employed into models. The 
most representative solar collector efficiency class applied in the base case scenario was the lower-standard 
class. Typically, the installation of SWHs in sub-tropical and tropical climates is undertaken with the use of 
solar collectors with efficiency levels lower than the average efficiency of collectors available on the market. 
The installation of solar collectors with lower efficiency levels in these regions is due to both the availability of 
abundant solar radiation, and cost savings. The instantaneous solar collector efficiency was calculated based on 
the temperature gradient prescribed by the SRCC-US for water heating systems in warm climates [24] (i.e. 20 
°C between the inlet working fluid and the outdoor air temperatures) and an instantaneous solar radiance of 800 
W·m-2.  

The gross area variability of single collectors was also analysed based on the available data from the EnergyPlus 
solar collector library. The total solar collector area of analysed systems was twice the size of a single collector, 
as models were performed for SWHs with two collectors. The minimum and the maximum gross area of 
collectors within the studied sample were considered as the lower- and the upper-extreme values (99% 
confidence interval). 

Reductions in the glass transmittance of collectors related to dust accumulation were analysed based on values 
reported in the literature. The dust effect assessment is a function of the tilt angle of solar collectors and the 
precipitation frequency in a region, as well as their associated self-cleaning capacity. For this parameter, the 
variation described in the literature was divided into humid and arid/semi-arid climates, where values oscillated 
between 2.7% [27] and 5.0% [28] in humid climates, and from 2.5% to 64.0% in semi-arid or arid climates 
depending on the frequency of manual or mechanical cleaning events and the tilt angle of collectors [29]. Based 
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on this information, the extreme values of the dust effect on collectors was assumed to be zero (upper-extreme 
value equal to clean collectors) and 64% (lower-extreme value equal to the worst case scenario described in the 
literature [29]). The lower-extreme limit (64%) may represent extreme events during extensive drought periods. 

The variability of hot water storage tank volumes was estimated considering data from the Department of 
Energy and Water Supply (DEWS) as part of the Queensland Government’s Open Data Initiative. Detailed 
information on SWHs installed as part of rebate schemes in Queensland (‘Solar Hot Water Rebate’ spreadsheet) 
was downloaded from the DEWS’ website [30] and filtered considering SWHs installed in postcodes for the 
City of Brisbane only, i.e. 4000, 4101, 4106, 4169 and 4178. In total, 111 systems were selected, from which the 
minimum, median and maximum volumes of the sample were adopted as the lower-standard, standard and 
upper-standard categories, respectively. 

The variability of the power rate of auxiliary electric water heating elements was determined through a marked 
review of the power rate of 20 SWH systems. The set-point temperature of auxiliary electric water heating 
elements (temperature range) was defined in accordance with the temperature ranges of the thermostat used in 
the field experiment (i.e. Robertshaw ST13-01133). This thermostat enables the selection of a wide range of 
upper temperature thresholds (i.e. set-point of 50, 55, 60, 65, 70, 75 and 80°C) at a temperature dead band 
(differential) of 8 °C. The minimum (50 °C) and maximum (80 °C) temperatures were considered to be 
representative of the lower-extreme and upper-extreme values for the temperature range of auxiliary heating 
elements, as these temperatures are outside the range required for Legionella spp. control and overheating 
protection, i.e. temperatures from 60 to 70°C [13].  

The inlet water temperature supplied to SWHs (i.e. cold water temperature) was calculated as per the method 
described by Hendron et al. [31]. The two key inputs of this method, i.e. the annual average outdoor air 
temperature (dry-bulb) and the maximum difference in the monthly average outdoor air temperature, were 
calculated based on the Representative Meteorological Year (RMY) climate file for Brisbane. Variations in the 
cold water supply temperature related to local factors (e.g. water mains depth, water table levels, incidence of 
solar radiation on covering ground surface, or soil type and associated thermal capacity) were taken into 
consideration in accordance with oscillation ranges described by Kenway et al. [32]. The authors reported 8 °C 
temperature variation among different points of a water supply network within a single water supply zone in 
Melbourne, Australia. 

The hot water pipe length between the hot water tank and the demand end-use point was estimated based on the 
data described by Binks et al. [33] for Melbourne and Brisbane. The authors have described the characteristics 
of seven hot water supply systems in residential detached dwellings. Reported parameters included the average 
length of hot water pipes, for which the minimum, average and maximum values were equal to 5, 9 and 18 
metres, respectively. Based on these values, the upper extreme class was calculated using Eq. S-B 1, whilst the 
lower-extreme was considered as zero to represent a potential use of hot water from a connection point adjacent 
to the hot water tank.  

The end-use point set-point temperature described in the literature varied between 35 and 50 °C with an average 
of 40 °C (e.g. [31,34,35]). The maximum end-use temperature is limited by hot water supply standards to 50°C 
[36], and hence this value was adopted as the upper-extreme temperature class. The lower-extreme temperature 
class (33 °C) was calculated based on the lower-standard value (35 °C) and the standard value (40 °C) using Eq. 
S-B 1. The hot water consumption patterns of models were estimated taking into consideration the national per 
capita hot water demand and household (hh) size. This calculation was performed utilising the following 
information: (i) the upper and lower daily hot water demand prescribed by the Plumbing Reference Guide of 
Australia [13] (i.e. 50 and 70 litres·person-1·day-1); and (ii) the average household size in Australia (2–3 
people·household-1 [37]). As a result, the total daily water consumption at hot water end-use points varied from 
100 to 210 litres·household-1·day-1. Such consumption was considered to be distributed within two peak-hour 
periods (morning and evening peaks) for standard classes as described by Vieira et al. [3], i.e. from 7:00am to 
9:00am and 5:00 pm to 8:00 pm. Values for the extreme classes were calculated considering a single peak 
during the day based on the extrapolation from 95% to 99% confidence interval of the earliest (7:00 am) and the 
latest (9:00 am) hours of the morning peak described by Vieira et al. [3], resulting in a lower-extreme peak-hour 
at 6:50 am and an upper-extreme peak-hour at 9:40 am. 
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1.4. Non-stochastic input parameters 

The variation of non-stochastic input parameters was analysed based on data available in the literature using a 
similar approach to the one adopted for stochastic parameters; however, the variation of non-stochastic 
parameters was not described by a Gaussian distribution, but rather by assumptions for the assessed value 
ranges. Non-stochastic technical specification parameters encompassed: tank heat loss, and electric back-up 
heating position; whereas, non-stochastic site-specific parameters were formed by: solar collector direction, tilt 
angle, shadowing, hot water pipe insulation, and electricity tariff time-of-use. The adopted variation of non-
stochastic parameters is summarised in Table S-B 3, except for input parameters based on geographical 
directions (i.e. solar collector direction and shadowing). 

 

Table S-B 3. Non-stochastic input parameters. 

Energy efficiency 
classes 

LE LS S US UE 

Storage tank heat loss 
(W·K-1) 

3.08 1.32 0.75 0.47 0.18 

Electric back-up heating 
position (height %) * 

0% 25% 50% 75% 100% 

Solar collector tilt angle Vertical Horizontal* Half latitude 
Latitude + 
20° 

Latitude 

Hot water pipe 
insulation (R-value – 
K·m2·W-1) 

0 0.20 0.30 1.00 Adiabatic 

Electricity tariff time-of-
use (interruption 
periods) 

7 am – 
10pm    (15 
hours) 

7 am – 9 am / 1 pm – 9 
pm (10 hours) 

4 pm – 8 pm     
(4 hours) 

5 pm – 8 pm     
(3 hours) 

None        (0 
hours) 

Note: * Not applicable to thermosiphon systems. 

 

The heat loss of hot water storage tanks was analysed considering the insulation materials described by Omer et 
al. [38], including the following materials and associated thermal conductivity coefficients (W·m-1∙K-1): glass 
fibre (0.037), polystyrene (0.030), polyurethane (0.025), polyisocyanurate (0.021), and vacuum insulation panel 
(0.010). The variability of the thickness of the insulation was assumed to be equal to the one encountered in the 
field experiment, varying from 12 to 55 mm. Taking into account the studied range of thermal conductivity 
coefficients and thicknesses for insulation materials, the heat loss coefficient and thermal resistance of the hot 
water tank were calculated considering one-dimensional heat transfer perpendicular to the surface using Eq. S-B 
3. 

 

𝑹 = 𝟏
𝑯𝑳

= 𝑳
𝒌·𝑨

           (S-B 3) 

 

where R is the thermal resistance (K·W-1); HL is the heat loss coefficient (W·K-1); L is the thickness of the 
insulation material (m); k is the thermal conductivity of the insulation material (W·m-1∙K-1); and A is the surface 
area considered per unit area – 1 (m²). 
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The positions (height) of auxiliary water heating elements and associated thermostats were considered to vary 
from the bottom to the top of hot water storage tanks at five different levels equally distributed. 

The solar collector tilt angle was determined for different ranges. Pursuant to the Plumber Reference Guide [13], 
solar collectors should be installed at local latitude angles due to the maximum annual solar radiation on solar 
collectors at this angle. Furthermore, the optimal solar collector tilt angles may vary 20° from the latitude angle 
as a result of the maximisation of radiation collection during winter [39]. Also, solar collectors have been also 
installed at extreme angles (e.g. vertical) due to space constraints in multi-storey buildings (e.g. [40]). The other 
extreme position (e.g. horizontal) was also considered in the herein study. The tilt angle for the base scenario 
was considered to be the latitude angle (upper extreme class). 

The hot water pipe insulation variation for the study was adopted considering the range described in the 
Plumbing Reference Guide of Australia [13]. In this guideline, the insulation R-value is reported, in which the 
minimum insulation level required for external locations is 0.2 for valves and 0.3 for pipes; whereas, the 
maximum reported R-value for pipes was 1 for Alpine climates. The R-value of 0.3 was used to represent the 
base scenario, as the guideline indicates this value for external pipes in Brisbane or other locations with warmer 
weather. The lower- and upper-standard class values were defined considering the lower- and the upper 
insulation levels reported for external pipes in different climates nationwide. The lower- and upper-extreme 
values were determined considering that external pipes can be installed either without insulation, or with a 
perfect insulation that inhibits any head exchange (adiabatic conditions).    

Based on a market review on different supply tariffs of 13 Australian electricity distributors, the energy supply 
time-of-use was estimated for five tariff levels aligned with the energy efficiency classes considered in the 
study. In total, 24 electricity tariff schemes were evaluated, from which time-of-use information was used to 
estimate the levels of electricity supply interruption. The base scenario made use of the tariff without 
interruption, which is equivalent to all day supply tariffs and represent the lower-extreme energy efficiency class 
for this parameter.  

The solar collector direction was evaluated consideration the positioning of solar collectors towards the north, 
south, east and west cardinal and inter-cardinal directions. The shade effect of adjacent building on solar 
collectors was also analysed considering single shading elements with dimensions of 50 metres wide and 100 
metres high located at 50 metres from the middle point between the two parallel solar collectors (Fig. S-B 1). 
For this parameter, single shading elements were taken into account from one of the cardinal or inter-cardinal 
directions. The geometries of shading elements and solar collectors alike were designed using the software 
Google SketchUp 8.0 with the plug-in software Legacy OpenStudio 1.10.10.406 for EnergyPlus models. The 
base scenario (standard models) was developed considering collectors with north facing orientation without 
shades. 
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Fig. S-B 1. Representation of shadow effect on solar collectors from a single shading element positioned in the 
north direction. 

 

Non-stochastic input parameters also included the storage tank position (vertical or horizontal), and the water 
circulation type (thermosiphon or pumping). Vertical tanks were considered to represent split systems with 
active pumping between solar collectors and storage tanks. For these systems, water circulation was on and off 
when temperatures in the collectors’ outlet raised above 10 °C and 2 °C, respectively, in relation to the storage 
tank inlet. Horizontal tanks were designed as roof mounted thermosiphon systems with natural water circulation 
in solar collectors without active pumping. The hot water circulation from the collectors’ outlet to the hot water 
tank inlet occurred when the temperature difference between the former and the latter components was 1°C, and 
it stopped when the temperature difference was below 0.5 °C as described by Kalogirou and Papamarcou [41]. 
The climate conditions were assessed for the sub-tropical climate of Brisbane, classified into the Bioclimatic 
Zone 3. For this purpose, a Representative Meteorological Years (RMY) climate file was obtained from the 
EnergyPlus website. 
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