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Abstract

A multi-parametric sensitivity analysis of Solar MaHeater (SWH) systems was undertaken for tlyeofiBrisbane in
Australia using computational models calibratecekgerimental data. The models were calculated usheggyPlus
8.6. The following technical specification paranmsteere assessed in the modelling: (i) solar cateefficiency; (ii)
solar collector area; (iii) tank volume; (iv) tahkat loss; (v) electric back-up heating power r@tig;electric back-up
heating position (height) for vertical tanks; and)(electric back-up heating temperature rangee $ite-specific
parameters included: (i) solar collector directifi;solar collector tilt angle; (iii) solar colkor shadowing; (iv) solar
collector dust accumulation; (v) hot water pipeauiation; (vi) hot water pipe length; (vii) electitig tariff time-of-use;
and (viii) cold water temperature. User behavicattgrns were comprised of the following paramet@ysnd-use
water temperature; (ii) end-use water demand; aiheid-use time-of-use. For all parameters, tystem types were
assessed, namely: (i) thermaosiphon systems witlradgjpassive) circulation in collectors and untfiesd horizontal
hot water storage tanks; and (ii) split system&fatced (pumped) circulation in collectors andstied vertical hot
water storage tanks. The performance of SWHs walysed considering both energy performance indisdice. total
and peak-hour energy consumption, solar fracti@hearergy intensity) and level of service indicat@es. compliance
with recommended hot water temperatured_fagionella spp. control and comfort levels). Notwithstanding the
prevalence of thermosiphon systems among SWH téoties, results indicate that split systems usualiperformed
thermosiphon systems both in terms of energy efficy and level of service, and hence should befeped option
for energy efficiency initiatives and policies.

Keywords: solar water heater; sensitivity analysis; siteefffievariables; technical specifications; energyfprmance;
level of service.

Nomenclature

Ccv 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
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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

loT Internet of Things

LE Lower-extreme energy efficiency class

LS Lower-standard energy efficiency class

p Null-hypothesis probability (similarity)

R? 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

Australia has one of the largest greenhouse ga&s{Gbbtprints among developed countries in the dvdrde to its
considerable reliance on fossil fuels for energypdu[1-3]. However, the country receives one & ¢ineatest
quantities of solar radiation on earth, i.e. 1.9—!\7]Wh~m'2'yeaf1 on average [4]. As a result, the use of solargner
technologies has increased considerably (e.g. p&%nnum from 2000 to 2008) in Australia in th&t lavo decades in
connection with the sanction of national policies@HG emissions mitigation since 1997 [5]. Thesasnees were
usually implemented as part of government renewabdzgy rebate policies, e.g. Small-Scale Renewabhézgy
Scheme [3]. To date, the aim of such policies iadioieve at least 20% of electricity supply fromewable energy
sources by 2020 as part of the Renewable EnergeT@RET) set by the Australian Federal Governmemt33 TWh
per year by 2020 [6,7].

Solar water heater (SWH) technologies were amoagrthin strategies endorsed by renewable energterebaemes
funded by the Australian government in the pastdes. Since the 1950s, this technology has beeard®d and
developed by Australian research and commerciéitutisns [8]. Notwithstanding developments in S\i#¢hnologies
in the country, the proportion of the residentiailting stock with SWHs is approximately 5% in Ausdia [3,4].
Traditionally, the most popular system is flat pl#ttermosiphon SWHs [4], but there has been aeaserin the use of
split SWHs.
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In spite of general benefits associated with theafsSWHSs in residences in Australia, the perforoesaind electricity
savings promoted by these systems is considenafblienced by the characteristics of their composiesite-specific
conditions and user behaviour. Therefore, SWHSs pnagent inherent cost and efficiency limitationf Y2hile cost
limitations associated with SWHs for Australian kebolds may be overcome with government renewatdegg
rebate schemes, efficiency limitations may persetcareful selection of SWHSs is not undertakes.déscussed by
Mills [9], the performance of SWHs must be detemimy using detailed models, rather than geneoaghes as the
one defined by the Australian Standard AS 4234 atétbwater systems, calculation of energy consumptio].

The assessment of SWHs must encompass a holigtioagh based on multi-parametric analyses and iasisns
between energy performance and service level itmlieaSeldom are SWHs assessed considering arkange of
variables and indicators under a single assessirz@néwork. Nonetheless, recent studies on SWHSs adeaeessed
important aspects related to assessment framewerdtsjological advancements, site-specific conati@and user
behaviour patterns. For instance, Allouhi et dl] ihdicated the importance of more efficient sysseto reduce the
reliance on energy from the electricity grid; Duoot[12] pointed out the benefits of systems witfhhsolar fractions;
Halaway [13] alerted to the necessity of reviewigiodically the input assumption used to estinia¢eperformance
of SWHs, e.g. the standard AS/ANZ 4234:2008 onggneonsumption modelling; Li et al. [14] showedtttize
application of vertical solar collectors are equaifluence by site specific conditions, e.g. watensumption pattern
and seasonal solar radiation; Yan et al. [15] destmated that considerable amounts of energy arsechidue to a
mismatch of solar collector energy supply and Imgadiemand loads; Saravanan et al. [16] descrileddhnection
between technological advancements and performamm®vements in the design of solar collectors;HEaet al. [17]
found that performance of systems is usually lothvan the one described by manufacturers; Xue [tLgfied the
performance of new phase change materials for S\Whish were significantly influenced by site coialits, e.g. cold
water temperature and solar radiation variabilignnnatou et al. [19] identified a lack of studiesthe configuration

of solar systems for building integrated designetal. [20] investigated the impact of urban forwnsthe performance
of solar systems, revealing a lower influence t& sonditions (e.g. site coverage, building azirau#ic.) on the
performance of systems installed in low- and meddemsity areas as opposed to high-density areasaidd et al. [21]
suggested the use of variable water consumptiaslbased on empirical data, rather than statiy daiter
consumption profiles, for performance assessmenetsmf SWHSs; Gill et al. [22] details in a qudiit@ analysis the
interdependence among households, technologiepditits on SWHs, e.g. failure to achieve policylga household
carbon emission reduction) and benefits for housish@nergy savings) due to a lack of quality psefenal advice and
installation of systems; Lin et al. [23] assesd®tlfinancial feasibility of SWHSs, which was depemidepon the daily
water consumption pattern; and so on.

Notwithstanding the vast number of studies on SWhtse is a dearth of studies that comprehensingdgrates
various technical specification parameters, siteHjg conditions, and user behaviour aspectsdeoto holistically
evaluate the performance of SWHs across multipjegezformance indicators. The objective of the lestudy is to
assess the performance of SWHs for the city oftfane in Australia using a multi-parametric sengitignalysis for
technical specifications, site-specific conditiam&l user behaviour variables taking into accouatg@nperformance
and service level indicators. The analysis wadadut considering the variability of 19 paramstand six
performance indicators.

2. Research method

This section provides an overview of the researethod undertaken in this study. The study enconggaass analysis
of SWHSs focused on energy performance indicatoes &nnual energy consumption, energy intensitgy $action and
peak energy consumption) and level of service atdics (i.e. compliance with required hot water teragures for
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Legionella spp. control and comfort levels). In order to accontiplise aim of the study, SWHs were assessed for the
climate of the city of Brisbane considering 19 paeters combined into 192 scenarios emulated usiligrated
computational models. Models were undertaken ugiagoftware EnergyPlus 8.6. The result of modesew
employed to analyse the influence of different techl specifications, site-specific conditions arsgr behaviour
parameters on the six performance indicators of SWAiY). 1 summarises the study method.

Objective
Asse e perfo ance o g 4
D 0 2 0 (O 0 0
System types Sensitivity Analysis
» Thermosiphon solar water heater
 Split solar water heater * Solq collector )
efficiency 2
Computational model calibration . izﬁ Sg}fr;:)r area §
) - * Tank heat loss S
Field experiment * Electric back-up heating §
power rate @
Computational models * Electric back-up heating '6-3
position (height) =
Field VS model results * Blectric back-up heating | -3
temperature range ﬁ
Performance analysis g
B
& Total electricity = * Solar collector direction -
= consumption =) * Solar collector tilt angle | =
E N + Solar collector -§
S Energy intensity shadowing 'E
) * Solar collector dust 1)
=¥ Solar fraction accumulation ©
3 * Hot water pipe é
5| Peak-hour electricity insulation ‘S
é consumption * Hot water pipe length qé-
* Electricity tariff time-of- | &
use %
o | Compliance with end * Cold water temperature
E use comfort
E temperature <
= E * End-use water z
= Compliance with temperature >
(2] . — =
2z Legionella sp. control * End-use vyater demand =
=) temperature * End-use time-of-use 2
=
— -
Key performance 7 =
parameters identification ya
Outline the driving factors which influence the performance of solar
water heaters in residential buildings in Brisbane, Australia

Fig. 1. Flow chart of the study method.

In the supplementary material, a detailed explanatn supporting analyses is provided, includifg: (
computational model calibration using a field expent conducted in Brisbane, Australia (S-A); aidréview
of input parameters for the sensitivity analysi€B(S



113 2.1, Senditivity analysisinputs

114  Asensitivity analysis was undertaken to evalubgeperformance of split SWHs with vertical stratifitanks and

115 thermosiphon SWHs with horizontal mixed tanks. Eleity was required during auxiliary heating ewveirt split and
116 thermosiphon systems alike, and for operating tivapof the circulation system between solar cabecand the tank
117  in split systems only. In the analysis, three ingategories were taken into account, namely: ¢hnecal specifications;
118  (ii) site-specific conditions; and (iii) user beliawr.

119 The value range for most of the input parametershvesed on five energy efficiency classes, i.eeteaxtreme (LE),
120 lower-standard (LS), standard (S), upper-standd®) énd upper-extreme (UE). The variability of swalues was
121  statistically determined for stochastic parametetgreas prior studies and expert appraisal wesptad for

122  non-stochastic parameters range estimation (refSBupplementary material S-B for more details). pgormance
123  analysis was undertaken considering the variatforalues for single parameters at a time, whiledtrer parameters
124  were kept constant at the reference category. &leeance category was fixed at the S class, exoefhe following
125 parameters in accordance with the local solar ngmieetices: solar collector efficiency at LS, salallector direction
126  at UE, solar collector tilt angle at UE, solar egatior shadowing direction at UE, and tariff poweerruption at LE.
127  Therefore, the 19 parameters were combined intost8Barios by emulating eight directions for tweapaeters (solar
128  collector orientation and shadowing; 16) and five values for other 16 parametersg0), with a total of 96 scenarios
129 for two system types (split and thermosiphon system192).

130

131 2.2. Key performanceindicators

132  Each studied parameter was analysed considerifigrpmmce indicators related to energy efficiencgt Evel of
133  service under a single framework. This approachiges a holistic analysis of SWHSs, as conservatemice levels
134 may lead to excessive electricity consumption, whsidow energy consumption may be associated adthced
135 service levels.

136  Energy efficiency indicators encompassed the etégticonsumption of auxiliary heating elementsSaWHs, including
137 the total annual electricity consumption as welllespeak-hour electricity consumption for the ggegrid (i.e. from 4
138 pmto 8 pm). The total electricity consumption /8s was calculated by totalising the electric epemgnsumption of
139 simulation scenarios for one year. The peak-haaotetity consumption was calculated in an analegeay to the
140 total electricity consumption, but considering péakrs only.

141  The solar fraction of SWHs was also used as amétaoli. It was calculated as the quotient of thewarhof solar energy
142  to the total energy consumption of SWHs (i.e. selergy and electricity). The consumed solar enesay calculated
143  as a function of the subtraction between the tnakgy consumption and the electricity requiremeh8WHs.

144  Moreover, energy efficiency indicators also incld@gectric energy intensity (unit of energy pertwifiwater

145  consumption).

146  Service indicators were related to compliance kewath temperature thresholds for comfort levelisérs at end-use
147  points and protection againstgionella spp. growth in hot water tanks. The compliance levehwhe end-use point

148 temperatures was analysed by comparing the supphégl temperature with their set-point temperatiire required
149  criteria forLegionella spp. control was adopted based on a continuous supplipérature at the storage tank outlet (top
150 hot water layer) of 60 °C as suggested by Bédaadl §4] and Boppe et al. [25] among other curstntlies published
151 by government agencies (e.g. UK [26]). Notwithsiagdhe general inhibition dfegionella spp. for temperature equal
152  to 60 °C, such bacteria group may persist undewroestrictive temperatures (<20 and >55 °C) amal Ishocks

153  (70°C for 30 minutes) [27].
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The herein assessmentlaionella spp. control temperature only provides an indicationhef susceptibility of hot
water supply systems taegionella spp. growth as described in Table 1. Mercante and Wilh§®€] pointed out that
the proliferation oLegionella spp. in hot water supply systems is not directly assteci with clinical cases of
legionellosis, as this disease tend to occur whiserainderlying factors in addition to exposureéwosols with
Legionella spp. are present, such as: over 50 years-old man wiiitp disease, immunosuppression, smoking, recent
travel, diabetes, cancer, acquired immune defigisyadrome, end-stage renal disease, and humanecdibll-like
receptor 6 (TLR6) mutations. The authors also riggbthat the number of legionellosis has increasdide past
decades, which may be attributed to a rise in distit testing techniques, improvements in repoytamgl growth of
vulnerable elderly population.

Table 1.Legionella spp. proliferation risk in hot water supply systems.

Water heater outlet temperature (°C) Time frequéb@y| Risk

260 100 Very low

> 60 90-99 Low

260 51-89 Intermediate
260 0-50 High

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

3. Performance analysis

Among the 19 studied parameters, the sensitivighyasis revealed a diversified interaction amonggedormance of
SWHs, both in terms of energy efficiency and lesfeservice, and the variability of technical spweifions of SWHs,
site specific conditions and user behaviour. Asashim Table 2, the electricity consumption of SWiHglerwent a
significant variation under different energy eféiocy classes for most of the parameters.

Table 2. Absolute and relative change in electricity conptiam.

System type Split with stratified vertical tank Thermosiphon with mixed horizontal tank
Energy efficiency clas LE LS S US UE LE LS S uUS UE
Efficiency (%) 39 43 56 64 67 3¢ 43 5€ 64 67
Electricity use kWh/yea) 41€ 34C 11¢ 107 10C 45( 365 61 42 32
Electricity use change (% 22 0 -65 -68 -71 23 0 -83 -88 -91
Area (m?) 1.8 2.& 5.€ 9.C 10.2 1.6 2.8 5.€ 9.C 10.¢
Electricity use kWh/yea) 107z 74¢ 34C 201 17€ 87t 645 36¢ 23€ 21¢
Electricity use change (% 21t 12C 0 -41 -48 14C 76 0 -3€ -40
_ | Direction/orientation* S SE/SW E/W NE/NW N S SE/SW E/W NE/NW N
g Electricity use kWh/yea) 109¢ 94( 614 397 34C 102z 89z 662 43¢ 36¢
9 | Electricity use change (%| 228 177 8C 17 0 18C 144 81 20 0
3 Tilt angle 90¢ 0° 13.7¢ 47.4 27.4¢ 90°¢ 0° 13.7¢ 47.4¢ 27.4
@ |Electricity use kWh/yea) 131¢ 60¢ 437 381 34C 127(¢ - 48¢ 401 365
& |Electricity use change (%]  28€ 7¢ 29 12 0 24¢ - 34 1C 0
Shadowing directior* N NE/NW E/W S/ISE/SW  None N NE/NW E/W SISE/SW  None
Electricity use kWh/yea) 58€ 447 354 341 34C 64z 50¢ 394 36¢ 365
Electricity use change (% 72 31 4 2 0 7€ 39 8 1 0
Dust radiation decline (%) 64.C 47.C 5.C 2.7 0.C 64.C 47.C 5.C 2.7 0.C
Electricity use kWh/yea) 158¢ 123¢ 34C 31z 28¢ 144¢ 123t 36t 33z 294
Electricity use change (%  36€ 263 0 -8 -17 297 23¢ 0 -9 -19
Volume (litres) 9C 25(C 31t 45C 63( 9C 25(C 31t 45C 63(C
. | Electricity use kWh/yea) 54¢ 37z 34C 354 38t 774 434 36t 291 24C
S | Electricity use change (% 62 1C 0 4 13 112 18 0 -2C -34
i Heat loss (W/K; 31 1.3 0.8 0.t 0.2 3.1 1.2 0.t 0.t 0.z
% Electricity use kWh/yea) 156¢ 60¢ 34C 241 165 96: 507 365 30z 24¢
= |Electricity use change (%| 361 78 0 -29 -51 162 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/yea) 517 452 34C 24¢ 21z 63€ 544 365 213 16C
Electricity use change (% 52 33 0 -27 -38 74 49 0 -42 -56
% R Insulation (R-value) 0.C 0.2 0.2 1.C AD** 0.C 0.2 0.2 1.C AD**
= |Electricity use kWh/yea) 43z 34z 34C 33¢ 297 40€ 36¢ 36¢ 362 27C




Electricity use change (% 27 1 0 0 -13 11 1 0 -1 -2€
Length (metres; 18 15 9 5 0 18 1E 9 5 0
Electricity use kWh/yea) 364 35€ 34( 331 29¢ 411 40z 36E 32¢ 27C
Electricity use change (% 7 5 0 -3 -12 13 1C 0 -11 -2€
Element power (kW) 5.t 4.8 3.C 1kt 0.c 5. 4. 3.C 1t 0.c
Electricity use kWh/yea) 32t 32t 34( 34¢ 32¢ 367 367 36E 352 334
- Electricity use change (% -4 -4 0 2 -3 1 0 0 -4 -9
.S | Element tank height (%) 0 25 5C 75 10C - - - - -
8 | Electricity use kWh/yea) 102¢ 46( 34C 28C 24t - - - - -
£ | Electricity use change (% 202 35 0 -18 -28 - - - - -
£ | Set-point temperature (°C) 8C 74 6C 53 5C 80 74 60 53 50
'S | Electricity use kWh/yea) 133¢ 96~ 34( 182 14z 119¢ 91¢ 36E 17z 137
& | Electricity use change (%| 292 184 0 -47 -58 2217 151 0 -53 -62
u%’ Tariff power interruption (h) 0 2 3 6 1€ 0] 2 3 6 16
Electricity use kWh/yea) 34( 337 337 32C 17t 36E 36¢ 36E 321 23€
Electricity use change (% 0 -1 -1 -6 -49 0 0 0 -12 -3¢
End-use temperature (°C) 5C 47 4C 35 33 50 47 40 3t 33
Electricity use kWh/yea) 571 517 34( 23¢ 20€ 814 664 36E 19z 12¢
g Electricity use change (% 68 52 0 -3C -39 12% 82 0 -48 -65
'S | Water demand (litres/day) 23¢ 21C 15¢ 10C 77 238 21C 15k 10C 77
s Electricity use kWh/yea) 612 521 34( 20¢ 162 81t 664 36E 13¢ 88
3 Electricity use change (% 8C 53 0 -3¢ -52 128 82 0 -62 -7€
g Time of peak use hour (24h)|  6:5C 7&17 7:30&18 9&20 9:4(C 6:5C 7817 7:30&18 9&20 9:4C
D |Electricity use kWh/yea) 35C 34z 34( 291 24¢ 34¢ 364 36E 334 30C
Electricity use change (% 3 0 0 -14 -27 -5 0 0 -8 -18

173  Note: * North (N), Northeast (NE), Northwest (NW), East (E), West (W), Southeast (SE), Southwest (SW), South (S); **
174  Adiabatic (AD)
175

176  Under the reference energy efficiency class fohgmrameter (base scenario), split and thermosighéHs had an
177  electricity consumption of 340 and 365 kWar" per household, respectively, with an equivalentgnintensity of
178  approximately 6 kwim?. The use other energy efficiency classes shovsigréficant effect on the electricity savings
179  of SWHs. For instance, the replacement of lowendsiad collectors (most popular collector categarthe local

180 market) with standard performance collectors (meeificiency level among the 135 glazed solar otdies’ sample)
181 promoted a decrease in energy intensity of 65%/h k) for split systems and 83% (2 kW) for thermosiphon
182  systems. Conversely, a 64% transmittance reduotiosolar collectors associated with excessive seoktust

183  accumulation, or other type of dirt (e.g. grimedhirops, etc.), may almost eliminate the solargneollection of
184  SWHSs. Under such conditions, there exists a tremasthcrease in electricity consumption and assetianergy
185 intensity to ranges comparable to electric wateitdrs, i.e. 25 and 28 kW for thermosiphon and split SWHS,
186  respectively.

187 Reductions in the electricity consumption duringlp@ours for the energy grid (i.e. from 4 pm tor8)pvere mainly
188 related to two major SWHSs groups, namely: (i) systevith high energy efficiency and low electricigquirements
189  during peak-hours; and (ii) systems with low enezfficiency with a random displacement of electyidonsumption
190 from peak-hours. The peak electricity consumptioalygsis is summarised Fable 3

191
192 Table 3.Absolute and relative change in peak electricitystonption.
System type Split with stratified vertical tank Thermosiphon with mixed horizontal tank
Energy efficiency clas LE LS S Us UE LE LS S UsS UE
Efficiency (%) 3¢ 43 5€ 64 67 39 43 56 64 67
Peak usekWh/yea) 12 17 6 3 0 72 91 15 8 8
Peak us change (%) -27 0 -65 -81 -10C -21 0 -83 -92 -92
Area (m?) 1.6 2.8 5.€ 9 10.4 1.€ 2.6 5.€ 9 10.4
Peak usekWh/yea) 32 22 17 1C 7 114 10¢ 91 8C 79
5 Peak us change (%) 8¢ 32 0 -41 -59 25 2C 0 -12 -14
‘g Direction/orientation* S SE/SW E/W NE/NW N S SE/SW E/W NE/NW N
3 Peak usekWh/yea) 207 15¢ 2t 16 18 49 387 67 58 91
o Peak us change (%) 102: 73¢ 3€ -15 0 -4€ 328 -27 -36 0
% Tilt angle 90¢ 0° 13.7 47.4¢ 27.4 90¢ 0° 13.7° 47.4 27.4¢
n Peak usekWh/yea) 162 17 123 15 17 31¢ - 31 12¢ 91
Peak us change (%) 86¢ 0 -21 -12 0 247 - -6€ 4C 0
Shadowing directior* N NE/NW E/W SISE/SW  None N NE/NW E/W S/ISE/SW  None
Peak usekWh/yea) 32 25 1¢ 18 17 48 92 91 91 91
Peak us change (%) 8¢ 48 13 3 0 -48 1 -1 0 0




193  Note: * North (N), Northeast (NE), Northwest (NW), East (E), West (W), Southeast (SE), Southwest (SW), South (S); **
194  Adiabatic (AD)
195

Dust radiation decline (%) 64 47 5 2.7 0 64 47 5 2.9 0
Peak usekWh/yea) 17z 58 18 15 1€ 6 8C 91 82 79
Peak uschange (%)| 83t 21¢ 0 -1€ -13 -93 -13 0 -11 -14
Volume (litres) 9C 25(C 31t 45C 63(C 9C 25(C 31t 45( 63C
o Peak usekWh/yea) 43 28 18 21 41 17z 71 91 94 67
< Peak uschange (%) 134 54 0 12 122 88 -23 0 2 -27
e Heat loss (W/K 3.0¢ 1.32 0.7t 0.47 0.1¢ 3.0¢ 1.32 0.7t 0.47 0.1¢
% Peak usekWh/yea) 12t 36 17 1C 5 164 61 91 88 96
E Peak us change (%) 63¢ 113 0 -43 -71 79 -33 0 -4 5
£ Cold water connection (°C) | 14-21 16-23 20-27 24-31 26-32 14-21 16-23 20-27 24-31 26-33
Peak usekWh/yea) 12 15 17 9 7 11¢ 78 91 63 52
Peak uschange (%)| -27 -11 0 -44 -58 28 -15 0 -32 -43
Q Insulation (R-value) 0 0.2 0.2 1 AD** 0 0.z 0.2 1 AD**
=3 Peak usekWh/yea) 2¢ 19 18 18 12 85 92 91 88 90
o Peak us change (%) 5€ 3 0 -4 -33 -7 0 0 -4 -2
‘g Length (metres; 18 15 9 5 0 18 1t 9 5 0
B Peak usekWh/yea) 15 18 17 17 12 86 68 91 78 8%
I Peak us change (%) -14 5 0 -3 -30 -5 -25 0 -14 -2
Element power (kW) 5.t 4.€ 3 1kt 0.c 5.E 4. 3 1t 0.c
Peak usekWh/yea) 2€ 27 18 18 1¢ 91 91 91 91 32
- Peak us change (%) 42 44 0 -1 2 0 0 0 -1 -65
.S | Element tank height (%) 0 25 5C 75 10C - - - - -
8 Peak usekWh/yea) 381 83 17 6 1C - - - - -
% Peak uschange (%) 214(C 387 0 -67 -42 - - - - -
£ | Set-point temperature (°C) 8C 74 6C 53 5C 80 74 60 53 50
] Peak usekWh/yea) 67 48 17 11 4 32z 24¢ 91 4E 25
g Peak uschange (%)| 29 184 0 -3€ -75 252 171 0 -51 -73
u% Tariff power interruption (h) 0 2 3 6 1€ 0 2 3 6 16
Peak usekWh/yea) 17 3 0 0 0 91 1 0 0 0
Peak us change (%) 0 -84 -10C -10C -10C 0 -98 -10C -10C -10C
End-use temperature (°C) 5C 47 4C 35 33 50 47 40 3t 33
Peak usekWh/yea) 33 21 17 8 3 147 12¢ 91 38 48
g Peak us change (%) 97 28 0 -53 -80 61 42 0 -59 -47
S| Water demand (litres/day) 23¢ 21C 15¢ 10C 77 238 21C 15E 10C 77
8 Peak usekWh/yea) 32 22 17 5 6 11€ 10¢ 91 4¢ 28
3 Peak us change (%) 9t 31 0 -71 -66 27 1¢ 0 -46 -6¢
g Time of peak use hour (24h)|  6:5C 7817 7:30&18 9&20 9:4(C 6:5C 7817 7:30&18 9&20 9:4C
=} Peak usekWh/yea) 5 17 17 4 3 0 98 91 3 0
Peak uschange (%)| -71 1 0 -74 -83 -10C 7 0 -97 -10C

196  The use of high energy performance systems wasiagst with a significant decrease in peak-houttalgty

197 requirements, e.g. total displacement of elecjrititm peak-hours by adopting split SWHs with uppeireme solar
198 collector efficiency. This outcome has a directdférfor the energy sector, as a reduction in pleals electricity

199  consumption usually contributes to a deferral gtz expenditures for upgrades of energy gridekHeour electricity
200 reductions were also achieved by systems with lexfopmance (e.g. thermosiphon SWHs with North shadg or 64%
201 transmittance reduction due to dust accumulatiaroliectors). Notwithstanding this apparent bensfich systems
202  have a limited electricity saving potential and niegd to a considerable increase in the peak-hwengg consumption
203  depending on user behaviour pattern. The use bf3MHs with electric heating element placed attibdom of hot
204  water tanks showed the largest increase in peakéiectricity consumption (21-fold) in relation tioe base scenario.
205 This system configuration (i.e. heating element gmedmostat positioned at the same level as ttibwater inlet)

206  operates constantly heating cold water, and hermades a larger hot water supply capacity by jedising the

207  potential of split SWHSs to divert electricity comsption from peak-hours.

208 The solar energy use proportion in relation tottital energy requirement of SWHs (solar fractiomswnainly

209 influenced by factors associated with the charésties of solar collectorsT@ble 4; however, other factors related to
210 user behaviour and back-up electricity heatingosétt temperature also played an important roldénsolar fraction
211  of SWHs.

212
213



214

215 Table 4. Absolute and relative change in solar energy foacti
System type Split with stratified vertical tank Thermosiphon with mixed horizontal tank
Energy efficiency clas LE LS S usS UE LE LS S us UE
Efficiency (%) 3¢ 43 5€ 64 67 39 43 56 64 67
Solar fraction (% 82 86 97 98 98 71 7€ 97 98 98
Solar fraction chan¢ (%) -5 0 13 14 14 -7 0 28 2¢ 29
Area (Mm% 1.& 2.8 5.€ 9 10.¢ 1.8 2.& 5.€ 9 10.¢
Solar fraction (% 4E 64 8€ 93 94 41 57 76 8t 86
Solar fraction chan¢ (%) -48 -2€ 0 8 9 -4€ -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 8€ 31 4c 57 72 76
2 | Solar fraction chan¢ (%) -51 -3¢ -17 -4 0 -5¢ -47 -2€ -6 0
8 Tilt angle 90°¢ 0° 13.7 47.4¢ 27.4 90¢ 0° 13.7¢ 47.4 27.4¢
3 Solar fraction (% 2¢ 72 81 83 8€ 14 - 68 74 76
& | Solar fraction chan (%) -67 -17 -6 -3 0 -82 - -1C -4 0
Shadowing directior* N NE/NW E/W SISE/SW  None N NE/NW E/W S/ISE/SW  None
Solar fraction (% 73 79 85 85 8¢ 58 67 74 7€ 76
Solar fraction chan¢ (%) -16 -7 -1 0 0 -24 -13 -3 0 0
Dust radiation decline (%) 64 47 5 2.7 0 64 47 5 2.7 Q
Solar fraction (% 13 35 8€ 87 8¢ 1 1€ 76 7¢ 81
Solar fraction chan¢ (%) -85 -5¢ 0 2 3 -9¢ -79 0 3 6
Volume (litres) 9C 25(C 31t 45C 63(C 9C 25(C 31t 45C 63C
o Solar fraction (% 6¢ 83 8¢ 86 8¢ 50 72 76 81 84
< | Solar fraction chan¢ (%) -20 -3 0 1 1 -3 -6 0 6 1C
e Heat loss (W/K] 3.0¢ 1.32 0.7t 0.47 0.1¢ 3.0¢ 1.32 0.7t 0.47 0.1¢
% Solar fraction (% 6C 78 8¢ 89 92 59 71 76 79 82
= | Solar fraction chan( (%) -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 8€ 8% 9C 67 7C 76 84 87
Solar fraction chan¢ (%) -6 -4 0 4 5 -12 -9 0 9 13
Q Insulation (R-value) 0 0.2 0.2 1 AD** 0 0.z 0.2 1 AD**
=3 Solar fraction (% 83 86 8€ 86 87 75 7€ 76 77 81
& | Solar fraction chan¢ (%) -4 0 0 0 2 -2 0 0 0 6
‘g Length (metres; 18 15 9 5 0 18 1E 9 5 0
5 Solar fraction (% 85 85 8¢ 86 87 75 7t 76 78 81
I | Solar fraction chan¢ (%) -1 -1 0 0 1 -1 -1 0 3 7
Element power (kW) 5.t 4.€ 3 1t 0.¢c 5.t 4.¢ 3 1.t 0.c
Solar fraction (% 87 87 8¢ 85 8¢ 76 7€ 76 77 78
- Solar fraction chan¢ (%) 1 1 0 0 1 0 0 0 1 3
.S | Element tank height (%) 0 25 5C 75 10C - - - - -
ke Solar fraction (% 54 8C 8¢ 89 9C - - - - -
£ | solar fraction chan (%) -37 -7 0 3 5 - - - - -
£ | Set-point temperature (°C) 8C 74 6C 53 5C 80 74 60 53 50
K] Solar fraction (% 42 58 8€ 94 9€ 28 44 76 8¢ 91
& | Solar fraction chan (%) -51 -33 0 9 12 -62 -42 0 17 20
O | Tariff power interruption (h) 0 2 3 6 1€ 0 2 3 6 16
w Solar fraction (% 8¢ 86 8¢ 87 94 76 7€ 76 79 85
Solar fraction chan¢ (%) 0 0 0 1 9 0 0 0 4 11
End-use temperature (°C) 5C 47 4C 35 33 50 47 40 3t 33
Solar fraction (% 79 81 8¢ 89 9C 62 6€ 76 8t 89
5 | Solar fraction chan¢ (%) -7 -6 0 4 5 -1¢ -13 0 11 16
2 | Water demand (litres/day) | 23% 21C 15E 10C 77 23¢ 21C 15E 10C 77
S Solar fraction (% 78 81 8€ 91 93 61 6€ 76 88 91
& solar fraction chan¢ (%) -9 -6 0 6 8 -2C -14 0 1€ 20
§ Time of peak use hour (24h) 6:5C 7&17 7:30&18 9&20 9:4C 6:5C 7&17 7:30&18 9&20 9:4C
D Solar fraction (% 8t 86 8€ 88 9C 77 77 76 78 8C
Solar fraction chan¢ (%) 0 0 0 3 5 0 0 0 3 4

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

218

219  The maximum solar fraction (98%) was reached withuse of solar collectors in the upper extremeggnefficiency
220 class, i.e. solar collectors with a 67% solar epedlection efficiency. Conversely, the use of Emvextreme tilt angles
221  (vertical position) and dust accumulation level%6transmittance reduction) in solar collectorsnpoted a

222  considerable decline in the solar fraction of SWiklish a minimum of 1% for thermosiphon SWHs witi/64ust

223  accumulation. User behaviour also showed a sigmifinfluence on the solar fraction of SWHSs; foamwple, lower-
224 and upper-extreme water consumption patterns (@238 litresday-1, respectively) were associated with an irsgea
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and decrease of 20% in the solar fraction of therptmon SWHSs in relation to the base scenario. Byefesing the
electric heating element set-point temperature f6@no 50 °C, the solar fraction of thermosiphontAhcreased by

20%; nonetheless, this practice reduces the congalitevel withLegionella spp. control temperatures (Table 5).

Table 5. Absolute and relative change in temperature compéidevels fotegionella spp. control

System type Split with stratified vertical tank Thermosiphon with mixed horizontal tank
Energy efficiency clas LE LS S usS UE LE LS S US UE
Efficiency (%) 3¢ 43 5€ 64 67 39 43 56 64 67
Compliance (% 67 72 94 94 9t 61 6€ 95 9€ 97
Compliance chan( (%) -7 0 31 31 32 -8 0 44 4E 47
Area (m%) 1.& 2.8 5.€ 9 10.¢ 1. 2.& 5.€ 9 10.¢
Compliance (% 17 41 72 83 8t 27 41 66 77 79
Compliance chan( (%) -76 -43 0 15 18 -5¢ -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 5C 67 72 28 32 51 62 66
2| Compliance chan( (%) -61 -51 -31 -7 0 -57 -50 -22 -6 0
3 Tilt angle 90¢ 0° 13.7¢ 47.4 27.4¢ 90¢ 0° 13.7¢ 47.4¢ 27.4¢
3 Compliance (% 9 51 64 66 72 1C - 62 5€ 66
& |_Compliance chan (%) -88 -3C -11 -9 0 -8 - -6 -16 0
Shadowing directior* N NE/NW E/W SISE/SW  None N NE/NW E/W S/ISE/SW  None
Compliance (% 48 55 6¢ 72 72 56 55 63 6€ 66
Compliance chan( (%) -31 -24 -4 0 0 -1€ -18 -5 -1 0
Dust radiation decline (%) 64 47 5 2.7 0 64 47 5 2.7 Q
Compliance (% 0 7 72 74 7€ 1 13 66 68 72
Compliance chan( (%) -10C -9C 0 3 6 -98 -81 0 3 8
Volume (litres) 9C 25(C 31t 45( 63( 90 25(C 31¢ 45(C 63C
o Compliance (% 6¢ 74 72 67 58 56 67 66 65 62
< | Compliance chany (%) -4 3 0 -7 -24 -1E 1 0 -2 -6
pus Heat loss (W/K] 3.0¢ 1.32 0.7t 0.4% 0.1¢ 3.0¢ 1.32 0.7t 0.47 0.1¢
% Compliance (% 32 61 72 78 84 47 61 66 6¢ 72
=| Compliance chan( (%) -56 -15 0 8 17 -2¢ -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 chan( (%) -6 -3 0 5 7 -11 -8 0 9 14
Q Insulation (R-value) 0 0.2 0.2 1 AD** 0 0.z 0.2 1 AD**
= Compliance (% 68 72 72 72 73 64 6€ 66 6€ 70
@ | Compliance chan( (%) -6 0 0 0 2 -4 0 0 -1 5
‘g Length (metres; 18 15 9 5 0 18 1E 9 5 0
B Compliance (% 72 72 72 73 73 63 65 66 6€ 69
I | Compliance chan( (%) 0 0 0 1 1 -5 -2 0 0 5
Element power (kW) 5.t 4.€ 3 1t 0.¢c 5.t 4.¢ 3 1.t 0.c
Compliance (% 71 72 72 73 72 66 6€ 66 6% 64
- Compliance chan( (%) -1 -1 0 1 0 0 0 0 -2 -3
.S | Element tank height (%) 0 25 5C 75 10C - - - - -
8 Compliance (% 87 74 72 70 6¢ - - - - -
£| Compliance chan( (%) 21 3 0 -3 -4 - - - - -
£ | Set-point temperature (°C) 8C 74 6C 53 5C 80 74 60 53 50
] Compliance (% 10C 10C 72 66 65 10C 10C 66 58 54
& | Compliance chan (%) 3¢ 39 0 -8 -10 52 52 0 -17 -18
u%’ Tariff power interruption (h) 0 2 3 6 1€ Q 2 3 6 16
Compliance (% 72 72 72 72 6€ 66 6€ 66 64 57
Compliance chan( (%) 0 0 0 -1 -9 0 0 0 -4 -14
End-use temperature (°C) 5C 47 4C 35 33 50 47 40 3t 33
Compliance (% 6t 67 72 77 78 57 5¢ 66 74 77
5| Compliance chan( (%) -10 -7 0 6 8 -14 -11 0 12 16
2 | Water demand (litres/day) | 23% 21C 15E 10C 77 23¢ 21C 15E 10C 77
s Compliance (% 65 67 72 78 8C 5¢ 6C 66 7€ 82
3 Compliance chan( (%) -10 -7 0 8 11 -11 -9 0 15 24
§ Time of peak use hour (24h) 6:5C 7&17 7:30&18 9&20 9:4( 6:5C 7&17 7:30&18 9&20 9:4C
> Compliance (% 73 72 72 71 6¢ 80 65 66 6€ 79
Compliance chan( (%) 1 -1 0 -1 -4 21 -2 0 0 20

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

The compliance levels with theegionella spp. control temperature (60 °C) at the storage tarleb(top hot water
layer) was mainly influenced by the electric hegititlement set-point temperature. A decrease optiiameter from
60 to 50 °C showed a reduction of 10% and 18% mpi@nce levels of split and thermosiphon SWHspeesively;
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whereas, the increase of this parameter to 74 6G\gted the full compliance of all SWHs with contreiperatures.
Despite the inhibition ofegionella spp. for temperatures equal or over 60 °C, such bactgoup may persist after
heat shocks (70°C for 30 minutes).

Results indicate that the characteristics and ¢immdi of solar collectors are critical to achiewe lelectricity
consumption at high compliance levels witgionella spp. control temperatures. For instance, the use oécults
from the upper-extreme efficiency class showed dmmngpe levels of 95% and 97% for split and therpben SWHs,
respectively. Conversely, lower-extreme efficieteyels for dust accumulation (64%) and positiorrtfeal) of solar
collectors showed the poorest levels of compliamite control temperatures, i.e.0-1% and 9-10%, eetipely.

The comparison among the different parameter gréiugagechnical specifications, site specific citiods, and user
behaviour) showed no significant variation for tb&al annual electricity consumption (null-hypotisgsrobability

(p) >0.70), solar fraction (p>0.25), peak-hour &ieity consumption (p>0.90), aricegionella spp. control temperature
compliance (p>0.25). The energy intensity was ested as it is a direct function of the annualteilgity consumption;
while, results for the end-use temperature wereaotpared due to the full compliance of studiedhages with this
indicator. Fig. 2 illustrates the Coefficient offidgion (CV) of assessed parameters for key perdoce indicators.

Annual electricity Solar fraction
consumption

D Site-specific
conditions

D Technical

specifications

Peak-hour Legionella temp. _
electricity control compliance D User behaviour

< Split SWHs

¢ Thermosiphon
SWHs

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

Note: Solar water heaters (SWHSs), Electric backegting position (EHP), Electric back-up heatingperature range (EHT),

Electric back-up heating power rate (EPR), Hot wpipe insulation (HPI), Solar collector area (SC3dJar collector efficiency
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(SCE), Tank heat loss (TKI), Tank volume (TKV), Ense water demand (EWD), End-use water temperd@Werf, End-use
water time-of-use (EWU), Cold water temperature (CWEI@ctricity tariff time-of-use (ETD), Hot wateige length (HPL), Solar
collector direction (SCDi), Solar collector dust aemlation (SCDu), Solar collector shadowing (SCSJ, ¢olar collector tilt angle
(SCT).

The variability of the annual electricity consungptiexpressed in CV of split and thermosiphon systerre directly
correlated with a Coefficient of Determinatiorf{Rqual to 0.84, which indicates a similar influerud parameters on
both system types. Nonetheless, split systems mere sensitive to oscillations on the parametetts thie largest
impact on both systems. For example, the respectigéficients of variation of thermosiphon and sglistems related
to the annual electricity consumption were 170% 20@% for solar collector dust accumulation, 77% &67% for
tank heat loss, 127% and 158% for electric backegting temperature range, 120% and 134% for solbactor tilt
angle, 105% and 125% for solar collection directemd 75% and 114% for solar collector area. Orother hand,
thermosiphon systems were more influenced thahsgtems by parameters with intermediate influemc&WHs, for
which the respective CVs of split and thermosipbgstems were 52% and 79% for end-use water derddftiand 75%
for end-use water temperature, 54% and 69% for soltector efficiency, 29% and 54% for tank volyraed 35% and
51% for cold water temperature. The remaining patars had less than 35% variability for both sgtitl
thermosiphon systems. The six largest variabilitiethe sensitivity analysis of annual electrigitynsumption were
associated with three site-specific parametergtamee technical specifications categories. Thusrdter to attain
energy efficiency through the use of SWHs, sitec#jmeconditions must be considered along with téchl
specifications. Moreover, user behaviour also prteih@ significant variation in the electricity cansption of SWHs.

The variability of the solar fraction indicator limved the same trend as the annual electricitywopsion, with a
direct correlation of 84% (R0.82). This similarity is related to the inverserelation between these two indicators.
For instance, their correlation was equal to 95%iHermosiphon systems, and 91% for split systdins.comparison
of the solar fraction variability between split atérmosiphon systems revealed a larger sensitifitijge latter system
type due to changes in the input parameter clabasonly did split systems have a consistenthhbigsolar fraction
than thermosiphon systems (9% higher on averagéplso their solar fraction was more resilienirtodifications in
technical specifications, site-specific conditi@m&l user behaviour patterns. The solar fractiomgdability of split
systems was only higher than that for thermosipystems for the hot water tank heat loss paranfederthis
parameter, the solar energy gains of split systwere consistently 10% above thermosiphon systenihiéostandard,
upper-standard and upper-extreme classes; albeihd lower-extreme class, this difference wasiced to only 1%,
for thermosiphon systems were not as prone assysiiems to heat losses due to their lower avdrageater
temperature within hot water tanks.

The peak-hour electricity consumption measure sohtie terms (kWiyear®) was the most variable indicator. This
indicator was particularly influenced by changeghia input parameters of split systems, reachiegsthgle highest
variability among parameters (CV=973%) for the #&leity back-up heating position parameter. Thigemxely high
oscillation is associated with an increase in darilheating events when the electric heating efgrsepositioned
between the lower half and the bottom of hot wdeks; under these conditions, the peak-hour é&égtconsumption
increased from approximately 17 to a maximum of B8hryear. On the contrary, the position of elements had
neutral influence on peak-hour electricity constiompbf thermosiphon systems (approximately 91 ky&ar" on
average) due to the mixing of hot water into hamtabtanks. Among parameters with impact on bo#tesy types, the
solar collector direction promoted the largesttilation of the peak-hour electricity consumptioa, CV=254% for
thermosiphon systems and CV=567% for split systdihe.solar collector tilt angle also had a consitikr effect on
the peak-hour electricity of thermosiphon (CV=118%)l split (CV=370%) systems. The electric backeating
range (hot water tank set-point temperature) sha&dnificant modification of the peak-hour eléity consumption
as well, for which the coefficient of variation thiermosiphon and split systems were 142 and 1588pectively. The
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dust accumulation effect on collectors was assediaith a significant expansion of peak-hour eleityr consumption
of split systems (up to 174 kWjrear"), and hence it had the third largest influenceéhenvariability of split systems
(CV=430%) with a considerably lower significance fbermosiphon systems (CV=46%). Electricity tardlso played
a major role in the peak-hour electricity consumptvariability of split systems (CV=85%) and thesimhon systems
(CV=89%), as they can provide a full diversion &fatricity consumption from peak-hours. Other pagtars had an
overall lower significance on the peak-hour eledtyivariability than the aforementioned parameters

The variability of the compliance level witlegionella spp. control temperature showed a significant lowegeathan
the one for annual and peak-hour electricity corsion. Its average was slightly higher for thermbsin systems
(11%) in relation to split systems (14%). The pagters with the largest influence on the complideeels of both
system types were associated with solar colleckmsinstance, the site specific conditions relatethe dust
accumulation and tilt angle of collectors had togést variabilities among all parameters, witlpeesive coefficients
of variation of 57% for thermosiphon and 60% folitsgystems, and 39% for thermosiphon and 42% it systems.
Moreover, the specification of the area of soldlectors was also linked to a large variabilitylefjionella spp. control
temperatures in relation to other parametersC\=34% for thermosiphon systems and CV=37% fort syfstems.
The second most important component of the SWHsrms ofL_egionella spp. control temperature compliance was
the hot water tank. Its auxiliary electricity heafielement setting-point temperature was the npgoameter to
promote variability in the control temperature (3496 for thermosiphon systems and CV=25% for sphtems)
followed by the insulation specification (CV=14% thermosiphon systems and CV=27% for split sysjeand the
tank volume (CV=8% for thermosiphon systems and 1d®split systems). The user behaviour also hsigjaificant
impact on the control temperature in particulartfr@rmosiphon systems. For instance, the coefficémariation of
the end-use point temperature, time-of-use and ddrma thermosiphon systems was 12, 13 and 14%ecotisely;
while, for split systems, respective results fa fame parameters were equal to 5, 8 and 7%. Tiherine of other
parameters on this indicator was not as pronouasdbe one of the aforementioned parameters.

The multi-parametric sensitivity analysis indicasegredominant influence of parameters relate@kar £ollectors due
to their importance for the adequate performanc®wHs. Among these parameters, direction, dustragtation
levels and area of solar collectors were the mdktantial parameters related to the total eneapysamption
variability. The reduced influence of user behaviparameters on the total energy consumption agibbella spp.
control temperature is mainly associated with ttheqaiate design of the standard system, in whichahevater supply
is suitable for a range of demand scenarios. Caelierthe impact of user behaviour on peak-howstetity
consumption was significant, revealing the impoctaof a proactive attitude of households towardly dansumption
pattern adjustments to reduce peak consumptioarmtively, peak-hours electricity consumption baralso
eliminated without significant impacts to otherfpemance indicators by adopting off-peak electyitériffs. Thus, the
optimisation of SWHs under a multi-parametric fravoek encompasses multiple influential parametetscwhave to
be refined on a case-by-case basis.

4, Key findings

The study showed a significant influence of différeechnical specifications and site-specific ctinds on the
performance of SWHSs considering both energy andeetevel indicators. A summary of key findingspiesented in
the following sub-sections.
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342 4.1, Supply riability

343  SWHs can achieve full compliance with comfort regmients (i.e. continuous hot water supply at eredpasnts at
344 40 °C) under variable conditions, albeit there rhaysome time periods where the temperature ofregsteay not be
345 adequate for Legionella spp. growth control (itcuous hot water storage measured at the aftibe storage tank
346  at 60 °C or more) in particular during cold months.

347  Care should be practiced in the interpretatiorestilts related to Legionella spp. control tempeeatds described by
348  Kruse et al. [28], the susceptibility of residehhiat water system to Legionella spp. proliferat@amnot be easily

349 linked to clinical cases of legionellosis. None#ss, Mercante and Winchel [27] indicate that thelmer of

350 legionellosis are likely underestimated due totitidns in diagnostic and detection methods, aatltths disease may
351  pose mortality risk among at-risk populations (@lgmunosuppressed and elderly populations).

352

353  4.2. Split versusthermosiphon systems

354  Split systems have an overall better performanae thermosiphon systems under standard specificatid operation
355  conditions. The total annual electricity consumptid split systems was 7% lower than the one ferrtfosiphon

356  systems, with a reduction in peak-hour consummifa20% and a 6% higher compliance level witgionella spp.

357  control temperatures. Nonetheless, thermosiphdesygswere more energy efficient during summer, vtheg

358 reached almost 100% solar fraction.

359 Thermosiphon systems had a better performance lmdevater demand and temperature patterns, whllesystems
360 performed better under high water demand and teatyoer patterns. For instance, by comparison withaetopted

361 standard user behaviour (155 littesusehold-day* at 40 °C), the upper-extreme classes for temperdis5

362 litreshousehold-day* at 50 °C) and water demand (233 lithesisehold-day” at 40°C) promoted an increase in the
363 electricity consumption of 123% in thermosiphonteyss; in split systems, the same parameter clagsesassociated
364  with an expansion in the electricity consumptior68% and 80%, respectively. On the other handiother-extreme
365 classes for temperature (155 littesusehold-day* at 33°C) and water demand (77 littesusehold-day* at 40°C)
366  were associated with respective electricity sayiogentials of 39% and 52% in split systems, and @5%76% in

367  thermosiphon systems.

368  The hot water tank volume had a higher impact ertdtel annual electricity consumption of thermabsip systems

369 (CV=54%) than split systems (CV=29%). Converseig, peak-hour electricity consumption was more evited by

370 the tank volume in split systems (CV=51%) thanti@siphon systems (CV=21%). For a standard pipeleingm the
371  hot water tank to the supply point of 9 meters stashdard to upper-extreme levels of pipe insulaffoi5—3.08 WK™),
372  electricity saving potentials varied between 14% 48% for split systems and between 35% and 50% for

373  thermosiphon systems. Split systems are more sentitsolar collector area variations than therptosn systems.

374  Hence, in comparison with thermosiphon systemsegteetricity consumption of split systems was 18%hhar and 25%
375  lower considering the use of lower-extreme (1% amd upper-extreme (10.4)solar collector areas.

376
377 4.3. Solar collectors

378  Despite the widespread use of SWHSs with lower-steahéfficiency solar collectors, there is a sigrfit potential for
379 electricity savings by using more efficient collet. For instance, the use of more efficient soddlectors showed
380 electricity saving potentials from 65 to 71% folitspystems and from 83% to 91% for thermosiphostems.

381  The performance of SWHs can decline consideralslgdtar collector orientations other than northirigce.g. east and
382  west orientation of collectors may cause a reduadticthe electricity saving potential of 80-83% andecline in
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Legionella spp. control temperature to compliance levels of 49-58%ilectors facing south cardinal and inter-cartina
directions not only lead to a significant declinglie energy performance of SWHs, but also tocalifevels of
compliance witH_egionella spp. control temperature (28—36%). The performance oHSWas also highly influenced
by the inclination (tilt angle) of solar collectoiBor instance, in relation to the latitude antte, vertical installation of
collectors on the facade of buildings may decréasesolar fraction and tHeegionella spp. control temperature of
SWHs by 56-63%.

In relation to clean solar collectors, the standavel of dust accumulation with a 5% transmittareuction on the
glass of solar collectors promoted an increasheretectricity consumption of SWHs equal to 20-2&r. extreme
levels of dust accumulation (i.e. 64% transmittarezhiction), the annual electricity consumptiors¥WHs increased
by 5 to 6-fold. North shadowing has the potentialdducd_egionella spp. control temperatures and energy saving
performance of SWHs by 11-23% and 72—75%, respagtiv

4.4. Interconnected systems

The electricity connection influenced considerably performance of SWHs. Peak-hour electricity aomstion can be
diverted to shoulder and off-peak-hours by usingtradled tariffs without any impact to theegionella spp. control
temperature. Moreover, night off-peak tariffs canused to achieve full diversion of peak-hour amabtder hour
electricity consumption, yet with a decline in t@mmpliance level with.egionella spp. control temperatures of 6—9%.

The cold water connection temperature has a dimlaence on the performance SWHSs. For instanaeetlctricity
savings potential can be improved by 38% to 56%eteriorated by 52% to 74% with a respective ineeea decrease
of 6 °C on the average cold water supply tempegatur

5. Market applications

Taking into account the conditions assessed iptbsent study, the energy efficiency and the lefiskrvice provided
by SWHs could be enhanced through the adoptioheofdllowing practices into the SWHs market:

«  Split systems is the preferred option for SWHs witadium to large solar collector areas (>5% im
households, while thermosiphon systems have arhmttéormance if solar collectors are undersized.

e The energy performance of split SWHs can be furitiv@roved by adopting photovoltaic powered pumps to
circulate the heating fluid (water) in collectoFis initiative has the potential to promote elieity saving of
15% on average, and can eliminate any disadvatag@it system in comparison with thermosiphoneys
under low water demand and temperature patterfas andersized solar collectors.

e Thermosiphon systems have a lesser potential taee€lectricity consumption during peak-hours thalit
systems, and hence they should be a secondaryrsgie adopted into policies aimed at a reduction o
peak-hour electricity consumption.

e The service performance of SWHSs has to be analyaséd not only on the comfort level, but also @ th
capacity to maintain high hot water storage tempeega to preveritegionella spp. growth. This information
has to be shared among all stakeholder groupsidimg but not limited to users who may deem the
performance of systems being satisfactory takitg &mcount the comfort level only. As a result,gbices
such as the manual activation and inactivationedtac heating elements on power switches by usased
on their comfort level should be eliminated to mmetvpublic health risks.

e The set-point temperature of storage tanks candreased during cold months in order to maintaggadte
levels of protection againkegionella spp. proliferation. Alternatively, other systems canused for
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disinfection, e.g. ultraviolet disinfection systeomipled to the solar collector and/or water sugpigulation
loops.

The adoption of SWHSs with efficient solar colleddstandard, upper-standard or upper-extreme cpgsi
usually be required should higher leveld efjionella spp. control and solar fraction be required.

The installation of solar collectors toward origittas other than north cardinal and inter-cardiisdctions
must be performed taking into account measurempodve the compliance withegionella spp. control
temperatures, including but not limited to: adoptad efficient collectors, increase in the hot wasank
set-point temperature, alternative disinfectiornteyss, etc.

The installation of SWHs with solar collectors oitied to east and west directions must be undertakder a
thorough system performance assessment framewasidasing site-specific conditions prior to
commissioning in order to prevent poor energy &dfficy and service levels.

Considering the significant influence of the coldter temperature on the performance of SWHs, heat
recovery from drain water can be implemented torawe the energy efficiency of SWHs by increasing th
cold water temperature. An example of such sysiemsscribed by Tanha et al. [17].

The operational performance of SWHs must be assgms@dically or continuously, as variable sitesfic
conditions (e.g. dust accumulation, trees shadovéty) may have a significant impact loggionella spp.
control temperatures and energy performance l®fedgstems, while maintaining adequate levels ofWater
supply at the end-use points with the use of aanyilheating systems (electric resistance eleman&s)ce, the
“install-and-forget” approach is not suitable fa/8s. This limitation can be overcome with the admpbf
automated metering technologies for energy consompnd temperature compliance levels of SWHs with
remote data transmission to relevant stakehol@egs [jouseholds, building administrators, enertpiloes,
water utilities, health departments and/or enegpattments). Depending on the automated metering
technology used, a two-way communication with SV¢gis be deployed, enabling the remote adjustment of
operational parameters (e.g. auxiliary heating tnaoire set-point, time-of-use of electricity atipises with
a single electricity meter and no power interruptituring peak-hours, etc.). The economic feasybiftsuch
technologies is increasing with an expansion ofragientrollers and sensors availability, as weltlasid-base
big data analytics platforms and the Internet ahgh (loT).

If a decline in the performance of SWHs is identifior higher levels of performance are required, a
mitigation/remediation process can be implemenigdch may vary from simple measures (e.g. cleanjng
solar collectors) to more complex ones (e.g. iiethhew components such as new insulation of piframes
to position collectors to north orientations aitlate tilt angles, etc.); however, complex initats may require
government subsidies. A change in the user behaway also have a significant impact on the pertoroe
of SWHSs. For instance, e.g. shifting from an eanlyrning to a late morning water consumption peal ma
give rise to electricity savings of 14% in thernpdgin and 29% in split systems.

If night off-peak tariffs are used to increase shéar fraction of SWHs and prevent electricity aamption
during peak and shoulder houtggionella spp. control temperature compliance levels must be assesnd
accompanied by additional control measures shatild required.
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6.

Conclusions

The current study examined the influence of diffiétechnical specifications and site-specific ctinds on the
performance of SWHs in residential buildings indBane, Australia. The study was undertaken by eyimgo
sensitivity analysis using computational modelsbcated with experimental measurements.

Results indicate that the annual total and peak-almetricity consumption and thegionella spp. control temperature
of SWHs varied significantly (CV>10%) with the adimm of different confidence intervals for techrispecification
parameters, site-specific conditions and user hiebawDust accumulation level on collectors is & kite-specific
parameter for the energy performance and levetfice of SWHSs, outplaying several technical spea&ifon
parameters (e.g. solar collector area and effigiefitherefore, the development of energy efficiepolicies on
thermal solar energy use must contemplate direstioml best practices on the operation of systemsidering
site-specific conditions, e.g. frequency of solaltector dust removal events in order to maintamintended levels of
energy efficiency and service as per commissiopigess.

In this context, performance analysis frameworksS@/Hs have to be based not only on technical Spaton
parameters and energy efficiency indicators, kad #iey must take into account site-specific aret behaviour
parameters and level of service indicators.
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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.



