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By assessing the water lifecycle from an energy perspective, it becomes clear that domestic 

water heating systems play a considerable role in the urban water-energy nexus. However, 

the paucity of studies enhancing current understanding about how significant this 

contribution is may prove to be an impediment for the development of feasible initiatives 

when developing sustainable plans for water and energy resources concomitantly. 

The attainment of a clear understanding of the performance of Solar Water Heaters (SWHs) 

and Air Source Heat Pump Water Heaters (ASHPWHs) under different operational 

conditions is essential for decision-making, which requires accurate estimations of electricity 

savings potential and associated level of service. Therefore, reliable tools to predict the 

performance of renewable energy and energy efficient water heaters are required in order to 

prevent the installation of either oversized or undersized systems in residential buildings, 

which may lead to unintended outcomes for carbon policies. This issue is particularly 

relevant in Australia, where energy efficiency policies for the residential sector must take 

into account a vast number of climatic conditions due to the continental size of the country.  

This doctoral research study addresses the aforementioned knowledge gap. The overarching 

study aim was to investigate the performance of renewable energy and energy efficient water 

heating initiatives considering technical aspects (i.e. influence of technical specifications, 

site-specific conditions and user behaviour) and strategic considerations (i.e. key principles 

for decision-making). This aim was achieved by addressing the following four core study 

objectives: (1) to analyse the performance of residential water heating systems for different 

electricity supply tariffs, hot water tank sizes, and end-uses considering energy performance 

and service level indicators; (2) to identify key performance parameters for ASHPWHs in 

residential buildings by using a multi-parametric sensitivity analysis through theoretical 

models calibrated with empirical measurements; (3) to identify key performance parameters 

for SWHs in residential buildings by using a multi-parametric sensitivity analysis through 

theoretical models calibrated with empirical measurements; and (4) to develop an 

overarching Renewable Energy and Energy Efficiency Investment Decision Analysis 
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(REEEIDA) framework based on a comprehensive literature review, and the application of 

the REEEIDA framework for water heating systems. 

A novel set of methodology underpinned by three measurement instruments was developed 

as part of the PhD research project. The first instrument (i.e. data generation) encompassed 

empirical analyses (laboratory experiment) and theoretical analyses (computational models). 

The second instrument (i.e. scenarios) was used to determine representative domestic hot 

water service patterns taking into consideration different site-specific conditions (e.g. 

weather conditions, electricity tariffs, cold water temperature, hot water temperature set-

point for end-uses, etc.) and water heater types and configurations (e.g. ASHPWHs and 

SWHs). The third instrument (i.e. indicators) was used to evaluate water heaters considering 

aspects related to the water-energy nexus (i.e. energy intensity, and peak-hour and total 

power demand from electricity grids) and the level of service (i.e. compliance levels with 

minimum temperature thresholds for Legionella spp. control in hot water tanks and 

temperature requirements at end-use points). Three predominant analytical methods were 

used in the study, namely: multi-criteria analysis to achieve Objective 1; sensitivity analysis 

to achieve Objectives 2 and 3; and REEEIDA framework to achieve Objective 4. 

The methods and findings related to the four objectives are provided in four aligned journal 

papers included as chapters in this thesis (i.e. Chapters 4 to 7). Objective 1 findings revealed 

that SWHs appeared less prone to Legionella outbreaks, and water efficient front load 

washing machines are likely to cause an increase in the energy intensity of hot water supply 

services. For Objective 2, it was found that the coefficient of performance and the hot water 

storage tank capacity are the factors that most influence the energy consumption of 

ASHPWHs across different cities in Australia. Objective 3 findings indicate that the 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). The key findings of Objective 4 show that the 

optimisation of investments in renewable energy and energy efficiency can lead to a 48% 

reduction in the required funds for carbon mitigation targets. The overall PhD research 

project finding demonstrates the importance of comprehensive multi-parametric analyses to 

achieve energy efficiency and level of service requirements for residential hot water services. 
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The provision of residential hot water services using renewable energy or energy efficient 

initiatives is fundamental for reducing energy related operational costs at required comfort 

levels. Such systems have been subsidised by governments worldwide in accordance with 

the upward trend of more strict energy efficiency requirements and carbon reduction targets. 

Normally, governmental subsidy programs for water heaters are based on generic 

assumptions about site-specific conditions and user behaviour. Nonetheless, the optimum 

operation of renewable energy and energy efficient water heaters is largely influenced by a 

range of site-specific conditions and user behaviour variables. Therefore, in order to improve 

performance forecasting of water heaters, detailed analytics must be developed within 

comprehensible and flexible renewable energy and energy efficiency frameworks. This will 

enable the implementation of more efficient on-site solutions and effective rebate programs. 

The level of service, herein defined as the level of compliance with minimum temperature 

thresholds for hot water end-use points and storage tank, is also a fundamental concept for 

feasibility studies of hot water services. Due to energy efficiency imperatives, the level of 

service provided by hot water services may be reduced with the use of renewable energy and 

energy efficient water heaters under unideal conditions. In turn, a lack of compliance with 

service standards may lead to a reduction in the level of comfort of households, as well as 

health risks associated with Legionaries’ diseases as described in the literature review 

section. 

The aforementioned technical issues must be addressed in effective strategic frameworks. 

Therefore, technical performance analytics must be comprehensive, yet easy to apply into 

renewable energy and energy efficiency strategies. On the other hand, strategies must be 

underpinned by key market principles to enable the translation of technical measures into 

implementable (acceptable and feasible) initiatives aligned with the strategic goals and 

values of key stakeholder groups (e.g. government, industry and end-users). 
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The aim of this doctoral thesis is to investigate the performance of renewable energy and 

energy efficient water heating initiatives considering technical aspects (i.e. influence of 

technical specifications, site-specific conditions and user behaviour) and strategic 

considerations (i.e. key principles for decision-making). 

The aim of the thesis was subdivided into four specific objectives as follows: 

 Objective 1: to analyse the performance of residential water heating systems for 

different electricity supply tariffs, hot water tank sizes, and end-uses considering 

energy performance and service level indicators (Paper 1);  

 Objective 2: to identify key performance parameters for Air Source Heat Pump 

Water Heaters (ASHPWHs) in residential buildings by using a multi-parametric 

sensitivity analysis through theoretical models calibrated with empirical 

measurements (Paper 2); 

 Objective 3: to identify key performance parameters for Solar Water Heaters 

(SWHs) in residential buildings by using a multi-parametric sensitivity analysis 

through theoretical models calibrated with empirical measurements (Paper 3); 

 Objective 4: to develop an overarching Renewable Energy and Energy Efficiency 

Investment Decision Analysis (REEEIDA) framework based on a comprehensive 

literature review, and the application of the REEEIDA framework for water heating 

systems (Paper 4). 

The aforementioned objectives stemmed from the exploratory nature of the research project. 

This study approach enabled novel research findings to be achieved through conducting 

scientific procedures addressing research questions related to technical (Questions 1 to 6) 

and strategic (Questions 7 and 8) aspects. The alignment of research objectives and questions 

is summarised below. 

Questions related to Objective 1: 

 Question 1: What are the key energy performance and service indicators for 

residential water heating systems? 
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 Question 2: How comparable are renewable energy systems (SWHs) and energy 

efficient systems (ASHPWHs)? 

 Question 3: What are the performance improvements from renewable energy (SHWs) 

and energy efficient systems (ASHPWHs) in relation to traditional systems (electric 

water heaters)? 

 Question 4: How site-specific conditions (e.g. electricity tariff, hot water end-uses, 

etc.) impact on the performance of water heaters? 

Questions related to Objective 2: 

 Question 5: What is the in-depth performance sensitivity of ASHPWHs for a large 

range of technical specification, site-specific and user behaviour variables? 

Questions related to Objective 3: 

 Question 6: What is the in-depth performance sensitivity of SWHs for a large range 

of technical specification, site-specific and user behaviour variables? 

Questions related to Objective 4: 

 Question 7: What are the key strategic principles that influence the decision-making 

process for investments on renewable energy (e.g. SWHs) and energy efficient (e.g. 

ASHPWHs) initiatives? 

 Question 8: What are the economic benefits obtained through the adoption of an 

investment analysis of renewable energy and energy efficient initiatives (e.g. SWHs 

and ASHPWHs) in terms of the identified key strategic principles for decision-

making? 

 

The scope of the thesis encompasses the following premises: 

 Feasibility analyses from a water-energy nexus and level of service perspective 

following a performance based framework; 

 Focus only on the most energy intensive phase of the water lifecycle, i.e. 

consideration for “water consumption in buildings” and disregard for the other water 
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lifecycle phases including water abstraction from natural sources, municipal water 

treatment, municipal sewerage treatment, and treated sewage disposal to natural 

sources; 

 Evaluation of water heaters with hot water tanks and electricity use as the primary or 

secondary energy source, including: electric, SWHs and ASHPWHs; 

 Disregard of gas water heating systems, as comparative analyses between gas and 

electric water heaters require different considerations, such as local arrangements 

around gas supply coverage, supply rates, connection fees, and tariff structure; 

 Analyses of detailed site characteristics for the Brisbane region based on information 

collected during the South-east Queensland Residential End-use Study (SEQREUS) 

(Beal & Stewart, 2011); 

 Nationwide analyses based on data available in the literature; 

 Key market principles for the renewable energy and energy efficiency transition 

obtained predominately from a literature review. 

The thesis method consisted of two laboratory experiments in order to validate simulations 

for heat pump and solar water heating systems. Due to the simplicity of the heating process 

of electric water heaters and the similarity of heating loss phenomena to heat pump systems, 

these systems were assessed only theoretically by using computational simulations. Several 

scenarios of representative conditions nationwide were also assessed by carrying out 

simulations in order to evaluate the performance for different combinations of water heating 

technologies and electricity tariffs depending on site-specific conditions. Simulations were 

undertaken using the software EnergyPlus from the United States Department of Energy (US-

DOE). 

Representative scenarios of site-specific characteristics across Australia were designed using 

available information in the literature as well as the industry about water consumption 

patterns, hot water set-point temperatures, electricity tariffs, etc. Moreover, weather files for 

a number of cities nationwide were downloaded from the US-DOE website. A more detailed 

analysis was performed using diurnal water consumption patterns derived from smart-meters 

installed in single detached dwellings in Brisbane from the SEQREUS. This data was derived 

from smart-meters with volumetric and temporal resolutions of 0.014 L·pulse-1 and 5 

seconds, respectively. 
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The scope and method used to accomplish the aim and objectives of this thesis are 

summarised in Fig. 1-1. 

 
Fig. 1-1. Overview of the thesis scope and method. 

Note: Accomplished or prospective publication in scientific journals (Pub.) 
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requirements due to the typical inverse relation between their optimal performance levels. In 

other words, high levels of compliance with minimum temperature thresholds may lead to 

more energy consumption, whilst high energy efficiency may be associated with non-

compliance events with the minimum level of service. Thus, the optimal performance of 

water heating systems ought to be defined amongst competing priorities by encountering the 

balance between energy efficiency and level of service requirements for different site-

specific conditions. 

Two frameworks were developed as part of the thesis, namely: Multi-criteria framework, 

which includes technical aspects; and REEEIDA framework, which includes strategic 

aspects for renewable energy and energy efficiency investment. The Multi-criteria 

framework encompasses energy performance and level of service variables. For the 

assessment of the energy performance from a water-energy nexus viewpoint, the following 

indicators were taken into account: (i) energy intensity (kWh·m-³), i.e. unit of energy per unit 

of water supplied; (ii) power-peaks (%), i.e. energy consumption during peak-hours; and (iii) 

total energy consumption, i.e. annual electricity demand of systems (kWh·year-1). The level 

of service was assessed considering the following indicators: (i) comfort level temperature, 

i.e. temperature required at the end-use point (e.g. shower, taps, laundry, etc.); and (ii) 

minimum hot water tank temperature, i.e. temperature required to prevent the proliferation 

of Legionella spp. and associated Legionaries’ diseases. As part of the strategic 

implementation of initiatives, the REEEIDA framework was developed to translate the 

technical considerations of the thesis into implementable initiatives in accordance with key 

market principles. 

 

Energy and water efficiency, along with the nexus between these two resources (i.e. water-

energy nexus), are contemporary fields of study which encompass topics related to energy 

efficiency policies, engineering standards, building codes, sustainable development, user 

comfort level, public health, so on and so forth. The intrinsic connection of water and energy 

with almost all the activities in urban environments have increasingly been recognised as a 

key indicator for both the development of efficient and economic systems, as well as for the 

sustainable management of water and energy resources, i.e. the two most important resources 

for living. 
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By assessing the urban lifecycle of water and energy resources, hot water supply for 

residential buildings is among the most resource intensive end-uses. Taking into account the 

importance of hot water supply for the sustainability of the energy sector, renewable energy 

sources (e.g. solar energy) and energy efficiency technologies (e.g. heat pumps) have been 

encouraged by state and national policies in several countries worldwide. As a result, SWHs 

and ASHPWHs have been expanding worldwide in order to reduce fossil-based electricity 

consumption. However, the determination of performance outcomes from renewable energy 

and energy efficient water heaters is multifaceted, and hence depends not only on the system 

type and technical specification, but also on its site-specific conditions and user behaviour 

aspects.  

The herein thesis addresses key technical aspects related to water heaters, i.e. system types, 

technical specification, site-specific conditions and user behaviour. Furthermore, its 

assessment is based on both energy performance indicators (e.g. total energy consumption, 

peak-hour energy consumption and energy intensity) and service level indicators (e.g. 

comfort and Legionella spp. control temperatures). Such novel approach enables the 

comparison and classification of water heaters considering dynamic aspects, which provides 

a unique assessment framework to achieve higher levels of energy efficiency and service 

level for residential water heaters. This detailed approach is essential for the development of 

more effective energy policies based on realistic energy performance at adequate levels of 

service. 

Furthermore, the thesis addresses the integration of different stakeholder groups to achieve a 

more effective transition into the decarbonisation of the energy sector. For this purpose, the 

REEEIDA framework was developed to provide a comprehensive assessment of energy, 

carbon and financial investment flows among different stakeholders.  

The originality, novelty and significance of the PhD research project arise from: 

 Sensitivity analyses to bridge an important knowledge gap related to the dearth of 

scientific literature and experimental tests on the performance of water heaters under 

multiple technical specifications, site-specific conditions and user behaviour patterns 

from an energy efficiency and service level viewpoint; 
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 Detailed technical analysis of water heaters using a multi-criteria framework for the 

assessment of water heating systems considering energy efficiency indicators (e.g. 

total energy consumption, peak-hour energy consumption and energy intensity), as 

well as service level indicators (e.g. compliance with comfort level and Legionella 

spp. control temperatures); 

 Development of the REEEIDA framework which entails key market principles to 

achieve optimal investments in renewable energy and energy efficient initiatives (e.g. 

higher returns for investors, more certainty in investments to reduce carbon emissions 

and effectively achieve carbon targets, etc.). This novel framework was demonstrated 

for residential water heaters, enabling a more informed decision-making process in 

the selection of renewable energy and energy efficient systems (i.e. SWHs and 

ASHPWHs, respectively). 

 

The PhD research project is presented in a modern thesis structure. It includes traditional 

introduction (Chapter 1), literature review (Chapter 2), method (Chapter 3) and conclusion 

(Chapter 8) chapters. Reformatted journal papers encompassed the thesis main body chapters 

related to results, findings, and outcomes (i.e. Chapters 4, 5, 6 and 7). 

Chapter 2 includes a comprehensive literature review on key matter related to renewable 

energy and energy efficiency, as well as the water-energy nexus. 

Chapter 3 describes the methodological approach of the thesis. 

Chapter 4 encompasses a multi-criteria framework based on energy performance and level 

of service indicators. It also includes a case study comparing water heating systems under 

conditions for Brisbane, Australia. 

Chapter 5 provides an in-depth sensitivity analysis of ASHPWHs. 

Chapter 6 provides an in-depth sensitivity analysis of SWHs. 

Chapter 7 includes the development of the REEEIDA framework with an associated 

demonstration considering SWHs and ASHPWHs. 

Chapter 8 describes the key findings and conclusions of the thesis.
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Upon the increasing awareness about the importance of climate change mitigation strategies 

through the use of renewable energy, a fundamental and rapid renewable energy transition in 

the coming years is likely to occur (Clemencon, 2016). The importance of national goals of 

zero carbon emission by 2060–2080 were described in the 21st United Nations Climate 

Conference (Paris Agreement, 2015) in order to prevent global warming over 1.5 °C global 

average temperature in relation to pre-industrial levels. In this context, governments are 

required to implement far-reaching strategies for the energy market to provide an effective 

response to climate change within required timeframes (Clemencon, 2016). 

Beck and Martinot (2004) describe different types of policies on renewable energy and 

energy efficiency strategies and initiatives, including: promotion policies, emission reduction 

policies, electric power restructuring policies, among others. Among popular measures, 

promotion policies as rebates were implemented in governmental renewable energy and 

energy efficiency strategies worldwide (Higgins et al., 2014). Notwithstanding such policies, 

carbon reduction targets may be not achieved due to the multifaceted and uncertain nature of 

renewable energy and energy efficiency strategies, which require comprehensive analytical 

frameworks. 

Typically, there exists a lack of comprehensive evaluation methods for heterogeneous 

conditions as part of national energy efficiency programs (Higgins et al., 2014), which may 

lead to a large discrepancy between intended and achieved outcomes in relation to renewable 

energy strategies. The lack of such comprehensive instruments may also create a 

misalignment of federal and state policies with market assumptions and household 

expectations. For instance, energy efficiency retrofit policies for the residential sector usually 

disregard cost-effectiveness analysis (Pilla et al., 2016), which is paramount to provide 

adequate payback period times for households. As a result, the overestimation of the 

performance of systems under unfeasible site-specific conditions may undermine both the 

economic feasibility of systems for households, and also the achievability of carbon reduction 

targets due to the misallocation of investments. The following sections describe 

advancements in renewable energy and energy efficiency policies. 
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In the 1970s, energy efficiency policies for buildings were first introduced. Such initiatives 

were aimed specifically at energy savings so as to overcome energy deficits related to the oil 

crisis (Nejat et al., 2015). The policies objectives and importance have evolved during the 

last four decades, particularly after the Kyoto protocol in 1997, in which both global warming 

due to anthropogenic greenhouse gas (GHG) emissions was recognised, and targets for 

reducing GHG emissions were introduced for developed nations. As a consequence, energy 

policies and programs were implemented in approximately 118 countries worldwide to date, 

including in their scope consideration for energy efficiency, GHG emission reduction targets, 

global warming counteraction, prevention of fossil fuel depletion, and market transformation 

towards renewable energy sources and energy efficient technologies (Nejat et al., 2015). 

Moreover, energy efficiency policies and programs also include building energy codes, 

rebate programs, energy efficiency labels, etc. (Nejat et al., 2015). The success of such 

initiatives is usually improved under compulsory frameworks aligned with net-zero energy 

objectives, as well as the promotion of public awareness campaigns about new energy 

efficient technologies. 

Market transformation is one of the backbone principles of energy efficiency policies and 

programs. Pursuant to Nejat et al. (2015), two major instruments were adopted so as to 

implement this principle: (i) “Push”, in which barriers to energy efficiency measures are 

removed via the implementation of more strict energy efficiency performance standards (e.g. 

energy efficiency codes and standards for buildings and electronic equipment); and (ii) 

“Pull”, in which incentives are offered to aid the uptake of new technologies (e.g. grants, 

rebates, tax reduction, subsidies). The combination of these two principles assists in the 

implementation of an economic feasible market transition, in which there are initial 

incentives (Pull) toward energy efficiency measures, and solid energy efficiency standards 

and codes (Push) to guarantee continuous market adherence to energy efficient initiatives. 

In general, buildings offer a great potential for energy savings (Khanna et al., 2013). As per 

the European Union energy efficiency directive 2012/27/EU, building stocks are “the single 

biggest potential sector for energy savings”, and, hence, policy makers should implement 

strategies to reduce the energy consumption of this segment (Aksoezen et al., 2015). This 

concept is applicable not only to European countries, but also worldwide, as buildings 
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demand a significant portion of the urban energy consumption (Nejat et al., 2015). In this 

context, several energy efficiency policies and programs aimed at reducing energy 

consumption and GHG emissions in buildings were established during the last 30–40 years 

(Nejat et al., 2015; Zhao et al., 2010; Geller et al., 2006). 

Commonly, energy efficiency codes, standards and requirements for buildings are either 

prescriptive or performance based (Nejat et al., 2015). The first category prescribes the type 

of systems or components required for buildings on a high level basis; whereas, the latter 

category requires systems or buildings to achieve a minimum level of performance. Usually, 

prescriptive codes and standards have widespread use due to their simplified framework. On 

the other hand, performance based codes and standards utilise a more detailed design 

approach, in which designers and developers ought to cooperate to achieve the required 

energy efficiency objectives. As per Nejat et al. (2015), performance based standards have a 

greater effectiveness. This outcome is likely due to the uncertainty associated with energy 

consumption patterns of residential buildings even among buildings with similar socio-

economic and geographic characteristics (Gyamfi et al., 2013; Sonderegger, 1978; Parker et 

al., 1996). Thus, there typically exists an inadequacy of energy efficiency measures when 

adopting a generic prescriptive approach. 

Existing guidelines and regulatory frameworks for energy efficiency in buildings were 

mainly established taking into account building envelopes, heating and cooling air systems, 

and lighting systems (Carlo & Lamberts, 2008; de Almeida et al., 2011). Table 2-1 describes 

requirements associated with energy efficiency building codes implemented across the globe. 

Table 2-1. Energy efficiency building codes worldwide. 
Country Initiatives 

China  Implemented design codes for residential and public buildings divided into three major 

climate zones; 

 Established compulsory energy efficiency requirements for building approvals; 

 Targeted building envelopes, and space heating, ventilation and air conditioning; 

 Disregarded energy efficiency requirements for water heating systems, lighting and 

electricity supply in buildings;  

 Adopted mandatory appliance energy efficiency labelling based on the EU labelling system 

for few appliances; 

 Required energy savings of 50% in new buildings, and 25%, 15% and 10% in existing 

building stocks of large, medium and small cities, respectively, by 2010.  

Canada  Targeted 17% reduction of GHG emissions in relation to 2005 levels by 2020; 

 Implemented financial incentives to encourage energy efficiency measures by the residential 

sector; 

 Regulated the use of energy intensive products; 
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Country Initiatives 

 Enforced the adherence to energy efficiency building codes (e.g. Model National Energy 

Code of Canada for Buildings) for all building typologies; 

 Required a minimum efficiency for new buildings 25% superior than old homes. 

Germany  Implemented the Energy Saving Act (EnEG) and the Energy Saving Ordinance (EnEV); 

 Established mandatory standards for buildings with increasing energy efficiency 

requirements throughout the last three decades; 

 Targeted neutral energy consumption for new buildings by 2020. 

India  Established minimum energy saving standards for buildings with power loads over 100 kW; 

 Implemented a voluntary building energy efficiency code for commercial buildings with 

power loads over 100 kW. This code can also be adapted for residential complexes; 

 Mandated the aforementioned code in 2 of 15 national states. 

Iran  Implemented energy efficiency building codes for all building typologies; 

 Mandated adherence to energy efficiency building codes by 2011, albeit with several 

implementation problems. 

Japan  Implemented the Innovative Strategy for Energy and the Environment (ISEE) in 2012 as a 

guideline for new energy efficient building codes; 

 Established targets to mandate energy performance standards for new buildings by 2020. 

Russia  Required energy conservation measures since 1979; 

 Applied new codes in 2003 for existing, renovated and new buildings; 

 Took into account performance standards, building geometry, and rating scales; 

 Demanded energy savings equivalent to 35–45% in renovated and new buildings. 

South 

Korea 

 First implemented building energy efficiency code in 1977 mainly focused on building 

insulation; 

 Required the use of light-emitting diodes (LED) lightening systems and renewable energy 

generation (e.g. photovoltaic (PV) panels); 

 Targeted neutral energy consumption for new buildings by 2025; 

 Implemented a building energy efficiency rating system to evaluate the energy demand and 

GHG emissions of existing buildings. 

United 

Kingdom 

 Established the Standard Assessment Procedure (SAP) and the Reduced SAP (RdSAP) in 

order to rate the performance of new and existing homes; 

 Implemented energy efficiency benchmarks for buildings through the adoption of SAP and 

RdSAP standards; 

 Established the Green Deal policy in 2012 so as to stimulate energy efficiency retrofitting 

related to insulation, ambient heating systems, double glazing and renewable energy sources. 

United 

States 

 Established energy efficiency standards and labelling for appliances at a federal level (i.e. 

Energy Star program); 

 Implemented federal and state financial incentives to enhance the acceptance of energy 

efficiency measures; 

 Adopted building efficiency codes at state or local government levels with support from 

federal policies (e.g. Leadership in Energy and Environmental Design (LEED) and Home 

Performance with Energy Star (HPwES)); 

 Targeted 20% energy savings in homes by implementing the HPwES program, which 

reached more than 16% (100,000) of new homes in 2012 alone with a total of 1.4 million 

new homes with Energy Start labelling since the beginning of the program; 

 Targeted 17% reduction in GHG emission in relation to 2005 levels; 

 Targeted 70% decrease in the energy demand of new buildings by 2020. 

Source: Adapted from Nejat et al. (2015) and (Fossati et al., 2016) 

Historically, energy efficiency for hot water services was not considered a priority in most 

of energy policies worldwide. Nonetheless, in order to address the amount of energy required 

to heat water, new energy efficiency programs have been implemented to foster the use of 
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renewable energy and energy efficient technologies to supply hot water in buildings 

(Colmenar-Santos et al., 2014), e.g. the Energy Efficiency Labelling of residential buildings 

in Brazil (Fossati et al., 2016). Pursuant to Kelly (2012), energy efficiency instruments do 

not include water heaters; however, most likely, energy efficient appliances and systems (e.g. 

heat pump water heaters) may become mandatory with the adoption of carbon taxes (Chua 

et al., 2010). In spite of this historical paucity, the number of energy efficiency instruments 

for building appliances has grown recently as a result of their significant contribution to the 

residential energy consumption and associated GHG emissions (Kelly, 2012). The 

mechanisms utilised to reduce energy consumption associated with appliances usually 

comprises three components: (i) information dissemination; (ii) rebate programs; and (iii) 

regulations related to minimum performance standards. Among such mechanisms, the 

establishment of minimum energy performance standards tend to achieve greater results for 

energy efficiency strategies (Kelly, 2012). 

 

GHG emissions are predicted to escalate to 24% by 2020 in Australia if energy sources and 

per capita consumption rates are maintained at the status quo level (Wallis et al., 2014). In 

comparison to worldwide patterns, Australia has a considerably high per capita energy 

consumption, which is mostly based on non-renewable energy sources, such as coal (Falk & 

Settle, 2011). As a result, Australia has elevated levels of GHG emissions per capita 

(ShahNazari et al., 2014). In 2008, only 5% of the country’s energy production was from 

renewable energy sources (Yusaf et al., 2011). In accordance with Schläpfer (2009), there is 

a hidden bias in Australian energy policy toward the use of non-renewable energy sources. 

Certainly, this bias is due to the fact that historically energy policies in Australia have focused 

on the use of low cost coal and natural gas sources in order to produce the bulk of agricultural 

and mineral exports, which are the basis of the Australian economy (Hay, 2009). Then, in 

the short- and medium-term, Australian energy policies will likely be more concentrated on 

energy efficiency instruments, including energy efficiency codes and guidelines for buildings 

(e.g. demand management strategies).  

Following global trends, energy efficiency policies to reduce energy consumption and carbon 

emissions date back to the 1970s in Australia (e.g. National Greenhouse response Strategy). 

These policies produced energy savings of approximately 10% in the period between 1970 
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to 1990 (Wilson et al., 1994). In spite of the historical dependence of Australia on coal energy 

sources, current government commitments in relation to renewable energy use and carbon 

emission policies encompass a Renewable Energy Target (RET) of 20% for energy 

generation from renewable sources by 2020 (Nelson et al., 2013). Moreover, these 

commitments also include a reduction target of 5% of GHG emissions by 2020 in relation to 

emission levels in 2000, and 80% by 2050 (Wallis et al., 2014). The target set to be achieved 

by 2050 is in align with reduction targets estimated to prevent severe global warming impacts 

on natural systems (i.e. 60–80%) and safeguard intergenerational welfare (Kinrade, 2007). 

Such commitments and targets are supported by most internal stakeholders in Australia 

(Simpson & Clifton, 2014). 

The creation of a renewable energy certificate market was one of the instruments 

implemented by the Australian government to accomplish the RET through renewable 

energy generation. In this context, the Small-scale Renewable Energy Scheme (SRES) was 

introduced as a financial incentive for the installation of SWHs and ASHPWHs, photovoltaic 

solar panels, and small-scale wind and hydro power generation systems (Clean Energy 

Regulator, 2014b). For new installed systems, Small-scale Technology Certificates (STCs) 

are granted based on the estimated displacement or production of energy for electricity grids 

achieved by assessed systems. These certificates are traded mostly through the open 

certificate market or the STC clearing house with Renewable Energy Target Liable Entities 

(e.g. mostly electricity retailors). Such entities have to acquire STCs in accordance with 

annual renewable energy targets (i.e. Small-scale Technology Percentage (STP)) enforced by 

the Clean Energy Regulator. The number of certificates allocated for new installations of 

eligible heat pump and solar water heating systems registered by the Clean Energy Regulator 

are pre-set based on computational models for 4 and 5 climate zones, respectively.  

As discussed by Mills (2004), the approach used to estimate the performance of energy 

efficient water heaters based on climate zone conditions may have considerable inaccuracies. 

This may lead to significant inconsistencies between allocated certificates and the actual 

energy savings of SWHs and ASHPWHs in comparison with electric water heaters. In 

addition to the SRES, other Australian rebate schemes for energy efficient water heaters also 

used generalised approaches to determine financial incentives. For example, the Renewable 

Energy Bonus Scheme (REBS), enacted in February 2010 and discontinued in June 2012, 
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granted fixed rebates of 1,000 and 600 Australian dollars for domestic customers who 

replaced existing electric water heaters by new SWHs or ASHPWHs, respectively 

(Department of Industry and Science, 2015). 

Simpson and Clifton (2014) analysed the results from the first legislated national consultative 

review of the Australian renewable energy target, in which set objectives were opposed by 

fossil-fuel generators and retailers, and supported by the renewable energy sector and non-

governmental organisations (NGOs). Notwithstanding the implementation of renewable 

energy policies in Australia, uncertainties related to policy discontinuity are the main threat 

for a market transition towards renewable energy sources (Simpson & Clifton, 2014; White 

et al., 2013; Nelson et al., 2013). Nevertheless, carbon policy repeals are expected to be short-

lived due to the re-establishment of such policies with either alternating political cycles or 

more tangible efforts to ameliorate the effects of GHG emissions (ShahNazari et al., 2014). 

 

As a consequence of the large contribution of the residential sector for electricity power-

peaks, energy utilities have increasingly established demand response mechanisms for 

residences (Gyamfi et al., 2013). Residences contribute to 45% of the power-peak in the 

United Kingdom (Darby & McKenna, 2012), and over 50% in New Zealand and South 

Australia (Gyamfi et al., 2013). One of the main mechanisms for demand response to 

maintain safe margins between generation-distribution and demand capacities is the 

implementation of dynamic pricing tariffs. Therefore, dynamic pricing incentives related to 

electricity tariffs have expanded worldwide so as to decrease peak power consumption (Hu 

et al., 2015), and create more distribute diurnal consumption patterns. 

Dynamic pricing encompasses the charge of tariff rates depending on the supply capacity of 

different times of the day. The benefits of such initiatives are related to electricity cost 

reduction, enhanced environmental performance when energy consumption related to fossil 

fuels are avoided, increased supply reliability, market efficiency, and customer service 

quality (Gyamfi et al., 2013). The transition from flat to dynamic tariffs can be a rapid process 

as observed in Italy, where old energy meters for flat tariffs were totally replaced by smart-

meters for dynamic pricing tariffs within eight years since 2003 (Soares et al., 2014). 

Dynamic tariffs are usually divided into the categories described in Table 2-2. 
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Table 2-2. Dynamic tariff types. 
Type Description Pros and cons 

Time-of-

Use (ToU) 

Predefinition of hours of peak and off-peak periods 

based on historical averages regardless of real-time 

capacity conditions. Division of electricity supply 

hours into different times of use: peak, shoulder and 

off-peak.  

 Most effective tariff to reduce 

electricity consumption among 

customers with low electricity 

consumption; 

 More simplistic approach; 

 Lowest risk for costumers. 

Critical 

Peak 

Pricing 

(CPP) 

Implementation of incentives for consumers to reduce 

electricity usage during peak periods by setting higher 

prices at such periods on a real-time basis of the grid 

capacity. 

 Intermediate risk and benefits 

for costumers; 

 Produce more pronounced 

electricity load reduction during 

peak periods. 

Peak Time 

Rebates 

(PTR) 

Establishment of rebates for consumers with low 

electricity consumption during peak periods in relation 

to baseline usage level. 

 Less common tariff type. 

Real-time 

Pricing 

(RTP) 

Provision of customers with electricity wholesale price 

depending on the real-time grid capacity and associated 

costs to produce and distribute electricity.  

 More sophisticated approach; 

 Higher potential benefits, 

however higher uncertainties 

for customers; 

 Not yet successful in the 

residential sector.  

Note: Adapted from Gyamfi et al. (2013) and Hu et al. (2015). 

Dynamic tariffs may assist in the implementation of demand response mechanisms, as 

costumers are considerably concerned with the price of electricity services (Hu et al., 2015). 

Nonetheless, there also exist issues associated with their deployment, mostly related to 

unresponsiveness of some residential customers, equity among different consumer groups, 

and high costs associated with more sophisticated metering infrastructure, such as smart-

meters (Gyamfi et al., 2013). On the other hand, successful demand response experiences 

have been reported for water heating systems and other equipment types with large peak 

loads (Gyamfi et al., 2013; Ericson, 2009; Lameres et al., 1999). Presently, most of the 

existing dynamic tariffs are based on a ToU structure (Gyamfi et al., 2013).  

In Australia, new electricity supply tariff structures are targeted at reducing residential peak 

energy consumption from electricity grids, whereby electricity utilities have introduced ToU 

tariff options (e.g. off-peak, shoulder and controlled load tariff) for domestic water heaters. 

These tariffs benefit consumers by lowering electricity operation costs for appliances with 

large energy consumption (e.g. water heaters). For instance, Lima et al. (2006) described that 

the economic feasibility of domestic SWHs is influenced by the electricity tariff costs 

attributable to electricity consumption of auxiliary electric boosters. In spite of the economic 

benefits (lower cost) of intermittent electricity supply tariffs, electricity supply interruptions 
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associated with these tariffs may play a significant role in the performance of hot water 

systems. 

 

Water and energy are the two major resources necessary for the development of cities. 

Consequently, the environmental impacts which stem from urban areas are commonly 

connected to the urban lifecycle of water and energy resources. Therefore, if environmental 

impacts are to be mitigated, the development of strategic frameworks in which the 

interdependence between water and energy (water-energy nexus) is taken into account ought 

to be considered. In this context, there has been a tremendous increase in studies addressing 

the water-energy nexus of anthropogenic activities (Zhou et al., 2013; Siddiqi & de Weck, 

2013; Bakken et al., 2013; Lubega & Farid, 2013; Ackerman & Fisher, 2013; Dubreuil et al., 

2013; Frijns et al., 2013; Becken & McLennan, 2013; Nogueira Vilanova & Perrella 

Balestieri, 2014; Kenway et al., 2014; Nair et al., 2014; Baki & Makropoulos, 2014; Gao et 

al., 2014; Talebpour et al., 2014; Stokes et al., 2014; Loubet et al., 2014; Horne et al., 2014; 

Qiu et al., 2014; Elías-Maxil et al., 2014; Wallis et al., 2014; Bartos & Chester, 2014; Finley 

& Seiber, 2014; Vincent et al., 2014; Kumar & Saroj, 2014; Cutter et al., 2014; Venkatesh et 

al., 2014; Howells & Rogner, 2014; Rasul, 2014; Margeta, 2014; Santhosh et al., 2014; 

Schornagel et al., 2012; Qi & Chang, 2012; Widén et al., 2009; Dicks et al., 2004). 

As first described by Gleick (1994), “energy and freshwater resources are intricately 

connected”. Energy is used to treat and transport water, and water is used to produce energy. 

Hence, challenges and solutions related to the water and energy sectors will be interconnected 

(Gleick, 1994). As a result, climate change mitigation strategies, aimed at reducing carbon 

emissions, may have a considerable impact on water resources, while alternative water 

supply strategies may deplete energy resources. For instance, the water intensity for energy 

generation will likely increase from 1.5 million cubic metres per terawatt hour with coal 

power plants to 2.21 and 3.18 million cubic metres per terawatt hour with the use of 

geothermal and solar thermal power, respectively, if the latter energy sources are used to 

reduce carbon emissions in Australia (Plappally & Lienhard V, 2012). On the other hand, the 

implementation of strategies to enhance urban water security may give rise to an increase in 

the energy requirements for potable water treatment of public supply systems from 
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approximately 0.1 kWh·m-³ in conventional systems up to 6.8 kWh·m-³ in reverse osmosis 

system for sea water desalination (Plappally & Lienhard V, 2012).  

As described by Arpke and Hutzler (2006), the urban water lifecycle is composed of the 

following five phases (Fig. 2-1): (i) raw water abstraction from natural sources; (ii) municipal 

water treatment; (iii) water consumption in buildings; (iv) municipal sewerage treatment; and 

(v) treated sewage disposal to natural sources.  

 
Fig. 2-1. Urban water lifecycle. 

Note: Adapted from Arpke and Hutzler (2006)  

Lifecycle Analysis (LCA) studies of the urban water lifecycle indicate that usually 

environmental impacts are mostly connected to the operation phase of systems (Friedrich et 

al., 2007; Fagan et al., 2010; Raluy et al., 2005; Stokes & Horvath, 2006; Tarantini & Ferri, 

2001; Vince et al., 2008; Mohamed et al., 2010; Angrill et al., 2012; Racoviceanu et al., 2007; 

Jekel et al., 2006). Thus, energy efficient technologies, which demand less energy during 

operation to perform the same function (e.g. supply 500 L of hot water per day for a 

residential building), is a major solution to reduce environmental impacts throughout the 

urban water lifecycle.  

The energy intensity of systems and processes employed in the urban water lifecycle are 

closely related to their environmental impacts (Muga & Mihelcic, 2008; Friedrich et al., 

2007). Consequently, water-energy nexus analyses are usually based on energy intensity 

indicator (Stokes & Horvath, 2011). The main advantage of using energy intensity as a 

performance indicator stems from the direct dependence of some key environmental and 
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economic indicators on it (e.g. carbon intensity and operational costs associated with energy 

consumption). Therefore, energy intensity may be used as a key performance indicator (KPI) 

for economic and environmental feasibility studies of different phases, processes and 

technologies connected to the urban water lifecycle. In spite of the importance of energy 

intensity data for the implementation of energy efficient measures into the urban water 

lifecycle, to date there is a paucity of information about the energy intensity of different 

systems, technologies and phases (Rothausen & Conway, 2011). 

Among the urban water lifecycle phases, the “Building” phase is the most energy intensive 

due primarily to water heating services within buildings. For example, Kenway et al. (2008) 

affirmed that, in Australia, hot water services in residential buildings demand from 4.7 to 

11.2 times more energy than urban water services. Furthermore, the authors suggested that a 

15% reduction in the energy intensity of residential hot water services would offset the 

impacts from energy consumption associated with water and sewerage services. Even when 

compared to water supply and sewerage treatment systems with elevated energy intensity 

(e.g. sea water desalination via reverse osmosis for potable water supply with energy intensity 

between 2.0 and 8.5 kWh·m-³, or membrane bio-reactors for sewerage treatment with energy 

intensity between 0.1 and 0.9 kWh·m-³), the energy intensity of water heating systems is 

considerably higher, i.e. 6.6 to 50 kWh·m-³ (Plappally & Lienhard V, 2012). As a result, hot 

water services in buildings account for 84 to 97% of the total energy consumption of the 

urban water lifecycle (Cheng, 2002; Arpke & Hutzler, 2006; Flower, 2009). 

The energy consumption of the residential sector accounts for 19 to 50% of the national 

energy consumptions worldwide (Swan & Ugursal, 2009; Cheng, 2002; Lee & Tansel, 2012; 

Lenzen & Peters, 2010; Nejat et al., 2015). Moreover, it has an upward trend due to 

population, urbanization and economic growth (Pérez-Lombard et al., 2008; Nejat et al., 

2015; Singh et al., 2010). Also, out of the total energy consumption of buildings, 75% is 

demanded by the residential sector (Nejat et al., 2015). Among different energy end-uses, 

water heating systems correspond to a significant portion of the total energy consumption of 

the residential sector. For example, Pérez-Lombard et al. (2008) reported that water heating 

systems represent 14, 17, 22 and 26% of the total energy consumption in residential buildings 

in the European Union, the United States, the United Kingdom and Spain, respectively. 

Similarly, Boait et al. (2012) and Liu et al. (2014) found that water heating corresponds to 
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18% of the total energy consumption in residential buildings in the United Kingdom and the 

United States, respectively. Ghisi et al. (2007) and Alam and Theos (2008) reported that hot 

water services make up for 20 and 30% of the residential energy consumption in Brazil and 

Australia, respectively. A higher range was described by Thiers and Peuportier (2012), who 

observed that energy for water heating represents over 40% of the total energy consumption 

in energy efficient residential buildings in France. In Australia, Aye et al. (2002) and Kenway 

(2013) described that water heating is equivalent to approximately 40 and 50% of the total 

energy consumption of homes, respectively. 

In order to further enhance the energy performance of buildings, the energy performance of 

water heating systems need to be addressed (Boait et al., 2012). Such enhancement is 

particularly important in residential buildings where there exists significant opportunities for 

energy efficiency improvements (Nejat et al., 2015). Similarly to the urban water lifecycle, 

the energy consumption of buildings take place mostly during the operation phase, i.e. 80 to 

90% (Ramesh et al., 2010). The operation phase also accounts for most of the GHG emissions 

of water heating systems in buildings.  

The relevance of the energy demand for water heating in buildings is also a crucial 

component of the interdependence among the residential, energy and water sectors. This 

connection is one of the most pronounced examples of the water-energy nexus in urban 

environments, and does require further studies to narrow the existing knowledge gap if and 

when opportunities associated with potential energy and water savings are to be considered. 

Hence, there has been an increasing effort to enhance the energy efficiency of domestic hot 

water supply systems. 

 

Domestic hot water services are usually supplied by water heaters fuelled by electricity, gas 

or solar energy sources. According to Arpke and Hutzler (2006), the selection of hot water 

systems is a function of the availability and cost of energy sources and water heating 

technologies, space requirements for each type of water heating technology, associated costs 

with miscellaneous parts, applicable regulations, and client preferences. In addition, it is also 

influenced by the intended end-uses and associated flow rates and temperature set-points, 
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which may vary depending on the building typology and user behaviour. In residential 

buildings, hot water is typically supplied to taps, showers and washing machines. 

In the recent past, investments on energy efficiency and renewable energy sources for water 

heating, mostly attained by using heat pump and SWHs, increased significantly (Notton et 

al., 2014; Michaelides & Eleftheriou, 2011; Timilsina et al., 2012; Shukla et al., 2013; Chang 

et al., 2013; UNEP, 2010; Ji et al., 2008; Hepbasli & Kalinci, 2009). The evolution of solar 

and heat pump water heating technologies is discussed in the following subsections (i.e. 

Sections 2.3.1 and 2.3.2). 

 

Solar water heaters harvest sun energy through the use of an absorber for the collection of 

solar energy followed by water tanks for heated water storage. The utilisation of this process 

was first described by the Swiss naturalist De Saussure in 1767, who designed a solar water 

heating system entitled “Hot Box”. The system was consisted of an insulated box with an 

inner bottom painted black and double glazed top (Raisul Islam et al., 2013). In the 19th 

century, further use of solar energy was made in the United States, where water tanks exposed 

to the sun were occasionally used to heat water for shower purposes in rural properties 

(Smyth et al., 2006).  

The first commercial solar water heating system, namely “The Climax Solar-Water Heater”, 

was patented in 1891 by Clarence M. Kemp in Baltimore in the United States (Butti & Perlin, 

1981). The system was composed of four black 29 L heavy galvanised iron vessels in a 

wooden box with a glazed top and insulated with felt paper on the lateral sides. This system 

had a design capacity to supply hot water for 3 to 8 showers per day, and was widely 

commercialised in California and Arizona with 1,600 units sold in California alone within 5 

years in the early 1900s (Smyth et al., 2006). In 1909, William Bailey conceived a novel 

SWH design, in which the solar absorber and storage were separated into a solar collector 

and a hot water tank. The most important innovation of this system was related to its capacity 

to circulate water by gravity through density difference, whereby the denser cold water from 

the storage tank flows to solar collectors positioned below the storage tank, and lighter hot 

water from collectors flows to the storage tank. The advantage of this concept in comparison 

with previous solar systems, in which the solar energy absorber and the storage tank used to 
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be integrated, is that hot water can be maintained in a separate insulated hot water tank so as 

to avoid excessive heat losses (Shukla et al., 2013). Currently, systems operating under this 

concept are termed thermosiphon, natural or passive solar water heating systems (Fig. 2-2). 

 
Fig. 2-2. Thermosiphon solar water heater concept. 

In the 1930s, research studies in the United States were undertaken in order to develop more 

efficient solar water heating systems, albeit the expansion of fossil fuels hindered further 

investments in solar technologies up until the 1970s during the first oil crises (Smyth et al., 

2006). On the other hand, during this period, the Japanese market of SWHs expanded as a 

result of the lack of fossil energy sources in the region. The first Japanese commercial solar 

water systems appeared in the 1940s (Smyth et al., 2006). 

In the 1970s, solar water heating technologies return to the agenda of governmental and 

research institutions. Since then, such technologies have undergone tremendous 

improvements with the growth of the solar water heating market and the concomitant increase 

in the commercialisation of different system types to overcome implementation issues 

associated with design problems, e.g. system affordability, overheating, corrosion, freezing 

protection, etc. (Shukla et al., 2013). Since the 1980s, research and development efforts were 

aimed at the improvement of solar collectors (absorber), thermal stratification in storage 

tanks, design parameters, and insulation (Shukla et al., 2013). As a result, the solar water 

heating industry has expanded considerably, reaching a global energy production of 185 GW 
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thermal solar in 2011 with an annual growth of 16% mainly in the European Union, the 

United States, Japan, India and Brazil (Shukla et al., 2013). 

Over the last decades, several research projects have addressed the design and performance 

of solar water heating systems (Thirugnanasambandam et al., 2010; Shukla et al., 2013; 

Hossain et al., 2011; Jaisankar et al., 2011; Z. Wang et al., 2015). Initially, the projects were 

focused on the determination of the performance of thermosiphon systems under laboratory 

conditions aimed at the optimisation of design parameters (Close, 1962; Ong, 1976; Huang, 

1980; Morrison & Braun, 1985; Morrison & Tran, 1984; Huang & Du, 1991; Kabariti & 

Mowafi, 1996; Mertol et al., 1980). Since then, computational models have gained 

widespread use for performance, design, and optimisation analyses for SWHs (Nafey, 2005; 

Kishor et al., 2010). Also, collector performance became an important research topic 

(Kalogirou, 2004b), with a number of studies investigating different collector types 

(Guarnieri, 2005; Ezekwe, 1990; Riffat et al., 2005; Hussein, 2007; SRCC, 2007; Azad, 

2008; Ayompe et al., 2011; D’Antoni & Saro, 2012; Z. Wang et al., 2015). Furthermore, the 

performance of water heating systems were analysed taking into account local conditions – 

e.g. weather conditions, hot water consumption patterns, hot water tank sizes, etc. (Shariah 

& Shalabi, 1997; Jordan & Vajen, 2001; Bojic et al., 2002; Canbazoğlu et al., 2005; Zahedi 

et al., 2007; Lee & Sharma, 2007; García-Valladares et al., 2008; Hobbi & Siddiqui, 2009; 

Naspolini et al., 2010; Cassard et al., 2011; Michaelides & Eleftheriou, 2011; Edwards et al., 

2015). The insulation and design of hot water tanks were also addressed by other studies 

(Omer et al., 2007; Khalifa & Abdul Jabbar, 2010). In the last decade, there was an increase 

in the number of economic and environmental feasibility analyses for solar water heating 

systems (Chandrasekar & Kandpal, 2004; Kalogirou, 2004a; Lima et al., 2006; Pillai & 

Banerjee, 2007; Srinivas, 2011; Donev et al., 2012; Lin et al., 2015). These analyses 

encompassed the use of different approaches, such as: LCA (Tsilingiridis et al., 2004; 

Ardente et al., 2005; Kalogirou, 2009; Hang et al., 2012), net zero energy (Zhai et al., 2007), 

and the water-energy-carbon nexus (Furundzic et al., 2012). 

Current research trends lean towards the analysis of solar hot water systems based on site-

specific information. For example, Edwards et al. (2015) described the importance of diurnal 

patterns derived from high resolution empirical data (15 minutes interval) for the design and 

performance analysis of domestic SWHs. Yan et al. (2015) discussed about the importance 
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of considering the time lag between energy generation and consumption for accurate SWH 

design or performance analysis, and the consequent overestimation of performance when this 

difference is not taken into account. Lin et al. (2015) demonstrated the financial benefits 

related to the use of actual hot water demand patterns instead of generic approaches (e.g. a 

required solar collector area equal to 1 m² per person) to design SWHs. Further, D. Li et al. 

(2015) indicated that the building and block development types (e.g. building aspect ratio, 

azimuth and site coverage) have a significant influence on the performance of solar systems 

with a considerable reduction in performance due to shading in high density areas. Zambrana-

Vasquez et al. (2015) undertook an energy lifecycle assessment, and recommended the use 

of sensitivity analyses for future assessments of solar water heating systems. Allouhi et al. 

(2015) suggested that the implementation of SWHs with high performance can be achieved 

with optimisation analyses for different parameters. Duomarco (2015) discussed the use of 

two systems for energy performance labelling of domestic SWHs. The first system was based 

on site-independent conditions and heat losses; whereas, for the latter system, site-specific 

conditions were taken into account, and calculations were carried out considering the energy 

consumption from auxiliary heaters (e.g. electric booster) per total hot water consumption 

(i.e. energy intensity in kWh·L-1). Moreover, Z. Wang et al. (2015) argued that new designs 

for SWHs (e.g. balcony or façade integrated solar systems) will be required to overcome 

impediments related to their applicability in a range of building types in the future.  

From 2016 to 2019, the investigation of design characteristics, materials and applications of 

SWHs continued worldwide as described in Table 2-3. Studies were developed addressing a 

wide range of aspects, including but not limited to: design and materials of components and 

systems, operation under different conditions, options analysis among different system types, 

multi-criteria benefits analysis including economic, environmental and social outcomes, and 

so on and so forth. 
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Table 2-3. Recent studies on solar water heaters. 
Topic Objective Method Evaluation 

criteria 

System type Solar 

collector type 

Findings Reference 

Integrated solar 

water heater 

Design of innovative 

integrated collectors and 

storage solar water heater for 

building façade 

Design criteria took into 

account winter 

conditions, pivoting 

mirrors, and wooden 

frame. 

- Thermal 

efficiency 

- Heat losses 

Integrated solar 

water heater 

Solar collector 

integrated with 

storage installed 

vertically 

- System is only suitable for winter 

conditions, as the sun has a higher 

angle in the sky in summer; 

- Efficiency range from 36.4 to 51.6%; 

- Thermal losses range from 2.17 to 

3.12 W/K. 

Harmim et al. 

(2019) 

Collector absorber 

with nanocomposites 

Investigation of 

nanocomposites from silver 

nitrate (AgNO3) in a 

methacrylate resin for 

collector absorbers 

 Experiment Thermal 

efficiency 

considering the 

plasmonic band 

overlap with 

absorber spectral 

emission 

Solar collector Polymer-based 

nanocomposites 

for absorbers 

- The nanocomposite promoted an 

increase of 13% (from 102 to 115 °C) 

in the overall performance of collectors. 

Asmussen & 

Vallo (2018) 

Peak-hour energy 

consumption 

Evaluation of the reduction 

in peak-hour energy 

consumption by using solar 

water heaters 

Experiment with real-

time monitoring for five 

socioeconomic clusters 

of social housing 

Reduction of 

peak-hour 

energy 

consumption and 

GHG emissions 

- Solar 

thermosiphon 

- Instantaneous 

electric 

showerheads 

Flat plate 

thermosiphon 

- Solar water heaters promoted a 

reduction of 64% in the peak-hour 

energy consumption in relation to 

instantaneous electric water heater 

showerheads; 

- Annual energy savings of 577 kWh 

per households were achieved, resulting 

in a reduction in GHG of 250 kgCO2e. 

Giglio et al. 

(2019) 

Heat shields in 

evacuated tube 

collectors 

Investigation of heat shield 

in evacuated tube collectors 

One-dimensional steady 

state model validated 

with field experiment 

Thermal 

efficiency 

Solar collector Evacuated tube - Normal evacuated tube collectors with 

no sun tracking and no concentration 

by mirrors have limited efficiency; 

- At high temperatures, heat losses are 

excessive, undermining the efficiency; 

- The thermal efficiency of evacuated 

tube collectors increased by 11.8% with 

heat shields between the absorber plate 

and the glass tube; 

- Benefits are more pronounced under 

low solar radiation and ambient 

temperature conditions. 

Huang et al. 

(2019) 
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Solar collectors in 

public buildings 

Application of solar water 

heater in public buildings 

- VIPSKILLS tools Mean monthly 

thermal 

efficiency 

Forced 

circulation 

Flat plate solar 

collectors with oil 

boiler backup 

- Commercial buildings have a low hot 

water demand; 

- Hot water savings led to energy 

consumption reduction; 

- The annual efficiency is lower than 

the efficiency of collectors due to 

supply-demand load matching; 

- Solar water heaters have a higher 

efficiency in lower latitudes. 

Krawczyk et al. 

(2019) 

Thermosiphon and 

forced circulation 

solar water heaters 

Comparative analysis of 

thermosiphon and forced 

circulation solar water 

heaters 

ISO 9459-5:2007 Solar 

heating: Domestic water 

heating systems 

Levelised Cost 

of Energy, i.e. 

cost per 

produced unit of 

energy 

- Thermosiphon 

- Forced 

circulation 

- Selective 

absorber 

- Black painted 

absorber 

- Forced circulation and thermosiphon 

systems have a similar financial benefit 

for hot water demand levels below the 

hot water storage capacity, black 

painting absorbers and locations with 

high solar irradiation; 

- Forced circulation systems are more 

efficient in colder climates than 

thermosiphon systems, whereas 

thermosiphon systems are more 

efficiency in warmers climates than 

forced circulation systems. 

Vera-Medina et 

al. (2019) 

Cylindrical solar 

water collectors 

Investigation of different 

gases filling the space 

between absorbers and 

covering glass in cylindrical 

solar collectors 

Laboratory experiment Thermal 

efficiency 

- Solar 

- Electric 

- Cylindrical with 

argon 

- Cylindrical with 

air 

- Flat plate 

- The maximum thermal efficiency of 

collectors with air and argon is 48.17 

and 52.14%, respectively; 

- Argon promotes an increase in the 

thermal performance of cylindrical 

collectors; 

- Cylindrical solar collectors costed 

73% less than flat plate collectors; 

- The payback of cylindrical solar 

collectors in relation to electric system 

was 5 years. 

Sadeghi et al. 

(2019) 
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Integrated solar 

water heater 

Investigated the performance 

of integrated solar water 

heaters with corrugated 

absorber 

Laboratory experiment Thermal 

efficiency of 

storage tanks 

Thermosiphon Corrugated 

absorber 

integrated with 

storage tank 

- Integrated systems require less 

materials (e.g. joints, bends, etc.) than 

traditional systems; 

- Daily thermal efficiency of 59, 65 and 

67% were reached for flows of 0.005, 

0.0091 and 0.013 kg/s; 

- Corrugated absorbers increased the 

thermal performance of integrated solar 

water heaters; 

- The system is suitable for winter and 

spring conditions in Iraq, with a 

minimum hot water supply temperature 

of 42 °C; 

- Insulation to the cover of the solar 

collectors, phase change materials, and 

double glazing are recommended to 

prevent excessive heat losses overnight. 

Yassen et al. 

(2019) 

Human behaviour The influence of user 

behaviour on the 

performance of solar water 

heaters 

 Simulation Solar fraction Thermosiphon Flat plate - Solar water heaters operate under 

different  conditions than conditions 

specified in standard tests; 

- The performance of systems can be 

improved by adjusting the time of use 

to optimum periods, reducing the set-

point temperature, using water efficient 

appliances, and minimising 

unnecessary consumption events; 

- Hot water consumption loads at 

evening periods decreased the solar 

fraction of systems by 13%; 

- A reduction of 25% in consumption 

loads promoted an increase of 10% in 

the solar fraction. 

Abdunnabi & 

Belgasim (2018) 

Performance 

assessment of water 

heaters 

Assessment tool for 

environmental, economic 

and social aspects 

Multi-criteria decision 

analysis based on 

Delphi method and 

sensitivity analysis 

- Annual cost 

- Material 

consumption 

- Energy 

consumption 

- GHG 

emissions 

- Space 

requirements 

- Visual impact 

- Occupational 

risk 

- Solar 

- Gas 

- Electric 

- Flat plate harp 

design 

- Flat plate 

serpentine design 

- Heat-pipe 

evacuated tube 

- Direct-flow 

evacuated tube 

- Direct-flow 

evacuated tube 

with CPC 

- Solar systems significantly reduces 

energy consumption and GHG 

emissions; 

- Flat plate systems outperform 

evacuated system lifecycle performance 

considering economic, environmental 

and social factors. 

Casanovas-

Rubio & 

Armengou 

(2018) 
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In Australia, Mills (2004) described the importance of developing models for SWHs based 

on local characteristics, as opposed to the use of generic models with course spatial resolution 

(i.e. four climate zones for the entire country) and general hot water consumption patterns. 

In particular the author argued that the Australian Standard AS 4234 for SWHs performance 

analysis, which is current in 2019, does not include a thorough assessment of site-specific 

conditions (e.g. water consumption pattern and local weather). As per the author, 

computational models for water heating systems should be based on appropriate water 

consumption patterns instead of using general consumption patterns from the Australian 

standard. This limitation of the standard is also described in more recent studies, e.g. Bourke 

& Bansal (2012). Furthermore, representative weather information for each city should be 

used rather than using weather conditions of one city to represent the performance within an 

entire climate zone. Moreover, the general approach for models established by the AS 4234 

may lead to an underestimation of the performance of systems with larger storage capacity, 

as this standard does not contemplate high hot water consumption patterns usually associated 

with larger systems (Mills, 2004). As described by Bojic et al. (2002), systems with larger 

hot water storage capacities may create a greater solar fraction (i.e. ratio of solar energy 

production to total energy consumption) and associated energy savings.  

Mills (2004) also pointed out that the number of certificates for the four climate zones under 

the SRES are based on models performed in accordance with the AS 4234 standard, in which 

weather conditions are considered for four cities only (i.e. Rockhampton for Zone 1, Alice 

Springs for Zone 2, Sydney for Zone 3, and Melbourne for Zone 4). However, there is a wide 

range of weather conditions within each climate zone; for example, different climatic 

conditions among capital cities in Zone 3, namely: Brisbane, Sydney, Canberra, Adelaide 

and Perth. Therefore, certificates under the SRES may be not necessarily representative of 

energy savings and associated carbon reduction potentials, as site-specific condition are not 

taken into account (Mills, 2004). The four climate zones approach was necessary prior 

advancements in micro-computers; albeit, with the current development of the processing 

capacity of micro-computers, computational models based on local weather conditions 

should be used to carry out performance analyses for water heating systems (Mills, 2004). In 

addition, other site-specific characteristics ought to be considered as well, including but not 

limited to: orientation and inclination of collectors and hot water set-point temperatures 

(Mills, 2004). 
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Crawford and Treloar (2004) conducted an Energy LCA (i.e. “Net Energy Analysis”) for 

solar and conventional domestic water heaters in Melbourne, Australia. The findings 

indicated that the contribution of embodied energy is not significant, but rather that most of 

the lifecycle energy consumption is related to the energy demand during operation phase (i.e. 

80% for electric boosted SWHs during a 10 years lifespan analysis). Solar systems showed 

a positive net energy balance in comparison with conventional electric and gas water heaters 

after 0.5 and 2.0 years, respectively. 

Thetadig (2009) evaluated impediments and opportunities to deploy solar water heating 

systems in residential buildings in Brisbane, Australia. The study showed that information is 

a key component for households’ uptake of solar systems, including information from the 

media and personal recommendations from friends and relatives. The author highlighted the 

importance of educational programs and awareness campaigns among households about the 

effectiveness of SWHs in reducing energy consumption and GHG emissions. Also, 

technological and operational factors were identified as key parameters for feasibility 

analysis of SWHs under household conditions. 

Among the revised studies, there was a lack of information addressing current trends of 

research about SWHs in the Australian context. As discussed by Mills (2004), the 

performance of SWHs have to be determined by using detailed models, rather than generic 

approaches. In order to overcome this knowledge gap, researchers need to focus on the 

development of studies addressing the performance of SWHs under different site-specific 

conditions, including but not limited to: (i) a range of water consumption patterns with 

possible use of empirical data when available; (ii) building and suburb characteristics (e.g. 

influence of shading, roof tilt angle, building orientation, etc.); (iii) sensitivity analyses so as 

to determine the performance of systems under a range of site-specific conditions; and (iv) 

performance analysis for novel designs of SWH systems (e.g. balcony or façade integrated 

solar systems). A review on detailed information about SWHs characteristics is described in 

section 6.2.1. 
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Heat pump water heaters have been increasingly used for energy saving in residential 

buildings (Khanna et al., 2013; Liu et al., 2014; Stafford & Lilley, 2012). Heat pumps transfer 

the heat from a colder environment to a warmer one using a refrigeration cycle (Hepbasli & 

Kalinci, 2009), in the reverse directions of natural heating transfer processes (i.e. heat is 

naturally transferred from a warmer point to a cooler one). This principle is the same as the 

one utilised by refrigerators and freezers, yet instead of pumping heat from the inside to the 

ambient air, the heat of the surrounding area is pumped into the hot water tank. Thus, heat 

pumps “pump” heat from surrounding areas back to heat production processes (Chua et al., 

2010). Under ideal conditions, such systems can yield 3–4 times the energy they will 

consume (Zhang et al., 2007). Nevertheless, the performance of heat pumps may vary 

considerably depending on their characteristics and operating conditions (Kim et al., 2004).  

As per Hepbasli and Kalinci (2009), the concept of heat pumps dates back to the 19th century 

in France. However, it was patented by the Englishman T. G. N. Haldane in 1927. The use 

of heat pump systems on a large-scale commenced only in the late 1940s in the United States 

followed by the project developed by the designers J. Donal Kroeker and Ray C. Chewnin, 

the engineer Charles E. Graham, and the architect Pietro Belluschi (Mccready, 1980). In the 

1950s, numerous studies sought to understand the factors influencing the performance of heat 

pumps, as well as their economic feasibility (Zhang et al., 2007). During the same period, the 

commercialisation of heat pumps increased, followed by a decline in the 1960s as a result of 

operational failure of some installed systems. Nonetheless, the 1970s oil crisis led to a new 

increase in the use of heat pumps due to the higher energy prices, as well as quality 

improvements on heat pump systems (Hepbasli & Kalinci, 2009). According to Chua et al. 

(2010), in the last two decades heat pumps evolved into a consolidated technology used to 

reduce energy consumption in a myriad of processes, including: heat recovery, water and air 

heating and cooling, distillation of petroleum, manufacturing of inorganic salts, dairy 

production, nuclear power generation, desalination, and so forth. 

There is a variety of heat pumps for water heating, with the most common being air source 

heat pumps (Mei et al., 2002); this is related to their lower implementation cost in comparison 

with other heat pump types (Liu et al., 2014) and their flexibility for installation in 

comparison with SWH (Morrison et al., 2004). For air source heat pumps, the heat transfer 
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process is simplified by using air circulated by a fan to heat the fluid passing in the evaporator 

(Fig. 2-3). On the other hand, other heat pump systems employ more complex processes to 

source energy (ground source heat pumps use ground heat exchangers, solar-assisted heat 

pumps used solar collectors, etc.). The schematics for different heat pump types are described 

by Hepbasli and Kalinci (2009). In spite of the advantages of using ASHPWH, this system 

type undergoes a considerable reduction in their Coefficient of Performance (COP) under 

cold weather conditions, i.e. air source temperature lower than 5 °C (Singh et al., 2010), due 

to frosting formation on evaporators (F. Wang et al., 2015). Hence, this appears to be a major 

impediment for the development of the technology in cold climates. Therefore, several 

studies have recently investigated this issue (F. Wang et al., 2015). 

 
Fig. 2-3. Air source heat pump water heater concept. 

In order to avoid frosting formation on ASHPWH evaporators, the use of electric heaters was 

proposed by Kwak and Bai (2010), in which the performance of the systems was enhanced 

by 9 and 71% considering their heating capacity and COP, respectively. Mei et al. (2002) 

proposed the use of an electric heater so as to increase the temperature of the refrigerant fluid 

and avoid frost formation in the evaporator of ASHPWHs. This procedure enabled the 

operation of an ASHPWH under close to freezing conditions without considerable reduction 

in its heating capacity; nonetheless, the energy consumption increased due to the electric 

heater operation. F. Wang et al. (2015) described a novel system to avoid frost in ASHPWH. 

The system is coupled with two heat exchangers coated by a solid desiccant and an energy 
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storage device, which enabled its operation under -3 to 3 °C at a high performance level with 

constant hot water supply between 50–60 °C. 

Morrison et al. (2004) evaluated the performance of ASHPWHs under conditions in Sydney, 

Australia. Their findings show ASHPWHs with energy savings of approximately 56% in 

comparison with electric systems, which was lower than the one for investigated solar 

systems, i.e. 65–75%. Likely, the greater performance of solar systems is related to the type 

and configuration of the assessed systems. Thus, different solar and heat pump systems would 

probably give rise to different results. 

Kim et al. (2004) analysed the performance of ASHPWHs under variable conditions (e.g. 

different operating times, hot water tank volume and set-point temperature). The study 

showed that smaller hot water tanks induce a decrease in the energy performance due to the 

more rapid heating cycles for lower volumes of water and the consequent reduction of 

operation at optimal performance when transient conditions are stabilised. On the other hand, 

larger reservoirs increase heat losses. Therefore, a thorough tank sizing optimisation is 

required for systems. 

Between 2016 and 2019, the investigation of design characteristics, materials and 

applications of heat pumps developed significantly as a result of energy efficiency new 

technological requirements. As described in Table 2-4, studies on heat pumps were focused 

on defrost strategies, new refrigerants, vapour-compression technologies, new materials and 

components, smart controls to adjust loads, among other technological advancements. 

A clear understanding of the energy performance of ASHPWHs under different weather and 

operation conditions is essential for both decision-makers in scrutinising the benefits of 

rebate programs for heat pumps, and consumers in determining the economic feasibility of 

such systems under site-specific conditions. Hence, comprehensive forecasting tools to 

estimate the performance of heat pumps are necessary for design and operation within 

optimum ranges for residential buildings (Singh et al., 2010). In Australia, energy efficiency 

and renewable energy policies must take into account a vast number of conditions due to the 

large amplitude and climatic conditions nationwide. In this literature review, it was identified 

a paucity of detailed performance analyses for domestic ASHPWHs in Australia. In section 

5.2.3, detailed information on the range of characteristics of ASHPWH is described.
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Table 2-4. Recent studies on heat pump water heaters. 
Topic Objective Method Evaluation criteria System type Findings Reference 

CO2 as 

refrigerant gas 

Investigation CO2 

application as refrigerant 

gas 

-Simulations validated 

with field experiment; 

- Application of an Equal 

Performance Operation 

Conditions method. 

Thermal efficiency Integrated energy system 

with heat pump combined 

with photovoltaic (PV) 

panel and hot air feeding 

from façade/PV cooling 

system 

- CO2 has the potential to be used as refrigerant 

gas in order to minimise the use of other 

refrigerants with higher global warming potential; 

- CO2 heat pump systems are highly sensitive to 

operation conditions, while R410A gas is more 

stable; 

- CO2 heat pumps are more efficient for larger 

temperature deltas (>30 °C), whereas R410A 

(traditional) heat pumps are more efficient for 

temperature deltas between 12 and 20 °C; 

- Further investigation of CO2 design for different 

operating conditions is required. 

 

Paniagua et 

al. (2019) 

CO2 as 

refrigerant gas 

Provide a literature review 

on CO2 heat pumps 

Literature review Multiple CO2 heat pumps - CO2 has not regulation liabilities as it has an 

insignificant global warming potential in relation 

to chlorofluorocarbons and hydrofluorocarbons 

gases; 

- Transcritical thermodynamic processes are more 

suitable for CO2 heat pumps than subcritical 

processes; 

- A two-stage transcritical cycle using a semi-

hermetic reciprocating compressor combined with 

an intercooler appears as a promising technology 

for CO2 heat pumps; 

- The application of adjustable and multi-stage 

expansion and two-stage compression for CO2 

heat pumps should be investigated in-depth; 

- Alternative designs of CO2 heat pumps showed 

promising results, e.g. solar assisted systems with 

COP of 13.5, CO2-propane mixture with 

performance comparable to traditional 

refrigerants, etc.; 

- CO2 heat pumps application in cold climates is 

already described as a feasible technology, e.g. 

COP of 3.1 under -20 °C outdoor temperature 

conditions. 

 

Rony et al. 

(2019) 
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Condensation 

coil 

Performance assessment of 

systems during water-

charging (filling storage 

tank up) and water-

discharging (consumption 

of hot water and refilling 

with cold water) 

Simulations validated with 

field experiment 

- Heat transfer 

coefficient 

- Coefficient of 

Performance 

Heat pump water heater 

with immersed condenser 

coil in storage tank: 

- Fixed diameter 

condensation coils 

- Varied diameter 

condensation coils 

- The heat transfer coefficient and coefficient of 

performance were 20% and 10% higher in the 

varied in relation to the fixed diameter coil during 

water charging; 

- For water discharging, there were no significant 

difference between varied and fixed diameter coil 

systems. 

 

Dai et al. 

(2019) 

Demand-side 

energy 

management 

strategies 

Investigate system control 

for power consumption 

during water heating 

Model predictive control 

method for different 

scenarios of load changes, 

intermittent renewable 

power generation and 

parameter variations as 

part of a sensitivity 

analysis 

 

Electricity frequency Heat pump water heater - Heat pump water heaters can be used to control 

the secondary frequency of multi-area power 

system with particular application for intermittent 

renewable energy use 

Oshnoei et al. 

(2019) 

Drain 

wastewater heat 

recovery 

Investigation of novel heat 

pump water heaters with a 

freezing latent heat 

evaporator and assisted by 

domestic drain water 

Experiment under variable 

conditions 

- Heat transfer 

coefficient 

- Coefficient of 

Performance 

- Energy consumption 

Helical coil tube 

evaporator for freezing 

latent heat assisted by 

domestic drain 

wastewater 

- The proposed system is 4.4 fold more efficient 

than conventional wastewater source heat pump 

water heaters; 

- The system is 60% more efficient than electric 

water heaters; 

- COPs of 2.35 and 3.24 were obtained for 

conditions with drain wastewater temperatures of 

15.5 and 24.7 °C, respectively, resulting in 

compressor operation of 79 to 55 minutes; 

- Legionella control must be considered in the 

design of systems. 

 

Guo et al. 

(2019) 

Drain 

wastewater heat 

recovery 

Evaluation of performance 

improvements with the use 

of drain wastewater heat 

recovery for heat pumps 

Mixed numerical-

experimental approach 

- Coefficient of 

Performance 

- Electricity consumption 

Air source heat pump 

with drain wastewater 

heat recovery 

- Heat pump system performance was improved 

from 14% to 400% by using heat recovery from 

drain wastewater; 

- Monthly financial savings were equivalent to 

$31 to $47, and monthly GHG emissions were 

reduced between 169 to 259 kgCO2e. 

 

Ramadan et 

al. (2018) 

Indoor 

operation 

Investigation of air source 

heat pumps at indoor 

environment 

Simulations validated with 

field experiment 

- Coefficient of 

Performance 

- Energy consumption 

Air source heat pump 

operating at indoor 

environment in cold 

climate 

-The systems reached optimal performance at 20 

°C and 35% relative humidity among set indoor 

conditions; 

- The outlet water temperature ranged from 49.5 

°C to 55.9 °C with a set-point of 54 °C; 

- In relation to electric systems, heat pumps could 

promote a reduction of 55% in the energy 

consumption related to water heating. 

 

Amirirad et 

al. (2018) 
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Optimisation Investigation of a control 

strategy for a two-stage air 

source heat pump water 

heater with flank-tank-

cycle vapour injection. 

Dynamic simulation model - Total power 

- Coefficient of 

Performance 

- Water outlet 

temperature 

Heat pump with flash-

tank-cycle vapour 

injection 

- The system performance is optimised by the 

actuation of an upper expansion valve which 

controls superheating and associated power 

consumption reduction; 

- This is a promising technology for energy 

efficiency improvements for heat pumps. 

 

Wang et al. 

(2019) 

Optimisation Review laboratory and field 

experiments as well as 

modelling approaches, 

technological 

advancements, and control 

operation strategies 

Literature review - Coefficient of 

Performance 

- Reliability 

- Energy savings 

Heat pump water heaters - Only recently the adoption of heat pump water 

heaters has matured due to emerging energy 

efficiency requirements; 

- The widespread adoption of heat pumps have 

been limited by high costs and technical and 

operation issues, which require further 

technological development of defrost strategies, 

suitable refrigerants, vapour-compression 

technologies, new materials and components to 

increase heat storage, smart controls to adjust 

loads, and multi-function application; 

- The usual coefficient of performance between 

1.8 and 2.5 can be improved to ranges between 

2.8 and 5.5 with further technological 

development. 

 

Willem et al. 

(2017) 

Solar assisted 

systems 

Review system 

configuration, performance 

optimisation, simulation 

models, and applications. 

Literature review - Thermal performance 

- COP 

Solar assisted heat pumps - Solar assisting heat pumps improve their 

performance under different climates and 

applications; 

- The energy intensity of systems vary from 10 to 

12 kWh/m3 for temperature outputs between 45 

and 60 °C. 

 

Shi et al. 

(2019) 
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Traditionally, performance evaluation methods for water heating systems take into account 

two different viewpoints, namely: energy performance, and level of service. In the following 

sections (Sections 2.3.3.1 and 2.3.3.2), these two perspectives are described in detail. 

 

Taking into account the importance of carbon and renewable energy instruments for national 

energy policies around the world, performance evaluation methods for water heaters ought 

to follow suit. To date, energy policies have usually been structured under multi-objective 

instruments aimed at the mitigation of GHG emissions, containment of energy costs, 

enhancement of energy supply security, and overcoming industry development issues (Kelly, 

2007). The success of such policies relies on the appropriate selection of instruments and 

associated regulations to guide their application (Kelly, 2007). Thus, as part of the renewable 

energy and energy efficiency agenda, the successful implementation of domestic SWHs and 

ASHPWHs is also subject to the quality of accompanying regulations and guidelines. 

Notwithstanding the importance of a holistic approach to evaluate the performance of water 

heaters, a range of performance indicators and analytical methods are usually limited to a 

single viewpoint. 

One of the viewpoints for performance assessment include thermal performance analyses of 

water heaters, which were undertaken by several scholars. Lee and Sharma (2007) studied 

the yearly thermal performance of active (pumped) and passive (thermosiphon) SWHs in 

Daejeon, South Korea. In this study, the first order coefficient of the efficiency equation for 

solar collectors was used as the thermal performance indicator. The results showed that 

passive and active systems had a coefficient equal to 0.61 and 0.69, respectively. The authors 

suggested that the thermal performance of solar systems would be enhanced by reducing hot 

water consumption events during the evening hours (i.e. limiting consumption to one event 

per evening). The assessment of the thermal performance of SWHs based on the first order 

coefficient was also described in other studies (Shariah & Shalabi, 1997; Zahedi et al., 2007; 

Ezekwe, 1990). 

Numerous studies addressed the performance of water heaters from an energy performance 

perspective. For heat pump water heaters, the energy performance is typically represented as 
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the ratio of the total thermal energy generated to the electricity consumed (i.e. COP); 

whereas, for SWHs, it is the ratio of the solar energy production to the total energy consumed, 

termed the solar fraction. Li et al. (2007) evaluated solar-assisted heat pump water heaters 

by using an energy-exergy analysis based on empirical data in Shanghai, China. The results 

showed a COP equivalent to 6.6 to heat water from 13.4 °C to 50.5 °C within 94 minutes 

under an ambient air temperature of 20.6 °C and solar radiance of 955 W·m-2. Allouhi et al. 

(2015) assessed the energy performance of domestic SWHs by analysing their solar fraction 

for different climate zones in Morocco. 

The direct energy consumption was also utilised as a performance indicator for water heaters. 

Lameres et al. (1999) analysed the influence of a demand side management strategy for 

controlling the average daily energy demand of domestic water heaters. The authors 

suggested that the energy consumption of water heaters can be diverted from peak-hours for 

electricity grids through the use of a fuzzy controller to the amount of power consumed in 

any given time. Such method was structured taking into account the hot water demand, the 

cold and hot water end-use temperature and the maximum temperature set-point. This method 

may provide benefits for costumers connected to dynamic pricing tariffs. 

Performance indicators related to the water-energy nexus were also proposed by a number of 

authors. Duomarco (2015) proposed that the performance of solar domestic hot water systems 

should be classified on a merit basis. For this purpose, the energy performance was analysed 

evaluating the interconnection between the annual hot water supply and the auxiliary energy 

demand (i.e. energy intensity) expressed either in kilowatt-hours per litre (kWh·L-1), or 

kilowatt-hours per cubic metre (kWh·m-3). The author suggested that the energy intensity is 

a site-dependent indicator, and hence it was not suitable for general classifications of SWHs 

based on the intrinsic characteristic of systems only. Similarly, Siddiqi and Weck (2013) 

analysed the urban water cycle using energy intensity as a performance indicator for a case 

study in Masdar city, United Arab Emirates. In the study, water heating in buildings showed 

an energy intensity of up to 14 kWh·m-³ under the assessed conditions. Likewise, Cheng 

(2002) assessed the relationship between water use and energy conservation based on the 

energy intensity of water and sewerage services. The study revealed that hot water services 

were much more energy intensive (e.g. 25.5 kWh·m-³ for shower) than municipal water and 

sewerage services (e.g. 0.14 and 0.39 kWh·m-³, respectively). Similar results were described 
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by Plappally and Lienhard V (2012), who found energy intensity levels reaching up to 28.8 

kWh·m-³ for hot water services based on electric water heaters. 

The energy performance of water heating systems was also analysed using lifecycle energy-

carbon analyses. Yan et al. (2015) developed a simplified method to optimize the design of 

SWHs based on the lifecycle net energy savings of systems, which was tested for a 

commercial building in Beijing, China. The authors emphasized the importance of 

considering the daily load profile (i.e. hot water diurnal pattern) so as to avoid an 

overestimation of performance by ignoring mismatches between energy supply capacity and 

demand. For this case study, such a mismatch led to a 40% loss of collected solar energy, 

giving rise to an expansion of the energy payback time from 3.5 years to 6.5 years (Yan et 

al., 2015). In Spain, Zambrana-Vasquez et al. (2015) also analysed SWHs from a LCA 

perspective based on the energy payback time and carbon dioxide equivalent (CO2e) 

emissions. The authors pointed out the importance of sensitivity analyses based on a range 

of scenarios for the assessment of SWHs. 

Economic feasibility analyses for water heating systems were also addressed for different 

geographic regions. In Taiwan, Lin et al. (2015) compared SWHs with conventional water 

heaters (i.e. electric and gas). In the studied area, government funds facilitated the uptake of 

SWHs, which, along with lifecycle savings, formed the basis for SWH economic viability. 

The study revealed that the feasibility of solar systems was related to the selection of solar 

collectors based on site-specific hot water consumption patterns. Furthermore, SWHs were 

only economically feasible in comparison with electric systems due to either the financial aid 

from rebate programs, or an increase in hot water consumption patterns. In the United States, 

Chaturvedi et al.(2014) developed a thermo-economic analysis for a solar-assisted heat pump 

water heater. The authors found that the assessed system could provide hot water services at 

set-point temperatures of 50–70 °C.  

In Australia, Aye et al. (2002) undertook a multi-criteria analysis for thermosiphon, solar-

assisted heat pump and ASHPWHs using a combination of indicators, including: specific 

electricity (i.e. energy intensity), net present cost (NPC), and CO2e emissions. The calculated 

energy intensity oscillated from approximately 2 to 21 kWh·m-³ for the aforementioned 

systems under a number of climatic conditions across Australia. Within 15 years, all the 
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systems had a positive NPC of approximately AU$ 7 to 11 thousands, while CO2e emissions 

varied from about 0 to 40 thousand kilograms. In Brazil, Naspolini and Rüther (2012) also 

performed a multi-criteria analysis to compare the benefits of replacing instantaneous electric 

water heaters by SWHs in low-income residences. The study revealed that SWHs can reduce 

the total energy consumption by 42.0%, and the peak-hour energy consumption by 9.5%. On 

average, total annual energy savings, CO2e abatement and economic benefits were equal to 

198 kWh, 78 kg, and 96.83 US dollars per household, respectively. 

 

The level of service can be described as the capacity of water heating systems to meet 

requirements for hot water provision. Therefore, it is connected with the function of water 

heaters, i.e. provision of hot water services at adequate temperature levels in accordance with 

public health and comfort requirements. In Table 2-5, the design criteria established by 

different countries to prevent health risks associated with Legionella in hot water systems are 

summarised. Bédard et al. (2015) described different risk analysis approaches for 

Legionnaires’ diseases in hot water distribution systems worldwide (Table 2-6). 

Li et al. (2012) described that the temperature of hot water services vary between 30–60 °C 

at end-use points; however, this upper range of hot water temperatures may give rise to 

scalding issues. For instance, Jaye et al. (2001) discussed the risks associated with scalding 

in domestic water heating systems, as well as trends to implement guidelines in order to limit 

hot water supply temperatures at end-use points to 45–55 °C. Hendron et al. (2004) and Pillai 

and Banerjee (2007) considered that hot water is usually supplied at 40 °C in residential end-

use points, while Lee and Tansel (2012) described a typical temperature for showers between 

40–49 °C. 
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Table 2-5. Design criteria to prevent Legionnaires’ diseases in hot water systems. 

Country 

Temperature set-point 

Design criteria 
Water heater Return loop System End-use point 

Australia ≥60 °C - - 

 ≤ 45 °C: childcare and 

healthcare centres, schools and 

nursing homes; 

 ≤ 50 °C: all other building 

typologies. 

 Distribution system water velocity ≤ 3 m·s-1; 

 Maximum flow rate at end-use point ≤ 9 L·minute-1; 

 Minimise dead legs; 

 Dead legs must be flushable for maintenance 

purposes. 

Austria ≥60 °C - ≥55 °C - 

 Thermal disinfection must be possible (≥70 °C); 

 Maximum hot water storage time of 1 day; 

 Must prevent hot water stagnation in distribution 

system; 

 Shut down of recirculation systems is prohibited. 

Canada 

*(Applicable for 

new and renovated 

buildings) 

60 °C* 
≥55 °C* 

(Quebec) 
- 

Quebec only: 

 ≤ 49 °C: showers and baths; 

 ≤43 °C: healthcare and nursing 

homes. 

 Recirculation or re-heating systems required in 

distribution systems with ≥ 30 m length or 4 stories; 

 Shut down of recirculation system is permitted at 

night only. 

China ≥60 °C - ≥50 °C 

≤ 43 °C: paediatrics, geriatric and 

psychiatric wards, elderly homes, 

residential care for disabled 

people; 

≤50 °C: all other building 

typologies. 

 Must maintain 60 °C for ≥ 5 minutes immediately 

before hot water distribution systems during hot water 

draw-offs; 

 Must minimise dead legs; 

 Must prevent hot water stagnation in distribution 

system. 

Europe 
≥60 °C during 1 

hour·day-1 

 Ideal: ≥55 °C 

 Always: >50 °C 
- 

50–55 °C: maintain temperature 

during at least 1 minute. 

 Must maintain ≥ 50 °C in return loop at all times; 

 Maximum duration of temperature drops below 50 

°C of 20 minutes per day at the hot water tank outlet. 

France 

 ≥60 °C 

(Recommended) 

 >55 °C 

(Required) 

 

>50 °C >50 °C ≤50 °C: personal hygiene. 

 Recirculation system required in distribution 

systems with total volume over 3 L; 

 Distribution system water velocity >0.2 m·s-1; 

 Must eliminate dead legs; 

 The total volume of connection pipes must be ≤3 L. 

Germany ≥60 °C - >50 °C - 

 Maximum heat losses of 5 °C; 

 Recirculation system required in distribution 

systems with total volume over 3 L; 
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 Maximum duration of temperature drops below 60 

°C of a few minutes only. 

Netherlands >60 °C - 

≥60 °C 

(warm 

water) 

- 

 Mixing taps must be coupled with shut-off system to 

prevent scalding during cold water pressure loss 

events. 

Switzerland >60 °C >50 °C >55 °C ≥50 °C 

 Hot water must be heated to a minimum temperature 

of 60 °C during 1 hour per day with maximum storage 

time of one day; 

 Maximum heat loss of 5 °C; 

 Must reduce dead legs to end-use points to a 

minimum. 

United Kingdom ≥60 °C ≥50 °C (per loop) ≥55 °C 

 ≥55 °C: hot water end-use 

points (i.e. single hot water outlet 

or mixing valve inlet) for at least 

one minute in healthcare 

premises. 

 ≥50 °C: all other building 

typologies. 

 

 The maximum volume of dead legs must be 1.5 L 

and 0.5 L for the principal and secondary recirculation 

systems, respectively; 

 Shut down of recirculation systems is prohibited; 

 End-use points with low usage frequency must be 

installed upstream of points with frequent water use 

events; 

 End-use points with low use frequency must be 

flushed or purged weekly. 

United States ≥60 °C ≥51 °C ≥51 °C 

 ≥49 °C: patient care areas in 

hospitals. 

 ≥43.3 °C: nursing care 

facilities. 

 Minimum hot water temperature of 51 °C at water 

heater, storage tank or distribution system. 

WHO ≥60 °C ≥55 °C ≥50 °C 

 ≥50 °C: during at least one 

minute except for points with 

thermostatic mixer. 

 Temperature difference of less than 5 °C between 

hot water tank outlet and circulation system; 

 Maximum dead leg volume of 3 L or maximum 

dead leg length equivalent to 10 times its diameter. 

Note: Adapted from Bédard et al. (2015);  Dead leg, i.e. length of pipework leading to a fitting through which water only passes infrequently when there is draw-offs 

from the fitting providing potential for stagnant water.
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Table 2-6. Worldwide risk analysis approaches for Legionella prevention. 

Country Risk analysis 

On-site monitoring 

Assessed items Procedure 
Frequency 

Legionella Temperature 

Australia Not specified; initial 

risk analysis only for 

air systems. 

Not specified Not specified Varies among states                

(i.e. from none to monthly). 

- 

Austria Yes Cold water, hot water tank 

outlet, and hot water end-use 

points. 

Record usage frequency, 

system heat loss, and time 

to reach stable temperature 

and final temperature. 

Weekly to annually 

depending on classification 

from risk analysis.  

As for Legionella control. 

China Yes (Water Safety 

Plan) 

According to Water Safety 

Plan. 

According to Water Safety 

Plan. 

According to Water Safety 

Plan. 

- 

Europe Yes Cold water, hot water tank 

outlet, and hot water return 

loop.  

 

Based on temperature 

measurements, water 

sampling points are 

defined for Legionella 

presence test. 

Not specified. - 

France Yes Cold water, hot water tank 

outlet, hot water return loop, 

and hot water end-use 

points. 

 

Assessment of 8 to 11 end-

use points. Point with 

greatest pressure loss is 

defined as representative 

of high risk area for 

Legionella contamination. 

Prior to Legionella test, 

flushing is required in 

systems not used for 

several weeks. 

Yearly at high risk 

representative end-use point 

and return loop. 

 

Yearly with duration of one 

week at high risk 

representative end-use point, 

and one day at return loop.        

Germany Unknown Hot water tank outlet, return 

loop and rising pipe. 

- Yearly depending on the size 

of the system. Sampling 

frequency increases if 

contamination is detected. 

- 

Italy Not specified Cold water (if temperature is 

above 20°) and hot water. 

 

- Not specified - 
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Country Risk analysis 

On-site monitoring 

Assessed items Procedure 
Frequency 

Legionella Temperature 

Netherlands Yes Hot water in the 

recirculation system, and 

end-use point. 

Assessment of temperature 

in the recirculation system 

and at the furthest end-use 

point from hot water tanks 

before and after flushing.  

Typically triannual, and up 

to 3 months after any 

modification in the system. 

Every 3 months if 

contamination is detected. 

Every 3 months. Continuous 

for the return loop. 

Switzerland Yes Cold and hot water at water 

heaters and end-use points. 

- Yearly or semi-annually. 

 

Every 2 months; 

Measurement after 2 minutes 

flush. 

United 

Kingdom 

Yes (Water Safety 

Plan) 

 

Cold water, hot water and 

return loop. 

 

Purge hot water, and assess 

first and last end-use point 

(i.e. sentinel points) on the 

water distribution system. 

Assessed for non-compliant 

systems with temperature 

requirements. 

 

Monthly for hot water tank 

outlet, return loop, sentinel 

points. Yearly for 20% of 

taps. 

WHO Yes (Water Safety 

Plan) 

 

According to Water Safety 

Plan 

- According to Water Safety 

Plan 

- 

Note: Adapted from Bédard et al. (2015). 

 

Table 2-7. Risk classification for Legionnaires’ diseases in hot water distribution systems. 

Risk 

level 

Time of compliance with          

≥60 °C temperature at           

water heater outlet 

Return loop 

temperature        

(°C) 

Temperature at end-

use points during 

draw offs (°C) 

Heat loss               

(°C) 

Mean Max 

Very low 100% >55 >55 after 1 minute <5 <5 

Low 90% >55 >55 after 1 minute <5 <10 

Moderate <90% >50 >50 after 2 minutes <10 >10 

High <50% <50 <55 after 5 minutes >10 >10 

Note: Adapted from Bédard et al. (2015) 
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Pursuant to the WHO (2007), the hot water in storage tanks have to be maintained at 

minimum temperature thresholds required to inhibit the proliferation of Legionella, which 

causes Legionnaires’ diseases associated with forms of mild febrile illness to fatal 

pneumonia. This bacteria grows at temperatures above 20 °C, typically thrives at 

temperatures between 32–42 °C, may resist temperatures of 50 °C, and undergo inhibition at 

60 °C for 2 minutes and instantaneously above 70 °C (WHO, 2007). Legionella spp. 

prevention were addressed by a number of studies (Leoni et al., 2005; Lévesque et al., 2004; 

Hockey, 2002). For instance, Mathys et al. (2008) found that Legionella could be eliminated 

at temperatures ranging between 55–60 °C in hot water tanks of residential single family 

buildings in Germany. In Australia, national standards and guidelines require the storage of 

hot water at temperatures above 60 °C (AS/NZS 3500.4, 2003; Department of Climate 

Change and Energy Efficienc, 2010). 

Notwithstanding higher rates of Legionnaires’ diseases in some part of Australia (e.g. from 

54 cases in 2010 to 119 cases in 2014 in Western Australia (Western Australia Government, 

2015)), there exist a few number of scientific studies addressing Legionella infections in 

Australia. Cameron et al. (1991) reported Legionella infection cases in South Australia, and 

found that 40% of assessed residential hot water supply systems were with temperatures 

below 50 °C at the hot water tank outlet. Moreover, Legionella pneumophila was found 

viable at temperatures over 50 °C. In order to prevent public health risks associated with 

Legionella proliferation in hot water tanks in Australia, nationwide requirements pursuant 

with best practices for Legionella prevention have to be established and enforced. Due to a 

similar lack of nationwide regulations in Canada, Bédard et al. (2015) proposed a new risk 

classification system for Legionnaires’ diseases in hot water distribution systems (Table 2-7). 

In order to prevent Legionnaires’ diseases related to hot water supply in Australia, a similar 

risk classification system than the proposed by Bédard et al. (2015) for Canada will be 

needed. However, in residential hot water supply systems for single detached dwellings, only 

minimum temperature thresholds for hot water tanks may be relevant due to the typical short 

length of hot water distribution systems. 
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This section describes the key concepts and knowledge gaps identified in the literature 

review. The knowledge gaps were used to identify relevant research questions for the PhD 

research project. 

 

The literature review was focused on specific aspects in regards to one of the most energy 

intensive stages of the water lifecycle, namely: water heating systems. As a result, the 

following key concepts for domestic hot water service analyses were identified: 

 Domestic hot water services represent a significant portion of the energy demand of 

the urban water lifecycle, and hence of the urban water-energy nexus (Cheng, 2002; 

Plappally & Lienhard V, 2012); 

 Urban water LCA often fail to consider the end-use phase, as it is not directly 

associated with the water industry (Rothausen & Conway, 2011); 

 The embodied energy of water heating systems usually constitutes a minor portion of 

the total lifecycle energy consumption (Kalogirou, 2009; Crawford & Treloar, 2004), 

and hence attention should be concentrated on the energy consumption during the 

operation phase; 

 The performance of water heating systems is a function of local characteristics 

(Crawford & Treloar, 2004; Zhang et al., 2013); 

 The optimal design of a water heating systems vary among regions (Shariah & 

Shalabi, 1997); 

 The hot water consumption pattern is essential in determining the performance of 

water heating systems (Gordon & Zarmi, 1981; Jordan & Vajen, 2001; Evarts & 

Swan, 2013); 

 The energy consumption of systems is an important indicator of environmental 

impacts as it is associated with GHG emissions (Kalogirou, 2004a; Ardente et al., 

2005); 

 Hot water savings may be associated with energy savings (Beal, Bertone, et al., 2012); 
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 The combination of behavioural and technical changes appear to have a greater 

potential for energy saving and concomitant abatement of GHG emissions (Kenway, 

2012); 

 The peak energy consumption is an important parameter to understand whether or not 

systems contribute to peak-power loads and associated electricity grid augmentations; 

such augmentations usually require considerable financial investments (Grozev et al., 

2011); 

 In the urban water lifecycle, one of the most relevant performance indicators is the 

energy intensity measured by the quantity of energy required per volume of water 

(e.g. kWh·m-³); such indicator has been employed in the development of several 

studies addressing the nexus between water and energy (Gleick, 1994; Plappally & 

Lienhard V, 2012; Rothausen & Conway, 2011); 

 In order to achieve energy efficiency objectives for buildings, performance based 

standards underpinned by models or empirical measurements are more effective than 

prescriptive standards based on generic assumptions (Nejat et al., 2015); 

 Prescriptive energy efficiency codes based on general information may have 

considerable inaccuracies (Nejat et al., 2015); for instance, Mills (2004) discussed the 

limitations of the approach used to estimate the performance of energy efficient water 

heaters based on general climate zone conditions in Australia; 

 The analysis of energy consumption requirements for hot water services needs to be 

underpinned by site-specific information (i.e. local conditions and configurations) in 

order to avoid a potential misguidance of policies based on general conditions 

(Kenway, 2012); 

 Simulation tools can be used to evaluate the performance of water heating systems 

considering site-specific conditions (Cuadros et al., 2007); 

 Multi-criteria analyses are important for feasibility assessment of water heaters 

(Evarts & Swan, 2013); 

 Regulations are the most efficient instrument to stimulate energy efficiency of 

electrical appliances (e.g. water heaters); this instrument should be applied in the 

establishment of minimum energy performance standards (Kelly, 2012). 
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The implementation of energy efficiency and carbon reduction policies has gained increasing 

importance in the last few decades. As a result, national carbon reduction targets have been 

set, albeit without a clear understanding by national governments about the feasibility issues 

and the actual carbon reduction potential associated with the utilisation of renewable energy 

sources and energy efficient initiatives under different conditions. Therefore, a multitude of 

renewable energy and demand management strategies were considered by governments so 

as to reduce their reliance on fossil fuels and mitigate concomitant impacts associated with 

GHG emissions. 

In this context, renewable energy and energy efficient initiatives for buildings were typically 

part of overarching strategies to structure national energy efficiency policies. For example, 

energy efficiency was incorporated into building codes, and energy performance standards 

were set for appliances and building envelops. In addition, stimulation schemes for the use 

of renewable energy sources in the residential sector were created mainly through the 

implementation of rebate programs for solar energy systems (i.e. SWHs and photovoltaic 

solar panels). Feed-in tariffs for residential buildings were introduced to connect the 

electricity generated by photovoltaic solar panels into the electricity grid; whereas dynamic 

tariffs to divert the electricity consumption from peak-hours were created for water heating 

systems. In spite of the potential benefits from such measures, the instruments used to 

implement them were not always based on detailed performance analyses. 

In order to determine uncertainties and overcome limitations related to renewable energy and 

energy efficient initiatives, an increasing number of studies were undertaken in the last two 

decades. Lately, studies have been largely concentrated on determining the lifecycle 

performance and the environmental and economic feasibility of different energy efficiency 

strategies so as to inform decision-makers and prevent perverse unintended outcomes. 

Further, simulation tools were used to develop robust multi-criteria models aimed at 

predicting the performance of different systems under a range of local conditions. 

Notwithstanding the progress brought by energy efficiency policies and academic studies in 

the recent past, there still exists a considerable amount of disconnection between policy 

requirements and scientific knowledge. For instance, energy policies for water heating 
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systems are usually based on generic approaches to estimate the performance of systems. 

Possibly, this disconnection stems from the lack of a comprehensive evaluation framework, 

in which the energy and the level of service of different energy efficient and renewable 

energy systems can be analysed and compared in a simple manner. Such a framework must 

be easily translated into policies and standards, as well as provide guidance into the adoption 

of systems under site-specific conditions. 

Usually, the performance of renewable energy and energy efficient systems is evaluated from 

a single viewpoint or using variables with direct correlation (e.g. operation energy 

consumption, CO2e emissions and running costs (see Section 2.3.3)). Seldom do assessments 

integrate key parameters from diverse aspects about the performance of systems. For 

example, in the literature review, studies integrating energy performance indicators for 

different purposes were not found, e.g. energy intensity and peak-power consumption. By 

the same token, the integration of energy performance and level of service indicators were 

not encountered in the literature review, e.g. minimum temperature for Legionella prevention 

and comfort levels for water heating systems. Such variables can be integrated into a multi-

criteria evaluation framework for water heating systems, which will enable the assessment 

and comparison of different system types for a range of site-specific conditions. Therefore, 

future feasibility studies for energy efficient and renewable energy systems ought to integrate 

energy performance and level of service indicators, as well as take into account strategic 

principles (refer to Section 7.2 for details). Also, it must include financial feasibility 

indicators (e.g. Internal Rate of Return (IRR)) to provide guidance into the economic benefits 

created from the adoption of initiatives. Such benefits need to be underpinned by equitable 

principles in order to provide widespread societal benefits as part of the current renewable 

energy transition. 

 

In the literature review, it was identified a paucity of studies in regard to the performance of 

energy efficient water heating systems (i.e. solar and air source water heating systems) under 

site-specific conditions for most of the cities in Australia. Such information is crucial to 

underpin the development of energy efficient initiatives for households across the country, 

as SWHs and ASHPWHs are key components of energy efficiency strategies of the 

Australian government (Buckman & Diesendorf, 2010).  
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The present thesis has narrowed the knowledge gap about water heating system performance 

by providing a novel sensitivity analysis for the identification of key performance parameters 

of solar and air source heat pumps, as well as a comprehensive evaluation framework for 

renewable energy and energy efficient initiatives taking into account bottom-up (site-specific 

conditions and user behaviour) and top-down (carbon mitigation policy directions and energy 

transaction and regulation principles) drivers. In the context of the relevant literature 

reviewed herein, the following research questions guided the development of the thesis: 

 What are the key performance parameters (i.e. technical and site-specific conditions) 

that influence the optimisation of water heating systems? 

 What are the parameters among a range of technical specification, site-specific and 

user behaviour variable that influence the most the performance of heat pump water 

heating systems? 

 What are the parameters among a range of technical specification, site-specific and 

user behaviour variable that influence the most the performance of solar water heating 

systems? 

 What are the drivers among key stakeholder groups (i.e. carbon mitigation policy, 

energy transaction, energy regulation, and site-specific implementation) that needs to 

be considered into renewable energy and energy efficiency frameworks?
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The herein method was developed to achieve the research aim, i.e. to investigate the 

performance of renewable energy and energy efficient water heating initiatives considering 

technical aspects (influence of technical specifications, site-specific conditions and user 

behaviour) and strategic aspects (key principles for decision-making). The following 

objectives were derived from the overall goal: 

  Develop a multi-criteria framework for the technical assessment of water heaters 

considering energy performance and level of service variables; 

 Undertake a sensitive analysis on the performance of energy efficient systems (i.e. 

heat pump water heaters); 

 Carry out a sensitive analysis on the performance of renewable energy systems (i.e. 

SWHs); 

 Develop the REEEIDA framework aligned with strategic energy market key 

principles to provide a feasible energy transition towards decarbonisation. 

The selection of key energy and service performance parameters that influence the 

optimisation of water heating systems (Objective 1) was addressed in the first paper by using 

a multi-criteria assessment encompassing three water heating systems (e.g. electric, heat 

pump and SWHs). From this initial analysis, sensitive analyses were undertaken to provide 

an in-depth assessment on the performance of energy efficient water heaters (Objective 2) 

and renewable energy water heaters (Objective 3). In spite of the environmental benefits of 

energy efficiency and renewable energy initiatives, their implementation is subject to market 

drivers. To address this issue, a novel framework for renewable energy and energy efficiency 

investments (i.e. the REEEIDA framework) was developed (Objective 4). The research 

design and method encompassed the use of three overarching instruments and three analytical 

methods (Fig. 3-1). 
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Fig. 3-1. Flowchart of the PhD research project. 

The three instruments (i.e. data generation, scenarios and indicators) were used as 

components of the three analytical methods (i.e. case study, sensitivity analysis and 
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heaters, meters and loggers for laboratory experiments; and (ii) computational models for 

theoretical analyses calibration. The second instrument (i.e. scenarios) defined the context or 

conditions in which water heaters were assessed, as well as their attributes depending on their 

intrinsic characteristics. A number of scenarios based on the combination of several technical 

specifications, site-specific conditions and user behaviour were investigated. The last 

instrument (i.e. indicators) determined the parameters used to assess the level of performance 

of water heating systems based on the energy performance, level of service aspects, and 

financial feasibility (e.g. IRR) of initiatives. In other words, it defined what is necessary to 

be analysed and understood about domestic water heaters. 

The analytical methods combined the aforementioned instruments in order to exam the level 

of performance of systems based on different scenarios for data generated empirically or 

theoretically. In Chapter 4, the case study addressed the performance of water heating 

systems in Brisbane, Australia. This city was selected for the case study due to the availability 

of detailed empirical data for water consumption patterns and water heating types obtained 

from the SEQREUS project. The scenarios evaluated in the case study were also assessed by 

the last analytical method, a multi-criteria evaluation framework, aimed at providing a 

scoring system used to compare different water heating systems and site-specific conditions. 

The sensitivity analyses in Chapters 5 and 6 were utilised to understand how variations in 

site-specific conditions and the type and technical specifications of water heaters may 

influence the level of performance of hot water services. Moreover, as part of the sensitivity 

analyses studies, computational models were validated using laboratory experiments 

(evidence-based data). The results from the sensitivity analysis were used to refine the 

assessment of water heater in a novel renewable energy framework, namely: REEEIDA 

framework described in Chapter 7. This latter chapter not only encompassed the integration 

of bottom-up and top-down drivers for renewable energy deployment, by also provided a 

case study on water heaters performance based on model-based prescriptive models utilising 

computational model to train Artificial Neural Networks (ANN). Therefore, analytical 

methods were used for the continuous improvement of multi-criteria analysis for water 

heaters performance assessment, in which case studies were used to inform sensitivity 

analyses, sensitivity analyses were used to inform frameworks, and frameworks were used 

to assess case studies. 
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In the followings sections, each of the instruments and analytical methods used to achieve 

the aim and objectives of the thesis are described in detail. 

 

Water heating systems were studied using empirical and theoretical methods. On the one 

hand, the empirical methods enabled the assessment of water heating systems under real 

conditions; hence, providing a more precise description in a limited context of how such 

systems perform under real conditions. On the other hand, the theoretical methods facilitated 

the analysis of a considerable number of scenarios.  

By combining both methods through the calibration of theoretical models with empirical 

results, the precision of theoretical models was enhanced in order to reduce their uncertainty 

and overcome limitations of laboratory experiments related to multiple scenario evaluations. 

Laboratory experiments were carried out for one ASHPWH and one SWH. 

 

The studied ASHPWH was provided by one of the local retailers in the city of Gold Coast 

region, Australia. The system is listed as eligible for STC from 26 Jul 2012 to 31 December 

2030 in accordance with the Register of Solar Water Heater for air source heat pump models 

published on 15 December 2014 (Clean Energy Regulator, 2014a). The technical 

specifications provided by the manufacturer of the studied ASHPWH, as well as the details 

of the system installation, are described in Chapter 5. 

 

Laboratory experiments were performed utilising a typical SWH available on the local 

market in the city of Gold Coast region, Australia. The system was eligible up to the 31 

December 2030 under the Register of Solar Water Heaters published on 15 December 2014 

(Clean Energy Regulator, 2014a). The characteristics of the system are described in detail in 

Chapter 6 and Appendix B. 
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Computational models using the EnergyPlus software were utilised to analyse a range of 

scenario related to water heating systems. This software is developed by United States 

Department of Energy (US-DOE), and has been used extensively used for energy efficiency 

and renewable energy modelling since its creation in 1997 with annual version for 

improvements and upgrades. Further details on the computational models utilised in the PhD 

research project as described in the methodology sections of Chapters 5 and 6. 

 

The calibration of computational models was performed by adjusting the input parameters of 

the simulated water heaters based on the empirical results. Moreover, statistical correlations 

were used in order to define the most accurate fit between theoretical and empirical results 

for energy consumption. Such analyses were undertaken on a one minute basis, whereby the 

higher the coefficient of determination (R2) between the empirical and the theoretical results, 

the more accurate the model. 

The difference between the models before and after the calibration were also applied to 

calibrate the simulations performed for the scenarios assessed in the sensitivity analysis. 

Thus, the technical specifications of ASHPWH and SWH of theoretical models were 

calibrated considering the same proportional difference between non-calibrated and 

calibrated simulations for the models used to represent the empirical results from the 

laboratory experiment. 

 

The scenarios were used to represent the conditions in which hot water services may be 

provided across Australia. They were used to determine what type of water heating 

technology should be assessed, when (e.g. winter, summer, all year around) and where (e.g. 

a number of cities around Australia). This instrument was formed by two major categories of 

variables: (i) water heater types and operation; and (ii) site characteristics. 
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Three types of water heaters were assessed in the PhD research project: (i) solar with electric 

back-up, (ii) air source heat pump, and (iii) electric. The heat pump type is an air source heat 

pump, of which the heat of the air at a lower temperature is transferred to water at a higher 

temperature. Electricity was the secondary (solar) or primary (heat pump and electric) source 

of energy of all assessed water heaters. 

The operation of water heaters was analysed for a number of Time-of-Use (ToU) electricity 

tariffs established, including a nationwide evaluation carried out for the sensitivity analysis, 

and a localised evaluation for the case study. The aim of such tariffs is to ameliorate issues 

related to peak power consumption (e.g. electricity power surcharge). The studied ToU tariffs 

included night off-peak (8 hours supply during night time) and controlled (18 hours supply 

with interruption during peak-hours). Also, standard all-day tariffs were also analysed to 

examine the amount of energy water heaters demand when connected for 24 hours to the 

electricity grid. 

 

The simulations were performed using a Representative Meteorological Year (RMY) climate 

file based on data recorded by the weather station located in different cities of Australia. The 

RMY climate files were downloaded from the EnergyPlus website. The following climatic 

conditions were used as input parameters for the simulations: air temperature, dew point, 

relative humidity, sky cover, global solar radiation and diffuse solar radiation. 

The cold water temperature was estimated in accordance with Hendron et al. (2004). The 

authors describe correlations with both the annual average outdoor air temperature (dry-bulb) 

(e.g. 19.9 °C for Brisbane) and the maximum difference in the monthly average outdoor air 

temperature (e.g. 11.3 °C for Brisbane) with the average monthly cold water temperature. 

A range of hot water consumption patterns and temperature set-points were analysed in the 

sensitivity analyses. For the case study, water consumption patterns were estimated based on 

empirical measurements. 
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The performance of water heating systems was evaluated based on the water-energy nexus 

and the level of service indicators. While the first indicator type was used to estimate the 

energy performance of water heaters, the latter demonstrated whether or not hot water 

services complied with recommended hot water temperatures. 

 

The energy performance of systems was assessed in terms of energy intensity (i.e. unit of 

energy per unit of water in kWh·m-³) and power-peaks (i.e. percentage (%) of the total energy 

usage during peak-hours). Both parameters have a considerable influence on the performance 

of system in which electricity is consumed. 

The energy intensity permits the comparison of the energy performance of different systems 

across the water lifecycle (Kenway et al., 2008; Plappally & Lienhard V, 2012; Bertone et 

al., 2012; Beal, Bertone, et al., 2012; Lee & Tansel, 2012; Cheng, 2002). It represents the 

amount of energy required to perform a function; for instance, quantity of energy per volume 

of hot water supplied (kWh·m-³). Therefore, it revealed the water-energy nexus of systems 

with large or small water consumption and established a baseline for comparison among 

them. 

The power-peak indicates whether or not water heaters contribute to a surcharge of electricity 

grids by consuming energy during periods of high energy demand (i.e. peak-hour periods). 

By distributing the energy consumption out of these periods, electricity grid augmentations 

can be deferred. 

 

The level of service (i.e. hot water supply capacity) was determined by assessing the 

compliance of systems against two parameters: (i) end-use temperature (≈40 °C); and (ii) 

tank lower temperature (>55 °C). These parameters are crucial to the provision of hot water, 

as non-compliance may lead to both a reduction in hot water supply comfort and health risks 

arising from Legionnaires’ disease (Simmons et al., 2008; Mathys et al., 2008; Edwards et 

al., 2011; Hockey, 2002; Jaye et al., 2001). 
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The compliance level with the minimum temperature thresholds was determined by summing 

up all the intervals equal to or greater than it. Therefore, it indicated the proportion of 

compliance in relation to the total evaluation time. 

 

The feasibility of renewable energy and energy efficient initiatives for the transition into the 

decarbonisation of the energy market depends on a combination of factors, including external 

factors (e.g. energy tariff, renewable energy credit, and peak-hour reduction power credit) 

and internal factors (e.g. lifecycle renewable energy generation, output energy at peak-hours, 

capital cost, maintenance cost, and decommissioning cost).  

The herein framework is based on seven strategic market principles outlined in the literature 

review. Two financial instruments are used to estimate subsidies in the framework, including: 

a unitary carbon price and maximum IRR for initiatives. Chapter 7 provides a complete 

description of principles and instruments included in the REEEIDA framework. 

 

The sensitivity analysis was the analytical method used to assess the influence of a range of 

input parameters on the output results. Two categories of input parameters were analysed in 

the sensitivity analysis: (i) technical specifications of energy efficient water heaters (i.e. 

ASHPWHs and SWHs); and (ii) site-specific characteristics. 

Among the existing ASHPWHs and SWHs available on the market in Australia, only those 

classified by the Clean Energy Regulator of the Australian Government as part of the SRES 

were taken into account in the present study. From this sample, the aforementioned 

parameters, except for the heat loss coefficient of hot water tanks, were determined for each 

system through a desktop review, with information sourced from websites from manufactures 

and retailers of ASHPWH and SWHs. 

The variability of input parameters was assessed using statistical assumptions around their 

distribution. Such assumptions have been described in Chapters 5 and 6. 
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An evaluation framework was proposed so as to assess the level of performance of water 

heating systems based on climatic, technological, and site-specific conditions. This 

evaluation framework is formed by both a scoring system, and model-base prescriptive 

equations for major cities across Australia. 

 

The performance modelled scenario was classified in accordance with a developed evaluation 

framework incorporating the four indicators established in Section 3.2.8. The energy 

intensity of hot water supply services was calculated considering the total annual water and 

energy consumption of water heating systems, and, when applicable, took into account a set-

point temperature of 40 °C for washing cycles as well as water savings of 36% for front load 

washing machines with internal heating element. The water consumption pattern and 

associated savings was estimated considering the data reported by Beal and Stewart (2011). 

In this evaluation framework, equal weights were attributed to all assessed indicators, as their 

combination allowed for a holistic analysis of the performance of water heaters taking into 

account health, comfort and energy efficiency principles. For this purpose, three levels of 

performance were determined, with an associated score for each assessed indicator equal to 

Optimal – 2.50 points, Intermediate – 1.25 point, and Poor – 0.00 points. The final score of 

each scenario was calculated by summing the scores obtained for each of the four 

performance indicators. The maximum score for the assessed water heaters was ten points 

and the minimum zero points. This classification system is further elucidated in Chapter 4. 

 

Based on the key principles outlined in Section 7.2, a novel multi-objective framework is 

proposed for renewable energy and energy efficiency governance aimed at achieving GHG 

emission reduction targets in the most cost-effective and equitable manner for all 

stakeholders. Thus, the overarching principle of the framework is an equitable carbon price 

in which the financial benefits from investments in renewable energy are optimised among 

different stakeholder groups as described in Chapter 7. 
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Two case studies were undertaken as part of the PhD research project: (i) Residential water 

heaters in Brisbane, Australia: Thinking beyond technology selection to enhance energy 

efficiency and level of service (Chapter 4); and (ii) Development and Demonstration of a 

REEEIDA framework (Chapter 7). The development of the case studies and the frameworks 

were undertaken concomitantly, as frameworks provided the assessment criteria for case 

studies and case studies enabled the frameworks to be exemplified. 

Objective 1 encompassed the development of a multi-criteria analysis which underpinned the 

sensitive analysis studies. On the other hand, Objective 4 summarised the findings from the 

sensitivity analysis into an ANN utilised to calculate the financial feasibility of systems 

considering their respective Internal Rates of Return. In the following sub-sections more 

detailed is provided about the two developed frameworks. 

 

The city of Brisbane was selected for the case study (Chapter 4) due the greater availability 

of data for the region. For each assessed water heating system type (ASHPWH, SWH, and 

electric), 18 scenarios were simulated (i.e. 54 scenarios in total), which took into account the 

combination of three tank sizes (i.e. 125, 250 and 325 L), two hot water consumption patterns 

(i.e. average hot water consumption with and without washing machines: 100 m³ per year 

(total water demand pattern) and 68 m³ per year (partial water demand pattern), respectively) 

and three electricity supply tariff types (i.e. all-day, controlled and night). The parameters 

used to compose the scenarios were based on the products and services available on the local 

market or installed in the studied households. Further details are provided in Chapter 4. 

 

The REEEIDA framework was applied to analyse equitable carbon rebates for residential 

SWHs and ASHPWHs in Brisbane, Australia. As part of this case study, a detailed 

performance analysis based on site-specific conditions was undertaken using computational 

models in EnergyPlus and ANN techniques in IBM SPSS Statistics v25. 

The diffuse use of small-scale solar systems installed on rooftops of buildings has one of the 

highest potentials for the deployment of renewable energy schemes in urban areas (Assouline 
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et al., 2017). Moreover, heat pumps are one of the most consolidated energy efficiency 

measures in buildings (Arteconi et al., 2013). Note that energy efficiency measures provide 

an immediate and permanent decrease in energy consumption and associated carbon 

emissions (Palensky & Dietrich, 2011), and hence are one of the preferred options for 

demand side management strategies. 

Three water heating technologies were evaluated in the case study, including: SWHs, 

ASHPWHs, and electric systems. Solar and heat pump technologies have been increasingly 

adopted into carbon mitigation policies worldwide in order to replace the traditional use of 

electric water heaters with low cost, yet high carbon intensity. 

 

In order to achieve renewable carbon reduction targets (e.g. emission reduction of 26% to 

28% below 2005 levels by 2030 (Australian Government, 2018g)), the Australian 

government has set financial incentives for large-scale and small-scale renewable energy 

initiatives. The financial incentives are calculated considering the upfront renewable energy 

certificates (i.e. the estimated lifecycle energy generation or displacement potential 

normalised to a 1 MWh basis). As at 2018, the price of a STC is $40 per MWh (Australian 

Government, 2018c) with a steady trend since 2013 (Australian Energy Regulator, 2015). 

As part of the SRES, the Renewable Energy Regulator specify eligible SWHs and 

ASHPWHs with their respective number of STC per bioclimatic zone across Australia. For 

cities located within Zone 3 (e.g. Brisbane, Sydney, Adelaide, Perth, etc.), the respective 

amount of STCs for heat pump (Australian Government, 2018b) and solar (<700 L tank 

capacity) (Australian Government, 2018f) water heaters are 27.5 and 32.3 on average, with 

medians of 27.0 ($1080) and 34.0 ($1360). 

A summary of adopted energy policy and market assumptions for the case study is provided 

as follows: 

 The lifespan of the herein analysis is aligned with the Australian renewable energy 

target from 2018 to 2030 (i.e. 12 years); 

 Rebates were limited to a maximum IRR of 20% for residential water heating system, 

namely: SWHs and ASHPWHs; 
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 The amount of available funding per carbon reduction unit (renewable energy credit 

unit) was adopted in accordance with the current credit amount for Small-scale 

Technology Scheme, i.e. $40 per MWh; 

 The amount of available funding per peak-hour reduction unit (peak-hour power 

credit unit) was $200 per kVA applicable from 4pm to 8pm. 

 

Site-specific characteristics of 30 single detached residential properties located in Brisbane 

were investigated as part of the residential property sample for the case study. Technical 

specification of water heaters and user behaviour variables were inferred from property 

characteristics. The sample was selected using aerial photography to identify properties with 

SWHs and their respective characteristics (e.g. solar collector orientation and shading 

direction). 

The randomly selected properties were classified considering the characterised reported in 

property listing as per real estate websites. Furthermore, three dimensional (3D) drawing was 

used to define the roof pitch angle based on site imagery. An in-depth description of inputs 

and assumption is provided in Chapter 7. 
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Residential water heaters in Brisbane, Australia: thinking beyond 

technology selection to enhance energy efficiency and level of service 

Abstract 

A holistic approach to residential water heating systems specification is required to provide 

optimal energy efficiency. The objective of this study is to analyse the performance of 

residential water heating systems for the city of Brisbane in Australia, for different 

combinations of heating system technologies (solar, heat pump, electric), storage tank sizes 

(125, 250 and 325 L), time-distribution of energy in accordance to the tariff selection (all-

day, controlled, night off-peak) and washing machine water heating source (internal and 

external). Performance assessments considered the influence of 54 different water heating 

system configurations on the electricity grid (i.e. power-peaks, time-distribution of energy 

according to electricity tariffs, and energy intensity), as well as their level of service (i.e. 

compliance rates with recommended hot water temperatures). Empirical water end-use data 

from 27 households was utilised to model the performance of water heating systems. The 

study demonstrated that beyond merely specifying the type of technology (e.g. solar hot 

water), other key criteria such as hot water demand, hot water tank size and water tariff 

selection should also be considered in order to systematically optimise the energy and service 

performance of hot water systems in residential buildings. 

Keywords: residential buildings, energy-water nexus, solar hot water, heat pump, electric 

water heater, peak energy demand, electricity tariffs. 
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Currently, residential buildings are responsible for approximately 30% of the energy 

consumption in developed countries (Larsen et al., 2012), with the trend forecast to increase 

over the coming decades (Pérez-Lombard et al., 2008). The operational phase corresponds to 

80–90% of the total lifecycle energy consumption of the residential sector (Ramesh et al., 

2010). 

In order to reduce the energy consumption in buildings, guidelines and regulatory 

frameworks were established mainly for building envelopes, heating and cooling air systems, 

and lighting (Carlo & Lamberts, 2008; de Almeida et al., 2011), as well as relevant scientific 

studies in this branch of knowledge (Alanne et al., 2007; Meyers et al., 2010; Cholewa & 

Siuta-Olcha, 2010; Cholewa et al., 2011). Nonetheless, hot water supply is a standard item 

of comfort in residential buildings in developed regions worldwide; hence, it is a key 

component to achieving energy and water efficiency in buildings. From a lifecycle 

perspective, water heating is the most energy intensive phase of the urban water cycle, in 

which 84–97% of the total energy consumption for cold and hot water supplies and sewage 

collection, treatment and disposal is related to water heating in buildings (Cheng, 2002; 

Arpke & Hutzler, 2006; Flower, 2009). 

Pérez-Lombard et al. (2008) reported that water heating is equal to 14, 17, 22 and 26% of the 

total energy consumption in residential buildings in the European Union, the United States, 

the United Kingdom and Spain, respectively. Similarly, Boait et al. (2012) and Liu et al. 

(2014) found that water heating corresponds to 18% of the total energy consumption in 

standard residential buildings in the United Kingdom and the United States, respectively. In 

contrast, Thiers and Peuportier (2012) observed that energy for water heating represents over 

40% of the total energy consumption in energy efficient residential buildings in France. In 

Australia, Aye et al. (2002) and Kenway (2012) described that water heating is equivalent to 

40 and 50% of the total energy consumption of homes, respectively. The more representative 

energy consumption for water heating reported by Thiers and Peuportier (2012), Aye et al. 

(2002) and Kenway (2012) may be primarily related to the low energy demand for ambient 

heating and cooling in the studied building typologies. Therefore, to further enhance the 

energy performance of buildings, attention must be drawn to the energy performance of water 
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heating systems (Boait et al., 2012), particularly in energy efficient buildings and regions 

with warmer climates where ambient heating is not required and natural ventilation is used. 

To address the amount of energy required to heat water, new policies have been implemented 

to foster the use of renewable energy and energy efficient technologies to supply hot water 

in buildings worldwide (Colmenar-Santos et al., 2014). The reduction of hot water 

consumption patterns has considerable potential to reduce the energy consumption associated 

with water in buildings (Beal, Bertone, et al., 2012). Additionally, new electricity supply 

tariffs have been tested in order to reduce peak energy consumption. For instance, the 

Queensland Government in Australia committed AUD $63 million towards tariff control and 

AUD $92 million in rebate programs for residential water heating systems in the South-east 

Queensland (SEQ) region (Queensland Government, 2012). Moreover, SEQ electricity 

utilities have implemented off-peak electricity supply tariffs for water heating systems in 

order to reduce peak energy demand (Queensland Government, 2012). 

As described by Brahme et al. (2008), the lifestyles of residents and the local weather 

conditions will considerably affect the energy performance of buildings. Therefore, 

notwithstanding the theoretical enhanced performance of energy efficient water heating 

technologies (i.e. solar and heat pumps), the feasibility of each water heating system type 

will depend on its energy performance under local weather conditions and hot water 

consumption patterns (Crawford & Treloar, 2004; Zhang et al., 2013). Further, the electricity 

supply tariff selected (i.e. all-day, controlled off-peak, night rate off-peak) may also play an 

important role in the performance of each system, as the supply of off-peak energy may not 

suit the demand patterns of a particular household. As a result, depending on the system 

design and operation patterns, either the capacity to deliver hot water may be constrained, or 

the performance of energy efficient water heating systems (i.e. solar hot water) may not be 

optimal. Therefore, studies addressing the effect of different electricity supply tariffs on the 

performance of water heating systems are crucial in order to determine the optimal strategy 

that combines asset and non-asset solutions. Such studies should primarily focus on the 

reduction of the total and peak energy demands of residential water heating systems without 

constraints in order to achieve the required level of service. 

The objective of this study is to analyse the performance of residential water heating systems 

in the Queensland state capital city of Brisbane in Australia, for different electricity supply 
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tariffs, hot water tank sizes, and washing machine heating source. The study analyses electric, 

solar and heat pump water heating technologies, considering their effect on the electricity 

grid (i.e. power-peaks, time-distribution of energy according to electricity tariffs, and energy 

intensity) and their level of service (e.g. compliance rates with recommended hot water 

temperatures). 

 

 

The study was formulated to determine the performance of different residential water heating 

systems for combinations of technology type, selected electricity tariff, washing machine 

type, hot water tank size and weather conditions for Brisbane (Fig. 4-1). The study assessed 

three types of water heaters: (i) solar with electric back-up, (ii) heat pump, and (iii) electric. 

Herein, electric systems are considered systems with an electrical resistance (i.e. heating 

element) that converts electricity into heat. The heat pump type is an air source heat pump, 

of which the heat of the air at a lower temperature is pumped into water of a higher 

temperature. Electricity is used in all system types: in electric systems, it is the primary source 

of energy; in solar, it is the secondary source; and, in heat pumps, it is used as the fuel to 

operate compressors in order to invert the heat flux from the colder air into the warmer water 

via a refrigeration cycle (Hepbasli & Kalinci, 2009). A flowchart of the study method is 

illustrated in Fig. 4-1. 

 

For each water heating system type (n=3), 18 scenarios were simulated (i.e. 54 scenarios in 

total), which took into account the combination of three tank sizes (i.e. 125, 250 and 325 L), 

three electricity supply tariff types (i.e. all-day, controlled and night), and two hot water 

consumption patterns, i.e. average hot water consumption with and without washing 

machines: 100 m³ per year (total water demand pattern) and 68 m³ per year (partial water 

demand pattern), respectively. The parameters used to compose the scenarios were based on 

products and services available on the local market or installed in the studied households. 
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Fig. 4-1. Flowchart of the study method. 
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Simulations were carried out using the software EnergyPlus, which is open access software 

for energy analysis that is provided by the United States Department of Energy. This software 

was utilised for modelling the various scenarios in the study. A comprehensive application 

of the software is provided by Bojic et al. (2011). 

For calculations, a time step equal to one minute was applied in a similar way to other studies, 

e.g. Hong et al. (2013). Detailed information about the assumptions adopted in the models is 

provided in the following section. 

 

 

The simulations were performed using a RMY climate file based on data recorded by the 

weather station located at the Brisbane Airport (WMO 945780). The RMY climate file was 

downloaded from the EnergyPlus website. The following climatic conditions were used as 

input parameters for the simulations: air temperature, dew point, relative humidity, sky cover, 

global solar radiation and diffuse solar radiation. 

 

The sourced cold water temperature was estimated using the method described by Hendron 

et al. (2004), in which the town water temperature is calculated through correlations with 

both the annual average outdoor air dry-bulb temperature (i.e. 19.9 °C for Brisbane) and the 

maximum difference in the monthly average outdoor air temperature (i.e. 11.3 °C for 

Brisbane). Both input values were calculated from the RMY climate file. The calculation for 

this parameter was performed using EnergyPlus. 

The outdoor air temperature, cold water (town water supply) temperature and hot water 

temperature settings are illustrated in Fig. 4-2. These values were employed to represent the 

water temperature for water heating systems in Brisbane, Australia. 
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Fig. 4-2. Representative average temperatures for the air, cold water supply, hot water uses, 

and upper and lower limits of hot water tanks in Brisbane, Australia. 

The average monthly cold water temperature ranged from 19.8 °C to 26.8 °C and the outdoor 

air temperature ranged from 13.9 °C to 25.2 °C. Despite possible variations in the 

temperature of different hot water end-use events, the hot water end-use (e.g. shower, bath, 

tap, and washing machine) was set to a constant temperature of 40.0 °C for the purpose of 

this study, as suggested in other studies (Hendron et al., 2004; Pillai & Banerjee, 2007; Li et 

al., 2012). 

As widely described in the literature, temperatures over 55 °C inhibit the growth of 

Legionella spp. (Darelid et al., 2002; Serrano-Suárez et al., 2013; Bargellini et al., 2011). 

Therefore, to control the proliferation of Legionnaire’s disease in systems with hot water 

storage, the Australian and New Zealand Standard for Heated Water Services sets a minimum 

temperature of 60 °C for hot water tanks (AS/NZS 3500.4, 2003). In contrast, temperatures 

above 70 °C may damage the lining of vitreous enamel storage tanks (Department of Climate 

Change and Energy Efficienc, 2010). Therefore, in this study, a temperature set-point ranging 

from 60 °C to 70 °C was adopted for hot water tanks. 

 

Hot water consumption patterns were obtained from the SEQREUS (Beal & Stewart, 2011), 

in which a smart metering data acquisition process and subsequent water end-use 

classification method was used as described in detail by Willis et al. (2011) and Beal and 

Stewart (2014). In the present study, available data associated with the SEQREUS was used 
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for the hot water end-uses of 12 Brisbane households in winter and summer in 2010 as 

described in supplementary document (Appendix A). 

The performance of water heating systems was analysed considering two representative 

water consumption patterns for households in Brisbane, including: (i) partial water 

consumption pattern (i.e. hot water supply to shower, baths and taps) – 68 m³ per year; and 

(ii) total water consumption patter (i.e. hot water supply to washing machines, shower, baths 

and taps) – 100 m³ per year. 

 

Information regarding the type, model and size of water heating systems installed in Brisbane 

households was collected during site visits carried out for the SEQREUS (Beal & Stewart, 

2011). These data were used to determine the most prevalent type of water heating system 

with a primary or secondary heating source powered by electricity (e.g. electric, electric-

boosted solar and heat pump water heating systems) among the studied households. 

In total, information about the nominal capacity of hot water tanks of 27 households in 

Brisbane was used in this study. The number of residents in the households varied from one 

to seven persons, with an average of three persons per household. The household size and 

water heating system size and type were used to determine a representative nominal capacity 

of hot water tanks for each water heating system type among the studied households. 

Statistical analyses were carried out to determine the influence of the number of residents per 

household on the nominal capacity of hot water tanks installed in the assessed households. 

For this purpose, two analyses were performed: (i) correlation between number of residents 

and nominal capacity of hot water tanks; and (ii) single factor analysis of variance (ANOVA), 

which considered the variance of the nominal capacity of hot water tanks among three 

different populations (i.e. households with 1–2 residents, 3–4 residents and >4 residents) for 

a 95% confidence interval. 

For each water heating system type, the nominal capacity of hot water tanks was classified 

into eight intervals of 50 L, from 100 L to 500 L. The mean value of the most prevalent 

nominal capacity interval for each water heating type was adopted as the representative 
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among the studied households. These nominal capacities of hot water tanks were used to 

carry out the analysis for all water heating system types.  

For all system types, model simulations were performed considering the volume of hot water 

tanks to be 10% lower than their nominal capacity as suggested by Burch and Erickson 

(2004). Moreover, the models were performed considering the stratification of water into six 

nodes (volume of water with a single temperature) of equal volume within hot water tanks. 

It was assumed that hot water tanks were positioned vertically for electric and heat pump 

water heating systems, and, horizontally, for solar water heating system. 

 

The technical specification of the most prevalent model for each water heating system type, 

among the 27 households assessed, was taken into account to carry out simulations. Technical 

specifications of the selected models were obtained from the websites of their respective 

manufacturers. The performance curves of the heat pump compressor and evaporator, as well 

as of the solar collector, were obtained from template and library files available using the 

EnergyPlus software. 

The hot water tank heat loss was calculated based on the technical specifications of the 

insulation materials for this component. Heat losses in the distribution system (i.e. pipes) 

were not taken into account. Parasitic power loss rates were considered equal to 10 W, which 

is mainly attributed to stand-by power consumption. This assumption was based on the upper 

standby power range described by Guan et al. (2011). 

 

Currently, the energy distributor servicing the Brisbane region supplies residential buildings 

with three different electricity supply tariffs for water heating systems listed in order of most 

to least expensive: (i) all-day, i.e. 24 hours continuous supply; (ii) controlled, i.e. at least 18 

hours supply with interruption during peak-hours; and (iii) night, i.e. eight hours supply 

during the late night. 

This information was obtained via telephone contact with the electricity distributor for the 

city of Brisbane (i.e. Energex). They also advised that intermittent supplies (i.e. controlled 
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and night rate tariffs) may vary their electricity supply periods daily, depending on the peak-

hour demand for each day. 

Notwithstanding the variable nature of electricity supply periods for intermittent electricity 

supply tariffs, a fixed most-likely schedule throughout the year was adopted to characterise 

them. For the controlled supply scheme, interruptions in the electricity supply were set from 

7 am to 9 am and from 4 pm to 8 pm, whereas for the night supply scheme, interruption was 

set from 6 am to 10 pm. Simulations were carried out considering these three electricity 

supply tariff arrangements for each studied water heating system type. 

 

The performance of the modelled systems in each scenario were analysed considering both 

the energy performance of water heating systems (i.e. power-peaks, time-distribution of 

energy demand, and energy intensity) and their level of service (i.e. compliance rates with 

recommended hot water temperatures). Each of these performance evaluation categories and 

sub-categories are discussed in detail in the following sections. 

 

Energy performance was assessed in terms of energy intensity (i.e. unit of energy per unit of 

water in kWh·m-³) and power-peaks (i.e. percentage (%) of the total energy usage during 

peak-hours). 

The energy intensity of the simulated systems was calculated as per Eq. (4-1): 

𝐸𝐼𝑛 =
∫ 𝑃𝑑𝑡

𝑡
0

∫ 𝑄𝑑𝑡
𝑡

0

     (Eq. 4-1) 

where: 𝐸𝐼𝑛 is the energy intensity of the water heating system (kWh/m³); 𝑃 is the 

instantaneous power rate of the system (kW); 𝑄 is the instantaneous water flow rate 

consumption (m³/minutes); and 𝑡 is the time elapsed (minutes). 

The total energy intensity of the hot water supply in households with front load washing 

machines was calculated taking into account the energy intensities of both the domestic water 

heating system under the partial water consumption pattern, and of the internal water heating 
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system of washing machines through Eq. 4-2. This equation also takes into account the 

potential reduction of the energy intensity from water savings in a front load washing 

machine with internal heating elements. 

𝐸𝐼𝑡 = ∑ (
𝐸𝐼𝑛×𝐷𝑛×(1−𝑠𝑛)

𝐷𝑡
)𝑛

𝑖=1    (Eq. 4-2) 

where: 𝐸𝐼𝑡 is the total energy intensity of the hot water supply (kWh/m³); is the energy 

intensity of the water heating system “n” (kWh/m³); 𝐷𝑛 is the hot water demand met by the 

water heating system “n” (m³/year); 𝑠𝑛 is the water saving potential achieved when using 

water heating system “n”; 𝐷𝑡 is the total hot water demand. 

Pursuant to the energy tariff description provided by the local energy distributor (i.e. 

Energex), electricity supply hours were classified into three periods: (i) ‘off-peak’, from 

10 pm to 7 am; (ii) ‘shoulder’, from 7 am to 4 pm and from 8 pm to 10 pm; and (iii) ‘peak’, 

from 4 pm to 8 pm. The amount of energy consumed by systems during peak, shoulder and 

off-peak periods was calculated in accordance with Eq. 4-3: 

 𝐸𝐶𝑖 =
𝐸𝑖

𝐸𝑡
× 100     (Eq. 4-3) 

where: 𝐸𝐶𝑖 is the percentage of energy consumption within the period ‘i’ (%); 𝐸𝑖 is the energy 

consumption within the period ‘i’ (kWh); and 𝐸𝑡 is the total energy consumption (kWh). 

 

The level of service (i.e. hot water supply capacity) was determined by assessing the 

compliance of systems against two parameters: (i) end-use temperature (40 °C); and (ii) tank 

lower temperature (>60 °C). These parameters are crucial for the provision of hot water, as 

non-compliance may lead to both a reduction in hot water supply comfort and health risks 

arising from Legionnaire’s disease. 

Temperatures were classified into nine water temperature intervals. The closer a temperature 

interval was from the hot water end-use temperature set-point, the shorter was its interval 

range. This procedure was adopted to detail temperature ranges in which hot water is more 

likely to be used (i.e. 30 and 40 °C) at end-use points. Based on this assumption, the following 



Chapter 4 – Multi-criteria framework 

Page 74 

temperature (°C) intervals were established: (i) 18.0–30.0; (ii) 30.1–34.0; (iii) 34.1–37.0; (iv) 

37.1–40.0; (v) 40.1–50.0; (vi) 50.1–60.0; (vii) 60.1–70.0; (viii) 70.1–80.0; and (ix) 80.1–

90.0. The percentage of hot water availability for each temperature interval was calculated 

using Eq. 4-4: 

 𝑊𝐴𝑖 =
𝑇𝑖

𝑇𝑡
× 100    (Eq. 4-4) 

where: 𝑊𝐴𝑖 is the percentage of water availability within the temperature interval ‘i’ (%); 𝑇𝑖 

is the total time with temperature within interval ‘i’ (minutes); and 𝑇𝑡 is the total time elapsed 

(minutes). 

The amount of time in which systems complied with the temperature set-points was 

calculated by summing the total period for which systems complied with the specified 

temperature thresholds. 

 

The performance of each modelled scenario was classified in accordance with a developed 

evaluation framework incorporating four parameters, two within the category Energy 

Performance (i.e. electricity consumption at grid peak-hours, and hot water services energy 

intensity), and two within the category Level of Service (i.e. end-use temperature 

compliance, and tank lower temperature compliance).  

The energy intensity of hot water supply services was calculated using Eq. 4-2, and when 

applicable took into account a set-point temperature of 40 °C for washing cycles as well as 

water savings of 36% in front load washing machines with internal heating element. This 

water saving potential was based on the study carried out by Beal and Stewart (2011). The 

other parameters were calculated considering the performance of domestic water heating 

systems only. 

In this evaluation framework, equal weights were attributed to all assessed parameters, as 

their combination allows for a holistic analysis of the performance of water heaters taking 

into account health, comfort and energy efficiency principles. For this purpose, three levels 

of performance were determined, with an associated score for each assessed parameter equal 

to Optimal – 2.50 points, Intermediate – 1.25 point, and Poor – 0.00 points. The final score 
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of each scenario was calculated by summing the scores obtained for each of the four 

performance parameters. Therefore, the maximum possible score for the assessed water 

heating systems was equal to ten points, while the minimum score was zero points. 

The classification system was determined in accordance with the internal variability of values 

encountered for a specific parameter. The highest and lowest performance levels were 

considered by dividing the calculated performances into upper and lower quartiles; whereas 

intermediate performance levels were attributed to values in the interquartile range. By doing 

so, the performance of water heaters was benchmarked against the best results found for each 

parameter assessed. 

 

 

 

The advantage of water heating systems that utilise storage tanks relate to their capacity to 

heat water to a set-point temperature using a reduced power rating heating element at off-

peak times or through renewable energy sources (i.e. solar) without drawing excessive 

amounts of energy from the grid during peak-hour periods, as is often the case for 

instantaneous water heating systems. However, hot water storage tanks require adequate size 

selection in order to provide continuous and safe supply of hot water for households while 

using energy optimally. For example, oversized storages give rise to higher heat losses, while 

undersized storages may result in an inability to achieve required the set-point temperatures 

and a much higher utilisation of electricity consumption at peak periods to heat water.  

Among the studied household groups (i.e. households with 1–2 residents, 3–4 residents and 

over 4 residents), there was not a significant difference in their hot water tank capacity (null-

hypothesis probability (p)=0.271) for a 95% confidence interval. The number of residents 

and the water heating tank size of the studied houses were not correlated (R2=0.035); and 

actually showed an insignificant trend of smaller storages for larger household sizes. This 

finding is counterintuitive, as the tank size should be a function of the hot water demand (i.e. 

larger tank size with more residents per household). 
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Likely, this lack of correlation would be attributed to: (i) new residents moving into a house 

with an existing hot water heating system sized to a smaller household; (ii) developers under 

sizing systems to reduce implementation costs; or (iii) the deliberate selection of undersized 

tanks by householders due to financial constraints. This issue may be overcome by enforcing 

the installation of water heating systems with a tank storage capacity that is optimal for the 

occupancy rate designed for the building or apartment. 

The tank water size interval with the highest frequency for electric water heating systems 

was ≥100 and <150 L, while for solar and heat pump systems, it was ≥300 and <350 L. 

Therefore, hot water tank with a nominal capacity of 125 L and 325 L were analysed in the 

study so as to explore the range of systems predominantly utilised among the studied 

households. As the number of residents did not affect the nominal capacity of hot water tanks 

among the studied population, it was assumed that 125 L and 325 L hot water tanks alike can 

be used to supply hot water for a representative household size in Brisbane with an average 

population of 3 residents. In addition to the two empirically determined hot water tank 

nominal capacities, models were also performed for 250 L hot water tanks, which is the 

recommended minimum tank size for water heaters at households with 3–4 residents in 

Australia (Department of Climate Change and Energy Efficienc, 2010). 

In 2010, the most frequent water heating system type among assessed homes in Brisbane was 

electric. Despite the prevalence of electric systems in the total housing stock in Brisbane, it 

is likely that solar and heat pump system will be more frequent in the new building stock 

constructed in the last five years in the region. Nonetheless, this transition may not occur 

immediately as electric systems typically have a lower capital cost and maintenance 

requirement, as well as a greater reliability to provide hot water in all weather conditions, 

compared with solar and heat pump systems. These differences will depend on the electricity 

tariffs, as the economic feasibility of energy efficient systems (e.g. solar and heat pump) will 

be mostly associated with a reduction in operational costs in comparison with electric 

systems. 

 

The technical specifications of the three studied water heaters (i.e. solar, electric and heat 

pump) were used to model the systems. The models for solar heating systems were developed 
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considering an ideal north-facing orientation and a tilt angle equal to the local latitude (i.e. 

27.2 °C in Brisbane) in accordance with the Plumber Reference Guide (Department of 

Climate Change and Energy Efficienc, 2010). By contacting the local retailers of solar 

systems, the most common solar system model for the Brisbane region was defined as a 300 

L hot water tank with an electric booster of 1800 W and two solar collectors with copper 

risers and a black polyester powder-coated aluminium absorber. The performance variables 

of the modelled collector are presented in Table 4-1. 

Table 4-1. Technical specification of the solar collectors. 

Parameter Value 

Number of collectors 2 

Gross area (m²/collector) 1.983 

Test fluid Water 
Test flow rate (L/s) 0.037 

Test correlation type Inlet 

Coefficient 1 of collector efficiency (dimensionless) 0.608 

Coefficient 2 of collector efficiency (W/(m²∙K)) -5.4707 
Coefficient 3 of collector efficiency (W/(m²∙K²)) -0.0271 

Coefficient 2 of incident angle modifier (dimensionless) -0.1718 

Coefficient 3 of incident angle modifier (dimensionless) -0.058 

The power rating of heating elements of the electric system was assumed to be equal to 3600 

W. This rate was based on the manufacturers’ specifications. The conversion efficiency of 

electricity into heat by heating elements of electric and solar water heating systems was 

considered equal to 100% as described by Burch and Erickson (Burch & Erickson, 2004). 

The specification of the heat pump water heater modelled is presented in Table 4-2. 

Table 4-2. Technical specifications of the heat pump. 

Parameter Value 

Rated heating capacity (W) 3600 

Rated coefficient of performance – COP (W/W) 4.0 

Minimum inlet air temperature for compressor operation (°C) 11 

Compressor location Outdoors 

Secondary heating element (W) Nil 

The reviewed technical specifications indicated a standard insulation of glass wool with 

38 mm thickness for hot water tanks. This insulation was adopted to estimate conduction heat 

losses on tanks. As the thermal conductivity of glass wool is approximately 0.04 W·m-1·K-1 

and the thickness of the insulation was 38 mm, the heat loss coefficient was considered equal 

to 1 W·K-1. 
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In general, the energy demand for electric water heating systems varied considerably among 

the different scenarios. The estimated annual average daily water consumption and power-

peaks of electric water heating systems are illustrated in Fig. 4-3. 

 
Fig. 4-3. Electric water heater annual average water and energy demand patterns under 

different scenarios: tank sizes of 125, 250 and 325 L, partial and total water demand 

patterns, and all-day, controlled and night off-peak electricity tariffs. 

A significant fraction of the water demand occurred within the grid peak electricity demand 

from 4pm to 8pm. For the different electricity tariffs, power-peaks occurred at different 

times, in which the power-peak occurred after water consumption peaks for systems with all-

day electricity supply, and immediately after power reestablishment for systems with 

intermittent electricity supply (i.e. controlled and off-peak tariffs). Electric supply for 

systems connected to all-day power tariffs occurred during grid peak electricity hours 29 to 

45% of the times Fig. 4-4a. 
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Fig. 4-4. Electric water heater annual average peak electricity demand (a), annual energy 

consumption (b), energy intensity (c) and hot water supply capacity (d) under different 

scenarios: tank sizes of 125, 250 and 325 L, partial and total water demand pattern, and all-

day, controlled and night off-peak electricity tariffs. 
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The annual energy consumption of electric systems was equal to 2.3 and 2.9 MWh per 

household on average for the partial and total water consumption patterns, respectively. 

Electric systems increased their energy consumption when larger hot water tank capacities 

were used. This can be attributed primarily to higher heat losses in larger tanks. Moreover, 

when electric systems were under capacity to supply hot water services (e.g. systems with 

125 L tanks and connected to off-peak electricity tariffs (Fig. 4-4d)), the energy consumption 

was reduced as systems supplied water at a lower temperature than the set-point temperature. 

The energy intensity of electric systems was equal to 31.6 kWh·m-³ on average, ranging from 

21.0 to 38.7 kWh·m-³ (Fig. 4-4c). From an energy intensity perspective, total water 

consumption pattern scenarios were, on average, 5 kWh·m-³ (19%) more efficient than the 

partial water patterns, in which hot water is not supplied to washing machines. The lower 

energy intensity of systems under the total consumption patterns is mainly attributed to the 

detention time of hot water in tanks. The longer the detention time, the more heat lost from 

a volume of hot water. This, in turn, leads to reheating requirements, which increase the 

amount of energy embodied in the hot water. Similarly to the energy consumption, the energy 

intensity had an upward trend with an increase of the hot water tank capacity. 

The energy intensity difference of partial and total hot water supply systems was even more 

pronounced when the energy consumption of front load washing machines with internal 

heating elements were taken into account. For instance, considering the cold water 

temperature pattern of the Brisbane region, washing machines produce hot water at an energy 

intensity of 45.3 and 82.0 kWh·m-³ when high water temperature set-points of 60 and 90 °C 

are used in washing cycles, respectively. However, if washing cycles are set to 40 °C, the 

energy intensity will be approximate 20.8 kWh·m-³.  

By considering the average water consumption pattern of washing machines in the studied 

households (i.e. 32.6 m³ per year), the annual energy consumption for hot water supply would 

have a respective increase of approximately 0.1, 0.9 and 2.1 MWh per household on average 

when front load washing machines with washing cycles set to 40, 60 and 90 °C are used in 

place of supplying hot water at 40 ºC from electric water heating systems to washing 

machines without internal heating element. Nonetheless, this increase in the energy 

consumption can be minimised by a reduction in hot water consumption in front load washing 

machines. For instance, Beal and Stewart (2011) reported that front load washing machines 
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are on average 36% more water efficient than the washing machines with the lowest water 

efficient rating in Australia. Taking into consideration this water saving potential, the use of 

front load washing machines set to 40 °C washing cycles would produce an average reduction 

of 0.1 MWh in the total annual energy consumption for hot water supply at the studied 

households. In contrast, if washing cycles were set to 60 and 90 °C, the use of front load 

washing machines would still give rise to an increase of 0.4 and 1.1 MWh per household per 

year, respectively.  

Only electric systems with a continuous electricity supply complied at all times with the 

temperature set-point for hot water tanks (60–70 °C). The compliance levels dropped to 

between 80 and 96% for systems connected to controlled electricity supply. The compliance 

declined considerably in the night electricity supply tariff, when the hot water tank 

temperature was below the 60 °C set-point temperature 45–65% of the time. 

Depending on site-specific conditions, the non-compliance with the 60 ºC hot water threshold 

in hot water tanks may induce Legionella outbreaks. Nonetheless, as described by Serrano-

Suárez et al. (2013), the growth of Legionella is multifactorial, and depends not only on 

temperature ranges, but also on the microbial and physicochemical characteristics of each 

system. Factors such as biofilm formation are directly correlated with Legionella growth, as 

heterotrophic bacteria and protozoa may protect Legionella from intermittent harsh 

conditions, i.e. temperatures over 55 °C (Serrano-Suárez et al., 2013). This may be linked 

with the findings of Mathys et al. (2008), who observed that among 400 residential water 

heating systems with hot water tanks in Germany, Legionella was present only in systems 

with more than 2 years of operation. Therefore, extended periods of non-compliance with the 

60 °C temperature threshold may create health risks associated with Legionnaires’ diseases 

predominantly in older water heating systems due to biofilm formation. 

All electric system scenarios complied with the hot water tank end-use set-point temperature 

(40 °C), except for systems with 125 L tanks and night electricity supply tariffs. For these 

systems, the water temperature was under the temperature set-point 15 and 30% of the time 

for the partial and total water consumption patterns, respectively. The reported minimum hot 

water tank sizes for households with 3 residents and electric water heating systems connected 

to controlled and night off-peak tariffs are 125 and 250 L, respectively, as per the local energy 

distributor (Energex, 2014). The models presented in this study show that the tank sizes 
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recommended by the local energy distributor are adequate for the hot water end-use set-point 

of 40 ºC even when systems operate using the total water demand pattern (275 L per day or 

100.4 m³ per year). Moreover, the models confirmed the existence of non-compliant events 

of electric water heating systems design out of specification (e.g. electric water heating 

system with 125 L tank connected to night off-peak tariff). 

By using controlled energy supply schemes, the compliance rate with recommended hot 

water temperatures of electric systems did not decline significantly (Fig. 4-4d), and between 

0.8 and 1.3 MWh per year of the household energy consumption could be diverted from peak-

hours to shoulder or off-peak hours of the electricity grid (Fig. 4-4b). 

 

Solar water heating systems provided a significant reduction of power-peaks in relation to 

electric systems, as electricity supply is used only as a back-up energy source. Fig. 4-5 

illustrates the daily average power-peaks of the modelled solar water heating systems for a 

representative household in Brisbane. 

 
Fig. 4-5. Solar water heater annual average water and energy demand patterns under 

different scenarios: tank sizes of 125, 250 and 325 L, partial and total water demand 

patterns, and all-day, controlled and night off-peak electricity tariffs. 
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Fig. 4-6. Solar water heater annual average peak electricity demand (a), annual energy 

consumption (b), energy intensity (c) and hot water supply capacity (d) under different 

scenarios: tank sizes of 125, 250 and 325 L, partial and total water demand pattern, and all-

day, controlled and night off-peak electricity tariffs. 
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The power-peak for solar systems connected to all-day and controlled electricity tariffs took 

place predominantly after the morning water peak consumption, whereas night peaks 

occurred only for systems connected to the night off-peak tariff. The electricity consumption 

during peak-hour times was minimum for solar systems connected to all-day electricity 

supply, varying from 4 to 5% out of the total electricity consumption, as most of the 

electricity consumption (i.e. approximately 86%) occurred during shoulder hours for the 

electricity grid. Similar results were observed for solar systems connected to controlled 

electricity supply, in which 86 to 90% of the electricity consumption occurred during 

shoulder hours (Fig. 4-6a). 

The electricity consumption of households considering solar hot water supply was on average 

0.8 and 1.0 MWh per year for the partial and total water consumption patterns, respectively, 

ranging from 0.2 to 1.6 MWh per year (Fig. 4-6b). As with electric water heating systems, 

solar systems with larger hot water tanks consumed more electricity mainly due heat losses. 

However, the electricity consumption increase was not as pronounced as in electric systems, 

because solar systems can both heat water at higher temperatures than the set-point 

temperature, and provide continuous heating when solar radiance is available.  

The combination of solar hot water supply to hot water end-uses considered into the partial 

water consumption pattern with front load washing machines with internal heating produced 

an average increase of the electricity consumption of 0.4, 1.2 and 2.4 MWh per year when 

washing cycles were set to 40, 60 and 90 ºC, respectively. Taking into consideration that 

washing machines can provide water savings of approximately 36% (Beal & Stewart 2011), 

the energy increase associated with front load washing machines ranged from 0.2 to 1.5 MWh 

per year. 

The energy intensity of the modelled SWHs varied from 2.6 to 18.5 kWh·m-³ (Fig. 4-6c), 

with an average of 10.8 kWh·m-³. Aye et al. (2002) estimated an energy intensity of 

approximately 7 kWh·m-³ for a thermosiphon solar water heating system for households in 

Brisbane with a total collector area of 6 m², total water consumption of 270 L per day, hot 

water tank capacity of 270 L, and negligible heat losses in hot water tanks. The larger 

variation of the energy intensity in the present study is mainly due to the temporal distribution 

of different electricity tariffs. For instance, the energy intensity of solar systems connected 

to all-day, controlled and off-peak electricity tariffs was 16.0, 12.3 and 4.1 kWh·m-³, 
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respectively. The considerably reduced energy intensity of solar systems with night off-peak 

electricity back-up is related to the absence of electricity after the morning peak water 

consumption, as opposed to the peak power demand in the morning of systems connected to 

controlled and all-day electricity supply. 

Despite the optimal energy performance of solar systems connected to the night off-peak 

tariff, a reduction of compliance rates, with recommended minimum temperature set-point 

for hot water tanks equal to 30 to 45% was observed (Fig. 4-6d). On the other hand, the level 

of compliance with this parameter increased to 91 and 98% on average when controlled and 

all-day electricity supply were used, respectively. Solar water heating systems were able to 

supply water at the hot water end-use temperature set-point at 98% of the time. The lowest 

compliance rate with for this parameter (i.e. 89%) was observed for the solar systems with 

125 L hot water tank on night off-peak energy supply and total water consumption pattern. 

Among the studied system types, solar water heating systems are likely the most resilient to 

Legionella outbreaks due to their larger capacity to maintain water above 60 °C; nonetheless, 

adequate compliance with this parameter is required in order to guarantee a safe hot water 

supply. If this issue is addressed successfully, the use of night off-peak electricity supply may 

considerably enhance the energy performance of solar system. For example, to optimise the 

performance of solar system with night electricity supply, solar systems with more efficient 

solar collectors may be utilised. 

 

Heat pump water heating systems had a similar electricity power-peak pattern to electric 

systems, with power-peaks occurring after hot water use or after power re-establishment in 

heat pump systems connected to intermittent electricity supply (Fig. 4-7). Nevertheless, 

electricity peaks associated with heat pumps were significantly lower than the ones related 

to electric systems due to the lower power input required to run heat pumps. 
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Fig. 4-7. Heat Pump water heater annual average water and energy demand patterns under 

different scenarios: tank sizes of 125, 250 and 325 L, partial and total water demand 

patterns, and all-day, controlled and night off-peak electricity tariffs. 

When all-day electricity supply was used, the peak-hour electricity consumption was 

approximately equal to that of electric water heaters, ranging from 27 to 43% out of the total 

energy consumption (Fig. 4-8a). The annual energy consumption of heat pump systems 

varied from 0.6 to 1.2 MWh per household depending on the water consumption pattern. For 

the heat pump systems with a higher energy consumption (i.e. systems with the total water 

consumption and connected to all-day electricity supply), approximately 0.5 MWh per 

household of the annual electricity consumption could be diverted from peak-hour by using 

intermittent electricity supply. The increase of heat losses associated with an increase of the 

hot water capacity created a minor increase in the energy consumption of heat pumps (i.e. 

0.1 MWh per year), as these systems can produce energy at a low energy intensity (6.5 to 

14.7 kWh·m-³) in comparison with electric water heaters (Fig. 4-8c). 

In households with heat pump systems, the use of washing machines with internal heating 

produced an increase in total electricity from 0.5 to 2.5 MWh per year (46 to 238%) 

depending on the temperature set-point during washing cycles. By taking into account a water 

saving potential of 36% as described by Beal and Stewart (2011), this increase in the annual 

electricity consumption could range from 0.2 to 1.5 MWh per household (23 to 146%). 
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Fig. 4-8. Heat Pump water heater annual average peak electricity demand (a), annual 

energy consumption (b), energy intensity (c) and hot water supply capacity (d) under 

different scenarios: tank sizes of 125, 250 and 325 L, partial and total water demand 

pattern, and all-day, controlled and night off-peak electricity tariffs. 
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Likewise with electric and solar water heating systems, the increase of the energy efficiency 

of heat pumps with the use of intermittent electricity supply resulted in a negative trade-off 

with the compliance rate for minimum hot water temperature set-points. Therefore, the 

average level of compliance with the minimum temperature set-point in hot water tanks 

declined from approximately 99% for heat pumps connected to all-day electricity supply to 

38 and 85% by using night off-peak and controlled electricity supply, respectively (Fig. 

4-8d). In regards to the minimum end-use temperature set-point, 100% compliance levels 

were achieved in systems with all-day and controlled electricity supply, and, 85% in systems 

with night off-peak. The use of larger hot water tank capacities in systems connected to 

intermittent energy supply provided an increase of the compliance level with minimum hot 

water temperature set-points. For instance, the average compliance level with the minimum 

hot water temperature in tanks increased from 69% with the use of 125 L tanks to 74 and 

78% with the use of 250 and 325 L tanks, respectively. 

The use of heat pumps can provide a significant reduction of the energy consumption for 

water heating in relation to electric water heaters. By combining this systems with controlled 

electricity supply, the energy consumption at peak-hour for the electricity grid can be 

substantially reduced. Nevertheless, larger hot water tanks are necessary to maintain higher 

compliance ratios with minimum hot water temperature set-points in order to eliminate health 

risks associated with Legionella proliferation, as well as to guarantee high levels of comfort 

to users. 

 

The modelled scenarios, i.e. combination of different water heating systems, hot water tank 

sizes, electricity supply tariffs, and hot water supply end-uses, were assessed against an 

evaluation framework with a minimum and a maximum of 0 and 10 points, respectively. In 

this framework, four key parameters for the performance of water heating systems clustered 

in two groups were taken into account, including: energy performance (i.e. percentage of 

electricity consumption during peak-hour periods and energy intensity), and level of service 

(i.e. compliance with the set-point temperatures for hot water end-uses and minimum 

temperature in hot water tanks to prevent Legionella spp. proliferation). The results obtained 

for the assessed scenarios were used to set benchmarks for these parameters, as shown in 

Table 4-3. 
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Table 4-3. Performance classification thresholds for domestic hot water services in 

Brisbane. 

Parameters 
Performance ranges 

Poor Intermediate Optimal 

Electricity consumption at peak-hours (%) ≥5 >0 and <5 0 

Hot water supply energy intensity (kWh/m3) ≥27 >12 and <27 ≤12 

End-use temperature compliance (%) ≤96 >96 and <100 100 

Tank lower temperature compliance (%) ≤56 >56 and <98 ≥98 

Equivalent score per parameter 0 1.25 2.50 

All the assessed scenarios showed partial compliance of hot water services against the 

evaluation framework (Table 4-4). The score of electric, solar and heat pump systems varied 

from 2.50 to 7.50, 5.0 to 7.5, and 3.75 to 8.75 points, respectively. Solar systems had the 

highest average performance (6.67 points), followed by heat pump (6.25 points) and electric 

(5.28 points) systems.The prevalent intermediate levels of compliance of all studied water 

heating technologies reveals that technology selection alone is not sufficient to achieve high 

levels of performance for domestic hot water supply services. In order to address this 

complex issue, attention has to be drawn to other design parameters. In the following sub-

sections, the influence of each studied parameter on the performance of hot water services is 

detailed. 

 

The time-distribution of energy according to electricity tariffs significantly influenced (p 

<0.001) the performance of water heating systems. On average, systems connected to a 

controlled electricity supply achieved a higher performance (7.22 points) than systems 

connected to all-day (6.04 points) and night off-peak supply (4.93 points). 

The enhanced performance of systems under controlled electricity supply may be attributed 

to their capacity to both divert electricity consumption from the electricity grid during peak-

hours, and maintain reasonable levels of performance with the minimum temperature 

threshold for hot water tanks (88% on average). On the other hand, the lower performance of 

systems connected to night off-peak supply stem from the low compliance ratio with 

minimum temperature thresholds. For systems connected to all day supply, the intermediate 

performances were primarily related to the energy consumption during electricity grid peak-

hours. 
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Table 4-4. Energy performance and level of service of hot water supply services under different scenarios. 

Note: Energy intensity of hot water supply services calculated considering water savings of 36% in front load washing machines with internal heating 

element. 
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The most efficient combination of domestic water heating technologies and electricity 

tariffs was observed for ASHPWHs and SWHs connected to controlled electricity tariffs, 

with average scores of 7.92 and 7.29 points, respectively. The poorest performance was 

observed for electric (4.17 points) and heat pump (4.38 points) systems connected to night 

off-peak electricity supply tariffs. 

 

The tank size was not significantly associated with a variation in the average overall 

performance of water heating systems (p>0.1) for a 95% confidence interval. Also, the 

upwards trend of the energy intensity of water heating systems with an increase of the hot 

water tank capacity was not significant (p>0.1) for a 95% confidence interval. The lack 

of difference was also identified by the low variability in the average overall score of 

systems with different storage capacities, which ranged between 5.97 and 6.18 points.  

These results indicate other variables (e.g. electricity tariff) had a larger influence on the 

performance of domestic water heaters than the hot water tank sizes used. Note that this 

assumption may only be valid for the studied scenarios, taking into account a 

representative household in Brisbane. Therefore, hot water tank sizing may prompt a 

significant variation in the performance of domestic hot water supply systems under 

different hot water consumption patterns and climate conditions. 

 

Two different hot water supply systems to washing machines were represented by the 

total and the partial water consumption patterns. In the first pattern (total), all hot water 

end-uses were supplied by domestic water heaters, including the use of top load washing 

machines without internal heating. In the second pattern (partial), water efficient front 

load washing machines with internal heating elements were used, and hence were not 

connected to the domestic water heater. The washing machine type did not significantly 

influence the overall performance of domestic hot water supply (p >0.1); although, the 

type did appear to create a significant variation in the energy intensity of water heaters. 

For instance, a significant increase of approximately 4 kWh·m-³ of the energy intensity of 

SWHs (p<0.05) and ASHPWHs (p<0.001) was observed with the used of water efficient 

washing machines with internal heating set to 40 °C. Such increases would be even more 

marked with the use of washing cycles with higher temperatures. 
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This article presented models of residential water heating systems for the city of Brisbane 

in the SEQ region, Australia, under different electricity supply tariffs, hot water tank 

capacities, and washing machine types. 

The performance of hot water services was assessed for 54 scenarios generated from the 

combination of three residential water heating system types (i.e. electric, solar electric 

boosted, and heat pump), three electricity supply tariffs (i.e. all-day (24h), controlled 

(18h), and night off-peak (8h)), three hot water tank capacities (i.e. 125, 250 and 325 L), 

and water heating systems under two water consumption patterns (i.e. partial – without 

connection to washing machine, and total – with connection to washing machine). Two 

categories of criteria were used to assess the performance of systems: (i) energy 

performance (i.e. electricity consumption at peak-hours and energy intensity); and (ii) 

level of service (i.e. compliance rate with temperature set-points for hot water end-uses 

and hot water tank). 

By analysing the influence of each system configuration against the set of performance 

criteria, the following conclusions were drawn: 

 A controlled (18h out of peak-hours) electricity supply tariff has the potential to 

divert electricity demand away from peak-hours without a considerable decrease 

of temperature in hot water tanks for nominal hot water tank sizes of 250 and 325 

L; 

 Water heating systems connected to night off-peak electricity supply (8h) tariff 

for solar and heat pumps water heating systems may require tank sizes over 325 

L in order to maintain hot water within minimum set-point temperatures; 

 The average estimated hot water demand of households with washing machines 

connected to hot water tanks is potentially higher than the one recommended in 

the Australian Plumbing code, and, as such, may reduce the performance of 

residential water heating systems on-site; 

 Solar systems appeared less prone to Legionella spp. outbreaks as this system type 

has a more stable performance due to their dual energy source (i.e. solar energy 

and electricity), and thus produces a higher average temperature within hot water 

tanks; 
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 Solar systems connected to all-day energy supply consume minimum amounts of 

energy during electricity grid peak-hours;  

 Electric systems were shown to have a low energy performance, yet their 

widespread use may continue due to their low capital and maintenance costs; 

 In general, the connection of washing machines to water heaters appeared to have 

a beneficial effect on the energy performance of domestic hot water services;  

 Water efficient front load washing machines are likely to create an increase in the 

energy intensity of heat pump and solar water heating systems. 

 

The development of codes for suitable homes should address the impact of residential 

water heating systems in a more comprehensive way, in which not only the technology 

type to heat water is considered, but also the hot water demand, hot water tank size and 

the electricity supply tariff. The key recommendations of the study include: 

 A wider adoption of controlled electricity supply tariff as the optimal energy 

supply scheme to enhance the performance of water heating systems; 

 Avoiding night off-peak electricity supply tariff for systems with similar 

characteristics to the ones studied in order to prevent extended periods of non-

compliance with the minimum hot water tank temperature thresholds, and hence 

potentially reduce health risks associated with Legionella spp. proliferation; 

 Increased connections of washing machines to energy efficient water heating 

systems with large storage capacity to enhance the energy performance of the 

domestic hot water supply; 

 The level of service of solar systems connected to night off-peak energy supply 

could be enhanced through the selection of larger solar collector areas and more 

efficient solar collectors; 

 Where possible, water heating systems could be designed considering hot water 

demand patterns determined empirically in order to prevent perverse impacts from 

systems under sizing or oversizing; 

 Increased use of domestic SWHs as a preferred option when using intermittent 

electricity supply tariffs for supplying hot water to households who are susceptible 

to pneumonia (e.g. elderly people), as solar systems are usually more resilient to 

temperature drops, and hence associated Legionella spp. growth;  
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 Ensuring robust hot water tanks for solar systems to allow for a high temperature 

range of 80–90 °C in order to enhance the collection of solar energy. 

The findings and recommendations of this study apply for residential buildings in 

Brisbane, Australia. Likely, they may be also used as an initial baseline to infer the 

performance of water heating systems in other subtropical regions of the world with 

similar climate (e.g. SEQ region in Australia, coastal cities in Santa Catarina State in 

Brazil, etc.). Nonetheless, caution should be practiced when generalizing the herein 

findings, in which a case-by-case analysis is more appropriate. 

 

Further assessment of residential water heating systems under empirical hot water 

demand patterns will facilitate a gradual narrowing of the knowledge gap regarding on-

site energy and hot water supply performances of water heating systems. Future research 

directions include, but are not limited to: 

 Determination of hot water demand patterns through empirical studies taking into 

account household type variability across different seasonal and climatic 

conditions; 

 Performance analysis of solar water heating systems through the installation of a 

variety of collector set ups under different built environments (e.g. sun exposure, 

roof configurations); 

 Assessment of the relationship between energy efficiency and standard of service 

(i.e. hot water set up temperature at water end-use points). 



 

Page 95 

 

Statement of contribution to co-authored published paper 

This chapter includes the co-authored peer-reviewed paper with the bibliographic details, 

including all authors, as follows:  

Vieira, A. S., R. A. Stewart, and C. D. Beal. 2015. “Air Source Heat Pump Water Heaters 

in Residential Buildings in Australia: Identification of Key Performance 

Parameters.” Energy and Buildings 91:148–62. 

DOI: http://dx.doi.org/doi:10.1016/j.enbuild.2015.01.041 

My contribution is equivalent to over 90% of the work on the paper, including literature 

review, method development, data modelling, analysis and interpretation, manuscript 

writing, and response to review comments. 

 

Signed: _______________________________________________ Date: 11/03/2019  

Abel Silva Vieira 

 

Countersigned: _________________________________________ Date: 11/03/2019  

Prof. Rodney A. Stewart (Principal Supervisor, School of Engineering and Built 

Environement, Griffith University) 

 

Countersigned: _________________________________________ Date: 11/03/2019  

Dr. Cara D. Beal (Associate Supervisor, Cities Research Institute and School of Medicine, 

Griffith University) 

  

 

 

 

http://dx.doi.org/doi:10.1016/j.enbuild.2015.01.041


 Chapter 5 – Heat pump sensitivity analysis 

Page 96 

 

Air source heat pump water heaters in residential buildings in 

Australia: Identification of key performance parameters 

Abstract 

Heat pump water heaters have been increasingly used to promote energy savings in 

residential buildings. Nonetheless, their performance may vary significantly due to 

different site-specific characteristics and technical specifications. To examine this issue, 

this research study sought to identify key performance parameters for Air Source Heat 

Pump Water Heaters (ASHPWH) in residential buildings in Australia by using a 

sensitivity analysis through theoretical models calibrated with empirical measurements. 

ASHPWH were analysed taking into account their energy performance (i.e. annual energy 

consumption and energy intensity) and level of service (i.e. compliance with 

recommended hot water temperatures). The assessment encompassed sensitivity analyses 

for key parameters related to the technical specification of ASHPWH (i.e. coefficients of 

performance, water heating capacities, hot water storage tank insulation, size and set-

point temperature) and site-specific characteristics (i.e. weather conditions, cold water 

supply temperatures, hot water set-point temperatures and consumption patterns, and the 

time-distribution of energy according to the electricity tariffs). The findings indicate that 

the energy performance and the level of service of ASHPWH are mostly influenced by 

their coefficient of performance and site-specific electricity tariff, respectively. 

Therefore, careful consideration of ASHPWH technical specifications based on site-

specific characteristics should underpin any framework for energy efficiency 

programmes. 

Keywords: water heater, heat pump, residential buildings, energy intensity, sensitivity 

analysis. 
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The residential sector accounts for approximately 19–50% of the total energy 

consumption of countries worldwide (Swan & Ugursal, 2009), from which there is a 

considerable potential for energy savings (Khanna et al., 2013). Despite the 

implementation of energy efficient appliances and a smaller dwelling size in new 

residential developments, the contribution of the residential sector to the total energy 

consumption of nations is likely to increase as a result of its expansion (Singh et al., 2010). 

In residential buildings, hot water supply is among the largest energy end-uses (Min et 

al., 2010), corresponding to 18% in the US (Liu et al., 2014), 20% in Brazil (Ghisi et al., 

2007), 25% the UK (Singh et al., 2010), 26% in Spain (Pérez-Lombard et al., 2008) and 

30% in Australia (Alam & Theos, 2008). Hence, there has been an increasing effort to 

enhance the energy efficiency of domestic hot water supply systems, as the energy saving 

potential of an energy end-use is proportional to its level of energy efficiency, as well as 

its contribution to the total energy consumption of buildings. 

In this context, heat pump water heaters have been increasingly used to promote energy 

savings in residential buildings (Khanna et al., 2013; Liu et al., 2014; Stafford & Lilley, 

2012; Johnson, 2011). Such heaters operate by transferring heat from a colder 

environment (e.g. air, ground, water, etc.) to a warmer one (e.g. hot water storage tank) 

through a refrigeration cycle (Hepbasli & Kalinci, 2009). Among the various types of 

heat pumps for water heating, air source heat pumps water heaters (ASHPWH) are the 

most popular due to their lower implementation cost (Liu et al., 2014). For ASHPWH, 

the heat transfer process is simplified by using air circulated by a fan, whereas other 

systems employ more complex processes (e.g. pipes, pumps, etc.) to source energy. On 

the other hand, ASHPWH undergo a considerable reduction in their COP under cold 

weather conditions, i.e. air source less than 5 °C (Singh et al., 2010). Therefore, the 

performance of such systems is generally better in warmer climates. 

Financial incentives for renewable energy and energy efficient technologies have helped 

to facilitate the uptake of heat pump water heaters and other energy efficient initiatives in 

the residential sector. Since the 2000s, such incentives have been offered by several 

governments across the globe to achieve national carbon reduction targets implemented 

after ratification of the Kyoto Protocol. For instance, in Australia, federal and state rebate 

programs have been offered for the replacement of existing domestic electric water 

heaters by energy efficient ones (i.e. ASHPWHs and SWHs) since 2008 (Blazey & 
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Gillies, 2008). However, short-term economic objectives may affect the continuation of 

such policies. This, in turn, may lead to a reduction in the uptake rate of energy efficient 

technologies by the residential sector as a result of a more thoughtful selection of such 

technologies by consumers, based on the associated short- to medium-term energy saving 

potential and associated financial benefit. 

The performance of heat pump water heaters may vary significantly due to different site-

specific characteristics (e.g. operation patterns, air and cold water temperature, hot water 

set-point, etc.). Therefore, these systems have to be carefully selected to achieve intended 

energy savings. Acceptable levels of efficiency for domestic heat pump water heaters 

ought to be at least twice that of standard electric water heaters in order to attain economic 

benefits (Hepbasli & Kalinci, 2009). Moreover, heat pumps must be able to maintain the 

water in hot water storage tanks at over 55 °C to prevent the growth of bacteria causing 

Legionnaires’ disease, which may not be achievable when using ASHPWH under certain 

conditions (Singh et al., 2010). 

The understanding of the energy performance of heat pump water heaters under different 

weather and operation conditions is essential for supporting both decision-makers in 

scrutinising the benefits of rebate programs for heat pumps, and consumers in determining 

the economic feasibility of such systems under site-specific conditions. Therefore, 

reliable tools to predict the performance of heat pumps are required in order to prevent 

the installation of either oversized or undersized systems in residential buildings (Singh 

et al., 2010). This issue is particularly relevant in Australia, where energy efficiency 

policies for the residential sector must take into account a vast number of climate 

conditions due to the continental proportions of the country. Thus, a thorough analysis of 

the most suitable heat pump type to achieve economic and energy efficient objectives for 

each region is required taking into account site-specific conditions. 

So as to clarify the advantages and disadvantages of heat pump water heaters, several 

studies addressing their performance were developed in the last two decades (Sözen et 

al., 2002; Ma et al., 2003; Yao et al., 2004; Ding et al., 2004; Chata et al., 2005; Argiriou 

et al., 2005; Ozgener & Hepbasli, 2007; Keil et al., 2008; Morrison et al., 2004); however, 

few of them address the performance of ASHPWH under site-specific conditions (Kelly 

& Cockroft, 2011). Piechowski (1998) provided a validation and sensitivity analysis 

considering different boundary conditions for a heat and mass transfer model employed 

to estimate the performance of ground source heat pumps (GSHP) under Australian site 
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conditions. The study contributed to understand the significant influence of site-specific 

conditions (e.g. type and moisture of soils) on the performance GSHP. Johnson (2011) 

undertook a sensitivity analysis of ASHPWH employing a Lifecycle Assessment 

framework under conditions for residences in the UK; the author concluded that both 80% 

of the carbon footprint is energy related, and site-specific conditions (e.g. leakage rates, 

property size) may promote variations up to 13% in the energy demand of domestic 

ASHPWH. Jenkins et al. (2008) studied the energy and carbon performance of ASHPWH 

taking into account different characteristics of office buildings in the UK, and found that 

ASHPWH are less carbon intensive than gas water heaters. In the analysis in Chapter 4, 

results showed that different electricity tariffs and washing machine types may influence 

the performance of domestic ASHPWH.  

To the best of the knowledge of the authors of this study, there still is a paucity of studies 

to address the knowledge gap existent in regards to the performance of ASHPWH under 

site-specific conditions for most of the cities in Australia. Such information is crucial to 

underpin energy efficient initiatives in households across the country, as ASHPWH is of 

crucial importance for the energy efficiency and carbon agenda of the Australian 

government (Buckman & Diesendorf, 2010). The objective of this study is to identify key 

performance parameters for ASHPWH in residential buildings in Australia by using a 

sensitivity analysis through theoretical models calibrated with empirical measurements. 

This study helps to narrow the knowledge gap about ASHPWH by providing a novel 

sensitivity analysis for ASHPWH under site-specific conditions at a nationwide scale for 

Australia. 

 

 

In this study, ASHPWH were analysed taking into account their energy performance (i.e. 

annual energy consumption and energy intensity) and level of service (i.e. compliance 

with recommended hot water temperatures). The analysis included several scenarios in 

order to explore a wide range of ASHPWH configurations (i.e. different COPs, water 

heating capacities and hot water storage tank insulation, size and set-point temperature) 

under different site-specific conditions across Australia (i.e. different weather conditions, 

cold water supply temperatures, hot water set-point temperatures and consumption 

pattern, and time-distribution of energy according to the electricity tariff). A summary of 

the method is illustrated in Fig. 5-1. 
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Fig. 5-1. Flowchart of the study method.  
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The performance of ASHPWH was determined through laboratory experiments (i.e. 

empirical analysis) and simulations (i.e. theoretical analysis). The empirical analysis 

aimed to determine the real operational performance of one of the assessed systems under 

a specific condition, which has provided detailed information for the calibration of the 

theoretical analysis. This, in turn, has enabled the assessment of a myriad of scenarios 

through a sensitivity analysis of key performance parameters (i.e. site-specific 

characteristics and ASHPWH technical specifications). For each scenario, a performance 

analysis was carried out in order to determine the level of service and the energy 

efficiency of ASHPWH. The following sections describe in detail the method employed 

herein. 

 

 

A laboratory experiment was conducted to determine the performance of a real 

ASHPWH, from which empirical data was generated to calibrate theoretical 

computational models. The technical specifications provided by the manufacturer of the 

studied system are shown in Table 5-1. 

Table 5-1. Technical specifications of the air source heat pump water heater analysed in 

the laboratory experiment. 
Parameter Value 

Refrigerant gas R417 

Rated water heating capacity (W) 3600 

Input power (W) 900 

Maximum input power (W) 1200 

Input current (A) 4.0 

Maximum input current (A) 5.5 

Voltage (V) 220–240 

Highest water temperature (°C) 60 

Nominal storage capacity (L) 80 

The studied ASHPWH was installed at an outdoor area adjacent to the south-oriented 

façade of the School of Engineering Laboratory at Griffith University, Gold Coast campus 

(coordinates: 27°57'49.36"S; 153°22'58.07"E). The selected area was also protected by 

an external building sunshade and adjacent walls (Fig. 5-2). These characteristics 

prevented excessive heat transfer by irradiation and convection between the outdoor 

surroundings and the hot water storage tank surface. Therefore, the majority of the heat 

transfer was considered to occur via conduction processes through the hot water tank wall.  
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Fig. 5-2. Air source heat pump water heater laboratory experiment. 

The thermal resistance and heat loss coefficient related to conduction processes per unit 

area in hot water tanks were calculated considering one-dimensional heat transfer 

perpendicular to the surface using Eq. 5-1. 

𝑹 =
𝟏

𝑯𝑳
=

𝑳

𝒌·𝑨
     (Eq. 5-1) 

where: R is the thermal resistance (K/W); HL is the heat loss coefficient (W/K); L is the 

thickness of the insulation material (m); k is the thermal conductivity of the insulation 

material (W/(m·K)); and A is the surface area considered per unit area – 1 (m²). 

The temperature of the water at the end-use point and the tank inlet and outlet, as well as 

the outdoor air temperature and humidity at the ASHPWH evaporator air inlet (Fig. 5-2), 

were monitored using temperature and humidity data loggers RC-4 Elitech set to a 1.5 

minute logging interval. This equipment has a precision of one decimal place for 

temperature and humidity measurements. 

The water consumption pattern was emulated using a solenoid valve connected to a timer, 

which was set to open at 6:35 am, 5:35 pm and 7:35 pm in order to represent hot water 

consumption events at peak-hours as described in Chapter 4 and Appendix A. Each water 

consumption event had duration of three minutes and an average water consumption 

volume equal to 50 L. By adjusting the tempering valve (i.e. valve utilised to mix hot and 

cold water in order to prevent scalding at end-use points), the water temperature at the 

consumption point (i.e. solenoid valve) was set to 42 °C. This temperature is within the 

range described in the literature for the set-point temperatures of end-use points in 

residential buildings (see section 5.3.2.1). 
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The energy and water consumption of the ASHPWH were monitored using high 

resolution energy and water meters with 0.1 W·pulse-1 and 0.0083 L·pulse-1 precision, 

respectively. Data loggers were set to record pulses every five seconds. The collected 

water and energy data was converted into diurnal demand consumption patterns with a 

temporal resolution of one minute by using an electronic spreadsheet. 

 

Computational models were utilised to generate theoretical data. Such models were 

developed using the software EnergyPlus, which is provided by the United States 

Department of Energy (US-DOE), and is used for energy performance analysis in 

buildings (Carlo & Lamberts, 2008; Hassan & Beliveau, 2008; Vieira et al., 2014; Swan 

& Ugursal, 2009; Li et al., 2013; Garcia Sanchez et al., 2014). The equations and concepts 

employed to calculate heat transfer processes in models developed in EnergyPlus (e.g. 

ASHPWH models) follow fundamental heat and mass transfer processes and are detailed 

by US-DOE (2013). These equations and concepts are also vastly discussed by Incropera 

et al. (2007). 

Based on the structure required in the software, the herein models for ASHPWH were 

developed as illustrated in Fig. 5-3. 

 
Fig. 5-3. Computational model structure. 

In EnergyPlus, models for water heating systems are based on fluid (‘plant’) loop 

calculations with mass continuity and heat exchange between components and heat 

exchangers (e.g. evaporator of ASHPWH), whereby a supply side and a demand side are 
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stablished. Furthermore, the models developed in EnergyPlus are formed by several 

objects (Table 5-2) utilised to specify the technical specifications of water heating 

systems as well as site-specific characteristics.  

The loop structure of the models is formed by three branches in each side (i.e. supply and 

demand sides). In the supply side, the first branch contains a variable speed pump, which 

is an compulsory object in EnergyPlus plant loop models; however, its energy 

consumption was disregarded from results, as almost always hot water supply systems 

are connected to town water supply in Australia, and hence do not require on-site 

pumping. The second branch in the supply side represents the ASHPWH, and is formed 

by three objects, namely: hot water tank, air source heat pump, and direct expansion (DX) 

coil (evaporator). Through the combination of these three objects, the technical 

specifications of assessed ASHPWH were assigned (e.g. inlet air source (outdoor air), hot 

water tank volume, etc.). The last branch of the supply side was composed by an adiabatic 

pipe, for which heat losses are disregarded as such losses were taking into account only 

for hot water tanks and their immediate pipe connections (tank inlet and outlet). In the 

demand side, the first and the last branches were also composed of adiabatic pipes; 

whereas, the middle one was formed by objects which simulate the water consumption 

pattern and set-point temperature of end-use points. With this model structure, a myriad 

of configurations for ASHPWH could be assessed in this paper (e.g. 396 scenarios in the 

sensitivity analysis). In Table 5-2, all the objects employed into the computational models 

are described. 

Table 5-2. Objects of computational models. 
Model 

Object 

Description Configuration* Selection for models 

Version Identifies the version of 

the EnergyPlus file (IDF 

file). 

Fixed 8.1 

Simulation 

control 

Specifies the type of 

calculations of the 

simulation. 

Fixed Run simulation for weather file run 

periods. 

Building Describes parameters for 

the simulation of the 

building. 

Fixed Suburbs – models for residential area 

(suburbia). 

Time step Determines the number of 

time steps within an hour 

for simulations. 

Fixed 60 time steps per hour (i.e. 1 minute 

time step). 

Site location Specifies the building 

location.  

Variable Different cities in Australia. This 

information also relates to the weather 

file of each city. 

Run period Defines the time period 

used for simulations. 

Variable All year around for different 

scenarios. Same period than empirical 

data for model calibration (24–30 June 

2014). 
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Model 

Object 

Description Configuration* Selection for models 

Site: water 

mains 

temperature 

Determines the 

temperature of water 

supplied by underground 

water mains. 

Variable Correlation as per Hendron et al. 

(2004) for different scenarios. Same 

than empirical data for model 

calibration. 

Schedule 

type limits 

Indicates the types of 

values used into 

simulation schedules. 

Fixed ‘Any number’ and ‘Fraction’. 

Schedule: 

compact 

Defines in detail 

schedules utilised for 

simulations. 

Variable E.g., End-use point temperature, hot 

water temperature set-point, water 

consumption patterns, etc. 

Schedule: file Utilises schedules 

obtained from data 

monitoring. 

Variable Cold water temperature from 

laboratory experiment. 

Global 

geometry 

rules 

Describes the geometric 

parameters used for 

simulations. 

Fixed Start vertex position: Upper left 

corners; Vertex entry direction: 

Counter-clockwise; Coordinate 

system: Relative. 

Sizing: plant Defines the type of plant 

loop and associate flow 

rates calculations. 

Fixed Loop type: Heating. 

Fan: OnOff Models constant air 

volume fans operating on 

an on-off cycle. 

Fixed Heat pump fan technical 

specifications: 0.7 total efficiency, 100 

Pa pressure rise, 2.7 maximum flor 

rate, and 90% motor efficiency.  

Coil: water 

heating: air to 

water heat 

pump 

Models the direct 

expansion ‘coil’ 

(ASHPWH evaporator). 

Fixed Operate in conjunction with the 

objects ‘Fan:OnOff’, 

WaterHeater:HeatPump’, and 

‘WaterHeater:Stratified’.  

Branch Assign components for 

model schemes at a mid-

level (branch level). For 

heating loop models, 

there are three branches 

for the supply side and 

three for the demand side. 

Fixed Supply side: water heater inlet 

(circulation pump), water heater (heat 

pump), and water heater outlet 

(adiabatic pipe). 

Demand side: demand inlet (adiabatic 

pipe), domestic hot water use (end-use 

points), and demand outlet (adiabatic 

pipe).  

Branch list Sorts and groups 

branches for model 

schemes into supply and 

demand sides.  

Fixed As above 

Connector: 

splitter 

Defines how many and 

which branches will 

follow the first branch of 

a side (loop segment). 

Fixed Water heater splitter (Supply side): 

‘water heater inlet’ followed by ‘water 

heater’. 

Demand splitter (Demand side): 

‘demand inlet’ followed by ‘domestic 

hot water use’. 

Connector: 

mixer 

Defines how many and 

which branches will 

precede the last branch of 

a side. 

Fixed Water heater mixer (Supply side): 

‘water heater outlet’ preceded by 

‘water heater’. 

Demand mixer (Demand side): 

‘demand outlet’ preceded by 

‘domestic hot water use’. 

Connector 

list 

Joins connector devices 

(splitters and mixers). 

Fixed Water heater connectors (Supply 

side): ‘Water heater splitter’ followed 

by ‘Water heater mixer’. 

Demand connector (Demand side): 

‘Demand splitter’ followed by 

‘Demand mixer’.  
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Model 

Object 

Description Configuration* Selection for models 

Outdoor air 

node 

Defines outdoor air 

conditions based on the 

weather file. 

Variable Weather files from Representative 

Meteorological Year (RMY) for 

different cities, and empirical data for 

model calibration. 

Pipe: 

adiabatic 

Represents pipes to 

connect components. No 

heat loss is considered for 

this type of pipe. 

Fixed As per ‘Branch’ object description.  

 

Pump: 

variable 

speed 

Represents the circulation 

system in the model. The 

‘pump’ object is an 

essential item of plant 

loop models (e.g. hot 

water use loop) in 

EnergyPlus. 

Fixed The flow rate and power rate were 

auto-sized by the software. Energy 

consumption from pumps was 

disregarded from results as hot water 

supply systems are almost always 

supplied by pressurised town water 

supply in Australia. 

Water heater: 

stratified 

Defines the 

characteristics of hot 

water tanks (e.g. volume, 

number of stratification 

layers, position (vertical 

or horizontal), electric 

heating element 

characteristics, heating 

loss coefficients)  

Variable The volume of the tank and heating 

loss coefficients were considered 

variable. Auxiliary electric heating 

elements were not considered. Six 

stratification layers in hot water tanks 

were considered. 

Water heater: 

heat pump 

Defines the 

characteristics of the 

ASHPWH (e.g. hot water 

tank object, coil object, 

fan object).  

Variable The system was selected to work at 

outdoor conditions. Technical 

specification variations were 

associated with related objects.  

Plant loop Determines the 

characteristics of the hot 

water system loop. 

Fixed The flow rate of systems was auto-

sized, and connections and branches 

defined as per Fig. 5-3. 

Plant 

equipment 

list 

Specifies available plant 

loop equipment for loop 

operation schemes. 

Fixed  The ‘WaterHeater:HeatPump’ object 

was specified for the hot water system 

loop. 

Plant 

equipment 

operation: 

heating load 

Determines the load 

limits in Watt for an 

equipment list. 

Fixed The load was not limited, letting the 

domestic ASHPWH operate within 

required loads depending on technical 

specifications. Therefore, the limit 

range was 0–10,000,000 W. 

Plant 

equipment 

operation 

scheme 

Controls the conditions in 

which the hot water 

system loop is available.  

Fixed Always on. 

Set-point 

manager 

scheduled 

Sets the temperature 

required at nodes of the 

hot water system loop. 

Variable Set the temperature at the node ‘SS 

outlet node 2’ to different 

temperatures depending on the 

assessed end-use set-point temperature 

target.  

Water use: 

equipment 

Simulates water end-uses 

consumption and 

temperature. 

Variable Different water consumption patterns 

and end-use set-point temperatures 

were defined depending on the 

assessed scenario. 

Water use: 

connections 

Lists and connects ‘water 

use: equipment’ objects. 

Fixed Always employed the same ‘water 

use: equipment’ object. 
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Model 

Object 

Description Configuration* Selection for models 

Output: 

variable  

Defines the output 

variables to be reported in 

the model.  

Fixed It was reported the cold, tank, and 

end-use temperatures, as well as water 

and energy consumptions on a time 

step frequency. 

Note: *The configuration of model objects can be ‘fixed’ (without variation among models for different 

scenarios) or ‘variable’ (with variation among models for different scenarios).  

 

A comparison of empirical and theoretical results for the studied ASHPWH was carried 

out to determine the accuracy of the developed computational models. In order to perform 

this analysis, the empirical data was collected as described in Section 5.2.2.1, while the 

theoretical data was obtained as explained in Section 5.2.2.2. 

The comparison was performed by developing computational models to represent the 

empirical data generated in the laboratory experiment considering a one minute time step. 

The input data of the models comprised of the data described in Table 5-2 and Table 5-3. 

Table 5-3. Input parameters of computational models. 
Parameter Unit Value Source 

Air temperature and 

humidity 

°C Oscillating Empirical data 

Cold water temperature °C Oscillating Empirical data 

End-use temperature set-

point 

°C 42 Empirical data 

Lower and upper hot water 

tank temperature thresholds 

°C 50–60 Technical specification of 

the ASHPWH 

Storage tank heat loss 

coefficient 

W/K 1 (38 mm insulation – 0.04 

W·m-1·K-1) 

Technical specification of 

the ASHPWH 

Pipe work heat loss 

coefficient during hot water 

supply 

- Disregarded - 

Water consumption pattern L/day 150 L per day in three events of 

50 L per event at 6:35 am, 5:35 

pm and 7:35 pm.  

Empirical data  

Rated water heating capacity W 3600 Technical specification of 
the ASHPWH 

Based on rated water heating capacity and input powers described in the technical 

specification of the studied system (Table 5-1), the COP of the ASHPWH was calculated 

as follows: 

𝑪𝑶𝑷 =
𝑯𝑪

𝑷
     (Eq. 5-2) 

where: COP is the coefficient of performance (W/W); HC is the water heating capacity 

(W); and P is the input electric power (W). 
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The comparison between models to represent empirical results (theoretical data) and 

actual laboratory results was performed by examining the different between the input 

power consumption obtained from measured and modelled results for the ASHPWH. This 

parameter was selected as the key parameter for this comparison as it is dependent on all 

the other parameters related to the ASHPWH operation, including but not restricted to: 

COP, water heating capacity, heat losses, water consumption pattern, end-use temperature 

set-point, lower and upper hot water storage tank temperature thresholds, inlet cold water 

temperature, inlet outdoor air temperature and humidity. The input power consumption 

was directly measured in the experiment or generated as an output of models. 

The level of accuracy of theoretical results in relation to empirical results was determined 

via statistical correlations. For this purpose, the energy consumption of the ASHPWH 

was analysed on a minute basis over the course of one week during winter: 24–30 June 

2014. This analysis was performed on a one minute basis for non-zero values (i.e. values 

located out of the origin of either the ‘y’ or the ‘x’ axis). 

 

The calibration of computational models was performed by adjusting the input parameters 

of the simulated ASHPWH based on the empirical results. Such calibration was also 

performed by means of statistical correlations in order to define the most accurate fit 

between theoretical and empirical results for energy consumption. Statistical analyses 

were carried out on a one minute basis. Therefore, the higher the coefficient of 

determination between empirical and theoretical results, the more accurate the model was 

considered. 

The adjusted input parameters used in the computational models included COP, heating 

capacity, storage tank capacity and heat loss coefficient, which were adjusted using their 

respective objects described in Table 5-3. The percentage differences between simulation 

input parameter values before and after the calibration (i.e. non-calibrated and calibrated 

results) for the assessed ASHPWH were also applied to calibrate the simulations 

performed for the scenarios assessed in the sensitivity analysis. Thus, for theoretical 

models, the technical specifications of ASHPWH, including their COP, heating capacity, 

storage tank capacity and heat loss coefficient, were calibrated considering the same 

proportional difference between non-calibrated and calibrated simulations for models 

used to represent the empirical results from the laboratory experiment. 
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The influence of input parameters on the output results was assessed through sensitivity 

analyses for a range of input parameter values. Two categories of input parameters were 

analysed in the sensitivity analysis: (i) technical specifications of ASHPWH; and (ii) site-

specific characteristics. For each input parameter, the variability of their values was 

determined using statistical analyses or ranges described in the literature. Moreover, the 

nationwide climate conditions were also assessed. In the following sections, the method 

utilised to determine each input parameter and their respective values is described in 

detail. 

 

The technical specification category relates to parameters associated with the operation 

performance of ASHPWH. Under this category, the following parameters were assessed: 

COP, water heating capacity, storage tank capacity, storage tank heat loss coefficient, and 

storage tank set-point temperature. 

Among the existing ASHPWH available on the market in Australia, only those classified 

by the Clean Energy Regulator of the Australian Government as part of the SRES (i.e. 

rebate scheme for residential SWHs and ASHPWHs in Australia) were taken into account 

in the present study (n=173). From this sample, the aforementioned parameters, except 

for the heat loss coefficient of hot water tanks, were determined for each system through 

a desktop review, with information sourced from ASHPWH manufacturers and retailers 

websites. 

Due to the scarcity of data provided by manufacturers with regards to the insulation 

characteristics of storage tanks, their heat loss coefficient was determined through a 

literature review of scientific papers. Omer et al. (2007) and Li et al. (2007) have 

described insulation materials (≈0.04 W·m-1·K-1) and thicknesses (≈38 mm) that give rise 

to a heat loss coefficient of approximately 1 W·K-1 for 300 and 150 L hot water tanks, 

respectively. This heat loss coefficient is comparable to the technical specification of the 

system assessed in the empirical analysis. In order to determine the potential for 

improvements in the insulation of hot water tanks, the same insulation thickness was used 

to assess the thermal resistance of insulation materials with different thermal conductivity 

coefficients (W·m-1·K-1) described by Omer et al. (2007), including: glass fibre (0.037), 
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polystyrene (0.030), polyurethane (0.025), polyisocyanurate (0.021), and vacuum 

insulation panel (0.010). 

 

The site characteristics category encompassed all the input parameters which range on a 

site-specific basis used to describe the exchange of energy and water flows between 

ASHPWH and the surroundings. This category was analysed into the sensitivity analysis 

by including the following parameters: cold water temperature, hot water set-point 

temperature, hot water consumption pattern, and time-distribution of energy according to 

electricity tariff. 

The cold water temperature (i.e. inlet water temperature supplied to ASHPWH) was 

estimated by using the method described by Hendron et al. (2004). This method utilises 

the annual average outdoor air temperature (dry-bulb) and the maximum difference in the 

monthly average outdoor air temperature, which were calculated from the RMY climate 

files. Moreover, variations in temperature of the cold water supply due to factors other 

than outdoor air temperature (e.g. water mains depth, water table levels, incidence of solar 

radiation on covering ground surface, and soil type and associated thermal capacity) were 

also taken into account. Such variations were assumed to be equal to a temperature 

oscillation of 8 °C within a single water supply zone described by Kenway et al. (2014) 

for Melbourne. 

A representative hot water consumption pattern range for Australian households was 

estimated taking into account the national per capita hot water demand and household 

(hh) size. For this purpose, the following data were used: (i) the upper and lower daily 

hot water demand prescribed by the Plumbing Reference Guide of Australia (Department 

of Climate Change and Energy Efficienc, 2010), i.e. 50 and 70 L per person; and (ii) the 

average household size in Australia (2–3 persons (ABS, 2010)). Taking into account both 

pieces of information, the estimated total household water consumption ranged from 100 

to 210 L per day. Diurnal hot water consumption patterns were estimated based on both 

the estimated total hot water consumption pattern range, and the residential hot water 

consumption peak-hours from 7 am to 9 am and from 5 pm to 7 pm, as described in 

Appendix A. 

The end-use hot water set-point temperature adopted in this study was 40 °C on average, 

ranging from 35 to 50 °C. Similar assumptions are described elsewhere (Hendron et al., 
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2004; Pillai & Banerjee, 2007; Li et al., 2012). The adopted temperature set-point for hot 

water storage tanks was based on the review of ASHPWH specifications. 

The time-distribution of energy according to electricity tariff was defined through a 

literature review of energy tariff schemes adopted by electricity distributors in Australia. 

In total, the tariffs provided by 13 electricity distributors across all states and territories, 

expect for the Northern Territory, were assessed. 

 

The variability of values related to each input parameter of the two assessed categories 

(i.e. technical specifications and variable site conditions) which may vary randomly were 

analysed considering different probabilities of occurrence, namely: lower-extreme (LE), 

lower-standard (LS), standard (S), upper-standard (US), and upper-extreme (UE). Such 

categories were defined for the input parameters as described in Table 5-4. 

Table 5-4. Stochastic variability of input parameter values for sensitivity analyses in 

relation to energy performance classes. 
Energy 

performance 

class 

Description 
Statistical 

correspondence 

Upper-extreme 

(UE) 

Upper range of values based on an extrapolation of 

current value ranges described in the literature or 

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 or 

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 or 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 or 

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 or 

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. 
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Other than for the heat loss coefficient and the time-distribution of energy, the extreme 

values of input parameters for the sensitivity analysis were estimated using statistical 

analysis, in which parameter values defined through the literature (see Sections 5.2.3.1 

and 5.2.3.2) were assumed to be part of a population described by a Gaussian (normal) 

distribution. The expected value of the distribution (i.e. mean value) for the assessed 

parameters was assumed to be equal to the defined standard value class for each 

parameter. The LS and US value classes were assumed to be the thresholds that 

encompass 95% of the values encountered in the population (i.e. 95% confidence 

interval). This assumption was based on the nominal confidence interval of 95% typically 

practiced in engineering projects as described in other studies (e.g. Moffat (1982), Phillips 

and Eberhardt (1997), and Mathioulakis et al. (2012)). The broader level of confidence 

of 99% was adopted to predict extreme values (i.e. LE and UE values), which were 

calculated through Eq. 5-3: 

𝑽𝟗𝟗 = 𝑺 ± [
𝒛𝟗𝟗

𝒛𝟗𝟓
× |𝑽𝟗𝟓 − 𝑺|]   (Eq. 5-3) 

where: V99 is the extreme value at a 99% confidence interval (LE or UE values); S is the 

mean value (S value); V95 is the extreme value at 95% confidence interval (LS or US 

values); z99 is the 99% confidence interval factor from the Gaussian distribution; and z95 

is the 95% confidence interval factor from the Gaussian distribution. 

Eq. 5-3 was applied to determine the extreme values of most input parameters, except for 

the LE values for storage tanks and end-use set-point temperature. The LE value for 

storage tank capacities was considered to be equal to the minimum value found in the 

literature review, for the 99% confidence interval would lead to extremely low values 

(<10 L). A similar approach was used to calculate the storage tank set-point temperature, 

for which the minimum and maximum set-point temperature described by the 

manufacturers was considered to be equal to the 99% confidence interval. The 

temperature analysis for end-use points was limited to 50 °C, as it corresponds to the 

typical minimum temperature of the hot water storage tank of ASHPWH. 

 

The analysis for the heat loss coefficient was carried out considering the use of different 

insulation materials with a standard 38 mm thickness and different thermal conductivity 

values as per Section 5.2.3.1, varying between 0.26 and 0.98 W·K-1 (Fig. 5-4). 
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Fig. 5-4. Heat loss coefficient of different insulation materials and thicknesses. 

The energy performance classes adopted to assess the time-distribution of energy 

according to electricity tariff were different from the classes used to analyse other 

parameters. For most of the 24 reviewed tariff schemes, hours of the day were classified 

as ‘peak’, ‘shoulder’ or ‘off-peak’ and the time-distribution of energy was classified as 

‘controlled tariff’ (i.e. electricity distribution with interruption over peak-hour periods) 

and ‘night off-peak tariffs’ (i.e. electricity distribution over off-peak hours only). Based 

on the peak-hours classification provided by energy distributors for controlled tariffs, 

three controlled electricity supply tariffs were determined: (i) minimum controlled tariff 

(TC1), i.e. controlled tariff with the least amount of peak-hours of all reviewed controlled 

tariffs; (ii) average controlled tariff (TC2), i.e. controlled tariff based on the average 

classification of peak-hours among the reviewed controlled tariffs; and (iii) maximum 

controlled tariff (TC3), i.e. controlled tariff with the most amount of peak-hours of all 

reviewed controlled tariffs. The night off-peak tariff was determined as the energy supply 

between 10 pm and 7 am, whereas the standard tariff was associated with a 24 hours 

electricity supply without interruption. The derived tariff schemes are summarised in 

Table 5-5.  
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Table 5-5. Input values for the time-distribution of energy according to electricity tariff 

scheme. 
Tariff scheme 

classes 

ID Electricity interruption 

period 

Total hours of electricity 

interruption 

Night off-peak TN 10 pm – 7 pm 15 

Maximum controlled TC3 7 am – 9 am / 1 pm – 9 pm 10 

Average controlled TC2 4 pm – 8 pm 4 

Minimum controlled TC1 5 pm – 8 pm 3 

Standard tariff TS None 0 

Different climate conditions were assessed by simulations undertaken using RMY climate 

files downloaded from the EnergyPlus website for a range of cities across Australia, 

including: one with tropical climate, Zone 1 (Darwin); one with semi-arid climate, Zone 

2 (Alice Springs); one with sub-tropical climate, Zone 3 (Brisbane); four with temperate 

climate, Zone 3 (Adelaide, Perth and Sydney) and Zone 4 (Melbourne); and two with cool 

temperate climate, Zone 5 (Hobart and Canberra). These zone classifications are part of 

the SRES, and are used to define national standards and rebate schemes applicable to 

ASHPWH installed in different regions of Australia. 

 

The sensitivity analysis was carried out using the determined input parameters to perform 

computational models in a similar manner as described in Section 5.2.2.3. The sensitivity 

analysis was performed varying one factor at a time. Hence, each input parameter was 

considered separately for each city by varying its values in accordance with the different 

energy performance classes, while maintaining the other input parameters fixed at the 

‘standard’ class. 

 

The model results from the sensitivity analysis were compared against performance 

indicators, including: (i) level of service indicators (i.e. compliance with the end-use set-

point temperature and the minimum hot water tank temperature); and (ii) energy 

performance indicators (i.e. annual energy consumption and energy intensity). Such 

indicators were also used to assess the performance of water heating systems in Chapter 

4. 

Service indicators provide a measure of the performance of water heating systems with 

regards to their level of protection against Legionnaires’ disease and the temperature 

comfort level for users, which are related to the compliance rates with the minimum hot 

water storage temperature and end-use point set-point temperature, respectively. The 
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minimum required temperature in hot water storage tanks was considered to be 55 °C, 

which is the temperature threshold to prevent Legionella spp. growth (Serrano-Suárez et 

al., 2013). This threshold is lower than that suggested by the Plumbing Reference Guide 

of Australia (60 °C); yet it is more representative of the ASHPWH sample reviewed 

herein. The compliance rate with the end-use set-point temperature was assessed taking 

into account the different values assigned to this parameter. 

The energy performance indicators were used as a measure of the annual energy 

consumption and energy intensity of ASHPWH. These indicators were assessed as 

described in Section 5.2.2. 

 

 

The empirical and modelled energy consumption of the assessed ASHPWH followed a 

similar pattern, in which power-peaks occurred after water consumption events of 

approximately 50 L each at 6:35 am, 5:35 pm and 7:35 pm (Fig. 5-5). 

 
Fig. 5-5. Average energy consumption profile of the assessed air source heat pump 

water heater from 24 to 30 of June 2014. 

The input power-peak measured in the laboratory experiment had an average duration of 

approximately 1 hour and reached a maximum of 956 W, which is close to the standard 

input power described by the manufacturer, i.e. 900 W (Table 5-1). In contrast, the 

maximum power-peak of models based on the ASHPWH technical specification (i.e. 

uncalibrated model) was 1018 W with an average duration of approximately 50 minutes. 

This discrepancy led to a significant difference (R²=0.62) between empirical and 
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uncalibrated model results when considering the energy consumption pattern of 

ASHPWH on a one minute basis. The limited accuracy of uncalibrated models to predict 

the energy consumption on a minute basis was more pronounced for power ranges under 

600 W due to the low precision of models to ascertain when ASHPWH turn on and off. 

Nonetheless, on an hourly basis, the coefficient of determination between empirical data 

and uncalibrated model results for peak-power increased to 86% (R²=0.86). This 

precision is within the acceptable accuracy level of simulations for building energy 

analysis (Xu, 2012; Judkoff et al., 2008).  

After performing a calibration of the models, which consisted of adjusting input 

parameters to represent in a more accurate way the performance of the assessed 

ASHPWH against empirical data, the level of similarity between models and empirical 

energy consumption data on a one minute basis was equal to 96% (R²=0.96). The 

enhancement of the calibrated compared to the uncalibrated model stems from its capacity 

to better represent the variation in energy consumption, which led to a more precise 

representation of energy consumption duration power-peaks after water supply events. 

Moreover, the calibration process assisted with refining the selection of input parameters, 

which in turn promoted an enhancement of models to estimate the energy intensity of the 

ASHPWH. This process resulted in an enhancement of models to predict the energy 

intensity of ASHPWH, whereby the level of accuracy increased from 80% to 99% with 

the use of uncalibrated (13.3 kWh·m-³) and calibrated (16.7 kWh·m-³) models, 

respectively, in comparison with empirical data (16.6 kWh·m-³). The input parameters for 

the uncalibrated and calibrated models are shown in Table 5-6. 

Table 5-6. Input parameters of uncalibrated and calibrated models. 
 Uncalibrated Calibrated Difference (%) 

COP (W/W) 4.0 3.5  -13 

Water heating capacity (W) 3600 2900 -19 

Storage tank heat loss coefficient (W/K) 1 2 +100 

Storage tank capacity (L) 80 72 -10 

Storage tank set-point temperature (°C) 60 60 0 

The input parameters for the calibrated model based on empirical data showed a declining 

trend in performance in comparison with the uncalibrated model based on the technical 

specification of the ASHPWH. This may indicate an optimistic bias of manufacturers 

when describing the overall performance of their products. For instance, like the results 

presented by Burch and Erickson (2004), the results herein demonstrate that the actual 
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storage capacity of hot water tanks is 10% less than the nominal capacity specified by the 

manufacturer. 

Nonetheless, the differences between the calibrated and uncalibrated models may also 

indicate the contribution of other factors, which were simplified in the models. For 

instance, the discrepancy between the heat loss coefficient of the empirical and theoretical 

analyses may indicate that a significant proportion of heat loss takes place not only in the 

hot water tank surface, but also in pipe works off the hot water tank outlet. Therefore, the 

adopted heat loss coefficient of 2 W·K-1 for storage tanks in the calibrated model is 

equivalent to an additional 1 W·K-1 heat loss through the outlet pipe connection of the hot 

water tank added to the standard tank heat loss through the surface. Such a loss should 

not be mistaken by the standard pipe work heat losses during hot water distribution. 

The measured hot water temperature variation at the hot water tank outlet during water 

heating was equal to the set-point temperature described by the manufacturer, i.e. 60 °C 

with a 10 °C dead band. Therefore, this parameter required no calibration. 

 

 

The technical specifications of ASHPWH listed in the SRES were reviewed (Table 5-7), 

with averages of 3.8 for COP (n=50), 3.6 kW for water heating capacity (n=48), and 268 

L for water storage capacity (n=109). The classes of input parameters calculated from 

these values are summarised in Table 5-8. 

Table 5-7. Technical specifications of the air source heat pump water heater sample 

from Small-scale Renewable Energy Scheme. 
 Sample size Average Median Maximum Minimum 

COP (W/W) 50 3.8 3.9 4.5 2.8 

Water heating capacity (W) 48 3,587 3,600 6,220 1,500 

Storage tank capacity (L) 109 268 275 417 80 

Storage tank set-point temperature (°C)* 57 59 60 70 52 

Note: * Dead band of set-point temperatures assumed to be equal 10 °C as per experimental data. 

The two categories of input parameters (i.e. technical specifications of ASHPWH and 

site-specific characteristics) presented a significant oscillation among the different energy 

performance classes as shown in Table 5-8 and Table 5-9.  
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Table 5-8. Variability of air source heat pump water heaters technical specifications in 

relation to the energy performance classes. 

Energy performance class 
COP 

(W/W) 

Water 

heating 

capacity 

(W) 

Storage 

tank 

capacity 

(L) 

Storage 

tank heat 

loss 

coefficient 

(W/K) 

Storage tank 

set-point 

temperature 

(°C) 

Nominal 

values 

(uncalibrated) 

Upper-extreme (UE) 4.8 7,306 80 0.26 52 

Upper-standard (US) 4.5 6,220 137 0.54 54 

Standard (S) 3.8 3,600 275 0.66 60 

Lower-standard (LS) 2.8 1,500 417 0.78 67 

Lower-extreme (LE) 2.4 630 476 0.98 70 

Expected 

values 

(calibrated) 

Upper-extreme (UE) 4.2 5,917 72 1.26 52 

Upper-standard (US) 3.9 5,038 123 1.54 54 

Standard (S) 3.3 2,916 248 1.66 60 

Lower-standard (LS) 2.4 1,215 375 1.78 67 

Lower-extreme (LE) 2.1 510 428 1.98 70 

Variation nominal-expected -3% -19% -10% +1 W/K 0% 

Table 5-9. Variability of site-specific conditions in relation to energy performance 

classes. 

Energy performance class 

Cold water 

temperature  

( °C)* 

Hot water 

end-use 

temperature 

( °C) 

Hot water 

consumption 

pattern 

(L/hh/day)** 

Time-

distribution of 

energy – 

electricity 

interruption 

(hours/day) 

Expected 

values 

Upper-extreme (UE) Avg + 6 33 77 15 

Upper-standard (US) Avg + 4 35 100 10 

Standard (S) Avg 40 155 4 

Lower-standard (LS) Avg – 4 47 210 3 

Lower-extreme (LE) Avg – 6 50 233 0 

Note: * Average (Avg) cold water temperatures vary across different cities and months. ** Hot water 

consumption pattern based on an occupancy rate of 2-3 persons per household (hh). 

 

The annual energy consumption of ASHPWH with different technical specifications 

varied considerably among the nine Australian cities assessed in the study, from 

approximately 520 to 1630 kWh per year (Fig. 5-6). 



 Chapter 5 – Heat pump sensitivity analysis 

Page 119 

 

 
Fig. 5-6. Influence of air source heat pump water heater technical specification 

parameters (COP (a), Water heating capacity (b), Storage tank capacity (c), Storage tank 

heat loss coefficient (d) and Storage tank set-point temperature (e)) on the Energy 

consumption , Energy intensity, End-use temperature and Storage tank temperature for 

different energy performance classes* across nine cities in Australia. 

Variations in COP had the most significant (p=4.810-11) effect on the energy 

consumption of ASHPWH among different technical specification parameters, promoting 

variations of 520–1630 kWh per year with an average of 1077 kWh per year and a median 

of 970 kWh per year among the studied cities (Fig. 5-6a). The second most important 

parameter to energy consumption was the storage capacity of hot water tanks (p=8.8×10-
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10), with an annual range of 421–1332 kWh, an average of 967 kWh and a median of 970 

(Fig. 5-6c); followed by the hot water tank set-point temperature (p=8.3×10-8), 465–1305 

kWh, average of 994 kWh and median of 975 kWh (Fig. 5-6e); and the water heating 

capacity (p=3.6×10-8), 596–1577 kWh, average of 1079 kWh and median of 1041 kWh 

(Fig. 5-6b). The influence of the heat loss coefficient was not significant for a 95% 

confidence interval (p>0.1), varying between 543–1176 kWh per year with an average of 

978 kWh per year and median of 1005 kWh per year (Fig. 5-6a). This indicates that the 

energy performance of ASHPWH would not be enhanced considerably by using the 

present typical offering of more efficient insulation materials than that currently used (e.g. 

38mm glass fibre) under Australian weather conditions, albeit the use of thicker insulation 

on the distribution pipes is likely to promote energy savings.  

The energy intensity presented a similar trend to the annual energy consumption when 

adopting different technical specifications for ASHPWH, ranging from 8 to 29 kWh·m-³. 

This variation was influenced by different levels of technical specification parameters to 

the same extent as the oscillations observed for the total annual energy consumption of 

ASHPWH. This similarity is associated with the constant hot water consumption pattern 

of households (i.e. 155 L per day) adopted to analyse the influence of technical 

specification parameters; nonetheless, the effect of different water consumption patterns 

was also assessed (see Section 5.3.2.3). The parameters with the greatest influence on the 

energy intensity of ASHPWH are presented in a descending order as follows: COP, 

storage tank capacity, storage tank set-point temperature and water heating capacity. The 

variation of the heat loss coefficient had an insignificant effect (p>0.1) on the energy 

intensity of ASHPWH for a 95% confidence interval. 

The level of service provided by ASHPWH, expressed as the capacity to maintain the set-

point temperature of storage tanks and end-use points, was not influenced by the COP 

and the heat loss coefficient taking into account a 95% confidence interval (p=1.0). 

Considering a COP variation, the level of compliance ranged between 45–66% (56% on 

average) and 77–100% (94% on average) for the set-point temperature of hot water tanks 

and end-use points, respectively. On a nationwide basis, the compliance with the standard 

end-use point temperature (40 °C) was not significantly influenced by the different classes 

of technical specification parameters for a level of confidence of 95%. Technical 

specification parameters only caused a considerable decline in the level of compliance 

with the end-use set-point temperature (40 °C) in colder cities, e.g. Canberra and Hobart. 

Considering these two cities alone, the variation in water heating capacity (p=3.5×10-4) 
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and the storage tank set-point temperature and capacity (p=8.5×10-3) promoted a 

significant oscillation in the compliance level with the end-use point temperature, varying 

from 50 to 100%. 

The levels of compliance with the minimum temperature threshold required to prevent 

Legionella spp. proliferation in hot water storage tanks (>55 °C) was not dependent on 

the COP of ASHPWH (p=1.0); however, it varied considerably with other technical 

specification parameters, i.e. 0–100% across different cities in Australia. Among the 

assessed technical specification parameters, storage tank set-point temperature caused the 

largest modification of the level of compliance with the minimum hot water temperature 

threshold (p =1.7×10-26), ranging between 0–100% (47% on average) (Fig. 5-6e). Despite 

the importance of the storage tank set-point temperature for inhibiting Legionella spp. 

growth, manufacturers and home owners tend to reduce the temperature to minimum 

levels (55 °C) so as to reduce the energy consumption of ASHPWH. This was observed 

among the reviewed ASHPWH, where most of the systems were configured by 

manufacturers to operate from 50 to 60 °C in order to maintain an average temperature of 

55 °C. However, among the reviewed ASHPWH there were heat pumps with a thermostat 

set-point temperature equal to 52 °C. Although this system may meet hot water 

requirements at end-use points at a lower energy consumption requirement than systems 

set to 60 °C, it may promote health risks associated with the proliferation of Legionella 

spp. On the other hand, the elevation of the storage tank set-point temperature from 60 to 

70 °C gave rise to compliance rates of 90–100% with the minimum temperature threshold 

across Australia. 

The water heating capacity also influenced the levels of compliance with the minimum 

hot water storage temperature (p=6.9×10-8). A decrease in the heating capacity led to a 

decline in the levels of compliance with this parameter of 15–75% with an average of 

49% and median of 47% nationwide (Fig. 5-6b). Moreover, the storage capacity of hot 

water tanks also promoted a significant variation in the capacity of ASHPWH to maintain 

hot water at the minimum temperature threshold (p= 8.9×10-5), ranging between 30–66% 

(48% on average) (Fig. 5-6c). In general, the levels of compliance with the minimum 

temperature threshold for hot water tanks were greater when using the standard hot water 

tank size (275 L) for the standard household hot water consumption pattern (155 L per 

day) with an average compliance level of 56% against 42% for oversized tanks (e.g. 417 

and 476 L) and 48% for undersized tanks (80 L). This is mainly attributed to both a 

reduced resilience to maintain high temperatures (≥55 °C) after water consumption events 
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in undersized tanks, and an excessive stagnation of hot water with a slow decline of 

temperatures between the lower range of the standard set-point temperature (50–55 °C) 

in oversized tanks. The assessed range of heat loss coefficients did not demonstrate a 

significant influence on the level of compliance with the minimum hot water tank set-

point temperature (p=0.12) for a 90% confidence interval. 

 

All site-specific characteristics had considerable influence on the energy consumption of 

ASHPWH across Australia, ranging from approximately 500 to 1300 kWh per year (Fig. 

5-7). The hot water consumption pattern and end-use temperature were the two site-

specific characteristics with the largest influence on the energy consumption of 

ASHPWH, i.e. p=2.0×10-8 and p=1.8×10-7, respectively. The first promoted an 

oscillation of the annual energy consumption between 528–1358 kWh among studied 

cities (Fig. 5-7c); while the latter influenced the energy consumption to vary between 

473–1318 kWh per year (Fig. 5-7b). The cold water temperature supply (p=1.3×10-4) and 

the time-distribution of energy according to the electricity tariff (p=1.0×10-4) also 

significantly influenced the variation in energy consumption among the assessed cities, 

ranging between 498–1238 and 580–1100 kWh per year, respectively. 

The energy intensity of ASHPWH showed a strong relationship with site-specific 

characteristics. This parameter varied from around 8 kWh·m-³ in a tropical climate 

(Darwin) to 30 kWh·m-³ in cool temperate climates (Melbourne, Canberra and Hobart). 

Apart from the weather conditions, energy intensity was mostly influenced by the hot 

water consumption pattern (p=1.4×10-12) and temperature (p=1.8×10-7), ranging between 

8.9–30.0 and 8.4–23.3 kWh·m-³, respectively. Variation in cold water temperature also 

had a significant influence on the overall performance of ASHPWH (p=1.3×10-4), 

oscillating between 8.8–21.9 kWh·m-³. The time-distribution of energy had a neutral 

effect when considering the use of 3 to 4 hours electricity interruption during peak-hours, 

promoting a variation of 10.2–19.4 kWh·m-³; although, long electricity interruptions 

associated with the use of the maximum controlled tariff (TC3) and night off-peak tariff 

(TN) had a significant effect on the energy intensity of ASHPWH due to an overall 

decline in the hot water temperature in storage tanks during electricity interruptions. As 

a result, the energy intensity levels had an average reduction from 17.3 kWh·m-³ with 

standard tariff to 12.3 kWh·m-³ with night off-peak tariff (Fig. 5-7d). On average, the 
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time-distribution of energy significantly influenced the energy intensity of ASHPWH 

(p=1.0×10-4). 

 
Fig. 5-7. Influence of site-specific parameters (Cold Water Temperature (a), Hot Water 

end-use temperature (b) and Hot Water Consumption Pattern (c)) and time -distribution 

of energy according to the electricity tariff (d) on the Energy consumption, Energy 

intensity, End-use temperature and Storage tank temperature of air source heat pump 

water heaters for different energy performance classes* and electricity tariffs** across 

nine cities in Australia. 
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The compliance rate with the hot water end-use temperature was usually independent of 

site-specific characteristics, except for ASHPWH in cool temperature climates (i.e. 

Canberra and Hobart), where levels of compliance declined as low as 40%. 

The time-distribution of energy promoted a significant variation in the level of 

compliance with the end-use temperature (p=0.002) mostly due to low compliance rates 

of ASHPWH connected to the night off-peak tariff in cooler cities (e.g. 40% in Canberra 

and 45% in Hobart (Fig. 5-7d)). The overall compliance with the end-use temperature 

also varied significantly by taking into account different set-point temperatures (p=0.04) 

as a result of the reduction of compliance in cooler regions (e.g. 58% in Canberra and 

63% in Hobart). The cold water temperature and the water consumption pattern did not 

influence the level of compliance with the end-use temperature when considering a 95% 

confidence interval; nonetheless, these parameters still promoted a respective variation 

between 75–100% and 72–100% in compliance levels. 

The temperature of the hot water in storage tanks was usually higher under standard 

conditions, demonstrating variation in the level of compliance with the minimum 

temperature set-point (55 °C) to prevent Legionella spp. The time-distribution of energy 

associated with different electricity tariff schemes was the factor with the greatest 

influence on levels of compliance with the minimum storage tank temperature (p=7.9×10-

13), leading to an oscillation between 11–66% in compliance levels. For instance, the 

utilisation of night off-peak tariffs caused an average decrease of 30% in the level of 

compliance with the minimum temperature threshold for storage tanks in comparison 

with tariffs with short electricity supply interruption (≤ 4 hours). The latter tariff type (TS, 

TC1 and TC2) did not considerably affect the compliance rates with the minimum storage 

tank temperature, promoting an insignificant variation of less than 1%. 

Hot water consumption patterns had a considerable influence (p=8.8×10-3) on the 

minimum storage tank temperature set-point, giving rise to an oscillation between 28–

66% (48% on average) (Fig. 5-7c). In general, the increases and decreases in hot water 

consumption in comparison with the standard household pattern (i.e. 155 L per day) were 

associated with a decline in the compliance level due to both limitations in meeting hot 

water demand, and excessive stagnation of hot water at 50–55 °C, respectively. Variation 

in end-use temperature set-point (p=7.4×10-2) and cold water temperature (p=1.7×10-1) 

had no influence on the level of compliance with the minimum storage tank temperature 
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for a 95% confidence interval, in which such parameters promoted a variation in 

compliance levels between 15–29% and 13–23% among the studied cities, respectively. 

 

 

The current study examined the influence of different technical specifications and site-

specific conditions on the performance of ASHPWH in residential buildings across nine 

cities in Australia. The study was carried out by employing sensitivity analysis through 

theoretical models calibrated with empirical measurements. The main conclusions drawn 

from the results include: 

 The COP and the storage tank capacity are the factors that most influence the 

energy consumption of ASHPWH, although hot water end-use temperature and 

hot water consumption patterns of households also have a key part to play in 

energy consumption patterns of ASHPWH; 

 The water heating capacity and storage tank set-point temperature, which are 

usually taken for granted in the selection of ASHPWH, have a major role in the 

energy consumption of ASHPWH; 

 The largest oscillation in the energy intensity (unit of energy per unit of water 

supplied) was associated with a variation in the hot water consumption pattern. 

Patterns with low hot water consumption gave rise to an increase in the energy 

intensity due to hot water reheating events; 

 Among the assessed ASHPWH sample, the usual set-point temperature band (50–

60 °C) of hot water tanks described in the technical specifications was associated 

with a compliance level with the minimum hot water storage temperature (55 °C) 

ranging from 45 to 66%, whereas extreme standard values for the upper 

temperature threshold of 52 and 67 °C led to average compliance levels of 0 and 

85%, respectively; 

 The use of a different time-distribution of energy according to the electricity tariff 

promoted a neutral effect on the compliance level with the minimum storage tank 

temperature when using controlled tariffs with a maximum electricity supply 

interruption of 4 hours, although tariffs with a longer interruption (i.e. 10 and 15 

hours) were associated with a significant reduction in compliance levels; 
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 The influence of technical specifications and site-specific conditions on the 

energy performance of ASHPWH is reduced in warmer climate conditions, 

enabling the use of a wider range of ASHPWHs. 

 

Taking into account the conditions assessed in the present study, the energy efficiency 

and the level of service provided by ASHPWH could be enhanced through the adoption 

of the following recommendations: 

 The classification or ranking of ASHPWH into energy efficiency rebate schemes 

and labelling programmes should be based not only on the COP, but also on the 

water heating capacity and storage tank set-point temperature; 

 Careful consideration of the ideal ASHPWH specification for a household size 

based on local hot water consumption patterns should be a key component of the 

framework of energy efficiency rebate schemes and labelling programmes;  

 The use of SHPWH has to be preceded by a careful selection of technical 

specifications in order to prevent excessive non-compliance events with required 

levels of service specially in cooler regions;  

 Oversizing of ASHPWH should be avoided in order to prevent an increase in the 

energy intensity, as well as a decrease in the level of compliance with the 

minimum set-point temperature of storage tanks; 

 The enhancement of the energy efficiency of ASHPWH by means of a reduction 

of the set-point temperature of storage tanks should be limited to the extent where 

the inactivation of Legionella spp. is not jeopardised; 

 Despite the benefits of using intermittent electricity supply (e.g. diversion of 

power-peaks and cheaper electricity tariffs), their use should be restricted to short 

interruption times (<5 hours) in order to avoid extensive periods of non-

compliance with the minimum temperature required to prevent Legionella spp. 

proliferation in hot water storage tanks. 

 

The following future research directions are foreseen as fundamental pieces of 

information to narrow the knowledge gap about ASHPWH in residential buildings, and 

in turn enhance both the energy efficiency of ASHPWH and the effectiveness of strategic 

national energy efficiency programmes: 
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 On-site monitoring of ASHPWH in residential buildings in order to gain 

knowledge of potential variation in their level of performance over time taking 

into consideration energy efficiency and level of service parameters; 

 Comprehensive assessment of the influence of ASHPWH set-point temperature 

on the proliferation of Legionella spp. in residential buildings in order to identify 

potential health risks to households; 

 Economic feasibility study of ASHPWH so as to determine key factors (e.g. 

outlay cost, lifecycle maintenance cost, system life-time, role of government 

rebate programmes, etc.) limiting their widespread use by the residential sector. 
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Residential solar water heaters in Brisbane, Australia: key 

performance parameters and indicators 

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. 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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Australia has one of the largest GHG footprints among developed countries in the world 

due to its considerable reliance on fossil fuels for energy supply (Turton, 2004; Yusaf et 

al., 2011; Baniyounesa et al., 2012). However, the country receives one of the greatest 

annual quantities of solar radiation on earth, i.e. 1.5–1.9 MWh per m2 on average 

(Lovegrove & Dennis, 2006). 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 (Bahadori & Nwaoha, 2013). These measures were usually 

implemented as part of government renewable energy rebate policies, e.g. SRES 

(Baniyounesa et al., 2012). 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 set by the Australian Federal Government, i.e. 33 TWh per year by 2020 

(Commonwealth of Australia, 2015; Council Clean Energy, 2015). 

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 (Baverstock & Gaynor, 2010). Notwithstanding developments in SWH 

technologies in the country, the proportion of the residential building stock with SWHs 

is approximately 5% in Australia (Lovegrove & Dennis, 2006; Baniyounesa et al., 2012). 

Traditionally, the most popular system is flat plate thermosiphon SWHs (Lovegrove & 

Dennis, 2006), 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 (Yusaf 

et al., 2011). 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 

(2004), the performance of SWHs must be determined by using detailed models, rather 

than general approaches as the one defined by the Australian Standard and New Zealand 

Standard 4234 – Heated water systems, calculation of energy consumption (AS/NZS 

4234, 2008). 
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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. (2015) 

indicated the importance of more efficient systems to reduce the reliance on energy from 

the electricity grid; Duomarco (2015) pointed out the benefits of systems with high solar 

fractions; Halaway (2015) 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; R. Li et al. (2015) 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. (2015) 

demonstrated that considerable amounts of energy are missed due to a mismatch of solar 

collector energy supply and heating demand loads; Saravanan et al. (2016) described the 

connection between technological advancements and performance improvements in the 

design of solar collectors; Tanha et al. (2015) found that performance of systems is 

usually lower than the one described by manufacturers; Xue (2016) 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. (2015) identified a lack of studies on the configuration of solar systems 

for building integrated design; D. Li et al. (2015) 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. (2015) 

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. (2015) 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. (2015) 

assessed the financial feasibility of SWHs, which was dependent upon the daily water 

consumption pattern; and so on. 
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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 KPIs. 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. 

 

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. 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. 6-1 summarises the study method. 

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 (Appendix B); and (ii) review of input parameters for the sensitivity 

analysis (Appendix C). 
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Fig. 6-1. Flow chart of the study method. 
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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 defined in Section 5.2.3.3, i.e. LE, LS, S, US and 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 

Appendix C 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). 

 

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 
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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 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. (2015) and Boppe et al. (2016) among other current studies published by 

government agencies (e.g. UK (Health and Safety Executive, 2014)). 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) (Mercante & Winchell, 2015). 

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 6-1. Mercante and Winchell (2015) 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.  
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Table 6-1. 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. (2015). 

 

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 6-2, the electricity consumption of SWHs 

underwent a significant variation under different energy efficiency classes for most of the 

parameters. 

Under the reference energy efficiency class for each parameter (base scenario), split and 

thermosiphon SWHs had an annual electricity consumption of 340 and 365 kWh 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 LS 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 6-3. 
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Table 6-2. 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 

S
o

la
r 

c
o
ll

e
c
to

r 

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
o
t 

w
a
te

r
 t

a
n

k
 

Volume (L) 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 

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
o

t 

w
a

te
r 

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 
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Note: * North (N), North-east (NE), North-west (NW), East (E), West (W), South-east (SE), South-west (SW), South (S); ** Adiabatic (AD). 

  

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

c
tr

ic
a
l 

in
st

a
ll

a
ti

o
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
 b

e
h

a
v

io
u

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 (L/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 
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Table 6-3. Absolute and relative change in peak 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 

S
o

la
r 

c
o
ll

e
c
to

r 

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° 
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
o
t 

w
a

te
r
 t

a
n

k
 Volume (L) 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
o
t 

w
a
te

r
 

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

c
tr

ic
a
l 

in
st

a
ll

a
ti

o
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 
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Note: * North (N), North-east (NE), North-west (NW), East (E), West (W), South-east (SE), South-west (SW), South (S); ** Adiabatic (AD) 
 

Table 6-4. Absolute and relative change in solar energy fraction. 

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
 b

e
h

a
v

io
u

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 (L/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 

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 

S
o
la

r 
c
o
ll

e
c
to

r 

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
o

t 
w

a
te

r
 

ta
n

k
 

Volume (L) 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 
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Note: * North (N), North-east (NE), North-west (NW), East (E), West (W), South-east (SE), South-west (SW), South (S); ** Adiabatic (AD) 

  

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
o

t 
w

a
te

r
 

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

c
tr

ic
a
l 

in
st

a
ll

a
ti

o
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
 b

e
h

a
v

io
u

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 (L/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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Table 6-5. Absolute and relative change in temperature control levels for Legionella spp. 
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 

S
o

la
r 

c
o
ll

e
c
to

r 

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
o
t 

w
a
te

r
 t

a
n

k
 Volume (L) 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
o
t 

w
a
te

r
 

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

c
tr

ic
a
l 

in
st

a
ll

a
ti

o
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 
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Note: * North (N), North-east (NE), North-west (NW), East (E), West (W), South-east (SE), South-west (SW), South (S); ** Adiabatic (AD) 

 

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
 b

e
h

a
v

io
u

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 (L/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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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 UE 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 6-4); 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. The maximum solar fraction (98%) was reached with the use of solar collectors 

in the UE energy efficiency class, i.e. solar collectors with a 67% solar energy collection 

efficiency. Conversely, the use of LE 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, LE and UE water consumption patterns (77 and 233 L 

per day, 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 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 6-5). 

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 
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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. 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 UE efficiency class 

showed compliance levels of 95% and 97% for split and thermosiphon SWHs, 

respectively. Conversely, LE 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 (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. 6-2 illustrates the Coefficient 

of Variation (CV) of assessed parameters for KPIs. 

The variability of the annual electricity consumption expressed in CV of split and 

thermosiphon systems were directly correlated with a coefficient of determination 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. 
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Fig. 6-2. 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 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).  

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. 
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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 S, US and UE classes; albeit, for the LE 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 CV of thermosiphon and split systems were 142 and 

159%, respectively. The dust accumulation effect on collectors was associated with a 
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significant expansion of peak-hour electricity consumption 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 CV 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 
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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. 

 

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. 

 

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 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. (2016), the susceptibility of residential hot 

water system to Legionella spp. proliferation cannot be easily linked to clinical cases of 

legionellosis. Nonetheless, Mercante and Winchel (2015) 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). 

 

Split systems have an overall better performance than thermosiphon systems under 

standard specification and operation conditions. The total annual electricity consumption 
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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 household 

user behaviour (155 L per day at 40 °C), the UE classes for temperature (155 L per day 

at 50 °C) and water demand (233 L per day 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 LE classes for temperature (155 L per 

day at 33 °C) and water demand (77 L per day 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 UE 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 LE (1.8 m2) and UE (10.4 m2) solar 

collector areas. 

 

Despite the widespread use of SWHs with LS 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. 
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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 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. 

 

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. 



Chapter 6 – Solar sensitivity analysis 

Page 152 

 

 

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 either the solar collector or water 

supply circulation loops, or both. 

 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. (2015). 

 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, which may include one or more of the following groups: 

households, building administrators, energy retailors, water utilities, health 

departments and 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, mitigation or remediation procedures can be 

implemented, which may vary from simple measures (e.g. cleaning up solar 
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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. 

 

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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Development and Demonstration of a Renewable Energy and Energy 

Efficiency Investment Decision Analysis (REEEIDA) framework 

Abstract 

Climate change mitigation strategies are multifaceted and require collaboration among a 

range of stakeholder groups. The objectives of this study included both the development 

of an overarching Renewable Energy and Energy Efficiency Investment Decision 

Analysis (REEEIDA) framework based on a comprehensive literature review, and the 

demonstration of the REEEIDA framework through a case study for water heating 

systems in Brisbane, Australia. The case study encompassed the assessment of initiatives 

under site-specific conditions using computational models in EnergyPlus and ANN. 

Results showed that the IRR indicator could be both a financial feasibility indicator of 

site-specific initiatives, and an instrument to stimulate the integration of top-down and 

bottom-up objectives. In summary, the study provided a consolidation of renewable 

energy and energy efficiency principles available in the literature within a novel strategic 

framework for energy transition and carbon mitigation. 

Keywords: REEEIDA framework; energy transition; carbon mitigation; renewable 

energy; energy efficiency; carbon-energy-cash flows. 
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Climate change mitigation strategies are promoting a fundamental and rapid transition 

towards renewable energy economies (Clemencon, 2016). In accordance with the 21st 

United Nations Climate Conference (COP21) in Paris in 2015, zero carbon emission goals 

by 2060–2080 are required to achieve a global warming ceiling of 1.5 °C increase in the 

global average temperature in relation to pre-industrial levels. Nonetheless, the speed of 

such transition will depend upon how effective and far-reaching government 

interventions are in the energy market (Clemencon, 2016), as well as the interplay among 

different stakeholder groups. 

Renewable energy governance is essential to coordinate governmental policies on carbon 

reduction targets, the energy sector, and site-specific initiatives on renewable energy and 

energy efficiency for residential, commercial, industrial and rural developments. 

Considering the multiple outcomes required to satisfy the needs of different stakeholder 

groups, the conceptualisation of directives to instruct the implementation of renewable 

energy and energy efficiency strategies is a complex, yet critical, exercise. This requires 

consistency among policies, guidelines, technical reports, rebate schemes, and site-

specific conditions. 

As pointed out by Beck and Martinot (2004), there are several policies which influence 

the outcomes of renewable energy strategies and initiatives, including: (i) renewable 

energy promotion policies; (ii) emission reduction policies; (iii) transport and biofuel 

policies; (iv) electric power restructuring policies; (v) distributed generation policies; and 

(vi) rural electrification policies. Renewable energy promotion policies (e.g. rebates) have 

been implemented by several governments (Higgins et al., 2014). Nevertheless, the 

multifaceted nature of renewable energy strategies lead to many uncertainties in regards 

to how achievable carbon reduction targets are. 

A discrepancy between intended and achieved outcomes in relation to renewable energy 

strategies may exist due to the misalignment of governmental policies with market and 

site conditions (Gatzert & Vogl, 2016). This limitation stems from the lack of 

comprehensive evaluation methods for heterogeneous conditions (Higgins et al., 2014), 

as well as the general inexistence of dynamic instruments to analyse the economic 

feasibility of renewable energy strategies during different implementation stages. For 

instance, policies on energy efficiency retrofit for the residential sector at times disregard 

cost-effectiveness analyses (Pilla et al., 2016). Nevertheless, renewable energy adoption 
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requires not only favourable policy instruments and technological innovation, but also a 

dynamic intervention of local actors (Young & Brans, 2017). Therefore, improvements 

to the underlying methodology and scientific robustness of datasets and indicators are 

required to provide useful and timely information in the renewable energy market (Fang 

et al., 2018). 

Comprehensive instruments to guide renewable energy and energy efficiency investments 

will be essential to guarantee a sustainable and reliable governance of future clean or low 

carbon energy strategies. Several studies have focused on dynamic pricing of the energy 

grid (Lüth et al., 2018; Yan et al., 2018; IqtiyaniIlham et al., 2017; Richter, 2012; Khan 

et al., 2016; Ipakchi & Albuyeh, 2009; Kok et al., 2012), energy transactions among 

generators, retailers, consumers and prosumers (Morstyn, Farrell, et al., 2018; Mihaylov 

et al., 2014; Xydis et al., 2014; Rathnayaka et al., 2011; Sousa et al., 2019; Burger et al., 

2017), etc. Nonetheless, there is a lack of instruments to guide the alignment between 

GHG emission reduction policies and cost-effective capital expenditure in the energy 

sector including generation, storage and demand management initiatives in centralised, 

semi-centralised and decentralised grids.  

New governance approaches for allocating capital investments in the energy network will 

be required considering a dynamic selection of initiatives based on the most cost-effective 

option for the energy network to avoid escalating costs, guarantee energy security, and 

achieve GHG emission reduction targets. In this study, a comprehensive literature review 

was undertaken (Section 7.2) to underpin the development of a multi-objective 

framework for renewable energy and energy efficiency investments (Section 7.3), i.e. the 

REEEIDA framework. The application of this novel framework is demonstrated through 

a case study for water heating systems in Brisbane, Australia (Section 7.4). 

 

Renewable energy transition is multifaceted and entails substantial electricity market 

reform. In this context, renewable energy frameworks are of increasing importance for 

transitioning into the new energy market paradigm, which is characterised by the 

decarbonisation of electricity generation, free energy transactions (open trade) among 

electricity grid participants, variable energy generation, among other features. In this 

section, a summary of recent reported frameworks to underpin the transition into the 

aforementioned principles is provided. 
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For the herein literature review, scientific papers on strategic frameworks for renewable 

energy and energy efficient initiatives were solicited from the academic literature 

covering topics on energy and sustainability. The reviewed frameworks indicate that 

renewable energy initiatives are undertaken at different decision-making levels and 

scales, apply a range of initiatives targeted at dissimilar lifecycle stages, set goals across 

a large range of key themes, utilise contrasting indicators, and suggest distinct 

recommendations (Table 7-1). This large variability and uniqueness of frameworks 

reveals the elevated level of complexity involved in the adoption of renewable energy and 

energy efficiency strategies, as well as the need for adaptable approaches to overcome 

uncertainties. 

The reviewed frameworks covered a number of related topics, including more than 30 

different themes associated with renewable energy and energy efficiency (Fig. 7-1). The 

themes with the highest prevalence encompassed cost minimisation (30%), market 

competition and system optimisation (20%), and profitability (15%). The other key 

themes ranged from carbon targets to energy storage and curtailment, i.e. reduction in the 

potential output generation (Bird et al., 2014). The following paragraphs describe the 

findings of the literature review illustrated in Fig. 7-1 and described in Table 7-1. 

The myriad of themes described in the reviewed frameworks show the high level of 

complexity to plan, deploy and operate renewable energy initiatives, which will require a 

holistic approach combining political, economic, societal, technological and 

environmental aspects. The indicators assessment revealed that most of the time (70%) 

the success of renewable energy and energy efficient initiatives are measured in economic 

terms. 

Technical performance indicators were used in 45% of the frameworks, whereas 

environmental and social indicators were utilised in 25% and 5% of the frameworks, 

respectively. Multi-criteria frameworks were equivalent to 40% of the total number of 

frameworks examined. Moreover, the assessment goals of frameworks showed that 

successful renewable energy and energy efficiency strategies would be based on systems 

with low cost and optimal performance in an open, competitive and profitable energy 

market. 
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Table 7-1. Recent frameworks for renewable energy and energy efficiency transition. 

Overall goal 
Economic 

goal 

Carbon 
mitigation 

goal 
Indicators 

General 
characteristics 

Method Findings Recommendation Reference 

Increase security 

of supply chain  

Guide types and 

timing of systems 

Mitigate 

disruptions and 

improve efficiency 

for investment 

Clean energy 

dissemination 
Importation tariff 

Top-down 

Global energy 

market 

Solar: Photovoltaic 

modules 

Manufacturing: 

supply chain 

System dynamics 

of marketplace 

behaviour 

Higher tariffs reduce 

export volumes 

Apply detailed model to 

analyse tariffs and 

subsidies, and limitations 

in the supply chain 

(Sandor et 

al., 2018) 

Assess the 

alignment of 

renewable energy 

programs with 

mission-oriented 

principles 

Alignment of 

renewable energy 

and economic 

policies 

Contribute to the 

effectiveness of 

renewable energy 

innovation policies 

Policy, scope, 

government 

participation, 

centralisation, 

metrics, 

stakeholders, 

subsidy, 

procurement, and 

regulations 

Top-down 

Global, national, 

regional and local 

energy strategies 

Range of renewable 

energy initiatives 

Planning: renewable 

energy program 

inception 

Qualitative 

assessment based 

on mission-

oriented 

benchmarks for 

renewable energy 

programs 

The success of 

initiatives of 

renewable energy is 

directly impacted by 

local (national) 

energy policies  

The determination of 

energy policy indicatives 

must be based on local 

(national) characteristic  

(Mendonça 

et al., 2018) 

Improve macro-

economic 

assessment of bio-

economy. 

Analyse the 

benefits from bio-

economy to the 

Gross Domestic 

Product (GDP) of 

regions or 

countries 

Replacement of 

fossil-based fuels 

by biomass 

(lignocellulose) 

Equivalent carbon 

emission 

reduction (Mt 

CO2 equivalent) 

Employment 

figures 

Value added to 

economy, e.g. 

GDP 

Top-down 

National energy 

markets 

Others: Biomass for 

bioenergy 

Whole-of-life 

MAGNET: multi-

regional, recursive-

dynamic 

MARKAL-NL-

UU: Dutch energy 

system model with 

impact assessment 

High-tech 

development and 

open trade are 

beneficial for the 

macro-economy 

Thorough sensitivity 

analyses are required to 

inform concrete directions 

to policy-making 

(Meijl et al., 

2018) 

Specify future 

power plant 

options 

Reduction of 

capital cost 

investments 

Reduction of 

carbon emissions 

Output power 

(MW) 

Required area 

(km²) 

Generation 

efficiency (%) 

Generation cost 

($·kWh-1) 

Carbon intensity 

(kgCO2e·kWh-1) 

Top-down 

Regional and local 

energy systems 

Range of electricity 

generation options 

Operation: 

generation 

VIKOR method for 

multi-criteria 

decision-making 

analysis 

Criteria weights have 

a significant impact 

on decision-making 

results of energy 

project alternatives 

Comprehensive analyses 

are required to rank 

alternatives for real 

applications 

(Katal & 

Fazelpour, 

2018) 

Operational 

flexibility 

assessment for the 

expansion of 

renewable energy 

sources 

Integrated 

generation 

expansion 

planning 

Assessment of the 

impact of fuel cost 

on system 

flexibility 

 Carbon reduction 

targets 

Quantitative 

flexibility metrics 

including 

frequency (%) and 

magnitude 

(Watts) 

Top-down 

Regional and local 

energy strategies 

Range of electricity 

generation options 

Planning and design 

Quantitative 

modelling 

framework for 

short-term 

constraint analysis 

in long-term 

planning 

Neglecting short-term 

constraints lead to 

flexibility issues and 

underinvestment 

 

The frequency and 

magnitude of energy 

shortages must be 

considered for renewable 

energy applications 

(Abdin & 

Zio, 2018) 



Chapter 7 – REEEIDA framework 

Page 162 

 

Match 

photovoltaic 

energy generation 

to load profile 

Develop a public 

marketplace 

(“eBay”) of energy  

Increase renewable 

energy use and, 

hence, reduce 

carbon emissions 

Energy cost 

($·kWh-1) 

Top-down 

Regional and local 

energy systems 

Solar: Photovoltaic 

modules 

Operation: 

generation 

Smart site selection 

considering site-

specific conditions 

Behavioural change 

may be used as a key 

low cost approach to 

match photovoltaic 

generation and 

demand loads 

Behavioural changes may 

be triggered by financial 

incentives,  

Low-entry-level for energy 

market trading should be 

permitted by legislation 

(Krauter, 

2018) 

Assessment of 

renewable energy 

strategy feasibility 

in relation to set 

targets 

Find the effective 

renewable energy 

mix with adequate 

policy design 

Account for 

externalities to 

define 

environmental cost 

of fossil fuels 

Suggested the 

adoption of well-

stablished 

indicators 

Top-down 

National energy 

strategies 

Range of renewable 

energy options 

Whole-of-life 

Net-metering 

Feed-in tariff 

Financial and policy 

instruments are 

critical to achieve 

renewable energy 

targets 

Governments should 

encourage renewable 

energy by proper transfer 

of subsidies, feed-in tariffs, 

and account for 

externalities  

(Zafar et al., 

2018) 

Define how to 

address 

limitations and 

accelerate the 

uptake of 

renewable energy 

Stimulate private 

sector participation 

Decarbonise 

electricity grid 

Electricity 

production 

Consumption 

patterns 

GHG emissions 

Top-down 

National energy 

strategies 

Range of renewable 

energy options 

Whole-of-life 

Energy governance 

reform based on 

open market 

opportunities, 

private sector 

stimulus, and 

effective 

governmental 

entities 

Not all renewable 

energy resources are 

technically and 

economically feasible 

Governments should create 

an energy governance 

reform 

Institutional frameworks 

must boost market activity 

by providing policy 

transparency and subsidies  

(Surroop & 

Raghoo, 

2018) 

Identification of 

pertinent market 

integration 

barriers and result 

market 

inefficiencies 

Minimise costs 

associated with 

variable renewable 

energy sources and 

complementary 

flexible resources 

integration 

Carbon price 

aligned with the 

Social Cost of 

Carbon (SCC). 

Reduce subsidies 

to fossil fuels 

Value of lost load 

(VOLL), i.e. 

average 

willingness to pay 

to avoid the 

curtailment of 

electricity 

consumption. 

Top-down 

International energy 

market 

Range of renewable 

energy sources 

Whole-of-life 

Integrate different 

dimensions of the 

electricity market 

and policy schemes 

A correction of 

market limitations is 

required to integrate 

variable renewable 

energy sources 

Discrete auction intraday 

market 

Price cap as per VOLL 

Create feed-in tariff based 

on break-even point 

Investigate capacity-based 

support schemes 

(Hu et al., 

2018) 

Create a 

framework to 

support decision-

making process in 

renewable energy 

investment 

Renewable energy 

investments are 

profitable (positive 

economic 

outcome) 

Investment costs 

are detailed to 

define project 

feasibility and 

required loan 

amount 

Renewable energy 

Investments are 

based on carbon 

emission rates of 

technologies 

Technical (e.g. 

efficiency, 

reliability, 

capacity, risk, 

know-how, and 

exploitability 

Economic (e.g. 

cost, funds, 

realization time, 

investors’ risk, 

market confidence 

Environmental 

and social (e.g. 

emissions, land, 

noise, 

acceptability, job 

Top-down 

National energy 

market 

Range of renewable 

energy sources 

Whole-of-life 

Analytic Network 

Process (ANP) for 

a multi-criteria 

decision-making 

analysis based on 

technical, 

economic, and 

environmental and 

social aspects 

Economic factors are 

the most relevant 

(66%), followed by 

technical (26%), and 

enviro-social (8%). 

All the necessities and 

risks must be considered 

before investment are 

made. 

Policies and regulations, 

availability of funds, and 

investment costs are 

absolute musts for 

investors 

Annual exploitability and 

production capacity must 

be analysed in detail 

(Ozorhon et 

al., 2018) 
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creation, and 

safety. 

Reform of small 

electricity systems 

along with 

renewable energy 

development 

Use of capacity 

markets 

Electricity system 

size-based 

competition 

effectiveness 

assessment 

Decarbonisation of 

electricity 

generation 

System size (GW) 

Top-down 

Small national and 

regional electricity 

system (<1000 MW) 

Range of renewable 

energy sources 

Whole-of-life 

Align the 

economic objective 

of electricity 

reforms with 

climate objectives  

Renewable energy 

adoption may be 

facilitated by national 

renewable energy 

targets, fiscal 

incentives, non-

discriminatory grid 

access, regulatory 

instruments, and 

financing 

Implementation of national 

policies 

Fiscal incentives to export 

and import renewable 

energy or equipment 

Non-discriminatory grid 

access  

Financing arrangements 

(Nepal et al., 

2018) 

Quantification of 

impacts from 

renewable energy 

policies on 

employment  

Indicating the level 

of benefit or 

disruption from 

energy policies on 

employment 

Expansion of 

renewable energy 

economy  

Employment 

factor (Jobs per 

MW) 

Top-down 

National energy 

markets 

Range of renewable 

energy types 

Whole-of-life 

The net 

employment 

impacts are 

decomposed into 

direct, indirect and 

induced effects 

Net job creation 

depends on the type 

of energy, financing 

mechanism, and 

impacts 

Construction, 

installation, and 

manufacturing stages 

attract most of jobs, in 

particular for PVs 

 

Lump-sum tax is more 

effective than electricity 

fee  

Comprehensive assessment 

of renewable type on 

employment is required to 

achieve stable employment 

creation 

(Mu et al., 

2018) 

Lifecycle 

optimisation of 

renewable energy 

systems 

Minimise 

investment and 

operation cost 

Reduction of fossil 

fuel (diesel) 

consumption 

Prediction horizon 

length 

Top-down and 

middle-out 

Local energy 

systems 

Wind-solar 

combined with 

battery and diesel 

Design, installation 

and operation: 

Storage 

Horizon 

optimization 

Longer prediction 

horizon length allows 

for optimisation of 

battery charge and 

discharge cycles and 

renewable energy use 

Utilisation of ‘Receding 

horizon optimization’ (i.e. 

dynamic optimization 

based on continuous data 

collection and control 

variables update). 

(Forough & 

Roshandel, 

2018) 

Anticipating 

future 

requirements on 

renewable energy 

capacity 

expansion 

Cost minimisation 

for transmission, 

and solar and wind 

capacity 

investment 

Definition of 

carbon emission 

price  

Cost per carbon 

reduction unit ($ 

per tonCO2e), i.e. 

marginal cost. 

Transmission 

capacity (GW) 

Capacity factor 

Top-down and 

middle-out 

National and 

regional energy 

systems 

Wind-solar: capacity 

and transmission 

Operation: 

generation 

 Merit order curve 

(Marginal cost) 

Generators with high 

costs (natural gas) or 

high marginal costs 

(coal power plants) 

will have limited use, 

while there will be an 

optimal investment in 

renewables 

High quality data from 

power plants (load and 

costs information) should 

be used in modelling 

exercise 

(Deetjen et 

al., 2018) 

Use of 

comprehensive 

forecasting tools 

to optimise 

demand-side and 

Reduced cost of 

renewable energy 

integration and 

operation 

Optimisation of 

renewable energy 

use and reduction 

in carbon 

emissions 

Net generation 

cost ($ per MW) 

Reduction in 

curtailment 

Top-down, middle-

out, and bottom-up 

Regional and local 

energy systems 

Stochastic 

renewable energy 

forecasting 

methods 

Solar and wind 

energy production 

forecast can be 

utilised to optimise 

demand-side 

Energy production forecast 

improvements should be 

the first initiative to 

address intermittent and 

(Notton et 

al., 2018) 
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energy storage 

initiatives  

Minimise energy 

shortfalls 

Prevent 

curtailments (i.e. 

reduction in the 

potential output 

generation (Bird et 

al., 2014)) 

Wind-solar: 

Forecasting tools 

Design and 

operation: 

generation, storage 

and distribution 

management 

strategies and energy 

storage  

The lack of 

comprehensive 

forecasting tools may 

slow-down the 

adoption of solar and 

wind energy 

stochastic renewable 

energy systems  

Power plant 

optimisation 

based on time-

dependent 

demand profile, 

rooftop PV and 

neighbourhood 

storage 

Define the most 

economic energy 

storage method 

Renewable energy 

use and reduction 

in carbon 

emissions 

Economic drivers 

(capital, fuel, 

maintenance, 

penalty costs) 

Middle-out 

Regional and local 

energy systems 

Solar: centralised 

energy storage and 

natural gas power 

plants 

Design and 

operation: 

generation and 

storage 

Simultaneous 

optimisation 

approach 

Tailored bi-level 

decomposition 

method 

Centralised energy 

storage can reduce 

capital investment in 

power plants by 

downgrade the size of 

turbines and chillers 

The most economic energy 

storage method at a 

neighbourhood level is 

thermal energy storage 

tank 

(Ondeck et 

al., 2018) 

Retail electricity 

pricing analysis 

considering 

customers 

constraints 

Retailers reduce 

risk and maximise 

profits 

Customers 

minimise 

consumption costs 

Measure the 

effectiveness of 

demand-

management 

programs 

Conditional value 

at risk (CVaR) 

Retail active and 

reactive electricity 

price ($ per kWh 

and $ per kVArh) 

Middle-out 

Local energy market 

Other: Demand 

management 

dynamic pricing 

Operation: 

Distribution 

Dynamic pricing 

approach 

Mixed Integer 

programming for 

bi-level 

optimisation, i.e. 

retailer-customer. 

Risks associated with 

energy market 

uncertainties for 

energy retailers are 

reduced with an 

increase of 

prosumers, which 

lower tariffs 

Demand-management 

strategies should be used as 

a win-win solution for 

energy retailers and 

customers 

(Imani et al., 

2018) 

Energy 

management in 

distribution 

networks 

Optimise 

generation 

schedules for the 

grid 

Trigger market 

competition to sell 

energy stored in 

batteries 

Defines optimal 

bidding strategy 

Minimise energy 

consumption 

Real-time pricing 

based on demand-

supply 

Time-of-Use 

based on demand 

price-based 

scheduling 

Middle-out and 

bottom-up 

Regional and local 

energy systems 

Other: Demand 

management energy 

storage 

Operation: storage 

Game-theoretic 

method 

Dynamic economic 

dispatch 

Dynamic pricing 

Bayesian approach 

Regulated power 

transaction and price 

reduce gains of users 

in relation to 

unregulated 

competition  

Game-theoretic based 

method is useful for energy 

management with end-user 

energy storage 

participation in demand 

response 

(Motalleb et 

al., 2018) 

Optimise power 

operation and 

energy trading of 

home microgrids 

Forming coalitions 

to improve market 

competition and 

profit of suppliers 

and buyers 

Shifting demand as 

a result of dynamic 

pricing 

Improve installed 

resource usage 

(e.g. renewable 

energy) through 

optimal load 

profile scheduling 

Equilibrium 

supply-demand 

price, i.e. market 

clearing price ($ 

per kWh) 

Bottom-up 

Local energy 

systems 

Other: Demand 

management 

Operation: 

generation and 

distribution 

Forward market 

with double-side 

auction 

In comparison to 

home-utility energy 

transactions, coalition 

formation of home 

microgrids lead to 

greater peak energy 

demand reduction and 

profit maximisation  

Improve market operation 

by using coalition 

formation of homes in a 

microgrid 

(Marzband 

et al., 2018) 
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Note: General characteristics, i.e. (a) decision-making process as ‘top-down’ (e.g. government), ‘middle-out’ (e.g. distributors) or ‘bottom-up’ (e.g. consumers), (b) 

scale of initiatives as ‘global’, ‘national’, ‘regional’ and ‘local’, (c) renewable energy technology type as ‘range of options’, ‘solar’, ‘wind’ and ‘others’, and (d) 

lifecycle stage of initiatives as ‘whole-of-life’ or intermediate stages (e.g. ‘planning’, ‘generation’, ‘distribution’, etc.); Overall goal, i.e. the main goal of frameworks; 

Economic goal, i.e. economy related goals or scope coverage of the framework; Carbon mitigation goal, i.e. explicit or implicit carbon mitigation goal or outcome of 

the framework; Method, i.e. methodological technique applied in the framework; Indicators, i.e. key performance indicators adopted into the framework; Findings, i.e. 

key findings on framework aspects; Recommendations, i.e. key recommendations on framework development. 

  

Evaluate firm-

level greenhouses 

gas mitigation 

targets 

Follow political 

and economic 

market trends 

Be effective and at 

fair competition 

Compliance with 

Government Plans, 

e.g. emission 

targets for 

economic sectors 

(Climate Action 

Plan 2050 in 

Germany). 

Address climate 

change 

Absolute target, 

i.e. pre-specified 

quantity 

(Ellerman & 

Wing, 2003). 

Intensity target, 

i.e. pre-specified 

rate or efficiency 

standard 

(Ellerman & 

Wing, 2003). 

Bottom-up 

Major national 

corporation 

Range of energy 

strategy actions 

Whole-of-life 

Review of four 

dimensions of 

strategies, i.e. 

adoption, metric, 

scope, and 

stringency 

Enterprise greenhouse 

emission reduction 

targets are generally 

greater than National 

targets 

Corporations with 

carbon reduction 

targets are more likely 

to invest in renewable 

energy both in 

quantity and scale of 

initiatives 

Define how targets are 

translated into carbon 

mitigation actions 

Verify alignment of 

reduction actions with 

targets 

(Wang & 

Sueyoshi, 

2018) 
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Fig. 7-1. Proportion of key topics (a – goals and indicators; b – general characteristics, findings and recommendations) among reviewed 

renewable energy and energy efficiency frameworks. 

Note: * Renewable Energy (RE) 
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In regards to the decision-making process, there is a prevalence of top-down approaches 

(75%) in comparison with middle-out (30%) and bottom-up (20%) approaches. Only 20% of 

the frameworks suggested the integration of more than one decision-making level. This trend 

is probably associated with the traditional centralised decision-making process of the energy 

market. However, initiatives at a decentralised sub-national level associated with bottom-up 

approaches can play a major role for the expansion of innovative renewable energy and 

energy efficiency approaches (Beermann & Tews, 2017). For a more integral approach, 

multiple governance modes with interrelated objectives can be used to integrate a fragmented 

and multi-layered energy market landscape (Cowell et al., 2017). 

The scale of the assessed frameworks was well distributed across most of the categories (i.e. 

national and local scales with 50% each, and regional with 45%), except for global scale 

frameworks (10%). Almost half of the frameworks (45%) were applied to multiple scales. 

The evenly distributed national, regional and local scales of frameworks is ideal for national 

markets, as national strategies need to be translated into actions at a local level (Petersen, 

2018). The dearth of global scale frameworks for renewable energy adoption indicates the 

disintegration of energy markets worldwide. Export tariffs may further fragment the 

renewable energy global market (Sandor et al., 2018), in particular between the two largest 

economies and renewable energy markets, the US and China, as a result of trade disputes 

(i.e. plans to impose US$100 billion in tariffs against each other (Glaser & Flaherty, 2018)). 

On the other hand, in the European Union, strategies have been set to integrate energy 

markets with new policies (Dallemand et al., 2015), trading schemes, and innovation projects 

(Conti et al., 2018). For instance, the Strategic Energy Technology Plan (SET-Plan) is aimed 

at promoting collaboration and funding sharing among member countries in order to address 

the fragmentation of renewable energy innovation projects in the European Union (Conti et 

al., 2018). 

Half of the reviewed frameworks were focused on combined initiatives without any specific 

renewable energy source. Such frameworks enable the use of the renewable energy portfolio 

along with complementary approaches (e.g. energy efficiency and demand management) and 

are critical for the development of tailored strategies. For specific initiatives, solar energy 

was the most popular renewable energy alternative, for which 30% of the frameworks had 

direct reference to; while the combination of solar and wind was described in 15% of the 
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reviewed frameworks. Other renewable energy sources and energy efficiency measures were 

considered in 20% of the reviewed frameworks. The prevalence of frameworks considering 

solar energy is aligned with its high potential for use, i.e. solar energy is the most widely 

available energy source (239 W per m2 on average) for heat and power generation worldwide 

(Kabir et al., 2018). Among solar technologies, photovoltaic, which directly converts sunlight 

into electricity with the use of semiconductors, is one of the most desirable options (Kabir et 

al., 2018). Photovoltaic technology was the specific focus of 10% of the reviewed 

frameworks. 

Forty percent of the frameworks either addressed the entire lifecycle or had no specific 

reference to lifecycle stages of renewable energy systems. Among specific lifecycle stages, 

‘generation’, as the potential for electricity generation, was the focus of 30% of the 

frameworks. This stage is a critical phase in the lifecycle of renewable energy systems due 

to both the immediate need of renewable energy generation for GHG emission mitigation, 

and the variability and intermittence associated with renewable energy generation, which 

may create reliability issues for energy supply. In accordance with the Intergovernmental 

Panel on Climate Change (IPCC) (2012), the balance between reliability and cost is a critical 

factor in the design phase of systems. The design phase is also of paramount importance for 

renewable energy strategies due to its low cost to change and high opportunity to influence 

the choice of initiatives. This phase was directly accounted for in 20% of the frameworks. 

Energy storage was also addressed in 20% of the frameworks, as it becomes a critical 

component of renewable energy system with non-dispatchable generation. Distribution was 

a key stage in 15% of the frameworks. Planning was described in 10% of the frameworks, 

while manufacturing and installations were described in 5% of the frameworks. The assessed 

frameworks had no reference to ‘raw material extraction and processing’, ‘transportation’, 

‘energy transmission’, ‘system decommission or demolition’, and ‘recycling or disposal’. 

Notwithstanding the low number of studies, the extraction and recycling of raw material for 

renewable energy technologies is essential due to their high metal-intensity, which may lead 

to the next metal boom with a 10-fold increase in metal demand by 2050 (Hodgkinson & 

Smith, 2018). 

The findings and recommendations of the reviewed frameworks also showed a large range 

of aspects that may influence renewable energy and energy efficiency strategies. Key 
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findings and recommendation described the importance of detailed analysis for renewable 

energy strategies in 50% of the frameworks (detailed data analysis). Open trade was also a 

key topic in 30% of the frameworks, for its relation to a new energy market structure with 

the introduction of prosumers and the respective need for open trade of energy with dynamic 

pricing (decision-making integration). Policy and incentive aspects were also identified as 

essential elements in 20% and 25% of the renewable energy frameworks, respectively. The 

refinement of such elements will be critical to accelerate the uptake of renewable energy. 

Energy and trade tariffs were also given relevance in 15% of the frameworks, while carbon 

targets, energy storage and costs were key factors in 10% of them. Other findings and 

recommendations included the importance of local characteristics, high technology, selection 

criteria weighting, behavioural change, forecasting tools, externalities analysis, feasibility 

analysis, employment analysis, constraint analysis, capacity assessment, funding, and 

taxation. As described by Cowell et al. (2017), financial support and planning are critical for 

the delivery of renewable energy strategies. Therefore, renewable energy incentive 

mechanisms must be defined in order to overcome potential economic and political 

fluctuations and increase the confidence in the renewable energy market (Ozorhon et al., 

2018). The overall recommendation of frameworks include the development of renewable 

energy and energy efficiency strategies based on detailed analyses, open trade, incentives 

and dedicated policies in order to achieve a successful renewable energy and energy 

efficiency transition. 

Fig. 7-2 illustrates a summary of the literature review, which revealed the importance of 

seven key principles for the development of effective novel frameworks integrating top-down 

and bottom-up approaches to low carbon transition. 

 
Fig. 7-2. Principles for the development of effective renewable energy and energy 

efficiency frameworks. 
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The seven key principles illustrated in Fig. 7-2 are detailed as follows: 

 Renewable energy and energy efficiency portfolio application: this principle 

ensures that a variety of options are considered in the analysis by comparing different 

initiatives within the same framework with single or combined use of solar, wind and 

other energy sources as well as energy efficiency measures. Portfolio analyses were 

undertaken in a number of the reviewed frameworks covering two or more renewable 

energy and energy efficient technologies within the same strategy. 

 Decision-making integration: this principle is essential for the combination of top-

down and bottom-up drivers. This principle was formulated due to the need to 

consider more bottom-up approaches (i.e. considered in only 20% of reviewed 

frameworks) that are integrated with already well implemented top-down approaches 

(i.e. covered in 75% of reviewed frameworks). 

 Detailed data analytics: this principle is associated with the utilisation of 

comprehensive assessment methods for each initiative. In 50% of the reviewed 

frameworks, this principle was identified as having considerable significance. 

 Economic goals and indicators: these principles are aligned with the selection of 

profitable systems for financial investments optimisation. They resulted from the 

significant importance of economic factors for renewable energy and energy 

efficiency investments as outlined in 70% of the reviewed literature. 

 Lifecycle approach: this principle is important for the assessment of the whole-of-

life costs and impacts of strategies, which is also critical for option and economic 

feasibility analyses. Results showed that a whole-of-life approach, rather than specific 

lifecycle phases, is the preferred assessment method among the reviewed 

frameworks. 

 Strategic scalability: this principle is aimed at enabling the translation of global and 

national strategies into regional and local requirements and vice-versa. The 

prevalence of local, national and regional frameworks was comparable in the 

reviewed literature, and hence instruments to enable the translation of strategies 

across different implementation levels is paramount. 

The integration of the seven aforementioned principles is described in Section 7.3. 
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The conceptualisation of the REEEIDA framework was based on the seven key principles 

outlined in Section 7.2 applied to the main decision-making spheres among stakeholder 

groups involved in the renewable energy and energy efficiency transition, namely: (i) carbon 

mitigation policy; (ii) energy regulation; (iii) energy transaction; and (iv) site-specific 

implementation. The REEEIDA framework concept is illustrated in Fig. 7-3. 

 

Fig. 7-3. REEEIDA framework principles and decision-making spheres. 

By consolidating the key principles into a single framework, the focus of the REEEIDA 

framework is to achieve GHG emission reduction targets in the most cost-effective and 

equitable manner for all stakeholders considering a portfolio of renewable energy and energy 

efficient initiatives at variable scales. For this purpose, detailed lifecycle data analytics are 

required to calculate carbon, energy and cash flows among different stakeholder groups. The 

carbon, energy and cash flows of the REEEIDA framework are summarised in Fig. 7-4, and 

the more detailed calculation procedures are described in the following sub-sections. 
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Fig. 7-4. REEEAID framework carbon, energy and cash flows. 
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Carbon policy strategies are aimed at promoting renewable energy sources or energy 

efficiency measures in order to reduce GHG emissions and resulting climate change impacts. 

Hence, carbon policies are key instruments to enable the energy transition towards 

decarbonisation. Depending on the carbon agenda and available funds, different carbon 

policy strategies may be set at varying levels with or without government or private sector 

participation. Nevertheless, the location, scale, time, effectiveness and interconnection of 

proposed initiatives are critical elements for achieving carbon reduction targets in a cost 

effective manner. Thus, carbon policy strategies and related programs must be underpinned 

by detailed databases (e.g. actual or modelled big data) on the performance of proposed 

initiatives in order to determine required funds to achieve set carbon reduction targets or vice 

versa. 

At a policy level, the proposed framework defines the following key variables: (i) the carbon 

reduction target; (ii) the amount of available renewable energy and energy efficiency funds; 

and (iii) the deployment scale of renewable energy initiatives expressed as the total quantum 

of average efficiency systems (i.e. “equivalent standard” system). The balance among the 

aforementioned variables is also a function of the available level of subsidy per system (e.g. 

renewable energy and energy efficiency upfront credits entitlement ($ per unit)), which will 

vary depending on market conditions (e.g. proposed initiatives acceptance, efficiency, cost 

and affordability). 

As a KPI of carbon mitigation policies, the amount of funding per GHG reduction unit (e.g. 

$ per kilogram of carbon dioxide equivalent) is fundamental to benchmark and compare the 

cost-effectiveness of different initiatives. This KPI is applicable to different lifecycle stages 

of renewable energy strategies, and may be utilised across a portfolio of asset (supply) and 

non-asset (demand) based initiatives. Price for GHG emissions is a classic and sound 

approach to address externalities, which underpins the incentive structure for GHG reduction 

and the minimisation of GHG abatement costs (Stern, 2008). 

 

Energy transaction is one of the main areas of change in the renewable energy transition, 

which will require open market conditions to facilitate diffused and centralised renewable 
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energy trading via a dynamic pricing principle. Such conditions will be achieved only with 

tailored controlling instruments for energy market regulation. 

In the framework, the effectiveness of the electricity grid operation is a function of the 

compliance level with desired standards of service to customers, and the reduction of 

lifecycle costs. The energy transmission and distribution functions of electricity grids act as 

an intermediate connection between the intended outcomes of carbon policies and the actual 

results of renewable energy or energy efficiency measures in residential, commercial and 

industrial development sites. Thus, the implementation and success of policies are largely 

influenced by the readiness of these spheres, which are divided into energy sector (i.e. 

institutions responsible for the generation, transmission, distribution and retail of energy) and 

energy regulator (i.e. institutions in charge of guaranteeing the overall economic and 

environmental sustainability of the energy market by setting rules and controlling measures 

for stakeholders). 

The REEEIDA framework takes into account the impact of GHG mitigation initiatives on 

the potential reduction of peak-hour power load and the respective reduction in capital 

investments for the electricity grid. The key variables of the framework related to energy 

transaction and regulation are: (i) the carbon intensity of the energy matrix (transaction) and 

related controlling instruments to meet strategic directives (regulation), e.g. carbon reduction 

targets; and (ii) the energy tariff (transaction) and related controlling instruments for 

economic feasibility, equitable pricing and affordability (regulation). Based on the energy 

matrix carbon intensity, renewable energy or energy efficiency credits are calculated (refer 

to Section 7.3.4). Furthermore, peak-hour power credit units are calculated considering the 

peak-hour power reduction and associated cost reduction with peak-hour power related 

capital works deferral (refer to Section 7.3.4). 

Traditionally, network capital investments are equivalent to 45% of costs incurred by energy 

retailers (Reserve Bank of Australia, 2010), which directly impacts on electricity prices 

passed on to consumers. An increase in peak-hour electricity consumption of customers is 

likely to lead to network augmentation requirements if demand management solutions are 

not effective (Australian Energy Regulator, 2015). Therefore, peak-hour power demand is a 

significant driver for network costs, in particular for the distribution network due to its capital 
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intensive nature to provide peak-hour energy supply even when the average consumption 

pattern of customers is low (Australian Energy Regulator, 2015). 

The wholesale electricity cost (e.g. electricity generation prices depending on the energy 

market supply-demand balance) is also a critical variable for electricity costs, which usually 

contributes to an additional 45% of costs for retailers (Reserve Bank of Australia, 2010). 

Wholesale cost analyses (e.g. dynamic pricing of wholesale electricity costs) will depend 

significantly upon the regional energy market structure, infrastructure type and availability 

(e.g. smart-metering deployment coverage), available electricity tariff plans (e.g. prosumer 

ability to freely trade energy among different producers and consumers connected to the 

energy grid), etc. 

Significant changes in the business model are likely to take place towards mixed (centralised 

and decentralised) electricity generation and distribution, and decarbonisation of the energy 

matrix. The energy consumption from the grid may increase significantly with the renewable 

energy transition and associated increase in the energy market share related to the 

electrification of the transport and heating sectors (Weiss, Hledik, Hagerty, et al., 2017; 

Weiss, Hledik, Lueken, et al., 2017). Moreover, its operation will be potentially optimised 

with the use of renewable energy due to a reduction in the peak energy consumption, which 

in turn leads to likely deferrals or avoidance of capital expenditures associated with peak-

hour driven grid upgrades. 

 

Depending on the implementation quality and scale of site-specific initiatives (e.g. small-

scale SWHs and ASHPWHs, efficient heating and cooling systems or photovoltaic arrays, 

and large-scale solar and wind farms, hydropower, tidal and geothermal energy, etc.), 

renewable energy strategies may succeed or fail. Site-specific conditions are fundamental for 

the efficiency and effectiveness of adopted initiatives. Thus, the feasibility analysis of 

renewable energy and energy efficient systems must be based on detailed site-specific 

information to undertake a thorough options analysis of initiatives. The higher the efficiency 

of adopted systems is, the higher the financial returns for the government (taxpayers) and 

private investors (households, entrepreneurs, etc.). 
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From a site-specific implementation viewpoint, the framework analyses the most suitable 

initiative or technology to obtain the largest amount of renewable energy or energy efficiency 

subsidy, which increases with both an increase in the lifecycle and peak-hour renewable 

energy generation or energy saving potential of initiatives. The implementation of initiatives 

depends on several factors, including the system characteristics, system operation and 

financial incentives and feasibility. The key variables related to the system characteristics 

are: (i) output capacity, (ii) average efficiency, (iii) lifespan, and (iv) operation time. In 

relation to the system operation, the KPIs are: (i) lifecycle renewable energy generation or 

energy savings (kWh per unit); and (ii) average power reduction during peak-hours (kVA per 

unit). 

The financial incentives and feasibility of proposed initiatives depend on a combination of 

factors, including external factors (e.g. energy tariff, renewable energy credit, and peak-hour 

reduction power credit) and internal factors (e.g. lifecycle renewable energy generation or 

energy consumption reduction, output energy or energy consumption reduction at peak-

hours, capital cost, maintenance cost, and decommissioning cost). The KPI for financial 

assessment of renewable energy and energy efficient initiatives is the IRR. The calculation 

of financial incentives and feasibility of renewable energy and energy efficient initiatives is 

described in Section 7.3.4. 

 

The widespread use of renewable energy is indisputably the trend for the energy market, 

namely the renewable energy transition. This transition will be largely influenced by the 

effectiveness of associated political, financial and technological instruments, and its success 

will be measured in financial terms. In this context, governments, generators, retailers, 

regulators and consumers of energy are key players in the creation of a win-win pathway 

towards an economic feasible renewable energy market in which exists financial benefits and 

responsibilities for all stakeholders involved.  

Among key financial barriers, the large initial capital cost of initiatives is usually the main 

impediment for the adoption of renewable energy and energy efficient systems. In an attempt 

to compensate such economic disadvantage, many renewable energy policy schemes include 

tax credits or financial incentives (Beck & Martinot, 2004). Such measures are usually related 
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to large-scale policies, which typically do not identify site-specific conditions. As a result, 

subsides may be allocated to systems at sites with minimum suitability for renewable energy 

generation (e.g. rooftop solar systems on sites with large trees), which in turns undermine 

either the intended carbon reduction targets or the financial feasibility of carbon policies. 

The REEEIDA framework is based on an equitable carbon price approach, as financial 

benefits for all stakeholders are clearly defined and distributed on a common basis (i.e. fund 

per equivalent carbon reduction unit). In total, two financial instruments underpin the 

calculation of subsidies within the framework, namely: a unitary carbon price principle, and 

a maximum IRR for initiatives. Thus, the more carbon reduction a system produces, the more 

subsidies it will be entitled to. However, if excessive returns occur due to market condition 

changes (e.g. reduction of upfront or operation costs), surplus financial returns must be 

returned to the renewable energy fund to provide an equitable distribution of funds and 

further investments in renewable energy and energy efficiency measures. This approach can 

be applied to a range of scales and carbon policy timeframes. Moreover, the energy saving 

potential of systems must be based on technical specifications, site-specific conditions and 

user behaviour, rather than generic assumptions. As a result, sites and technologies with 

higher renewable energy generation potential will be prioritised, which in turn provides 

benefits at micro- and macro-economic levels. 

As part of the REEEIDA framework, the integration of bottom-up and top-down drivers for 

renewable energy and energy efficiency deployment is proposed taking into account carbon 

mitigation policies, energy transaction and regulation, and site-specific implementation 

factors as described in Sections 7.3.1, 7.3.2 and 7.3.3, respectively. These factors are 

integrated into the calculation of financial incentives as outlined in Eqs. 7-1 to 7-3. 

𝑃𝑇𝐶𝑂2 =  (
𝑆𝑃𝑜𝑠×𝑆𝐸%×𝑆𝐿𝑦𝑟×𝑆𝑂ℎ

𝐶𝑅𝐸
) × (𝑇𝐼𝐶𝑂2 × [1 + 𝑇𝑇𝐿]) × 𝑃𝐶𝐶𝑂2   

 (Eq. 7-1a) 

where: PTCO2 is the policy carbon reduction target (kgCO2e); SPos is the initiative power 

output or savings (kW); SE% is the site-specific power output or savings efficiency (%); SLyr 

is the lowest lifespan between the site-specific initiative or the carbon policy (years); SOh is 

the site-specific initiative annual operation time (hours/year); CRE is the site-specific credit 

related to renewable energy incentives ($/unit); TICO2 is the energy grid carbon intensity 
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(kgCO2e/kWh); TTL is the energy grid transmission loss (%); PCCO2 is the carbon policy fund 

($). 

𝐶𝑅𝐸 =  (𝑆𝑃𝑜𝑠 × 𝑆𝐸% × 𝑆𝐿𝑦𝑟 × 𝑆𝑂ℎ) × (𝑇𝐼𝐶𝑂2 × [1 + 𝑇𝑇𝐿]) × (
𝑃𝐶𝐶𝑂2

𝑃𝑇𝐶𝑂2
 ) 

 (Eq. 7-1b) 

where: CRE is the site-specific credit related to renewable energy or energy efficiency 

incentives ($/unit); SPos is the initiative power output or savings (kW); SE% is the site-specific 

power output or savings efficiency (%); SLyr is the lowest lifespan between the site-specific 

initiative or the carbon policy (years); SOh is the site-specific initiative annual operation time 

(hours/year); TICO2 is the energy grid carbon intensity (kgCO2e/kWh); TTL is the energy grid 

transmission loss (%); PCCO2 is the policy carbon fund ($); PTCO2 is the policy carbon 

reduction target (kgCO2e).  

𝐶𝑃𝐻 =  𝐶𝑅𝐸 ×
𝑇𝐶𝑇𝐷

𝑃𝐶𝐶𝑂2
    (Eq. 7-2a) 

where: CPH is the site-specific credit related to peak-energy reduction incentives ($/unit); CRE 

is the site-specific credit related to renewable energy or energy efficiency incentives ($/unit); 

TCTD is the energy grid total cost deferral associated with peak-hour power reduction ($); 

PCCO2 is the policy carbon fund ($). 

𝐶𝑃𝐻 =  (
𝑆𝑃𝑜𝑠×𝑆𝐸%

𝑆𝑃𝐹
) × 𝑇𝐶𝑈𝐷   (Eq. 7-2b) 

where: CPH is the site-specific credit related to peak-energy reduction incentives ($/unit); 

SPos is the initiative power output or savings (kW); SE% is the site-specific power output or 

savings efficiency (%); 𝑆𝑃𝐹  is the initiative power factor (kW/kVA); TCUD is the energy grid 

unit cost deferral associated with peak-hour power reduction ($/kVA). 

𝐼 = 𝐶𝑅𝐸 + 𝐶𝑃𝐻   (Eq. 7-3a) 

where: I is the site-specific total amount of financial incentives ($/unit); CRE is the site-

specific credit related to renewable energy or energy efficiency incentives ($/unit), CPH is the 

site-specific credit related to peak-energy reduction incentives ($/unit). 
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𝐼 =  𝑆𝑃𝑜𝑠 × 𝑆𝐸% × (𝑆𝐿𝑦𝑟 × 𝑆𝑂ℎ) × 𝑇𝐼𝐶𝑂2 × (1 + 𝑇𝑇𝐿)  ×
𝑃𝐶𝐶𝑂2

𝑃𝑇𝐶𝑂2
 × (1 +

𝑇𝐶𝑇𝐷

𝑃𝐶𝐶𝑂2
) 

 (Eq. 7-3b) 

where: I is the site-specific total amount of financial incentives ($/unit); SPos is the initiative 

power output or savings (kW); SE% is the site-specific power output or savings efficiency 

(%); SLyr is the lowest lifespan between the site-specific initiative or the carbon policy 

(years); SOh is the site-specific initiative annual operation time (hours/year); TICO2 is the 

energy grid carbon intensity (kgCO2e/kWh); TTL is the energy grid transmission loss (%); 

PTCO2 is the policy carbon reduction target (kgCO2e); PCCO2 is the policy carbon fund ($); 

TCTD is the energy grid total cost deferral associated with peak-hour power reduction ($). 

𝐼 =  𝑆𝑃𝑜𝑠 × 𝑆𝐸% × {[(𝑆𝐿𝑦𝑟 × 𝑆𝑂ℎ) × 𝑇𝐼𝐶𝑂2 × (1 + 𝑇𝑇𝐿)  ×
𝑃𝐶𝐶𝑂2

𝑃𝑇𝐶𝑂2
] + [

𝑇𝐶𝑈𝐷

𝑆𝑃𝐹
]} 

 (Eq. 7-3c) 

where: I is the site-specific total amount of financial incentives ($/unit); SPos is the initiative 

power output or savings (kW); SE% is the site-specific power output or savings efficiency 

(%); SLyr is the lowest lifespan between the site-specific initiative or the carbon policy 

(years); SOh is the site-specific initiative annual operation time (hours/year); TICO2 is the 

energy grid carbon intensity (kgCO2e/kWh); TTL is the energy grid transmission loss (%); 

PCCO2 is the policy carbon fund ($); PTCO2 is the policy carbon reduction target (kgCO2e); 

TCUD is the energy grid unit cost deferral associated with peak-hour power reduction 

($/kVA); 𝑆𝑃𝐹  is the initiative power factor (kW/kVA). 

The equitable carbon price principle of the REEEIDA framework implies the dynamic 

calculation of incentives due to the interplay among the variables described in Sections 7.3.1, 

7.3.2 and 7.3.3. Therefore, each of these variables can be isolated as a function of the other 

variables in order to determine the balance among site-specific, energy grid or policy 

variables. For example, by isolating the policy carbon reduction target as the dependent 

variable (Eq. 7-1a), the characteristics of site-specific initiatives (e.g. performance 

efficiency), energy grids (e.g. carbon intensity and transmission losses) and available carbon 

policy funds can be utilised to calculate the carbon mitigation potential of an initiative type. 

In this case, Eq. 7-1a is utilised to calculate the carbon reduction potential of a strategy based 

on the minimum carbon reduction capacity of initiatives (minimum performance benchmark) 
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and associated renewable energy credits, as well as the energy grid characteristics (carbon 

intensity and transmission losses) and the total available financial resources (carbon policy 

fund reserve). 

By defining the energy grid and policy variables at a point in time, the site-specific renewable 

energy credit of an initiative can be calculated using Eq. 7-1b. For instances in which a 

sensitivity analysis of initiatives is undertaken considering fixed carbon reduction targets and 

funds, the latter step may be preceded by the carbon reduction target calculation (Eq. 7-1a). 

Moreover, the energy grid variables are likely to be dynamic due to a decrease in the carbon 

intensity and transmission losses of the energy grid with an increase in the penetration of 

dispersed renewable energy initiatives and energy efficiency measures. 

Investments in renewable energy are also expected to lead to peak-hour energy reduction in 

the energy grid, which in turn create a potential deferral of capital expenditure related to grid 

augmentation works. The financial gains arising from the deferral of capital expenditures by 

energy retailers and other grid operators may be directed to increase subsidies of site-specific 

renewable energy initiatives as per Eq. 7-2a. The simplicity of this equation reveals that, from 

an energy grid perspective, site-specific credits related to peak-energy reduction are a direct 

function of the total capital expenditure deferral and the renewable energy credit. In cases in 

which the total cost deferral calculation for the energy grid is not available, the peak-energy 

reduction credit may be estimated based on the performance of renewable energy and energy 

efficient initiatives (i.e. power output, efficiency and power factor) and an estimated average 

energy grid unit cost deferral using Eq. 7-2b. 

The total amount of financial incentives for site-specific renewable energy and energy 

efficient initiatives is calculated considering both carbon reduction targets (i.e. renewable 

energy and energy efficiency incentives) and improvements in the energy transaction (i.e. 

peak-energy reduction incentives). Theses variables are integrated using Eq. 7-3a, which can 

be expanded into Eqs. 7-3b and 3c for calculations taking into account the capital expenditure 

deferral gain as a total ($) or as a unit ($ per kVA), respectively. As a result, Eqs. 7-3b and 

7-3c provide an integration of top-down (e.g. carbon mitigation targets) and bottom-up (e.g. 

site-specific system characteristics) variables for an equitable decision-making process 

applicable to a range of tactical and strategical objectives related to renewable energy 

deployment. 



Chapter 7 – REEEIDA framework 

Page 181 

 

Lifecycle principles are also embedded into the framework. In Eqs. 7-3a and 7-3b, the lowest 

lifespan between the site-specific system and the carbon policy is used to define the lifecycle 

load supply or energy savings of site-specific initiates in relation to the carbon policy. This 

variable directly influences the total amount of incentives. In addition, the IRR of proposed 

initiatives based on capital, operational and decommissioning costs, as well as financial 

credits (subsidies) and gains (cost savings), provides guidance to policymakers, regulators or 

investors on the feasibility of site-specific initiatives from a high (strategic) or detailed 

(tactical) level. 

Landau and Landau (2017) explain that data-driven decision-making enables policies to be 

tested and, ultimately, provides an automated model for decision-making. Thus, data-driven 

decision-making is an important instrument to narrow the gap between expected and 

achieved outcomes. As a result, the accuracy (statistical confidence) of the REEEIDA 

framework increases with the size of databases (records) on the performance of initiatives 

(e.g. big data use) used to calculate the site-specific performance of initiatives. However, big 

data needs to be organised and simplified for use, which can be accomplished using machine-

learning techniques (e.g. ANN, Bayesian Networks (BN), etc.). Such techniques enable the 

analysis of initiatives based on non-specific rules (combination of a myriad of variables) for 

specific conditions on a site-specific basis. 

 

In this section, the use of the novel REEEIDA framework is demonstrated in accordance with 

the seven key principles developed from the synthesis of the various frameworks reviewed 

from the literature (Section 7.2). Carbon, energy and cash flows among different stakeholder 

groups (i.e. carbon mitigation policy, energy regulation, energy transaction, and site-specific 

implementation) are calculated as per Section 7.3.4 equations to analyse equitable carbon 

incentives for residential water heaters in Brisbane, State of Queensland, Australia. Note that 

all financial analyses in this section refer to the Australian dollar currency (AUD$), which 

was equal US$ 0.74 at the beginning of the 2018–19 financial year. 
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The framework demonstration was focused on water heating systems, which comprises a 

considerable proportion of energy end-uses in residential buildings. For instance, taking into 

account the total residential energy demand, water heating accounts for 14% to 26% in 

temperate and cold climates (Pérez-Lombard et al., 2008; Hepbasli & Kalinci, 2009) and up 

to 50% in warmer climates, e.g. Australia (Binks et al., 2016). 

SWHs and ASHPWHs were the selected technologies for the renewable energy and energy 

efficiency portfolio application due to their widespread use for carbon mitigation of 

residential water heating systems (Fischer, 2017; Gautam et al., 2017). On the one hand, the 

distributed implementation of small-scale solar systems installed on rooftops of buildings is 

considerably important for renewable energy transition strategies for urban areas (Assouline 

et al., 2017). On the other hand, installation of heat pumps has been a longstanding energy 

efficiency measure in buildings (Arteconi et al., 2013; Kumar & Mathew, 2018). Note that 

energy efficiency measures provide an immediate and permanent decrease in energy 

consumption and associated carbon emissions (Palensky & Dietrich, 2011), and hence are 

one of the preferred options for demand side management strategies (Gyamfi et al., 2013). 

 

The integration of the decision-making process is paramount for the success of renewable 

energy and efficiency measures and associated carbon reduction targets. Firstly, a clear 

understanding of each stakeholder aims and necessities must be acquired, followed by a 

thorough assessment of potential pros and cons from the interplay among their requirements, 

e.g. carbon policy horizon and incentives, rebate calculation method, peak-hour and tariffs, 

on-site system lifespan and costs, etc. These requirements must be integrated to achieve win-

win outcomes among stakeholder groups. The following sections describe the adopted 

assumptions of each stakeholder group utilised in the REEEIDA framework demonstration 

exercise. 

 

In order to achieve carbon reduction targets of 26% to 28% below 2005 levels by 2030 

(Australian Government, 2018g), the Australian government has set financial incentives for 
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large-scale and small-scale renewable energy initiatives. Such incentives are provided as 

upfront renewable energy certificates, which are calculated as the estimated lifecycle energy 

generation or displacement potential normalised to a 1 MWh basis. In 2018, the price of a 

STC was $40 per MWh (Australian Government, 2018c) with a steady price trend since 2013 

(Australian Energy Regulator, 2015). 

The adopted energy policy assumptions for the framework demonstration are summarised as 

follows: 

 Policy horizon: 12 year aligned with the Australian renewable energy target from 

2018 to 2030; 

 Carbon incentive: Amount of available funding per carbon reduction unit 

(renewable energy credit unit) equal to $40 per MWh in accordance with the current 

credit amount for Small-scale Technology Scheme. 

 

As part of the SRES, the Renewable Energy Regulator specifies eligible SWHs and 

ASHPWHs with their respective number of STC per bioclimatic zone across Australia. For 

cities located within Zone 3 (e.g. Brisbane, Sydney, Adelaide, Perth, etc.), the respective 

amount of STCs for heat pump (Australian Government, 2018b) and solar with less than 700 

L tank capacity (Australian Government, 2018f) water heaters are 27.5 and 32.3 on average, 

with medians of 27.0 ($1,080) and 34.0 ($1,360). Fig. 7-5 illustrates the distribution of 

systems for different credit ranges. 

 
Fig. 7-5. Distribution of solar and heat pump water heaters for different small-scale 

technology certificate ranges. 

0
.0

%

4
.2

%

8
0
.4

%

1
3
.3

%

2
.1

%

0
.0

%

1
.6

% 1
2

.2
% 2
6

.8
%

3
4

.9
%

2
3
.4

%

1
.1

%

0%

20%

40%

60%

80%

100%

0-10 11-20 21-30 31-40 41-50 51-60

P
er

ce
n

ta
g
e 

o
f 

o
cc

u
rr

en
ce

Small-scale Technology Certificate (MWh)

Heat pump (n=240)
Solar (n=8509)



Chapter 7 – REEEIDA framework 

Page 184 

 

The determination of STCs without a thorough site-specific analysis may lead to significant 

overestimation of solar and heat pump performance. In Section 7.4.3, a detailed analysis of 

SWHs and ASHPWHs performance is provided based on ANNs to demonstrate the use of 

detailed data analytics utilising practical techniques. In Section 7.4.6, the STCs calculation 

is compared considering two analytical methods, namely: (i) fixed performance analysis, and 

(ii) detailed data analytics. The adopted energy regulation assumptions for the framework 

demonstration are summarised as follows: 

 Fixed rebate (basic analysis): Performance analysis for rebate calculation based on 

the technical specification of systems (i.e. fixed rebate per system type and model); 

 Variable rebate (detailed analysis): Performance analysis for rebate calculation 

underpinned by detailed data analytics (i.e. ANN) considering technical specification, 

site-specific conditions and user behaviour parameters (i.e. variable rebate per site 

technology and conditions). 

 

Among key energy transaction parameters, the peak-hour (4pm to 8pm) consumption and 

energy tariff are interdependent and combined have a considerable impact on the energy grid 

operation and upgrades. The Australian Energy Market Commission suggests that an increase 

of 5kW at peak-hour is associated with approximately $1,000 in additional network costs 

(Australian Energy Regulator, 2015). This estimate was used to derive an average 

infrastructure cost reduction unit of $200 per peak-hour power (kVA) assuming a neutral 

power factor.  

The electricity tariff assumption was adopted based on single rate residential tariffs of major 

energy retailers in Queensland (e.g. Origin, AGL, Energy Australia (Australian Government, 

2018a)). Tariff details were obtained from the Australian Government website ‘Energy Made 

Easy’ in November 2018 (Australian Government, 2018d) as summarised in Table 7-2. The 

carbon intensity of the Australian electricity grid was reviewed to provide information for 

carbon mitigation estimates of the assessed systems. Fig. 7-6 illustrates the average carbon 

intensity of the Australian electricity grid at a state level between 1990 and 2017.  
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Table 7-2. Electricity tariffs in Brisbane, Australia (November 2018). 

Energy 
retailer 

Tariff name 
Consumption 

(kWh/day) 
Price 

($/year) 
Overall tariff 

($/kWh) 
Origin Bill Saver 13.4 1550 0.32 

AGL 
Residential 

Savers 
13.4 1460 0.30 

Energy 
Australia 

Secure Saver 
Home 

13.4 1420 0.29 

Average - - - 0.30 

Note: Adapted from Australian Government (2018d). 

The carbon intensity of the energy grid in Queensland decreased from 0.94 to 0.80 kgCO2e 

per kWh between 1990 and 2017 (Australian Government, 2018e). Between 2006 and 2017, 

the average carbon intensity of the electricity grid in Queensland (0.84 kgCO2e per kWh) 

trended slightly under the Australian national average (0.87 kgCO2e per kWh); nonetheless, 

in 2017, the Queensland and national averages were the same (0.80 kgCO2e per kWh), which 

indicates a lower rate of renewable energy deployment in Queensland compared to other 

states. 

  
Fig. 7-6. Historical carbon intensity records of the Australian electricity grid at nationwide 

and state levels. 
Note: Adapted from Australian Government (2018g). 

The adopted energy transaction assumptions for the framework demonstration are 

summarised as follows: 

 Peak-hour: From 4pm to 8pm; 

 Peak-hour power cost: The amount of available funding per peak-hour reduction 

unit (peak-hour power credit unit) was $200 per kVA applicable from 4pm to 8pm; 
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 Electricity tariff: An average tariff of $0.30 per kWh was adopted (Table 7-2); 

 Electricity carbon intensity: An average carbon intensity of 0.80 kgCO2e per kWh 

was utilised (Fig. 7-5). 

 

The site-specific implementation assumptions included two key aspects for the financial 

feasibility of systems, including: the system lifespan, and system operational and 

maintenance costs.  

The lifespan of SWHs was reported as 20 years (Hepbasli & Kalinci, 2009; Hang et al., 

2012). For heat pumps, the literature reports systems operating over 30 years (e.g. Mccready 

(1980)) with lifespans for cost benefit analysis ranging from 10 years (Hepbasli & Kalinci, 

2009) to 20 years (Self et al., 2013). The most expensive and complex component of heap 

pumps is the compressor with an expected lifespan of 15 to 25 years (Staffell et al., 2012). 

The adopted lifespan of heat pump for the cost analysis was considered to be 15 years.  

The maintenance of heat pumps is recommended every three to five years (Staffell et al., 

2012); hence, an intermediate value was considered for the herein analysis, i.e. service every 

four years with an average cost of $200 including minor parts (e.g. sacrificial anode, valves, 

etc.) and labour (1 hour). Major services (e.g. compressor repair) were disregarded from the 

studied lifespan; however, if such services are required, they are associated with high costs. 

For solar systems, maintenance was considered to take place on an annual basis due to the 

need to clean the accumulation of dust and debris on solar collectors with a cost of $100 per 

service ($80 for labour and $20 for minor parts). 

The peak-hour energy consumption of systems was converted into apparent power (kVA) 

based on both the peak-hour period, and their average power factor, e.g. 0.8 for heat pumps 

as described in the literature (Yang, 2013) and 1.0 for SWHs with electric heating elements 

backup power. The estimated active power consumption (kW) at peak-hours was converted 

to apparent power (kVA) in accordance with Eq. 7-4. 
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 𝑃𝐴 =
𝑃𝑅

𝑃𝐹
    (Eq. 7-4) 

where: PA is the peak-power as apparent power (kVA) ; PR is the real power (kW); PF is the 

power factor (kW/kVA). 

The adopted site-specific implementation assumptions for the framework demonstration are 

summarised as follows: 

 Lifespan: Heat pump and solar systems were considered to operate for 15 and 20 

years, respectively; 

 Maintenance cost: Heat pump and solar systems maintenance costs were adopted as 

$200 every four years and $100 per year, respectively; 

 Power factor: Heat pump and solar systems power factors of 0.8 and 1.0, 

respectively. 

 

As part of the REEEIDA framework demonstration, a detailed performance analysis based 

on site-specific conditions was undertaken using computational models in EnergyPlus and 

ANN techniques to estimate the energy consumption of solar, heat pump and electric water 

heaters in Brisbane. The development of ANNs was trained and tested based on parameters 

ranges related to solar, heat pump and electric water heating systems. Then, ANNs were used 

to calculate the energy performance of 30 detached dwellings sampled to provide evidence-

based site-specific characteristics, e.g. dwelling size, roof direction, and shading influence. 

 

Three water heating technologies were evaluated and compared in the REEEIDA framework 

demonstration, including: solar, heat pumps, and electric water heaters (base case for 

comparison). Solar and heat pump technologies have been increasingly adopted into carbon 

mitigation policies worldwide in order to replace the use of electric water heaters that have 

low upfront costs, yet high carbon intensity. As summarised in Table 7-3, the site-specific 

characteristics of the herein analysis was defined based on the analyses described in Chapters 

4, 5 and 6. 
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Table 7-3. Parameters ranges of water heating systems. 

Parameters 

Systems Adopted value per energy efficiency class 

More 
information 

available S
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Solar collector direction a,b  - - - - E/W 
NE/N

W 
N Appendix C 

Solar collector tilt angle b  - - 90ᵒ 0ᵒ 13.7ᵒ 47.4ᵒ 27.4ᵒ Appendix C 

Solar collector area (m2) b  - - 1.8 2.8 5.6 9.0 10.4 Appendix C 

Solar collector efficiency 
(%) c 

 - - 39 43 56 64 67 Appendix C 

Solar collector dust – 
radiation decline (%) c 

 - - 64.0 47.0 5.0 2.7 0.0 Appendix C 

Solar collector shadowing 
direction a 

 - - - - E/W - None Appendix C 

Heating capacity (W) -  - 630 1500 3600 6220 7306 
Section 
5.3.2.1 

Coefficient of performance 
(COP) 

-  - 2.4 2.8 3.8 4.5 4.8 
Section 
5.3.2.1 

Heating element power rate 
(W) 

- -  6000 4800 3600 2400 1800 
Section 
4.3.1.2 

Hot water tank upper limit 
temperature (°C) 

   80 74 60 53 50 Appendix C 

Hot water tank volume (L)    90 250 315 450 630 Appendix C 

Hot water tank heat loss 
(W/K) 

   3.08 1.32 0.75 0.47 0.18 Appendix C 

User behaviour water 
demand (L/day) 

   233 210 155 100 77 Appendix C 

User behaviour end-use 
temperature (ᵒC) 

   50 47 40 35 33 Appendix C 

Note: a – North (N), North-east (NE), North-west (NW), East (E), West (W); b – solar collector geometry (i.e. 
area, tilt and direction) parameters joined into 13 unique combinations considering 2 collectors; c – solar 
collector performance (efficiency and dust accumulation) parameters joined into 13 unique combinations. 

 

ANN is an efficient problem-solving technique comparable to biological neural systems 

(Guresen & Kayakutlu, 2011; Schmidhuber, 2015) with remarkable information processing 

capabilities to recognise and learn underlying relations between input and output variables 

(Basheer & Hajmeer, 2000; Carleo & Troyer, 2017). This technique is widely used (Ahmad 

et al., 2014; Prieto et al., 2016; Paoli et al., 2017) and has extensive application for modelling 

and prediction of energy systems in engineering (Kalogirou, 2000; K. Li et al., 2015). For 

instance, ANN techniques have provided significant improvement in resources and energy 

forecasting (Lei et al., 2009; Chen et al., 2011; Mohanraj et al., 2012; Diagne et al., 2013; 

Qamar & Khosravi, 2015; Ren et al., 2015; Cervone et al., 2017; Zhang et al., 2017; Amasyali 

& El-Gohary, 2018) and optimisation models (Baños et al., 2011; Macedo et al., 2015; Jha 

et al., 2017). It offers large flexibility as an universal nonlinear approximation method (Paoli 

et al., 2017) along with scalability and potential for real-time learning (Prieto et al., 2016) 



Chapter 7 – REEEIDA framework 

Page 189 

 

under dynamic conditions with rapid variation (Kumar et al., 2018). In general, ANNs have 

high running speed and high accuracy (Zhao & Magoulès, 2012; Yadav & Chandel, 2014; 

Biswas et al., 2016); however, they are considerably dependent on input data quality and 

quantity (Basheer & Hajmeer, 2000; Diagne et al., 2013; Leva et al., 2017). Nonetheless, 

large volumes of data collected by smart-meters within smart grids provide opportunities for 

the optimal use of ANNs (Macedo et al., 2015). 

ANN techniques were tested in the case study to demonstrate the use of a scalable predictive 

method with extensive application for a range of detailed analysis in accordance with key 

underlying principles of the REEEIDA framework (e.g. ‘strategic scalability’ and ‘detailed 

analysis of initiatives’). A multi-layer perceptron (MLP) ANN analysis was undertaken to 

recognise and replicate patterns from computational EnergyPlus (E+) model scenarios of 

solar, heat pump and electric water heaters. MLP is among the most used topologies of ANNs 

(Guresen et al., 2011). Scenarios were created from the combination of the parameters 

described in Table 7-3, with a total sample size of 15,625 electric systems, 78,125 heat pump 

systems, and 1,584,375 solar systems. For each system type, ANNs were trained and tested 

with random sub-samples of 1,000 and 333 scenarios, respectively. Further details on the 

ANN are described in Appendix D. 

 

The implementation of site-specific initiatives was analysed considering the characteristics 

of 30 single detached residential properties located in Brisbane, Australia. Technical 

specifications of water heaters and user behaviour variables were inferred from property 

characteristics. The house sample was selected using aerial photography to identify 

properties with SWHs and their respective characteristics (e.g. solar collector orientation and 

shading direction). The characteristics of each sampled property are described in Table 7-4. 

The randomly selected properties were characterised using the information available in real 

estate websites (e.g. number of bedrooms). Moreover, the roof pitch angle of properties was 

modelled using three dimensional (3D) tools (Fig. 7-7). A key feature of the method is that 

site characteristics can be assessed using readily available tools and information.  
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Table 7-4. Case study residential properties location and characteristics. 

ID Suburb 

Property characteristics Solar system characteristics 
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House 1 Kangaroo Point 780 556 3 30 2 N E 

House 2 Herston 1550 420 4 29 2 N E 

House 3 Auchenflower 1237 809 4 20 2 N E 

House 4 Spring Hill 985 202 4 33 2 NW W 

House 5 West End 780 304 4 26 2 N E 

House 6 West End 985 271 4 27 2 N E 

House 7 Paddington 1962 455 5 27 2 E-NE None 

House 8 Highgate Hill 780 405 3 26 2 N W 

House 9 Auchenflower 2550 809 4 25 2 W W 

House 10 West End 1550 486 4 19 2 N W 
House 11 Fairfield 780 607 3 20 2 N W 

House 12 Highgate Hill 1237 541 3 21 2 N E 

House 13 Milton 780 253 4 25 2 NW W 

House 14 Kangaroo Point 1237 415 5 27 2 N W 

House 15 New Farm 1550 551 3 25 2 NW E 

House 16 East Brisbane 985 407 3 30 2 N W 

House 17 Paddington 1237 468 4 28 2 NW W 

House 18 Hamilton 1237 691 6 13 2 N W 

House 19 East Brisbane 985 405 2 33 2 N W 

House 20 St Lucia 1550 506 4 20 2 W W 

House 21 Woolloongabba 780 809 3 31 2 N E 
House 22 St Lucia 1237 43 4 20 2 NW E 

House 23 Auchenflower 1962 647 5 35 2 N W 

House 24 West End 1237 304 3 32 2 W W 

House 25 South Brisbane 985 569 3 42 2 NE E 

House 26 Bowen Hills 1237 508 3 18 2 N E 

House 27 Teneriffe 1550 455 3 30 2 N E 

House 28 Highgate Hill 780 349 3 34 2 NE W 

House 29 Teneriffe 2550 271 5 45 2 NW None 

House 30 Kangaroo Point 780 405 3 40 2 N E 

Note: a – property price valuation from September 2018 reported in thousands ('000); b – North (N), North-

east (NE), North-west (NW), East (E), West (W). 

Based on the number of persons and bedrooms in private dwellings published as part of the 

Census 2016 by Australian Bureau of Statistics and the Australia Institute of Health and 

Welfare (2017), the following dwelling occupancy trend was found for Brisbane (Fig. 7-8). 

The number of persons per bedroom decreases from 1.4 to 1.0 in properties with 1 and 2 

bedrooms, respectively. The occupancy per bedroom reduces even further to approximately 

0.8 for 3, 4 and 5 bedrooms properties, and reaches the lowest values in 6 or more bedrooms 

properties, i.e. approximately 0.7. 
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Fig. 7-7. Roof pitch angle 3D model. 

 

 
Fig. 7-8. Relationship between size and occupancy of residential properties in Brisbane. 

 

Investment decisions must be based on economic indicators that can provide a clear 

comparison for options analysis. Traditional indicators for investment decision include the 

Net Present Value (NPV) and the IRR, which are respectively an economic indicator 

(society’s viewpoint) and a financial indicator (invertor’s viewpoint) of capital investments 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 1 2 3 4 5 6 7

P
ro

p
er

ty
 o

cc
u

p
an

cy
 (

p
er

so
n

s/
b
ed

ro
o
m

)

Property size (number of bedrooms)



Chapter 7 – REEEIDA framework 

Page 192 

 

(Tang & Tang, 2003). IRR is also widely applied as a profitability measure which indicates 

the discount rate to balance cash inflows and outflows in a NPV analysis (Mellichamp, 2017). 

Moreover, IRR has been increasingly used for investment decisions related to renewable 

energy (Pinheiro Neto et al., 2017; Del Fabbro et al., 2016; Lang et al., 2016; Powell et al., 

2015), energy efficiency, and carbon mitigation (Dhavale & Sarkis, 2018). The two 

aforementioned indicators alike were adopted in the REEEIDA framework demonstration. 

A maximum IRR for invertors is suggested as part of the REEEIDA framework so as to 

prevent excessive returns in case market conditions change (e.g. economic balance among 

initiative capital cost, up-front incentives and feed-in tariff for renewable energies). In this 

demonstration, rebates were limited to a maximum IRR of 20% for the examined residential 

water heating systems, namely: SWHs and ASHPWHs.  

The IRR of solar and heat pump systems was calculated considering the initiative upfront 

cost (i.e. system cost and installation cost), and future cash flows related to maintenance and 

decommissioning services. As per the report from the Australia Competition and Consumer 

Commission (2017), electricity costs have increased 8% per annum between 2007 and 2017, 

while the average all groups Consumer Price Index (CPI) increased by 2.4% per annum (p.a.) 

for the same period (Australian Competition and Consumer Commission, 2017). Therefore, 

future cash flows were escalated considering the average CPI of 2.4% p.a., and electricity 

was escalated at 8% p.a. 

 

The economic goal of the REEEIDA framework demonstration encompassed an equitable 

carbon price distribution among all stakeholders. As a result, the economic advantages and 

disadvantages of investments in renewable energy were considered in order to balance 

financial gains among all stakeholder groups. The equitable price analysis also assisted in the 

selection of profitable investments and optimised systems based on economic indicators (IRR 

and NPV), and enabled the redistribution of incentives considering the overall economic 

goal. 

For carbon mitigation policy stakeholders, the equitable carbon price enabled the recovery 

of renewable energy and energy efficiency funds provided to initiatives with returns in excess 
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to the maximum IRR set in the policy. The energy regulator reallocated recovered funds for 

new investments in renewable energy and energy efficiency. The financial benefits from the 

adopted initiatives for peak-energy reduction were also considered and redistributed from 

energy transaction stakeholders (e.g. energy retailers) to new investment in renewable energy 

by the energy regulator. Upfront incentives were calculated for new investments in solar and 

heat pump water heating systems for each house in the residential property sample (Section 

7.4.3.3), including: (i) renewable energy and efficiency incentive; and (ii) peak-energy 

reduction incentive. 

 

The lifecycle analysis was underpinned by the economic goals (Section 7.4.5) and addressed 

the whole-of-life carbon mitigation potential and cash flows of investments in SWHs and 

ASHPWHs. A summary of inputs adopted in the analysis is provided in Table 7-5. 

Table 7-5. Lifecycle analysis input criteria and assumptions. 

Parameters 

Systems Criteria/Assumptions 

S
o
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r
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p
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ic
 

Description Adopted value 

Solar collector direction  - - Defined based on aerial imagery Site-specific 

Solar collector tilt angle  - - 
Defined based on imagery and 3-D 

model 
Site-specific 

Solar collector area  - - Average area 2.8 m2 (Appendix C) 

Number of collectors - - Defined based on aerial imagery 2 

Solar collector efficiency  - - Average efficiency level 43% (Appendix C) 

Solar collector dust – radiation 

decline 
 - - 

Defined based on maintenance 

frequency 

5% per annum up to 

65% (Appendix C) 

Solar collector shadowing 

direction 
 - - Defined based on aerial imagery Site-specific 

Heating capacity -  - Average heating capacity power 

3600 Watts        

(Section 5.2.3.1) 

(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 
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Parameters 

Systems Criteria/Assumptions 

S
o

la
r
 

H
e
a
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p
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m
p
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ic
 

Description Adopted value 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015)(Vieira et al., 

2015) 

Coefficient of performance 

(COP) 
-  - Optimum cost benefit point Site-specific 

Heating element power rate - -  Average heating element power 
3600 Watts          

(market review) 

Hot water tank upper limit 

temperature 
   Legionella control temperature 60 ᵒC (Appendix C) 

Hot water tank volume    Optimum cost benefit point Site-specific 

Hot water tank heat loss    Average insulation value 
0.75 W/(m2·K) 

(Appendix C) 

User behaviour water demand    
Average hot water demand in 

Australia 

60 L/day/person 

(Department of Climate 

Change and Energy 

Efficienc, 2010) 

User behaviour end-use 

temperature 
   

Average hot water temperature for 

shower 
40ᵒC (Appendix C) 

Residential properties 

occupancy 
   

Number of bedrooms as a proxy for 

occupancy 
Site-specific 

Electric water heaters were also analysed to provide the basis of comparison for economic 

and carbon reduction advantages associated with SWHs and ASHPWHs. The IRR of solar 

and heat pump systems was calculated considering the initiative upfront cost (i.e. system cost 

and installation cost), and future cash flows related to maintenance and decommissioning 

services. 

 

Electric water heating systems were used as the basis of comparison for energy saving 

estimates of solar and heat pump water heating systems. For this comparison, a performance 

analysis was undertaken to select the most optimised electric systems for the houses in the 

studied sample taking into consideration different hot water tank sizes (i.e. 90, 250, 315, 450 

and 630 L). The upfront electric system cost was estimated based on the price of 101 systems 

available in the market as described in Appendix E. 
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Results showed that 250 L tanks are associated with the lowest annual energy consumption 

estimates for the sampled houses, ranging from 1,689 to 2,268 kWh per annum depending 

on the water consumption pattern. The cost of a 250 L electric system was estimated as $989 

including Goods and Service Tax (GST). 

 

Among the sampled houses, the total and peak-hour annual energy consumption of heat pump 

water heaters ranged from 826 to 1,219 kWh and from 230 to 343 kWh, respectively. In 

relation to electric systems, heat pump systems were associated with a decrease in the total 

electricity consumption from 735 to 1,548 kWh per annum. Average electricity savings 

varied increased from 44% to 68% with an increase in the COP from 2.4 to 4.8. 

Energy saving incentives were proportional to the total and the peak-hour electricity 

reduction of systems, ranging from $391 to $818. Incentives were mainly related to total 

energy efficiency credits (90%), whereas peak-hour energy reduction credits were equal to 

10% on average. Upfront costs included both the price of systems, from $2,432 to $4,164, 

and installation costs, $480 considering two installers for 3 hours at $80 per hour. Lifecycle 

costs were also considered with maintenance every 4 years at $200 per service escalated at 

2.5% p.a. and decommissioning costs of $90 (i.e. $60 in 2016 (Australian Hot Water Unit 

Trust, 2016) escalated to the end of the system life in 15 years from 2018). 

Investments in heat pump water heaters gave rise to IRRs between 10% and 21% for the 

studied houses. Systems with COP of 3.8 had the highest returns, for which five properties 

(i.e. houses 7, 14, 18, 23 and 29) were required to return $144.37 to the renewable energy 

and energy efficiency fund in order to comply with the maximum IRR limit of 20% set as 

part of carbon policy for this analysis. By setting a maximum IRR, the financial incentives 

of carbon policies are maximised to a larger amount of households and businesses without 

compromising the financial feasibility of site-specific initiatives. 

 

SWHs had the largest number of variables among the studied systems. The performance of 

this system type varied considerably depending on site-specific conditions, with total annual 

energy consumption patterns between 351 and 1,176 kWh and annual peak-hour energy 



Chapter 7 – REEEIDA framework 

Page 196 

 

consumption between 27 and 117 kWh among the studied houses. As a result, solar systems 

provided total annual energy savings varying from 903 to 1,582 kWh and peak-hour energy 

savings between 531 and 735 kWh. 

The upfront cost of studied solar systems was $5,543 divided into the system cost ($4,583) 

and installation cost ($960), while their total incentives varied between $506 and $860. The 

composition of incentives related to renewable energy ranged between 84% and 89%, and 

peak-hour consumption reduction contributed from 11% to 16%. Calculated incentives were 

generally lower than existing SRES incentives for Zone 3 (e.g. Brisbane, Sydney, Adelaide, 

and Perth), where the latter are mostly from 24 credits ($960) to 45 credits ($1,800) with a 

median of 35 credits ($1,400). This difference is associated with site-specific conditions, as 

site characteristics (e.g. shadowing of collectors) reduce renewable energy generation. 

Moreover, the calculation of incentives in the case study was focused on carbon policy targets 

within a set timeframe (i.e. 12 years until 2030) rather than on the system lifespan (i.e. 20 

years for solar systems). This enables the maximisation of funds to achieve carbon reduction 

targets by increasing the total renewable energy capacity within the carbon policy planning 

horizon. Notwithstanding the absence of financial incentives beyond the planning horizon, 

systems with a longer lifespan provide extended operational cost savings for investors.  

Lifecycle costs and returns of solar systems were considered throughout the system lifespan, 

i.e. 20 years. Costs were escalated at 2.5% p.a., including both an average service cost of 

$100 per year related to solar collector cleaning and the service of other minor parts, and a 

decommissioning cost of $303 at 2038 (i.e. $180 in 2016). Financial returns measured in IRR 

ranged from 6% to 14% depending on site-specific conditions, with an average and a median 

of 11% and 12%, respectively. 

 

The benefits of solar and heat pump systems are maximised when considering site-specific 

conditions into carbon mitigation strategies. Table 7-6 provides a comparison between the 

main financial and environmental performance indicators of ASHPWHs and SWHs. 

In general, heat pumps had a higher rate of return than solar systems for most of the sampled 

houses due to their lower capital investment (upfront cost). Conversely, solar systems 

provided higher lifecycle returns due to their longer lifespan (20 years) in relation to heat 
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pumps (15 years). Thus, heat pump technology may be more suitable in cases where there 

are budgetary or site-specific limitations for solar systems, whereas solar may be preferred 

among households with higher purchasing power living in larger lot sizes (e.g. low density 

residential developments) less impacted by shadowing. 

 

The ‘strategic scalability’ principle of the REEEIDA framework is a function of the previous 

principles (e.g. ‘detailed data analytics’ principle), as relevant factors ought to be analysed 

to forecast the outcomes of initiatives in different contexts (Rodriguez-Calvo et al., 2018). 

Factors may include not only mark-driven aspects (e.g. demand requirements, supply offer, 

price and subsidies), but also exogenous factors such as culture (Ruggiero et al., 2018).  
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Table 7-6. Lifecycle analysis performance outcomes of solar and heat pump water heaters.  

H
o

u
se

s 

Solar systems Heat pump (HP) systems* Solar VS HP 
Total 

energy 
consump

-tion 
(kWh/ 
year) 

Carbon 
mitigation 
(kgCO2e/ 

year) 

Upfront 
incentive 

($) 

Upfront 
net cost 

($) 

Internal 
Rate of 
Return 
(IRR) 

Lifecycle 
return in 
NPV ($) 

Total 
energy 
consum

ption 
(kWh/ 
year) 

Carbon 
mitiga-

tion 
(kgCO2e/

year) 

Upfront 
incentive 

($) 

Upfront 
net cost 

($) 

Internal 
Rate of 
Return 
(IRR) 

Lifecy
cle 

return 
in 

NPV 
($) 

Economic 
benefit ($) 

Economic 
benefit 

(%) 

1 417 1,018 688 4,855 11% 6,992  658  825  547 2,801 14% 3,770 3,222 85% 
2 626 1,164 790 4,753 13% 9,071  824  1,005  662 2,686 18% 5,479 3,592 66% 
3 748 1,066 731 4,812 12% 7,690  824  1,005  662 2,686 18% 5,479 2,211 40% 
4 705 1,100 752 4,791 12% 8,173  824  1,005  662 2,686 18% 5,479 2,693 49% 
5 626 1,164 790 4,753 13% 9,071  824  1,005  662 2,686 18% 5,479 3,592 66% 
6 626 1,164 790 4,753 13% 9,071  824  1,005  662 2,686 18% 5,479 3,592 66% 
7 747 1,216 830 4,713 14% 9,826  875  1,114  734 2,758 20% 6,365 3,461 54% 
8 351 1,071 721 4,822 12% 7,741  658  825  547 2,801 14% 3,770 3,971 105% 

9 1,036 836 588 4,955 8% 4,420  824  1,005  662 2,686 18% 5,479 -1,059 -19% 
10 691 1,111 759 4,784 12% 8,332  824  1,005  662 2,686 18% 5,479 2,853 52% 
11 445 995 675 4,868 11% 6,668  658  825  547 2,801 14% 3,770 2,898 77% 
12 417 1,018 688 4,855 11% 6,992  658  825  547 2,801 14% 3,770 3,222 85% 
13 705 1,100 752 4,791 12% 8,173  824  1,005  662 2,686 18% 5,479 2,693 49% 
14 686 1,265 860 4,683 14% 10,523  875  1,114  734 2,758 20% 6,365 4,158 65% 
15 536 923 629 4,914 10% 5,637  658  825  547 2,801 14% 3,770 1,867 50% 
16 351 1,071 721 4,822 12% 7,741  658  825  547 2,801 14% 3,770 3,971 105% 
17 705 1,100 752 4,791 12% 8,173  824  1,005  662 2,686 18% 5,479 2,693 49% 
18 805 1,170 803 4,740 13% 9,173  875  1,114  734 2,758 20% 6,365 2,808 44% 
19 351 1,071 721 4,822 12% 7,741  658  825  547 2,801 14% 3,770 3,971 105% 

20 1,176 723 517 5,026 6% 2,818  824  1,005  662 2,686 18% 5,479 -2,661 -49% 
21 417 1,018 688 4,855 11% 6,992  658  825  547 2,801 14% 3,770 3,222 85% 
22 888 954 662 4,881 10% 6,092  824  1,005  662 2,686 18% 5,479 6,13 11% 
23 686 1,265 860 4,683 14% 10,523  875  1,114  734 2,758 20% 6,365 4,158 65% 

24 787 722 506 5,037 6% 2,790  658  825  547 2,801 14% 3,770 -980 -26% 
25 618 857 589 4,954 9% 4,700  658  825  547 2,801 14% 3,770 930 25% 
26 507 946 644 4,899 10% 5,966  658  825  547 2,801 14% 3,770 2,196 58% 
27 417 1,018 688 4,855 11% 6,992  658  825  547 2,801 14% 3,770 3,222 85% 
28 448 993 673 4,870 11% 6,635  658  825  547 2,801 14% 3,770 2,865 76% 
29 872 1,116 768 4,775 12% 8,403  875  1,114  734 2,758 20% 6,365 2,038 32% 
30 525 931 635 4,908 10% 5,763  658  825  547 2,801 14% 3,770 1,993 53% 

Note:  Solar system with lifespan of 20 years; * Heat pump systems with COP of 3.8 and lifespan of 15 years;  Houses where economic gains of heat pumps exceeded 

solar systems. 
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Technological development is bound to play a fundamental role into the reduction of cost 

with an increase in the production and deployment of renewable energy and energy efficient 

initiatives and associated technologies, e.g. energy storage in micro-grids (Morstyn, Hredzak, 

et al., 2018). Moreover, it is critical to define the geographical area of strategies (Jenniches, 

2018), which requires a logical up-scaling sequencing to meet carbon targets within set 

budget and time schedules. Macro budgetary outcomes must be also aligned with social 

welfare drivers to achieved improved outcomes at different scales (De Oliveira-De Jesus & 

Antunes, 2018). Importantly, the design of energy markets require a coordinated approach to 

derive widespread benefits in the renewable energy and energy efficiency transition as an 

integrated approach, e.g. European electricity market (Ringler et al., 2017). 

The REEEIDA framework is based on the strategic scalability of renewable energy and 

energy efficiency strategies, which stems from the dynamic calculation of renewable energy 

and energy efficiency rebates and an organic response to energy market signals. In the 

REEEIDA framework demonstration, renewable energy and energy efficient initiatives 

achieved an annual average carbon mitigation of 1,057 kgCO2e per household associated 

with an average cost reduction of 48% in subsidies ($634 per household) in comparison with 

the current renewable energy scheme incentives (i.e. $1,360 or 40 STC for solar heaters and 

$1,080 or 27 STC for heat pump heaters on average as part of the SRES). 

The aforementioned reduction in renewable energy and energy efficiency fund requirements 

is a function of the targeted approach of the REEEIDA framework demonstration, which was 

focus on the set carbon policy horizon (12 years until 2030) for rebate calculation rather than 

the initiative lifespan (i.e. 15 years for heat pumps and 20 years for solar systems). The 

framework demonstration was also based on an ANN analysis considering site-specific (e.g. 

shading analysis) and user behaviour parameters, enabling a detailed performance 

assessment for each initiate and house. These features not only provide more certainty in 

achieving carbon policy targets within set timeframes, but also provide an efficient and 

equitable allocation of government funds for renewable energy and energy efficiency 

strategies. As a result, strategies can be scaled up to a larger number of properties, increasing 

their coverage and, thus, resilience against site-specific barriers. Moreover, an increased 

coverage can offer opportunities to collect more information on the performance of initiatives 
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for detailed analysis calibration (e.g. ANN training), promoting the continuous improvement 

of a REEEIDA framework application for different deployment scales. 

Electricity retailers also benefit from an increase in the deployment scale of renewable energy 

and energy efficient initiatives by deferring capital investments associated with peak-hour 

energy demand in the electricity distribution grid. The peak-hour energy reduction of 

ASHPWHs and SWHs was equivalent to 0.29 and 0.43 kVA on average, with respective 

capital savings for energy retailers of $ 57 and $ 85, respectively. In the REEEIDA 

framework demonstration, the capital savings associated with peak-hour energy reduction 

are redirected from retailers to site-specific implementation investors through the energy 

regulator, namely: lifecycle peak energy credit entitlement ($ per unit). Peak-hour credit 

arrangements provided 9% to 14% of total subsidies for the selected initiatives among studied 

households, and hence contributed to an increase in the IRR of selected initiatives for 

investors. As pointed out by Newell et al. (2006), marginal economic changes in carbon 

mitigation technologies may have a direct influence on the decision-making process. Peak-

hour credits can be also redirected to the renewable energy and energy efficiency fund if the 

IRR of initiatives exceed the maximum limit set by energy regulators (e.g. 20% in the 

REEEIDA framework demonstration). The higher the number of renewable energy and 

energy efficient properties, the less variability there will be in peak-hour energy reductions 

and the higher the total quantum of peak-hour energy savings will be. Therefore, peak-hour 

credits may be also used for scaling up investments in renewable energy and energy 

efficiency as part of a strategy to further reduce peak-hour demand.  

In summary, the REEEIDA framework enables the expansion or reduction of renewable 

energy and energy efficient initiatives depending on fund availability and market conditions. 

Policy and economic analysis underpin an integrated decision-making process, and provide 

a dynamic assessment for optimal scalability of renewable energy and energy efficiency 

strategies for investors, energy retailers and policy-makers. Thus, the framework provides 

guidance into the type, time and scale (strategic scalability) for renewable energy and energy 

efficiency deployment, outlining the financial and carbon mitigation contribution of all 

stakeholder groups to achieve carbon targets in a sustainable and equitable manner. 
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The study provides an overarching framework for renewable energy and energy efficiency 

investments (the REEEIDA framework) considering seven key principles derived from a 

comprehensive literature review, namely: renewable energy and energy efficiency portfolio 

application, decision-making integration, detailed data analytics, economic indicators setting, 

economic goals setting, lifecycle analysis, and strategic scalability. These principles were 

applied to different decision-making spheres of the energy market, including carbon 

mitigation policy, energy regulation, energy transaction, and site-specific implementation. 

The purpose of the framework is to integrate stakeholders involved in the renewable energy 

and energy efficiency transition, and hence provide a clear understanding of their 

interrelation in regards to energy, carbon and cash flows. As part of the ‘detailed analysis’ 

principle of the REEEIDA framework, ANN models were used to exemplify the expansion 

of smaller datasets from EnergyPlus modelled scenarios (i.e. n=1,000 for each water heater 

type) into larger amounts of scenarios (i.e. n=15,625 for electric, n=78,125 for heat pump 

and n=1,584,375 for SWHs) for energy performance estimates. The main policy and market 

implications of the framework are described as follows: 

 In the REEEIDA framework demonstration, investments in renewable energy and 

energy efficiency were optimised with a reduction of 48% in required funds to 

achieve the set carbon mitigation target. This efficiency is related to the 

comprehensive assessment of solar and heat pump water heating initiatives 

considering site-specific and user behaviour parameters, as well as the distribution of 

funds in accordance with the policy timeframe to achieve required carbon targets. 

 The framework provides clear financial indicators in conjunction with set carbon 

reduction units ($ per kgCO2e) in order to compare the financial feasibility of 

investments (e.g. IRR of studied SWHs and ASHPWHs varied from 6% to 20%) 

adopting a common metric basis (i.e. carbon reduction potential). This not only 

enables an improved investment analysis, but also provides more certainty in 

achieving carbon reduction targets. 

 The framework integrates bottom-up and top-down drivers. The framework is 

applicable to the determination of carbon mitigation targets by governmental and 

private entities, as well as the calculation of incentives for site-specific initiatives. It 
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provides a comprehensive cost feasibility analysis for policy makers, regulators, 

generators, retailers, costumers and prosumers.  

 Fund distribution is aligned with the timeframe of carbon policy planning horizons. 

Therefore, the framework concentrates resources within a set carbon policy 

timeframe, and hence is focused on the prioritisation of initiatives with adequate 

efficiency or generation capacity to achieve carbon reduction targets within defined 

timeframes. This characteristic is important for achieving carbon reduction targets 

with more certainty. Note the site-specific assessment criteria and level of detail will 

vary with the acceptable levels of risk associated with renewable energy returns and 

carbon mitigation targets. Recent and future advancements in big data collection (e.g. 

IoT expansion) and data analytics (e.g. machine-learning) will enable more precise 

performance assessments under a range of site-specific conditions, which in turn will 

reduce the uncertainty of financial investments and carbon reduction potential. 

 The financial benefits are distributed equitably. The framework is aimed at benefiting 

all taxpayers by setting loans or subsidies based on both site-specific carbon reduction 

potential, and a maximum IRR for renewable energy investments. The latter prevents 

unforeseen returns to investors related to changes in the market condition, e.g. 

overestimated feed-in tariff due to the reduction of upfront cost, which leads to 

excessive IRR and imbalances in energy affordability among rate- and tax-payers. In 

the framework, subsidies that produce excessive investment returns are designed to 

be paid back to renewable energy and energy efficiency fund reserves to provide 

further renewable energy and energy efficient initiatives at new locations. 

Considering the use of renewable energy loans, the maximum IRR principle can be 

used to calculate a fair loan repayment based on the operational performance of 

systems, which in turn will reduce the risk of investments and increase the uptake of 

renewable energy and energy efficient technologies. 

 Renewable energy and energy efficiency funds are supplemented to maximise 

benefits. Revenue collection for renewable energy and energy efficiency incentives 

are sourced from indirect beneficiaries of renewable energy investments, including: 

energy distributors, which benefit from peak-hour related capital works deferral, and 

investors with excessive returns from site-specific initiatives. By redirecting these 

two revenue streams back to the renewable energy and energy efficiency funds for 
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new investments, carbon reduction targets will be achieved with more certainty and 

less risk for all stakeholders involved. 

 The framework integrates key variables for the optimisation of carbon mitigation 

strategies. Variables are assessed in a flexible manner to enable the fine-tuning of 

assumptions using data-driven information, including: carbon reduction targets, tariff 

schemes, available funds, and renewable energy initiatives. This provides a high level 

of adaptability to suit the implementation of carbon mitigation strategies at different 

scales under specific conditions or requirements. 

The REEEIDA framework is applicable to the analysis of multiple technology types, tariffs, 

market scenarios and policy intents. It can be also utilised to optimise the deployment of 

systems from a single technology type under site-specific conditions by using comprehensive 

performance assessment techniques (i.e. ANN model) as demonstrated in Section 7.4. Site-

specific analyses increase the accuracy of economic feasibility estimates, which in turn 

provides a better investment of taxpayers’ funds, electricity grid participants, and customers. 

By integrating the requirements and anticipated returns from different stakeholder groups, 

the framework provides a comprehensive and adaptable methodology for the current 

renewable energy and energy efficiency transition. 

Limitations on the application of the REEEIDA framework may arise in cases in which a 

non-comprehensive analytical approach is utilised to evaluate the performance of proposed 

renewable energy and energy efficient initiatives. Unforeseen inefficiencies of renewable 

energy and energy efficient systems due to variable site-specific conditions, among other 

factors, may give rise to unintended outcomes of renewable energy policies. This, in turn, 

may jeopardise the fundamental intent of governmental incentives and subsidies (i.e. 

stimulate feasible renewable energy and energy efficient initiatives), which may limit the 

achievability of carbon reduction targets. Therefore, detailed analytical approaches must be 

adopted as part of the REEEIDA framework, such as the one described in Appendix D. 
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This chapter outlines the PhD research project goals and associated key findings. It provides 

a clear and concise description of the main contributions and limitations in relation to the key 

research areas addressed in the research project, including: 

 Options analysis for residential water heating systems (i.e. solar, heat pump and 

electric water heaters); 

 Sensitivity analysis considering technical specifications, site-specific conditions and 

user behaviour variables associated with water heating systems; 

  REEEIDA framework development aimed at the decarbonisation of energy supply 

in an economically feasible manner. 

Sections 8.2, 8.3, 8.4, and 8.5 describe the research objectives and findings, research 

contribution, research limitations, and future research directions, respectively. 

 

 

The PhD research project was focused on the investigation of renewable energy and energy 

efficient water heating initiatives considering technical aspects (influence of technical 

specifications, site-specific conditions and user behaviour) and strategic considerations (key 

principles for decision-making). The research objectives are outlined in detail in Section 1.2. 

 

The key findings of the project described the performance of the assessed water heating 

systems under different conditions, as well as the resulting impact on policies on renewable 

energy and energy efficiency. The study included sensitivity analyses to determine the 

influence of site-specific and user behaviour variables on the overall performance of 

residential water heating systems. The detailed analyses on water heating systems described 
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in Chapters 4, 5 and 6 were expanded into a comprehensive framework for renewable energy 

and energy efficiency investment decision analysis in Chapter 7, resulting in the development 

of the REEEIDA framework. This, in turn, provided an overarching demonstration of how 

technical parameters can be incorporated into new energy policies in a comprehensive, yet 

practical, manner for all stakeholders involved in the transition towards renewable energy 

and energy efficiency strategies. A detailed description of findings are presented in Sections 

4.5, 5.4, 6.6 and 7.5, whereas a summary of key findings of the PhD research project is 

outlined in the following paragraphs. 

Findings related to Objective 1 (Chapter 4) showed the potential to enhance the performance 

of water heating systems by using controlled electricity tariffs (e.g. 18 hours energy supply). 

This measure eliminates peak-hour energy consumption without impact to the service level 

of systems. Nonetheless, an extended reduction in the electricity supply by using night off-

peak electricity tariffs (e.g. energy supply reduced to 8 hours per day) may cause a significant 

decrease in the compliance levels with Legionella spp. control temperatures (≥60 °C). Such 

risk is more likely to occur in electric and heat pump water heaters (i.e. systems for which 

electricity is the primary energy source), whereas solar systems (i.e. system type for which 

electricity is the secondary energy source) are more resilient to Legionella spp. proliferation. 

In regards to the water-energy nexus, the analysis described in Chapter 4 showed that water 

efficient washing machines with internal heating electric elements are associated with energy 

inefficiencies despite their reduced hot water demand. 

Findings related to Objective 2 (Chapter 5) showed that site-specific characteristics are 

critical for the performance of ASHPWHs. This has direct implications for energy efficiency 

rebate schemes targeted at ASHPWHs, which should take into account local conditions to 

optimise the allocation of renewable energy funds. The analysis also showed that controlled 

tariffs should be limited to less than 5 hour of power interruption in order to maintain 

adequate levels of compliance with Legionella spp. control. The technical specifications, 

design and configuration of systems must take into account both energy efficiency and level 

of service indicators to achieve concomitantly high energy savings and required service 

levels. This approach is particularly important when the service level is decreased to achieve 

energy efficiency goals, e.g. reduction of the set-point temperature of ASHPWHs’ storage 

tanks. The optimisation of ASHPWHs is critical for energy efficiency, as oversized systems 
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showed increased energy intensities. The storage tank capacity and the COP were the two 

factors that influenced the most the performance of ASHPWHs. 

Findings related to Objective 3 (Chapter 6) showed that site-specific and user behaviour 

variables are also of paramount importance for the performance of SWHs. Dust accumulation 

on solar collectors was associated with the largest impact on the performance of SWHs 

among the studied variables. This indicates the importance of whole-of-life approaches, and 

hence policies on SWHs should provide directions on best practices for operation. The study 

also showed that interruptions in the back-up electricity supply of SWHs using power 

switches may give rise to public health risk associated with Legionella spp. proliferation. In 

relation to SWH types, split systems generally outperformed thermosiphon systems in terms 

of energy efficiency and service level. 

Findings related to Objective 4 (Chapter 7) are related to the multifaceted characteristics of 

renewable energy and energy efficiency frameworks. In total, seven principles were 

identified (refer to Section 7.2) as part of a comprehensive literature review, which showed 

the importance of multi-criteria approaches to integrate the different decision-making spheres 

of the energy market, namely: carbon mitigation policy, energy regulation, energy 

transaction, and site-specific implementation. Key findings showed that investments in 

renewable energy and energy efficient water heating systems were improved by using the 

REEEIDA framework with a reduction of 48% in required funds to achieve set carbon 

mitigation targets within the studied household sample. 

The key findings of the PhD research project all indicate the importance of site-specific 

conditions and user behaviour for the performance of water heating systems. Moreover, 

energy efficiency and service level imperatives must be balanced to achieve intended policy 

outcomes (e.g. carbon reduction targets) without jeopardising the provision of adequate 

levels of service (e.g. Legionella spp. control temperatures). Furthermore, the investigated 

technical aspects were converted into a practical investment decision analysis framework for 

renewable energy and energy efficient initiatives, namely: REEEIDA framework. This 

framework is aimed at providing more certainty for investors as a result of its detailed 

analysis and lifecycle approach underpinned by financial indicators. Thus, the herein 

research project not only provided a thorough technical analysis of residential water heating 
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systems, but also provided a clear description of how technical aspects can be used to 

improve strategic consideration for policies on renewable energy and energy efficiency. 

 

The PhD research project delivers an original contribution to both the existing body of 

scientific literature and guidelines on theoretical and methodological approaches for water 

heating systems. Also, it provides practical knowledge to implement more effective 

renewable energy and energy efficiency policies. The following sections describe specific 

contributions of the research project taking into account scientific, methodological and 

practical contributions. 

 

The scientific contribution of the PhD research project is demonstrated by its novel approach 

to combine energy efficiency and level of service indicators to analyse the performance of 

water heaters. Moreover, it also provided a comprehensive and innovative investment 

decision analysis tool (the REEEIDA framework) for renewable energy and energy efficient 

initiatives. Pursuant to the Google Scholar database in February 2019, Paper 1 (Vieira et al. 

2014), Paper 2 (Vieira et al. 2015) and Paper 3 (Vieira et al., 2018) were cited 29, 27 and 9 

times, respectively. 

The Objective 1 of the PhD project addressed an important topic for the built environment, 

as water heating technologies must comply with energy performance criteria (e.g. peak-hour 

energy consumption and energy intensity) and levels of service (e.g. end-use temperature and 

Legionella spp. control temperatures). This study described a novel approach, in which a 

more comprehensive performance assessment of water heating systems was developed based 

on technical specifications, site-specific conditions and user behaviour. 

Objectives 2 and 3 expanded on Objective 1, for which sensitivity analyses were undertaken 

for ASHPWHs and SWHs, respectively. The two analyses alike were underpinned by field 

experiments to validate and calibrate computational models. As a result, computational 

models were used to expand the number of studied scenarios combining technical 

specification, site-specific condition and user behaviour variables. The analysis related to 

Objectives 2 and 3 revealed the importance of additional parameters other than 
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manufacturers’ specification (e.g. COP of ASHPWHs, solar collection efficiency of SWHs, 

etc.), including: heating capacity, tank set-point temperature, water consumption pattern, 

tank size, electricity supply intermittence, dust accumulation on solar collectors, etc. This 

finding shows that policies must focus not only on the technical specification of systems, but 

also on the site-specific and user behaviour conditions by using comprehensive performance 

assessment approaches. 

The Objective 4 of the PhD research project (Chapter 7) provides the link between the 

technical analyses developed as part of Objectives 1, 2 and 3 (Chapters 4, 5 and 6) with a 

strategic approach for investment decision-making and stakeholder engagement, namely: the 

REEEIDA framework. The resulting study provided an innovative approach to integrate 

stakeholders from the energy market towards an economically viable decarbonisation 

transition path. This final contribution of the PhD research project is also important to assess 

the feasibility of different renewable energy and energy efficient initiatives (options analysis) 

from an overarching viewpoint taking into account different decision-making spheres, i.e. 

energy policy, energy regulation, energy transaction, and site-specific implementation. 

In summary, the PhD research project provides a novel approach to analyse the feasibility of 

renewable energy and energy efficient water heaters. This was accomplished by establishing 

complementary research objectives, including: (i) Performance assessment analysis (Chapter 

4); (ii) Sensitivity analyses (Chapters 5 and 6); and (iii) Renewable Energy and Energy 

Efficiency Investment Decision Analysis framework (Chapter 7). The herein studies 

contributed to the scientific community by providing an integrated approach for water 

heating system analysis considering technical aspects (Chapters 4, 5 and 6) and strategic 

considerations (Chapter 7). To the best of my knowledge, the herein research provides an 

original contribution to the scientific literature, which can be used to achieve improved 

renewable energy and energy efficiency outcomes among end-users, private entities, and 

governmental departments. 

 

The methodological contribution of the PhD research project entails the following subjects: 

 Multi-criteria assessment framework considering energy performance and service 

level criteria described in Chapter 4; 
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 Sensitivity analyses of water heating systems based on technical specification, site-

specific conditions and user behaviour addressed in Chapter 5 (ASHPWHs) and 

Chapter 6 (SHWs); 

 REEEIDA framework to integrate stakeholder decision-making in the energy 

transition towards decarbonisation in Chapter 7. 

In Chapter 4, the multi-criteria assessment framework was aimed at providing a holist 

performance analysis of water heating systems. Traditionally, the performance of water 

heaters is described only in terms of energy consumption using a single viewpoint approach; 

yet, the service performance expressed as the compliance level with Legionnaires’ diseases 

control temperature (i.e. temperatures ≥60ᵒ in the hot water tank) is also fundamental as a 

public health precautionary measure. In addition, Chapter 4 also provided an analysis of 

different electricity tariff options (e.g. off-peak and controlled tariffs) and user behaviour 

variables (e.g. water consumption patterns with and without washing machines connected to 

hot water services).  

As part of Chapters 5 and 6, a comprehensive sensitivity analysis considering a large range 

of technical specifications, site-specific conditions, and user behaviour variables was 

undertaken. The resulting analyses were based on a novel approach to classify reported 

parameter ranges, which takes into consideration 5 energy efficiency classes based on the 

statistical distribution of variables (refer to Table 5-4 in Section 5.2.3.3 for details). 

Chapter 7 expands on the methodological approach developed in the previous chapters by 

determining carbon, energy and cash flows among stakeholders in the energy market. In this 

chapter, an overarching methodology for an equitable decarbonisation transition using the 

REEEIDA framework was demonstrated based on the comprehensive analytical techniques 

developed in the previous chapters (Chapters 3, 5 and 6) for the assessment of residential 

water heating systems. Seven key principles were used for the development of the REEEIDA 

framework as described in Fig. 7-2, Section 7.2. 

The aforementioned methodologies outlined in the main four chapters of the thesis (Chapters 

4, 5, 6 and 7) provided a holistic approach for the assessment of water heating systems. The 

herein methodological contribution can be applied to improve the assessment approach to 

determine the performance of water heating systems (Chapter 4), to undertake sensitivity 
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analyses using a comprehensive categorisation process based on the statistical distribution of 

variables (Chapters 5 and 6), and to assess the economic feasibility of a range of renewable 

energy and energy efficient initiatives for different stakeholder groups (Chapter 7). 

Moreover, this PhD research project also provides methodological approaches for energy 

modelling (e.g. Appendix C) and advanced statistical analyses used for prediction models 

(e.g. Appendix D). 

 

The key findings of the PhD research project outlined in Section 8.2.2, the scientific 

contribution described in Section 8.3.1, and the novel methodologies described in Section 

8.3.2 all have practical contributions for stakeholders in the energy market. Due to its 

elaborated approach based on multi-criteria analyses, this research project has drawn direct 

attention from different stakeholders, including: (i) heat pump water heater suppliers who 

donated the system for the experiment described in Chapter 5; (ii) SWH suppliers who 

provided the system for the experiment defined in Chapter 6; and (iii) the Cooling, Heating 

and Motor Product Team within the Appliance Energy Efficiency Branch of the Department 

of Industry and Science, Australia; among others.  

For the energy market, the research findings and methodology can be used to define more 

comprehensive analytical approaches for the performance assessment of water heating 

systems. Moreover, results provided evidence of the importance of site-specific conditions 

and user behaviour variables for the operation of water heating systems, as well as the 

compounded effect of their interconnection. Therefore, the outcomes from the PhD research 

project can provide relevant information for decision-making and strategic planning, as well 

as assist into the adoption of practical approaches for the performance assessment of water 

heating systems.  

Notwithstanding the focus of the PhD project on residential water heating systems, the 

research method described herein can be amplified to different renewable energy and energy 

efficient initiatives. This is most evident in Chapter 7, in which the REEEIDA framework is 

developed and demonstrated. The PhD research project also includes the following final 

remarks: 
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 Water heating systems must be assessed from an energy and service performance 

viewpoint. The approach developed as part of this research project integrates different 

indicators, e.g. total energy consumption, peak-hour energy consumption, 

compliance levels with Legionella spp. control temperatures and comfort level. 

 The performance assessment of ASHPWHs and SWHs require a thorough analysis 

including technical specifications, site-specific conditions and user behaviour. 

Results showed that local conditions have a significant influence on the performance 

of systems. 

 The REEEIDA framework provides a detailed options analysis approach to optimise 

investments in renewable energy and energy efficiency. This framework offers 

information on energy-carbon-cash flows among different stakeholder groups, which 

are of paramount importance for the decision-making process in the adoption of 

renewable energy and energy efficient initiatives. 

In summary, the practical contribution of the PhD research project is manifold due to the 

growing importance of renewable energy and energy efficient initiatives to achieve carbon 

reduction targets. The flexibility and adaptability of the novel REEEIDA framework and the 

associated analytical methodologies in the PhD research project are practical instruments for 

the current energy transitions towards renewable energy and energy efficiency.  

 

The limitations of the PhD research project are outlined as follows: 

 The analysis of residential water heating systems was limited to mainstream systems 

in Australia for which electricity is used as the primary or secondary energy source 

(i.e. electric, solar and heat pump water heating systems with hot water storage tank). 

Therefore, the analysis neither included gas water heaters, nor instantaneous water 

heating systems. 

 The sensitivity analyses of heat pump and solar water heating systems were limited 

to the variation of one parameter at a time, while the other parameters were 

maintained at the standard performance category. This procedure was undertaken due 

to computational limitations to analyse all the possible combination of variables 

(scenarios), e.g. 2.5×1013 for solar water heating systems. This limitation was 



Chapter 8 - Conclusion 

Page 212 

 

partially overcome in the analysis developed as part of the study in Chapter 7, in 

which a ‘visual basic for applications’ (VBA) program was created to automate the 

generation of scenarios for computational models. The generated scenarios were 

further expanded by the development of ANNs for each water heating systems, which 

enabled the analysis of millions of scenarios. 

 The ANN developed as part of Objective 4 was limited to the City of Brisbane for 

simplicity and data reduction purposes. Initially, the work was intended to encompass 

all state and territory capital cities in Australia; nonetheless, it would require a much 

larger analysis deemed not necessary for the development and demonstration of the 

proposed novel methodology (i.e. REEEIDA framework). 

 The REEEIDA framework was only demonstrated for water heating systems in the 

PhD research project. However, its application is aimed at the entire range of 

renewable energy and energy efficient initiatives. Such limitation can be overcome 

in future research studies and industry projects. 

All in all, the limitations of the PhD research project were thoroughly analysed and overcome 

when possible within the scope and the timeframe of this candidature. The remaining 

aforementioned limitations can be addressed in future research projects as described in 

Section 8.5. 

 

In order to continue the work developed in the PhD research project, future research 

directions include, but are not limited to: 

 Further assessment of residential water heating systems under actual hot water 

demand patterns will enable a continuous narrowing of the knowledge gap regarding 

the actual on-site energy and hot water supply performance of water heating systems.  

 Performance analysis of solar water heating systems through the installation of a 

variety of collector configurations (e.g. different roof types, shading conditions, etc.). 

This analysis was initiated in the sensitivity analysis carried out as part of Objective 

3 in Chapter 6. 
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 On-site monitoring of ASHPWHs and SWHs in residential and non-residential 

buildings in order to gain knowledge of performance variations over time taking into 

consideration energy efficiency and level of service parameters; 

 Comprehensive assessment of the influence of ASHPWHs and SWHs set-point 

temperature on the proliferation of Legionella spp. in buildings in order to identify 

potential public health risks in residential and non-residential buildings. This analysis 

is common in hospitals; however, it can be expanded to other building typologies, 

including: retirement villages, tourism accommodation, residential properties, etc. 

 Economic feasibility study of ASHPWH and SWH systems so as to determine key 

economic factors limiting their widespread use by the residential sector (e.g. capital 

cost, lifecycle maintenance cost, system payback period, subsidies, etc.). This 

analysis was initiated as part of Objective 4 in Chapter 7; yet, further investigation 

will provide more detailed information on the economic feasibility of renewable 

energy and energy efficient systems under different site and market conditions. 

 Determination of equations from multi-parametric forecasting methods (e.g. ANN, 

BN, etc.) in order to transform large amounts of information into simple evidence-

based decision-making tools. Such tools can be used by a diverse range of stakeholder 

groups (e.g. households, government agencies, etc.). ANN analyses were undertaken 

as part of Objective 4 in Chapter 7. This analysis can be further refined by using 

empirical data from properties with renewable energy and energy efficient systems. 

Big data collection can be generated from smart-meters, which are compulsory for 

Time-of-Use electricity tariffs and most of the feed-in tariffs unless the utility and 

feed-in tariffs are rated equally. 

 The application of the REEEIDA framework for different renewable energy and 

energy efficient technology types (e.g. photovoltaic, wind and hydroelectric 

renewable energy sources, LED lighting, cooling and heating, and other renewable 

energy and energy efficient systems). 

The aforementioned research directions are intrinsically connected to the implementation of 

more comprehensive policies to encourage a transition of the energy sector towards the 

widespread adoption of renewable energy and energy efficient initiatives. Therefore, future 

policy-making directions can be improved by using the methodology and findings of the 

herein PhD research for the development of integrated technical and strategic approaches.
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Supplementary material of Chapter 4: 

Hot water consumption pattern determination 

 

1. Summary 

Representative hot water consumption patterns for households in Brisbane were obtained 

from the South-east Queensland Residential End-use Study (SEQREUS) (Beal & Stewart, 

2011). The smart metering data acquisition process and subsequent water end-use 

classification method is described in detail by Willis et al. (2011) and Beal and Stewart 

(2014). In the present study, it was also utilised available data associated with the SEQREUS 

for the hot water end-uses of 12 Brisbane households in winter and summer in 2010. 

2. Method use to estimate hot water consumption patterns 

The average hot water consumption pattern among households was used to perform the 

simulations. Water end-uses with similar functions, which may have interchangeable uses, 

were clustered together to avoid underestimating peak demands and to provide a more 

realistic representation of the average consumption pattern among households. Therefore, the 

hot water end-uses were grouped as: (i) shower and bath, (ii) washing machine and (iii) taps. 

The average water consumption among households for each hot water end-use group was 

determined over a 24-hour period with hourly resolution (i.e. diurnal consumption pattern). 

This pattern was established considering two peak periods in order to represent the morning 

(am) and evening (pm) peak-hours. This assumption was necessary to clearly define peak 

water consumption events that would otherwise be misrepresented if only the total average 

hourly consumption among households was considered. The peak hot water consumption of 

each end-use group was calculated for weekdays and weekends during summer and winter 

using Eq. A.1. 

For the simulations, a schedule to represent the hot water consumption pattern was developed 

using the fraction of the maximum consumption calculated for each peak-hour and the 

average flow rate. Two hot water consumption patterns were used to represent the studied 

group in the simulations: a partial consumption pattern, which was characterised by a 
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combination of the hot water end-use categories ‘shower and bath’ and ‘taps’; and a total 

consumption pattern, which encompassed the end-use categories ‘washing machine’, 

‘shower and baths’, and ‘taps’. The partial consumption pattern was used to represent 

households in which the washing machine was not connected to the water heating system, 

while the total consumption pattern represented households where the washing machine was 

connected to hot water from the heating system. 

  𝑃𝑖 =
𝑊𝐶𝑖

𝑊𝐶𝑚
× 100    (Eq. A.1) 

where: 𝑃𝑖 is the percentage of the maximum daily water consumption during peak-hour ‘i’ 

(%); 𝑊𝐶𝑖 is the average household (hh) water consumption (L) during the period represented 

by peak-hour ‘i’ (L/hh); and 𝑊𝐶𝑚 is the maximum average daily household (hh) water 

consumption (L) on weekdays and weekends in the summer and winter (L/hh). 

For the total water consumption pattern, the average water consumption of washing machines 

from all studied households was used as a representative consumption pattern, regardless of 

differences among washing machine types. However, top-loading washing machines usually 

rely on hot water from water heating systems as it has both hot and cold tap connections; 

while front load washing machines are typically connected to the cold water tap only and 

heat the water using an internal heating element (i.e. electrical resistance) (Beal, Stewart, et 

al., 2012). 

The energy required to internally heat water in front load washing machines (cold tap 

connection only) was calculated through EnergyPlus models as an instantaneous (tankless) 

electric water heater. 

2.1. Estimated hot water consumption patterns 

The average water consumption patterns and estimated peak water demand for water end-use 

groups with potential hot water demand are presented in Fig. A.1. This figure also presents 

the combined shower and bath end-use category hourly water consumption patterns and the 

estimated fraction of the total daily water consumption during the morning and the evening 

peak-hours for the studied households in four key periods: (a) Weekday – Winter; (b) 

Weekend – Winter; (c) Weekday – Summer; and (d) Weekend – Summer. 
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Fig. A.1. Shower and bath average hourly water consumption pattern (L) and estimated 

fraction of the total daily water demand (%) during morning and evening peak-hours (h) for 

the studied households (hh) during week days in winter (a), weekends in winter (b), week 

days in summer (c) and weekends in summer (d). 

The maximum daily water consumption pattern for the combined shower and bath end-use 

category was observed during summer, where the household consumption on weekends (i.e. 

116.8 L per day) was slightly higher than on weekdays (i.e. 110.4 L per day). During winter, 

the water consumption decreased to 94.1 and 106.0 L per day on weekdays and weekends, 

respectively. In both seasons, peak-hour periods were generally observed during mornings 

and evenings. However, morning peaks were higher in winter, whereas evening peaks were 

higher in summer.  

Despite the lower average total volume of water consumption for shower and bath on 

weekdays when compared to weekends, weekdays had higher peak in water consumption as 

householders usually have a tighter schedule for daily routines during week days (e.g. set 

start times to get ready for school and work in the mornings).  

In relation to the total daily water demand, the peak water consumption for shower and bath 

reached 57% at 7 am and 43% at 5 pm on weekdays in winter (Fig. A.1a); 40% at 8 am and 

60% at 6 pm on weekends in winter (Fig. A.1b); 40% at 7 am and 60% at 6 pm on weekdays 

in summer (Fig. A.1c); and 36% at 9 am and 64% at 7 pm on weekends in summer (Fig. 

A.1d). 
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For washing machines (Fig. A.2), the water consumption pattern was the highest on 

weekends in winter (i.e. 127.4 L per day) followed by weekends in summer (i.e. 109.2 L per 

day). The slightly higher consumption in winter, in comparison with summer, may be due to 

the larger quantity of clothes washing in winter (i.e. more jackets, jeans and jumpers). On 

weekdays, the winter and summer patterns were similar, with household water consumption 

of 78.0 and 77.1 L per day, respectively. Clothes washing events are less frequent during the 

week since working families lack time during weekdays and cannot wait for long washing 

cycles to end. 

 
Fig. A.2. Washing machine average hourly water consumption pattern (L) and estimated 

fraction of the total daily water demand (%) during morning and evening peak-hours (h) for 

the studied households (hh) during week days in winter (a), weekends in winter (b), week 

days in summer (c) and weekends in summer (d). 

Notwithstanding the more homogeneous water consumption patterns during morning 

periods, similar peak-hour values during morning and afternoon periods were estimated in 

order to represent the consumption pattern of the assessed households. Morning peaks 

generally occurred around 8–9 am, while afternoon peaks were observed around noon in the 

winter and during later hours in the summer. 

The water consumption of tap end-uses was higher in summer, when the weekday and 

weekend patterns were equal to 88.9 and 88.0 L per day, respectively (Fig. A.3). On the 

contrary, winter consumption patterns were slightly lower on weekends (i.e. 76.9 L per day) 

and considerably lower on weekdays (i.e. 65.2 L per day). 
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Fig. A.3. Tap end-use average hourly water consumption pattern (L) and estimated fraction 

of the total daily water demand (%) during morning and evening peak-hours (h) for the 

studied households (hh) during week days in winter (a), weekends in winter (b), week days 

in summer (c) and weekends in summer (d). 

The consumption pattern for taps was more distributed in comparison with other water end-

uses. Nonetheless, there was still two clear peak-hour periods during the day, in which peak-

hours reached 36% at 7 am and 64% at 6 pm on weekdays in winter; 31% at 9 am and 69% 

at 6 pm on weekends in winter; 40% at 7 am and 60% at 6 pm on weekdays in summer; and 

42% at 9 am and 58% at 5 pm on weekends in summer. 

 
Fig. A.4. Estimated total water demand pattern (Total: washing machine, taps, shower and 

bath) and estimated partial water demand pattern (Partial: taps, shower and bath). 
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Two representative hot water consumption patterns were estimated for the studied 

households: (i) partial demand pattern (i.e. taps, and shower and bath combined); and (ii) 

total demand pattern (i.e. washing machine, taps, and shower and bath combined). Fig. A.4 

illustrates the estimated total demand pattern, as well as the partial demand pattern by 

disregarding the washing machine water consumption component represented in black. 

For the partial water consumption pattern, the household water demand varied from 

approximately 171.0 L per day in the winter (Fig. A.4a and A.4b) to 199.3 and 204.8 L per 

day on weekdays (Fig. A.4c) and weekends (Fig. A.4d), respectively, in the summer. The 

annual average water consumption for this pattern was approximately 186.0 L per day, i.e. 

68 m³ per year (Fig. A.4e), which is around a daily consumption of 62 L per person, taking 

into account the average occupancy rate of households (i.e. three residents). This value is 

within the range prescribed by the Australian Plumber Reference Guide—Solar & Heat Pump 

Hot Water Systems (Department of Climate Change and Energy Efficienc, 2010), which 

suggests an approximate hot water demand of 200 L per day for households with 3–4 

residents, i.e. 50 to 67 L per person. It is also similar to ranges in the UK, in which Yao and 

Steemers (2005) and Boait et al. (2012) described daily hot water consumption totals equal 

to 53 and 72 L per person on average, respectively. 

A total water consumption pattern was estimated in order to represent households in which 

all hot water end-uses are supplied by residential water heating systems, including hot water 

supply to washing machines. In such households, the estimated hot water supply from 

residential water heating systems increased by 48% in comparison with households without 

hot water supply to washing machines, with a diurnal consumption pattern ranging from 83 

L per person (249 L per household) on weekdays in winter to 105 L per person (314 L per 

household) on weekends in summer. The annual average hot water demand of the diurnal 

demand pattern was equal to 92 L per person or 275 L per household, totalising 100 m³ per 

year. This average is 38% higher than the hot water demand suggested by the Plumber 

Reference Guide for households with 3–4 residents (Department of Climate Change and 

Energy Efficienc, 2010). Similar results were described by Evarts and Swan (2013) in 

Canada, who found higher diurnal hot water demands (39 to 67 L per person on average) for 

households with less than 4 residents in comparison with the hot water demand described in 

national standards for water heating system design (60 L per person). 
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1. Technique and input parameters 

Computational models were undertaken using the software EnergyPlus from the United 

States Department of Energy (US-DOE). This software is largely used for energy 

performance analysis in buildings (Carlo & Lamberts, 2008; Hassan & Beliveau, 2008; 

Vieira et al., 2014; Swan & Ugursal, 2009; Li et al., 2013; Garcia Sanchez et al., 2014; 

Lamnatou et al., 2015). 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 (Altoé et al., 2015). 

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. (1992). 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 (ASHRAE, 2013).  
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The input parameters used in the validation model are summarised in Table B.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 B.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 L 233 Experimental data 

Storage tank height of cold water inlet 

point 

m 0.080 Experimental data 

Storage tank height of hot water outlet 

point 

m 0.330 Experimental data 

Storage tank height of hot water inlet 

point from collectors 

m 0.200 Experimental data 

Height of auxiliary electric heating 

element 

m 0.205 Experimental data 

Power rate of the auxiliary electric 

heating element 

W 1800 Technical 

specification 

Heat loss coefficient – Upper two-thirds 

of the 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 one-third 

of the 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 practice of local retailers and 

installers of SWHs. 

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 (Clean Energy Regulator, 2014a). Tables B.2 and 

B.3 detail the technical specifications of the SWH and the collectors, respectively. 
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Table B.2. Technical specifications of solar water heater for field experiment. 
Parameter SWH 

Type Thermosiphon roof mounted 

Tank volume (L) 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 B.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-1) -5.4707 

Quadratic loss coefficient (W·m-2·K-2) -0.0271 

Linear angle modifier coefficient -0.1718 

Quadratic angle modifier coefficient -0.058 

 

 
Fig. B.1. Field experiment with thermosiphon solar water heater. 

The field experiment system was a thermosiphon SWH fitted with two polyester black paint 

observer coating solar panels (Fig. B.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 
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for Brisbane city, i.e. 0° north direction and 27.5° tilt (DRET, 2013; Department of Climate 

Change and Energy Efficienc, 2010); 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. 

A solenoid valve operated by a timer was used to emulate a residential hot water consumption 

pattern in the field experiment (Fig. B.2). The emulated residential hot water time of use was 

based on previously completed high resolution smart meter studies, i.e. Beal and Stewart 

(2011). 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 L per day, 

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.  

 
Fig. B.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 L, respectively. The temporal 

resolution of loggers was set to record pulses every five seconds. The collected water and 
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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 

per day) and the average result (12.6 kWh per day) of models was equal to 24%. Fig. B.3 

illustrates the average diurnal electricity consumption pattern from the experiment and model 

results.  

 
Fig. B.3. Average energy consumption profile of the assessed SWH from 20 September 

2014 to 10 October 2014. 

The error bars in Fig. B.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. 
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Similar results are described by Griffith and Ellis (2004), 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 (Ayompe et al., 2011; Hobbi & Siddiqui, 2009; 

Lima et al., 2006; Jordan & Vajen, 2001) and practitioners (e.g. AS/NZS 4234:2008), it is a 

proprietary software, while EnergyPlus is a robust publicly available software.  
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1. Summary 

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. 

1.1. Stochastic input parameters 

Input parameters with random variability were classified as stochastic variables divided 

into the five energy efficiency classes described in Table 5-4, Section 5.2.3.3. 

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 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 LS and the US 

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 (1982), 

Phillips et al. (1997) and Mathioulakis et al. (2012). The broader level of confidence of 

99% was utilised to describe extreme values (i.e. LE and UE values), which were 

calculated using Eq. 5-3 for most of the stochastic parameters. The variability of 

stochastic input parameters is summarised in Table C.1. 
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Table C.1. Stochastic input parameters. 
Energy efficiency classes LE LS S US UE 

S
o
la

r 
co

ll
ec

to
r Optical coefficient 

(Efficiency%)a 
0.574 

(39.4%) 
0.608 

(42.7%) 
0.691 

(56.2%) 
0.784 

(63.5%) 
0.823 

(67.2%) 
Gross area (m²)b 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 

S
to

ra
g
e 

ta
n
k
 Volume (L) 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)c 

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

H
o
t 

w
at

er
 p

ip
e 

E
n
d

-u
se

 p
o
in

t Length (metres) 18 15 9 5 0 
Set-point temperature (°C) 50 47 40 35 33 
Water demand (L/hh/day)d 233 210 155 100 77 

Morning water consumption 
peak (time)e 

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

Evening water consumption 
peak (time)e 

None 17:00 18:00 20:00 None 

Note: The energy efficiency class is divided into five categories, namely: lower-extreme (LE), lower-

standard (LS), standard (S), upper-standard (US), and upper-extreme (UE). a – The UE and LS 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. b – Gross area of a single 

collector. c – Average (Avg.) difference. d – Household (hh). e – The total time of all water consumption 

events was equal to 20 minutes. 

Some of the values reviewed in the literature were considered to be part of either the LE 

or the UE classes (99.9% confidence interval) due to their unusual characteristics. For 

such parameters, the LS and US classes were determined in an analogous way to the one 

described in Eq. 5-3. 

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, 2007) 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. C.1) as per the 

AS/NZS 2535.1 (2007). This equation has large application for instantaneous thermal 

efficiency analysis of solar collectors, e.g. Duffie and Bechman (Duffie & Beckman, 

1991) among several other studies and codes.  

𝜂 = 𝑐0 + 𝑐1
(𝑇𝑖𝑛−𝑇𝑎𝑖𝑟)

𝐼𝑠𝑜𝑙𝑎𝑟
+ 𝑐2

(𝑇𝑖𝑛−𝑇𝑎𝑖𝑟)2

𝐼𝑠𝑜𝑙𝑎𝑟
   (Eq. C.1) 

where: η is the thermal efficiency coefficient (dimensionless); c0 is the optical coefficient 

(dimensionless); c1 is the linear loss coefficient (W/(m2·K)); c2 is the quadratic loss 

coefficient (W/(m2·K2)); Tin is the inlet temperature of the working fluid (°K or °C); Tair 
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is the outdoor air temperature (°K or °C); and Isolar is the global incident solar radiation 

(W/m2). 

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 LS 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 (2007) for water heating systems in warm climates 

(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 UE 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 climates, where values oscillated between 2.7% 

(Hottel & Woertz, 1942) and 5.0% (Dietz, 1963), and arid or semi-arid climates, for which 

values range from 2.5% to 64.0% depending on the frequency of manual or mechanical 

cleaning events and the tilt angle of collectors (Hegazy, 2001). Based on this information, 

the extreme values of the dust effect on collectors was assumed to be zero (UE value 

equal to clean collectors) and 64% (LE value equal to the worst case scenario described 

in the literature (Hegazy, 2001)). The LE 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 



Appendix C 

Page 259 

 

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 (Queensland Government, 2016) 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 LS, S and US 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 LE and UE 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 (Department of Climate Change and Energy Efficienc, 2010).  

The inlet water temperature supplied to SWHs (i.e. cold water temperature) was 

calculated as per the method described by Hendron et al. (2004). 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. (2014). 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. (2016) 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 
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water pipes, for which the minimum, average and maximum values were equal to 5, 9 

and 18 metres, respectively. Based on these values, the UE class was calculated using Eq. 

C.1, whilst the LE 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 (Hendron et al., 2004; Pillai & Banerjee, 2007; Li et al., 

2012). The maximum end-use temperature is limited by hot water supply standards to 50 

°C (AS 3498, 2009), and hence this value was adopted as the UE temperature class. The 

LE temperature class (33 °C) was calculated based on the LS value (35 °C) and the 

standard value (40 °C) using Eq. C.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 (Department of Climate Change and Energy Efficienc, 2010), i.e. 50 

and 70 L per day; and (ii) the average household size in Australia, i.e. 2–3 persons per 

household (ABS, 2010). As a result, the total daily water consumption at hot water end-

use points varied from 100 to 210 L per household. Such consumption was considered to 

be distributed within two peak-hour periods (morning and evening peaks) for standard 

classes as described in Appendix A, 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 in Appendix A, resulting in 

a LE peak-hour at 6:50 am and an UE peak-hour at 9:40 am. 

1.2. 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 

C.2, except for input parameters based on geographical directions (i.e. solar collector 

direction and shadowing). 
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Table C.2. 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. (2007), 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. 5-1 described in Section 5.2.2.1. 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 (Department of Climate Change and Energy Efficienc, 2010), 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 (Shariah et al., 2002). Also, solar collectors have been also 

installed at extreme angles (e.g. vertical) due to space constraints in multi-storey buildings 

(e.g. Furundzic et al. (2012)). 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 (UE class). 

The hot water pipe insulation variation for the study was adopted considering the range 

described in the Plumbing Reference Guide of Australia (Department of Climate Change 

and Energy Efficienc, 2010). In this guideline, the insulation R-value is reported, in which 
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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 LS and 

US values were defined considering the lower- and the upper insulation levels reported 

for external pipes in different climates nationwide. The LE and UE 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 LE energy 

efficiency class for this parameter. 

 
Fig. C.1. Representation of shadow effect on solar collectors from a single shading 

element positioned in the north direction. 

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 
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at 50 metres from the middle point between the two parallel solar collectors (Fig. C.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. 

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 

(2000). The climate conditions were assessed for the sub-tropical climate of Brisbane, 

classified into the Bioclimatic Zone 3. For this purpose, a RMY climate file was obtained 

from the EnergyPlus website. 
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Supplementary material of Chapter 7: 

Artificial Neural Networks 

 

Artificial Neural Networks (ANN) prediction models were developed to undertake 

performance analyses of electric, air source heat pump water heaters (ASHPWHs) and 

solar water heaters (SWHs) under weather conditions for the city of Brisbane, Australia. 

The ANN statistical analyses were undertaken using statistical software packages and 

trained using computational model outputs calculated using the software package 

EnergyPlus (E+) from the United States Department of Energy (US-DOE). 

The analysis was based on 15,625 scenarios for electricity, 78,125 scenarios for heat 

pump, and 1,584,375 scenarios for SWHs. Scenarios were selected randomly for the ANN 

training (n=1000) and testing (n=333). By using multi-layer perceptron (MLP) ANN, the 

applicability of the modelled information used for training was expanded by 15-, 78- and 

1,584-fold for electric, ASHPWHs and SWHs, respectively. This exemplifies the large 

suitability of ANN models for performance assessment of different technologies. The 

expansion of renewable energy and energy efficient initiatives may create further 

opportunities for big-data collection on their performance. Such data can be utilised to 

improve the calibration and respective precision of forecasting models using machine-

learning techniques. In this study, modelled and ANN predicted results were significantly 

correlated as illustrated in Fig. D.1. 

The correlation between modelled and ANN results for the total energy consumption was 

stronger than the one for peak energy consumption. Such result is a function of the higher 

variability of the peak energy consumption in relation to the total energy consumption. 

The ANN was more precise for electric systems than heat pump and solar systems, as less 

variables influence the performance of electric systems, resulting in a simpler operation. 

The distribution of E+ modelled and ANN predicted results is shown in Fig. D.2. 
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Fig. D.1. Linear correlation between modelled and ANN predicted total (a) and peak (b) 

annual energy consumption of solar (1), heat pump (2) and electric (3) systems for 

training and test sub-samples. 

ANOVA statistical analyses were undertaken to compare the four training and test sub-

samples of each system type. The analyses showed no significant difference for the total 

and peak energy consumption within groups, i.e. accepted null-hypothesis for the total 

energy consumption of solar (p>0.81), heap pump (p>0.76), and electric (p>96) systems 

and for the peak energy consumption of solar (p>0.96), heat pump (p>0.61), and electric 

(p>0.99) systems. The Root Mean Square Error (RMSE), Coefficient of Variation (CV), 

Mean Absolute Error (MAE) and Mean Absolute Percentage Error (MAPE) of predicted 

values of each system type were also calculated. These measures are common 

performance indicators of energy consumption prediction models (Amasyali & El-

Gohary, 2018; Kumar et al., 2018; Suganthi & Samuel, 2012) and ANNs (Guresen et al., 

2011; Paoli et al., 2017; Suganthi & Samuel, 2012). 
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Fig. D.2. Average, median and percentiles of modelled (E+) and ANN predicted total 

(a) and peak (b) annual energy consumption of solar, heat pump and electric systems for 

training and test sub-samples. 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝐸𝑖 − 𝐴𝑖)2𝑁

𝑖=1   (Eq. D.1) 

where: RMSE is the root mean square error of the sample; N is the sample size; i is a 

record in the sample; Ei is the estimated value for the ‘i’ record in the sample; Ai is the 

actual value for the ‘i’ record in the sample. 

𝐶𝑉 =
𝑅𝑀𝑆𝐸

�̅�
    (Eq. D.2) 

where: CV is the coefficient of variation; RMSE it the root mean square error; �̅� is the 

mean of actual values in the sample.  
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𝑀𝐴𝐸 =
1

𝑁
∑ |𝐴𝑖 − 𝐸𝑖|𝑁

𝑖=1   (Eq. D.3) 

where: MAE is the mean absolute error; N is the sample size; i is a record in the sample; 

Ai is the actual value for the ‘i’ record in the sample; Ei is the estimated value for the ‘i’ 

record in the sample. 

𝑀𝐴𝑃𝐸 =
1

𝑁
∑ |

𝐴𝑖−𝐸𝑖

𝐴𝑖
|𝑁

𝑖=1   (Eq. D.4) 

where: MAPE is the mean absolute percentage error; N is the sample size; i is a record in 

the sample; Ai is the actual value for the ‘i’ record in the sample; Ei is the estimated value 

for the ‘i’ record in the sample. 

The calculations of performance measures are described in the following equations (Eqs. 

D.1 to D.4), whereas respective results are summarised in Table D.1. 

Table D.1. Artificial Neural Network predictive performance 
System type Solar Heat pump Electric 

Period All day Peak-hour a All day Peak-hour a All day Peak-hour a 

Sample type 

T
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Sample size 1,000 333 1,000 333 1,000 333 1,000 333 1,000 333 1,000 333 

Mean 

(kWh/year) 
1,369 1,422 143 147 984 1,029 210 224 2,311 2,342 734 730 

RMSE 

(kWh/year) b 
153 220 42 89 124 136 73 92 100 111 74 100 

CV (%) c 11.2 15.5 29.2 60.5 12.6 13.2 34.6 41.1 4.3 4.7 10.2 13.8 

MAE 

(kWh/year) d 
114 158 28 49 85 88 50 63 77 88 53 69 

MAPE (%) e 8.3 11.1 19.4 33.4 8.6 8.6 23.9 28.1 3.8 4.3 8.7 10.5 

Note: a – Peak-hour between 4pm and 8pm; b – Root Mean Square Error (RMSE); c – Coefficient of 

Variation (CV); d – Mean Absolute Error (MAE); e – Mean Absolute Percentage Error (MAPE). 

Acceptable levels of accuracy for energy consumption forecasting models are usually 

within a CV of 20% (e.g. Kumar et al. (2018)); hence, the precision of ANN models for 

all day energy consumption were within the acceptable accuracy level. For the peak-hour 

ANN model, only electric systems were within acceptable levels (i.e. CV≤13.8%); 

whereas, the CVs of both heat pumps and solar ANN models were above 20%. The level 

of uncertainty of peak-hour energy consumption forecast may be reduced by increasing 

the sample size of solar and heat pump systems; nonetheless, such results were considered 

acceptable for the herein analysis taking into account the high accuracy level of ANN 

predictions for total annual energy consumption. The ANN calculation factors are 

illustrated in the following tables: 
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Table D.2. Artificial neural network of electric water heaters in Brisbane: prediction factors between the input layer (input 
values) and the hidden layer (intermediate values), and the hidden layer and the output layer (output values). 

Input layer (Predictor) Hidden layer (Predicted) 

Parameters Energy efficiency class Value H(1:1) H(1:2) H(1:3) H(1:4) H(1:5) H(1:6) H(1:7) H(1:8) H(1:9) H(1:10) H(1:11) Bias 

Tank upper 

temperature (°C) 

UE 50 -0.746 -0.629 -0.011 0.067 0.378 -1.149 -0.281 -0.324 0.565 0.154 0.020 - 

US 53 -0.649 -0.681 -0.366 0.083 0.420 -0.671 -0.710 0.008 0.499 -0.013 -0.130 - 

S 60 -0.132 -0.742 -0.011 0.241 0.172 -0.258 -0.793 0.105 0.280 0.148 -0.115 - 

LS 74 0.383 1.070 0.569 -0.302 -0.790 0.064 0.561 0.312 -0.123 -0.236 -0.318 - 

LE 80 0.737 0.987 0.396 0.018 -0.958 0.128 0.182 0.404 -0.254 -0.474 0.413 - 

Tank volume 

(litres) 

UE 630 -0.300 -0.277 0.246 -0.099 0.133 0.842 -0.301 0.167 -0.035 0.015 0.013 - 

US 450 0.282 -0.298 0.298 0.133 -0.005 0.161 0.210 -0.177 0.509 0.037 -0.312 - 

S 315 0.584 -0.290 0.522 0.170 -0.240 -0.136 -0.141 -0.238 0.500 0.087 0.496 - 

LS 250 1.137 -0.328 -0.110 0.465 -0.463 -1.356 -0.625 -0.440 0.838 0.418 0.517 - 

LE 90 -0.575 -0.380 -0.371 0.491 0.346 0.483 0.109 0.615 -0.108 -0.680 -0.011 - 

Tank electric 

element (W) 

UE 1800 0.011 -0.095 0.266 0.053 -0.041 -0.241 -0.783 -0.256 0.313 0.023 -0.092 - 

US 2400 -0.091 -0.079 0.338 0.089 0.017 -0.173 -0.111 0.021 0.278 -0.018 0.119 - 

S 3600 0.173 -0.093 0.035 0.143 -0.076 -0.418 0.020 0.049 0.240 -0.003 0.459 - 

LS 4800 0.095 -0.098 -0.380 -0.061 0.033 -0.589 -0.041 -0.061 0.255 0.025 -0.050 - 

LE 6000 0.259 -0.092 0.141 0.155 -0.107 -0.606 -0.211 -0.021 0.216 0.111 0.225 - 

Tank heat loss 

(W/K) 

UE 0.18 -1.080 0.210 0.365 0.200 0.132 -1.117 -0.259 -0.550 1.370 0.028 0.378 - 

US 0.47 -0.657 0.161 0.347 0.126 -0.011 -0.488 -0.226 -0.379 0.530 -0.039 0.106 - 

S 0.75 -0.474 0.138 0.166 -0.040 -0.050 -0.132 -0.812 -0.247 0.181 -0.037 -0.289 - 

LS 1.32 -0.013 -0.016 0.363 0.062 -0.155 0.756 -0.775 -0.085 -0.236 -0.438 -0.018 - 

LE 3.08 1.379 -0.121 0.235 -0.542 -0.390 0.838 0.732 0.301 -1.123 -0.185 -0.014 - 

End-use water 

demand (L/day) 

UE 77 -0.398 0.167 -0.040 0.813 0.091 -0.282 -0.309 -1.187 0.039 0.420 -0.383 - 

US 100 -0.308 0.125 -0.530 0.440 0.172 -0.242 -0.233 -1.188 0.034 0.085 -0.302 - 

S 155 0.127 0.002 0.038 0.060 0.009 -0.129 -0.234 -0.025 0.185 -0.353 -0.077 - 

LS 210 0.217 -0.059 0.340 -0.375 -0.029 -0.299 -0.016 0.579 0.199 -0.665 0.287 - 

LE 233 0.217 -0.078 0.437 -0.586 -0.049 -0.245 -0.026 0.802 0.235 -0.723 0.329 - 

End-use 

temperature (°C) 

UE 33 -0.119 -0.094 -0.655 0.762 0.208 -0.288 -0.301 -1.086 -0.022 -0.024 -0.007 - 

US 35 -0.003 -0.104 -0.121 0.451 0.104 -0.279 -0.283 -0.807 0.022 -0.066 0.256 - 

S 40 0.030 -0.181 0.336 -0.035 0.127 -0.266 -0.108 -0.188 0.140 -0.409 0.019 - 

LS 47 0.429 -0.214 0.048 -0.709 -0.093 -0.586 -0.032 0.426 0.147 -0.223 0.355 - 

LE 50 0.433 -0.223 -0.354 -0.710 -0.082 -0.227 -0.039 0.478 0.173 -0.229 0.027 - 

Bias Adjustment factor Calculated 0.162 0.207 0.155 0.006 0.280 -1.170 -1.210 -1.151 0.605 0.207 0.474 - 

Output layer (Predicted) H(1:1) H(1:2) H(1:3) H(1:4) H(1:5) H(1:6) H(1:7) H(1:8) H(1:9) H(1:10) H(1:11) - 

Energy consumption (kWh) -0.069 -0.55 0.053 -0.418 -0.652 0.355 -0.112 0.658 -2.126 -0.412 -0.13 2.402 

Peak-hour (4 to 8pm kWh) 0.984 0.449 0.237 -0.681 1.344 1.676 -1.265 0.869 -0.756 -0.119 0.074 1.474 

Note: The energy efficiency class is divided into five categories, namely: lower-extreme (LE), lower-standard (LS), standard (S), upper-standard (US), and 

upper-extreme (UE).  
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Table D.3. Artificial neural network of heat pump water heaters in Brisbane: prediction factors between the input layer (input 

values) and the hidden layer (intermediate values), and the hidden layer and the output layer (output values). 
Input layer (Predictor) Hidden layer (Predicted) 

Parameters Energy efficiency class Value H(1:1) H(1:2) H(1:3) H(1:4) H(1:5) H(1:6) H(1:7) H(1:8) Bias 

Tank upper temperature (°C) 

UE 50 2.223 1.355 -2.232 1.05 0.151 -0.764 -2.112 0.965 - 

US 53 0.255 0.982 0.317 0.11 0.973 -0.305 -0.379 0.877 - 

S 60 -0.095 0.279 0.571 -0.185 1.232 -0.552 -0.349 0.911 - 

LS 74 -0.645 -0.813 0.681 -0.329 -1.075 0.437 0.517 -1.213 - 

LE 80 -1.012 -0.353 0.563 -0.501 -0.828 0.214 0.639 -1.302 - 

Tank volume (litres) 

UE 630 -0.833 0.443 -0.228 -0.392 0.153 -0.119 0.272 -0.169 - 

US 450 -0.4 -0.187 -0.172 -0.077 -0.174 0.357 0.246 -0.097 - 

S 315 0.006 -0.033 -0.12 -0.106 -0.402 -0.627 0.075 -0.104 - 

LS 250 0.02 0.083 -0.194 0.156 -0.206 -0.83 0.023 -0.127 - 

LE 90 0.998 1.838 -0.52 1.603 0.105 -0.355 -0.255 -0.145 - 

Heating capacity (W) 

UE 7306 0.229 -0.153 -0.216 0.473 -0.062 -0.519 -0.296 -0.164 - 

US 6220 0.373 -0.659 -0.298 0.104 0.047 -0.86 -0.264 -0.148 - 

S 3600 0.018 -0.285 -0.317 0.586 0.051 -0.309 -0.177 -0.15 - 

LS 1500 -0.076 0.616 0.097 -0.629 0.582 0.303 -0.345 -0.186 - 

LE 630 -0.405 1.389 0.292 -0.92 0.045 -0.813 0.158 -0.056 - 

COP (W/W) 

UE 4.8 0.474 0.297 -0.509 0.458 0.008 -0.456 -0.061 -0.063 - 

US 4.5 0.545 0.569 -0.208 0.262 -0.02 0.055 -0.217 -0.068 - 

S 3.8 0.463 0.008 -0.313 0.348 0.2 0.106 -0.014 -0.029 - 

LS 2.8 0.158 -0.014 -0.102 0.055 0.209 -0.36 0.091 -0.046 - 

LE 2.4 -0.007 -0.158 0.004 0.049 0.34 0.056 0.134 -0.06 - 

Tank heat loss (W/K) 

UE 0.18 1.669 0.755 -0.323 0.685 0.159 -0.169 -0.433 0.008 - 

US 0.47 1.063 0.105 -0.304 0.873 0.301 -0.506 -0.152 -0.014 - 

S 0.75 0.434 0.44 -0.009 0.842 0.029 0.169 -0.247 0.03 - 

LS 1.32 -0.194 0.678 0.04 0.196 0.299 -0.85 -0.193 -0.003 - 

LE 3.08 -0.976 -0.753 0.366 -0.101 0.189 0.869 -0.027 0.134 - 

End-use water demand (L/day) 

UE 77 0.311 0.089 -0.28 0.638 -0.015 -0.029 0.009 -0.034 - 

US 100 0.328 0.286 -0.273 0.456 0.161 0.011 0.132 -0.066 - 

S 155 0.35 0.437 0.138 0.222 0.342 0.073 -0.036 -0.035 - 

LS 210 0.697 -0.055 0.414 -0.1 0.126 -0.495 -0.032 0.032 - 

LE 233 0.622 -0.046 0.447 -0.029 0.24 -0.12 0.019 0.034 - 

End-use temperature (°C) 

UE 33 0.376 0.741 -0.392 0.457 -0.039 -0.619 0.062 0.229 - 

US 35 0.312 1.011 -0.397 0.373 0.046 -0.384 0.09 0.201 - 

S 40 0.436 0.483 -0.078 0.284 0.083 -0.483 0.098 0.273 - 

LS 47 0.476 -0.082 0.083 0.138 0.068 -0.199 0.138 0.309 - 

LE 50 0.402 -0.036 0.074 -0.028 0.094 0.048 0.187 0.297 - 

Bias Adjustment factor Calculated 1.068 1.575 -0.503 0.758 0.513 -1.377 0.13 0.847 - 

Output layer (Predicted) H(1:1) H(1:2) H(1:3) H(1:4) H(1:5) H(1:6) H(1:7) H(1:8) - 

Energy consumption (kWh) -1.455 -0.193 0.897 -0.586 0.112 0.071 0.784 0.281 2.505 

Peak-hour (4 to 8pm kWh) -1.947 -2.198 1.535 1.344 0.817 -1.569 0.17 -0.565 1.774 

Note: The energy efficiency class is divided into five categories, namely: lower-extreme (LE), lower-standard (LS), standard (S), upper-standard (US), and 

upper-extreme (UE). 
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Table D.4. Artificial neural network of solar water heaters in Brisbane: prediction factors between the input layer (input values) and the hidden layer 

(intermediate values), and the hidden layer and the output layer (output values). 
Input layer (Predictor) Hidden layer (Predicted) 

Parameters 

Energy 

efficiency 

class 

Value H(1:1) H(1:2) H(1:3) H(1:4) H(1:5) H(1:6) H(1:7) H(1:8) H(1:9) H(1:10) H(1:11) H(1:12) H(1:13) H(1:14) H(1:15) H(1:16) H(1:17) Bias 

Tank upper 

temperature 

(°C) 

UE 50 -0.076 0.971 0.062 -0.564 -1.218 0.284 -0.94 -0.118 0.189 -0.629 -1.573 0.417 -0.54 -0.657 -0.367 0.429 -0.35 - 

US 53 0.11 0.715 0.289 -0.363 -0.775 -0.057 -1.41 -0.172 0.403 -0.405 -1.561 0.481 -0.352 -0.86 -0.174 0.322 0.393 - 

S 60 0.437 0.63 -0.376 -0.017 -0.426 0.417 -0.014 -0.177 0.21 -0.222 -1.38 0.136 -0.034 -0.881 -0.244 0.04 0.409 - 

LS 74 0.08 -0.427 -0.744 0.577 0.532 -0.173 0.303 0.277 -0.112 0.284 2.199 -0.221 0.291 1.003 0.212 -0.5 0 - 

LE 80 0.113 -0.56 -0.826 0.825 0.788 0.554 0.679 0.41 -0.405 0.353 2.742 -0.132 0.427 1.657 0.275 -0.616 0.245 - 

Tank 

volume 

(litres) 

UE 630 0.769 0.502 -0.481 -0.038 -0.032 -0.335 0.728 -0.161 0.024 0.062 -0.032 -0.455 0.28 -0.075 0.225 -0.241 0.406 - 

US 450 -1.044 -0.291 0.268 -0.152 -0.22 0.34 -0.378 -0.195 0.024 -0.125 0.045 -0.002 -0.182 0.178 -0.142 -0.041 0.457 - 

S 315 0.018 -0.021 -0.16 -0.029 -0.378 -0.06 0.068 -0.063 -0.119 -0.254 0.187 -0.076 -0.37 0.088 0.418 -0.002 -0.33 - 

LS 250 -0.647 0.061 -0.479 -0.208 -0.376 -0.026 -0.713 0.015 -0.101 -0.388 0.337 0.063 -0.821 0.155 -0.135 0.208 -0.268 - 

LE 90 -0.569 0.436 -0.103 -0.03 0.216 0.028 -0.061 -0.313 0.32 0.125 -0.168 -0.064 0.422 0.291 -0.465 -0.036 -0.345 - 

Tank heat 

loss (W/K) 

UE 0.18 -0.306 0.023 0.008 -0.652 -0.999 0.131 -0.462 -0.609 -0.266 -0.894 0.446 0.617 -1.441 -0.028 -0.38 0.86 -0.188 - 

US 0.47 -0.314 -0.161 0.204 -0.486 -0.408 0.252 -0.546 -0.359 -0.003 -0.726 0.242 0.473 -0.912 0.096 -0.268 0.518 -0.137 - 

S 0.75 -0.514 -0.047 -0.194 -0.295 0.022 0.162 -0.265 -0.208 -0.307 -0.524 0.076 0.47 -0.157 0.158 0.088 0.175 0.364 - 

LS 1.32 0.044 0.127 0.124 -0.149 0.532 0.215 -0.69 0.175 0.117 -0.19 -0.132 -0.012 0.337 0.076 0.123 -0.238 0.129 - 

LE 3.08 -0.61 0.998 0.095 0.33 1.398 -0.261 1.252 1.052 0.326 0.577 -0.673 -0.381 1.506 0.112 0.648 -0.854 -0.057 - 

End-use 

water 

demand 

(L/day) 

UE 77 0.002 0.216 0.101 -0.128 0.255 0.489 -0.268 -0.201 -0.117 1.147 0.307 -0.437 0.092 0.526 -1.222 0.62 -0.109 - 

US 100 -0.515 -0.135 -0.226 -0.051 0.066 0.282 0.167 -0.178 -0.133 0.912 0.245 0.057 -0.063 0.169 -0.502 0.391 0.328 - 

S 155 -0.375 0.012 0.128 0.097 -0.287 0.115 -0.93 0.044 0.002 0.096 0.113 -0.172 -0.254 -0.077 -0.117 -0.015 -0.325 - 

LS 210 0.356 -0.448 -0.074 0.278 -0.634 -0.195 0.07 0.296 0.072 -0.906 0.02 0.371 -0.471 -0.151 0.201 -0.651 0.253 - 

LE 233 0.576 -0.896 0.186 0.275 -0.858 -0.063 0.01 0.425 0.652 -1.554 -0.005 0.95 -0.36 -0.08 0.442 -0.803 -0.432 - 

End-use 

temperature 

(°C) 

UE 33 -0.734 0.32 -0.192 -0.145 -0.042 -0.568 -0.995 -0.18 -0.039 0.041 0.197 0.527 -0.216 0.214 -0.251 1.05 0.126 - 

US 35 -0.844 -0.145 0.223 -0.002 -0.017 -0.033 -0.385 -0.135 -0.077 0.056 0.166 -0.197 -0.388 0.151 -0.024 0.567 -0.224 - 

S 40 0.04 -0.017 -0.023 0.027 -0.129 0.05 -0.692 0.127 0.245 0.189 0.079 0.591 -0.331 0.167 0.224 0.128 0.359 - 

LS 47 -0.143 -0.085 -0.212 0.182 -0.274 0.08 0.542 0.227 0.449 0.265 0.022 0.229 -0.264 0.163 0.212 -0.319 0.328 - 

LE 50 0.129 0.38 -0.248 0.09 -0.327 0.67 0.259 0.317 0.191 0.299 0.023 -0.352 -0.171 -0.148 0.514 -0.509 -0.154 - 

Solar 

collector 

area (m2) 

UE 10.4 -0.154 0.403 -0.084 -0.958 0.037 -0.1 -0.271 -0.805 0.567 -0.474 1.01 0.689 -1.041 0.821 -0.708 0.736 -0.377 - 

US 9 -0.263 0.383 0.007 -0.918 -0.095 0.306 -0.215 -0.588 0.518 -0.481 0.848 0.51 -0.787 0.88 -0.876 0.536 0.298 - 

S 5.6 -0.03 0.522 -0.447 -0.54 -0.017 0.328 -0.388 -0.267 0.087 -0.246 0.321 0.575 0.007 0.738 -0.342 0.381 0.31 - 

LS 2.8 -0.205 -0.735 0.23 0.468 0.044 -0.229 0.316 0.698 -0.238 0.056 -0.988 0.351 0.378 -1.059 0.503 -0.696 -0.346 - 

LE 1.8 -0.844 -0.867 0.46 2.123 -0.8 0.452 0.486 1.6 -1.205 0.21 -1.543 0.123 0.867 -1.622 0.66 -0.985 0.101 - 

Solar 

collector 

tilt 

(degrees) 

UE 27.4 -0.855 0.676 -0.259 -0.355 0.056 0.294 0.078 -0.154 0.376 -0.127 0.514 0.115 -0.15 0.612 -0.244 0.415 -0.074 - 

US 47.4 -0.281 0.372 -0.086 -0.208 0.224 -0.265 -0.961 -0.138 0.651 -0.036 0.35 0.403 -0.104 0.232 -0.495 0.313 -0.22 - 

S 13.7 -0.14 0.159 0.047 -0.244 0.192 -0.006 -0.216 -0.093 0.426 -0.103 0.417 -0.095 0.034 0.216 -0.446 0.209 -0.382 - 

LS 0 -0.286 0.259 0.186 -0.065 -0.004 -0.35 0.221 0.508 0.188 -0.161 0.222 -0.081 -0.031 0.105 0.206 0.066 -0.249 - 

LE 90 0.807 -0.02 -0.155 1.315 -0.092 0.357 1.043 0.933 -0.079 0.112 -0.873 -0.141 0.181 -1.136 0.537 -0.195 -0.192 - 

Solar 

collector 

direction 

S W 0.344 -0.284 0.138 0.217 -0.175 -0.475 -0.088 0.765 0.422 -0.073 -0.061 -0.071 0.121 -0.19 -0.113 -0.044 -0.369 - 

US NW -0.154 0.168 -0.449 -0.148 0.134 -0.308 -0.942 0.156 0.216 -0.168 0.198 -0.113 -0.063 -0.225 -0.146 0.096 0.284 - 

UE N -0.494 0.193 -0.19 -0.261 0.136 0.364 -0.253 0.001 0.034 -0.185 0.273 0.409 -0.196 0.066 -0.139 0.178 0.336 - 

US NE -0.511 -0.255 0.058 -0.156 0.305 -0.134 -0.422 0.009 0.197 -0.216 0.152 0.291 -0.169 -0.356 0.015 -0.005 -0.48 - 

S E -0.434 -0.296 0.335 0.116 -0.055 0.356 0.37 0.579 0.225 -0.072 0.023 0.524 0.041 -0.349 0.298 0.043 -0.219 - 
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Input layer (Predictor) Hidden layer (Predicted) 

Parameters 

Energy 

efficiency 

class 

Value H(1:1) H(1:2) H(1:3) H(1:4) H(1:5) H(1:6) H(1:7) H(1:8) H(1:9) H(1:10) H(1:11) H(1:12) H(1:13) H(1:14) H(1:15) H(1:16) H(1:17) Bias 

Solar 

collector 

efficiency 

(%) 

UE 39 0.304 -0.32 0.32 0.707 0.245 0.381 -0.682 0.385 0.183 0.224 -0.557 0.496 0.029 -0.223 0.304 -0.007 0.481 - 

US 43 -0.099 0.083 -0.24 0.591 0.273 0.539 -0.211 0.459 -0.455 0.111 -0.393 0.342 -0.151 0.009 0.331 -0.013 0.288 - 

S 56 -0.689 0.444 -0.366 -0.148 -0.139 0.663 -0.526 -0.292 0.32 0.033 0.261 0.272 -0.004 -0.065 -0.347 0.403 -0.353 - 

LS 64 -0.04 0.32 -0.6 -0.259 -0.628 0.354 -0.034 -0.217 0.076 -0.126 0.313 0.132 0.145 -0.125 -0.151 0.435 0.303 - 

LE 67 -0.135 0.407 0.214 -0.324 -0.388 -0.102 0.144 -0.327 -0.087 -0.236 0.373 0.123 0.024 -0.081 -0.219 0.195 0.256 - 

Solar 

collector 

dust 

radiation 

decline (%) 

UE 0 -0.536 0.347 -0.465 -0.75 -0.588 0.307 -0.149 -0.552 0.441 -0.153 0.768 0.034 0.058 0.268 -0.725 0.569 0.262 - 

US 2.7 -0.787 0.56 -0.507 -0.697 -0.373 0.355 -0.242 -0.538 0.526 -0.122 0.706 0.314 -0.077 0.185 -0.75 0.539 -0.142 - 

S 5 -0.756 0.532 -0.645 -0.616 -0.292 0.52 -0.712 -0.501 0.415 -0.082 0.685 0.307 -0.164 0.151 -0.668 0.495 -0.382 - 

LS 47 0.292 -0.306 0.635 0.64 0.074 -0.691 -0.137 0.475 -0.425 0.195 -0.662 -0.216 0.039 -0.248 0.16 -0.328 -0.29 - 

LE 64 0.367 -0.594 -0.111 1.14 0.372 0.575 0.62 0.988 -0.757 0.231 -1.303 -0.293 -0.157 -1.314 0.508 -0.412 0.207 - 

Solar 

collector 

shading 

direction 

S W 0.092 -0.115 -0.152 0.108 -0.27 0.614 -0.41 0.037 -0.008 -0.424 0.174 0.371 -0.206 0.038 -0.271 0.107 0.46 - 

UE None 0.021 -0.083 -0.055 0.057 -0.316 0.609 -0.49 0.008 0.06 -0.504 0.27 -0.046 -0.302 0.179 -0.16 0.172 0.139 - 

S E -0.177 0.041 -0.279 0.166 -0.528 0.19 -0.03 0.137 0.148 -0.434 0.172 0.637 -0.254 0.081 -0.049 0.173 -0.254 - 

Bias Factor Calc. -0.305 0.29 -1.043 0.596 -1.122 0.872 -0.92 0.694 0.423 -1.017 -0.284 0.42 -1.152 -0.11 -0.69 -0.102 0.508 - 

Output layer (Predicted) H(1:1) H(1:2) H(1:3) H(1:4) H(1:5) H(1:6) H(1:7) H(1:8) H(1:9) H(1:10) H(1:11) H(1:12) H(1:13) H(1:14) H(1:15) H(1:16) H(1:17) - 

Energy consumption (kWh) -0.045 0.178 -0.362 0.514 0.932 0.624 0.272 0.197 0.33 -1.022 0.092 0.245 1.741 -0.057 0.011 -0.596 0.002 0.415 

Peak-hour (4 to 8pm kWh) 1.399 0.726 -0.105 0.624 0.628 1.555 1.15 -0.02 0.262 -0.873 0.032 0.559 1.211 0.074 1.242 0.107 0.006 1.256 

Note: The energy efficiency class is divided into five categories, namely: lower-extreme (LE), lower-standard (LS), standard (S), upper-standard (US), and upper-extreme 
(UE). Assessed directions include: North (N), North-east (NE), North-west (NW), East (E) and West (W).
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Water Heating Systems Cost 

 

1. Electric systems 

The cost of electric water heaters was calculated based on the sample of systems described 

in Table E.1. 

Table E.1. Sample of electric water heater systems available in the Australian market. 
Brand Model Input power (kW) Volume (L) Price + GST ($) Date 

Aquamax 991160G5 2.4 160 765 10/11/2018 
Aquamax 9W1160G5 2.4 160 780 10/11/2018 
Aquamax 981080G7 3.6 80 617 10/11/2018 
Aquamax 991160G7 3.6 160 765 10/11/2018 
Aquamax E160S36-SS 3.6 160 1040 10/11/2018 
Aquamax 991250G7 3.6 250 735 10/11/2018 
Aquamax 991315G7 3.6 315 850 10/11/2018 
Aquamax E315S36-SS 3.6 315 1257 10/11/2018 
Aquamax 991400G7 3.6 400 1296 10/11/2018 

AQUAMAX 991250G8 4.8 250 735 10/11/2018 
Aquamax 991315G8 4.8 315 850 10/11/2018 
Aquamax 981125G4 1.8 125 595 10/11/2018 
Aquamax 981125G7 3.6 125 595 10/11/2018 

Bosch 7716500247 3.6 250 1222 10/11/2018 
Bosch 7716500248 4.8 250 1222 10/11/2018 
Dux 250T36 3.6 250 885 10/11/2018 

Everhot 291125R4 1.8 125 765 10/11/2018 
Everhot 291160R5 2.4 160 902 10/11/2018 
Everhot 291080R7 3.6 80 710 10/11/2018 
Everhot 291125R7 3.6 125 765 10/11/2018 
Everhot 291160R7 3.6 160 902 10/11/2018 
Everhot 291250G7 3.6 250 855 10/11/2018 
Everhot 2A1250M7 3.6 250 1079 10/11/2018 
Everhot 291315R7 3.6 315 1115 10/11/2018 
Everhot 292315G7 3.6 315 1345 10/11/2018 
Everhot 2A1315M7 3.6 315 1215 10/11/2018 
Everhot 291400R7 3.6 400 1408 10/11/2018 
Everhot 292400G8 4.8 400 1618 10/11/2018 
Rheem 491080G4 1.8 80 639 10/11/2018 
Rheem 491125G4 1.8 125 683 10/11/2018 
Rheem 4A1125G4 1.8 125 875 10/11/2018 
Rheem 491160G4 1.8 160 833 10/11/2018 
Rheem 491250G4 1.8 250 932 10/11/2018 
Rheem 491160G5 2.4 160 833 10/11/2018 
Rheem 4A1160G5 2.4 160 1002 10/11/2018 
Rheem 491080G7 3.6 80 639 10/11/2018 
Rheem 4A1080G7 3.6 80 776 10/11/2018 
Rheem 491125G7 3.6 125 683 10/11/2018 
Rheem 4A1125G7 3.6 125 875 10/11/2018 
Rheem 491160G7 3.6 160 833 10/11/2018 
Rheem 4A1160G7 3.6 160 1002 10/11/2018 
Rheem 491250G7 3.6 250 932 10/11/2018 
Rheem 492250G7 3.6 250 1392 10/11/2018 
Rheem 4A1250G7 3.6 250 1055 10/11/2018 
Rheem 4A2250G7 3.6 250 1384 10/11/2018 
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Brand Model Input power (kW) Volume (L) Price + GST ($) Date 
Rheem 491315G7 3.6 315 999 10/11/2018 
Rheem 492315G7 3.6 315 1507 10/11/2018 
Rheem 4A1315G7 3.6 315 1154 10/11/2018 
Rheem 4A2315G7 3.6 315 1473 10/11/2018 
Rheem 491400G7 3.6 400 1624 10/11/2018 
Rheem 492400G7 3.6 400 1750 10/11/2018 
Rheem 491250G8 4.8 250 932 10/11/2018 
Rheem 492250G8 4.8 250 1392 10/11/2018 
Rheem 4A1250G8 4.8 250 1055 10/11/2018 
Rheem 491315G8 4.8 315 999 10/11/2018 
Rheem 492315G8 4.8 315 1507 10/11/2018 
Rheem 4A1315G8 4.8 315 1154 10/11/2018 
Rheem 491400G8 4.8 400 1624 10/11/2018 
Rheem 492400G8 4.8 400 1750 10/11/2018 

RheemPlus 421125G7 3.6 125 769 10/11/2018 
RheemPlus 121160G7 3.6 160 1182 10/11/2018 
RheemPlus 121250G7 3.6 250 1058 10/11/2018 
RheemPlus 421315G7 3.6 315 1110 10/11/2018 

Rinnai EHF125S18 1.8 125 565 10/11/2018 
Rinnai EHF160S18 1.8 160 735 10/11/2018 
Rinnai EHF160S24 2.4 160 735 10/11/2018 
Rinnai EHFA250S24 2.4 250 735 10/11/2018 
Rinnai EHF125S36 3.6 125 565 10/11/2018 
Rinnai EHF160S36 3.6 160 735 10/11/2018 
Rinnai EHF160T36 3.6 160 855 10/11/2018 
Rinnai EHFA250S36 3.6 250 730 10/11/2018 
Rinnai EHFA250T36 3.6 250 775 10/11/2018 
Rinnai EHFA315T36 3.6 315 899 10/11/2018 
Rinnai EHF400S36 3.6 400 1145 10/11/2018 
Rinnai EHF400T36 3.6 400 1100 10/11/2018 
Rinnai EHFA250S48 4.8 250 735 10/11/2018 
Rinnai EHFA250T48 4.8 250 775 10/11/2018 
Rinnai EHFA315T48 4.8 315 899 10/11/2018 
Rinnai EHF400S48 4.8 400 1145 10/11/2018 
Rinnai EHFA400T48 4.8 400 1100 10/11/2018 
Rinnai EHFA315S36 3.6 315 899 10/11/2018 
Rinnai EHFA315S48 4.8 315 899 10/11/2018 

Thermann 125THM118 1.8 125 713 10/11/2018 
Thermann 80THM136 3.6 80 651 10/11/2018 
Thermann 125THM136 3.6 125 713 10/11/2018 
Thermann 160THM136 3.6 160 824 10/11/2018 
Thermann 250THM136 3.6 250 908 10/11/2018 
Thermann 315THM136 3.6 315 1033 10/11/2018 

Vulcan 601125G4 1.8 125 595 10/11/2018 
Vulcan 671160G4 1.8 160 766 10/11/2018 
Vulcan 661160G5 2.4 160 766 10/11/2018 
Vulcan 601080G7 3.6 80 626 10/11/2018 
Vulcan 601125G7 3.6 125 595 10/11/2018 
Vulcan 671160G7 3.6 160 766 10/11/2018 
Vulcan 661250G7 3.6 250 735 10/11/2018 
Vulcan 661315G7 3.6 315 850 10/11/2018 
Vulcan 662315G7 3.6 315 1399 10/11/2018 
Vulcan 661250G8 4.8 250 735 10/11/2018 
Vulcan 661315G8 4.8 315 850 10/11/2018 
Vulcan 662315G8 4.8 315 1399 10/11/2018 
Vulcan 662400G8 4.8 400 1635 10/11/2018 

Source: 1st Choice Water (2018) 

The hot water tank volume was used as the independent variable for variations in price of 

electric water heating systems. Based on the average price and the volume of systems 

described in Table E.1, the cost trend of electric systems was determined as illustrated in Fig. 

E.1. 
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Fig. E.1. Electric water heating system valuation equation. 

2. Heat pump systems 

The cost of heat pump water heaters was calculated based on the sample of systems described 

in Table E.2. 

Table E.2. Sample of heat pump systems available in the Australian market. 

Brand Model 

Input 

power 

(kW) 

Output 

heating 

(kW) 

COP 
Volume 

(L) 

Price + GST 

($) 

Bosch Bosch Compress 3000 - - 3.3 270 2,432 

Quantum 270-08AC6-290 0.84 3.81 4.5 270 2,844 

Quantum 270-08AS6-290 0.84 3.81 4.5 270 3,150 

Rheem 55132507 - - 3 325 3,311 

Rheem 55432507 - - 3 325 3,458 

Rheem 551310 - - 3 310 3,909 

Rinnai RIN250EHP 1.2 - - 250 3,181 

Stiebel Eltron WWK222 0.55 2.2 3.94 220 2,693 

Stiebel Eltron WWK222H 0.55 2.2 3.94 220 2,740 

Stiebel Eltron WWK302 0.55 2.0 3.58 300 2,932 

Stiebel Eltron WWK302H 0.55 2.0 3.58 300 2,999 

Thermann TIHP300 0.5 1.7 3.4 300 2,999 

The Coefficient of Performance (COP) was used as the independent variable to derive a 

function to estimate variations in price of heat pump water heating systems. The cost of heat 

pump systems was determined using the function illustrated in Fig. E.2 based on Stiebel 

Eltron and Thermann systems described in Table E.2. 
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Fig. E.2. Heat pump water heating system valuation equation. 

Minimum price estimates using the equation described in Fig. E.2 were limited to the lowest 

price in Table E.2, i.e. $2,432 including GST. 

3. Solar systems 

The cost of SWHs was calculated based on the price of a representative system for the studied 

region, i.e. namely: Solahart 302L. The price of the system without Small-scale Renewable 

Energy Scheme (SRES) credits was $4583, i.e $3463 (Solahart, 2018) plus 28 credits at $40 

per credit. 
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