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Abstract 

Gas instantaneous water heaters are increasingly used as auxiliary energy sources for 

renewable energy domestic hot water systems. Currently the gas used by these systems is 

measured and modelled only very approximately. Accurately assessing consumption is important 

as gas can supply up to 50% of the energy. Gas auxiliaries used in these arrangements are also 

predominantly designed as stand-alone devices and typically integrated into renewable systems 

in a very basic manner. 

This research seeks to fill two important gaps. First, how does the gas instantaneous water 

heater actually perform as part of a renewable water heater? Second, once performance can be 

measured and modelled accurately, what improvements in energy use might be made through 

novel ways of integrating the gas auxiliary with the renewable energy water heater? 

This study adopts a broad approach in examining these gaps. A number of existing test 

methods for gas instantaneous, air source heat pump, solar and electric storage water heaters are 

reviewed in detail. A number of different gas instantaneous water heater test standards are 

compared experimentally. The effect of water use patterns on the energy use of various water 

heating technologies is investigated both experimentally and with modelling. The carbon 

emissions of a number of different types of water heater is calculated after a detailed review of 

CO2 emissions of the New Zealand electricity generating system during both dry and wet years. 

A new experimental test method is developed to characterise the steady state performance 

of a gas instantaneous water heater. This performance characterisation is then used in a TRNSYS 

model together with established models of renewable energy water heaters to predict energy 

consumption. Integrated systems using novel control and hydraulic connection arrangements are 

then compared to other water heating systems. 

The current methods of determining the gas consumption of auxiliary water heaters may 

understate energy use by as much as 15%. Improved control system integration saves an average 

of 17% in energy and 11% in carbon dioxide emissions compared to other high efficiency water 

heating systems. Improved hydraulic arrangements result in 4.5% savings. The change in energy 
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conversion ratio with differing water use patterns of some water heaters can exceed the 

differences exhibited between technology types and competing models of similar technology. 

If consumers are to choose their water heaters based on comparable running costs or 

emissions, accurate measurement and modelling of gas auxiliaries is required. Current test 

methods do not appear to provide the required accuracy. There are also opportunities for 

significant improvement in energy use through better integration of gas auxiliaries with 

renewable energy residential water heating systems. 
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ẋ Rate  

x̅ Average  

  



Nomenclature 

 

xxx 

Greek letters 

εC Generalised CO2 emissions from combustion of coal thermal power 

station using NZ bitumous coal 

kg-CO2/MJ 

εD Generalised CO2 emissions from combustion of diesel thermal power 

station 

kg-CO2/MJ 

εEL CO2 emissions associated with the consumption of electricity kg-CO2/MJ 

εGAS Carbon Dioxide emissions associated with the consumption of gas kg-CO2/MJ 

εG Generalised CO2 emissions from NZ geothermal power station kg-CO2/MJ 

εM CO2 emissions from combustion plus GHG equivalent CO2 emissions 

on a 100 year basis from transmission losses of NZ natural gas 

kg-CO2/MJ 

εNC CO2 emissions for NI electricity consumption  kg-CO2/MJ 

εNG CO2 emissions for NI electricity generation kg-CO2/MJ 

εSG CO2 emissions for SI electricity generation kg-CO2/MJ 

εSC CO2 emissions for SI electricity consumption kg-CO2/MJ 

η GIWH gas energy to fluid energy conversion ratio - 

ηCj Efficiency of coal thermal power station j - 

ηDi Gas to fluid energy conversion ratio of water draw Di - 

ηD Generalised efficiency of diesel thermal power station - 

ηgas Predicted gas to fluid energy conversion ratio at current conditions 

not including energy absorbed by GIWH heat exchanger 

- 

ηGIWH Predicted gas to fluid energy conversion ratio at current conditions 

including energy absorbed by GIWH heat exchanger 

- 

ηMk Efficiency of natural gas thermal power station k. - 

ηr Arithmetic mean of ηr_min and ηr_max - 

ηr_min Gas to fluid energy conversion ratio at the minimum gas input rate 

operation can be sustained 

- 

ηr_max Gas to fluid energy conversion rate at maximum input rate possible - 

ηss Gas energy to fluid energy conversion ratio at thermal equilibrium at 

maximum gas input rate 

- 

 



Nomenclature 

 

xxxi 

Abbreviations 

AEC Annual energy consumption 

ANSI American National Standards Institute 

ASHRAE American Society of Heating Refrigeration and Air-conditioning engineers 

ASEHP Air source electric heat pump water heater 

AS/NZS Joint Standards Australia / Standards New Zealand standard 

AS Standard published by Standard Australia 

BRANZ Building research association of New Zealand 

CAN Canadian National Standard 

CEC California Energy Commission 

CFR Combined federal rule 

COP Coefficient of performance 

(ratio of fluid energy rise to electrical energy input of ASEHP) 

CSA Canadian Standards Association 

DR Draft - with reference to a Standard yet to be finalised and published 

DHW Domestic hot water 

(excludes water heated for space heating purposes) 

EECA Energy Efficiency and Conservation Authority of New Zealand 

EN European norm (Generic European Union standard) 

ESWH Electric storage water heater 

EU European Union 

HRX Heat recovery heat exchanger 

GIWH Gas instantaneous water heater 

GTWH Gas tankless water heater - same as GIWH 

HEEP Household energy end-use project 

HVDC High voltage direct current 

HWH Hybrid water heater 



Nomenclature 

 

xxxii 

ISO International Standards Organisation 

JIS Japanese industrial standard 

LHX Latent heat exchanger 

(of GIWH intended to recover the latent heat of combustion product vapour) 

LPG Liquefied petroleum gas (Primarily propane and butane 

MBIE Ministry of Business, Innovation & Employment 

MEPS Minimum energy performance standards 

NI The North Island of New Zealand 

NZLPG LPG with a nominal composition of 55% propane / 45% butane 

NZS Standard published by Standard New Zealand 

PHX Primary heat exchanger of GIWH 

(not intended to extract latent heat of combustion product water vapour) 

RH Ambient air relative humidity 

RWH Renewable water heater 

SHL 
Standing heat loss - energy lost from thermal storage vessel to surroundings 

(W) 

SI The South Island of New Zealand 

SWH Solar thermal water heater 

TMY Typical meteorological year 

TRNSYS Transient system simulation software 

(designed by The University of Wisconsin) 

USDOE United States Department of Energy 

 

 

 



 

xxxiii 

Co-authorship and Elsevier licence forms 



Co-authorship and Licence Forms 

 

xxxiv 

 



Co-authorship and Licence Forms 

 

xxxv 

 



Co-authorship and Licence Forms 

 

xxxvi 

 



Co-authorship and Licence Forms 

 

xxxvii 

 



Co-authorship and Licence Forms 

 

xxxviii 

  



Co-authorship and Licence Forms 

 

xxxix 

 



Co-authorship and Licence Forms 

 

xl 

 



Co-authorship and Licence Forms 

 

xli 

 



Co-authorship and Licence Forms 

 

xlii 



 

1 

 Introduction Chapter 1:

 

1.1 Purpose of study 

Domestic hot water is the second largest use of energy in traditional residential dwellings 

in most countries [1-8]. Improving methods of house construction with better thermal insulation, 

passive solar heating and heat recovery ventilation systems are reducing space heating loads. In 

these more energy efficient homes, domestic water heating becomes the largest energy use [9]. 

Improvement in water heating energy efficiency offers significant potential for reducing 

residential energy consumption. Traditionally, consumers are interested in the relative 

performance of different technologies when making a product selection. This is usually in terms 

of hot water delivery, capital and operating cost. Increasingly, carbon dioxide emissions are 

becoming important to consumers. 

Gas instantaneous water heaters (GIWH) are used as auxiliary energy supplies in many 

types of renewable water heating (RWH) systems. The contribution of gas energy to the total 

energy delivery can be substantial. One standard permits up to 50% of the hot water to be 

supplied by gas while others have no limit. There are a number of standards and significant 

numbers of publications covering these types of hybrid systems. The focus is invariably on the 

renewable energy part of the system. This typically incorporates very detailed measurements and 

models of the renewable water heater performance. The gas auxiliary is added almost as an 

afterthought, often with a nominal efficiency attributed. With the potential for gas to be such a 

major contributor to the energy consumption this approach seems lacking. 

There are performance standards, and in many countries statutory requirements, regulating 

the performance of GIWHs. These measure the performance of the gas water heater, often in 

great detail, but almost exclusively at a cold incoming water temperature appropriate to the 

particular jurisdiction. The performance results gained from these tests are then used as part of a 

model to determine the energy consumption of the RWH. Often these models are used as the 
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basis for applying government subsidy. In an RWH system the water temperature entering the 

GIWH can be at any temperature between cold mains water supply and fully heated. The heat 

transfer in a GIWH supplied with preheated water will be less than that of one delivered with 

cold water. This approach to modelling RWH systems may understate energy consumption, 

perhaps significantly. It could result in government subsidies and product development efforts 

being allocated inefficiently. 

Most manufacturers have models of GIWHs designed to recover the latent heat of 

vaporisation from the combustion product water vapour. These are generically described as 

condensing. Currently these designs, when supplied with cold incoming water, offer the best gas 

energy to fluid energy conversion ratios available. In many countries they are offered as 

auxiliaries to RWHs. The combustion product exit temperature of these water heaters is in the 

order of 45°C. As incoming water temperature supplied from the RWH rises, the ability to 

exchange energy from the combusted gas to the water is reduced. In other markets, for example 

Australia, condensing GIWHs are not offered as auxiliaries for solar thermal water heaters 

(SWH). Less expensive non-condensing designs are favoured. The increased capital cost of the 

condensing arrangement is not perceived to be offset by reduced operating cost due to the 

performance degradation from the elevated incoming water temperature. This suggests a 

knowledge gap in the open literature and industry on the performance of GIWHs when supplied 

with preheated water from RWHs. 

This thesis aims to fill these knowledge gaps by presenting novel methods of testing and 

modelling GIWHs when supplied with water from the already highly analysed RWH systems. 

This will allow the performance of RWH systems incorporating GIWH auxiliaries to be 

accurately represented and so compared with other technologies.  

Currently designs often have little integration between the RWH and the GIWH auxiliary. 

An SWH for example, will often have a relatively complex control system for thermal energy 

harvesting and frost protection. Where auxiliary energy is supplied via an in-tank electric 

resistance element this may be well integrated with the solar thermal control system. However, 

where a GIWH is employed as the auxiliary energy source it will often be an off-the-shelf model 

designed for heating cold water. It is usually simply placed in series between the thermal storage 

vessel and the water delivery point. There is no interaction with the solar controller. The GIWH 

will usually contain electronic temperature sensors and flow rate measurement devices that could 

be integrated into a control system at relatively low cost.  
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A common RWH technology is the air-source electric heat pump water heater (ASEHP). 

ASEHP water heaters will have reduced electrical to fluid energy transfer ratios with lower 

ambient air temperatures and increasing incoming water temperature. Energy transfer will also 

reduce, albeit to a lesser extent, as the relative humidity of the ambient air reduces. A GIWH will 

reduce in efficiency as the incoming water temperature rises but is unaffected to any significant 

extent by other ambient conditions. If a control system could determine, in real-time, whether an 

ASEHP is operating at higher cost or primary emissions than a GIWH, then the ASEHP could be 

shut down until such time as it is favourable for it to be called into service again. This operation 

decision will depend on the relative fuel tariffs and carbon dioxide emissions together with the 

performance of the ASEHP and GIWH under the current ambient air and water temperatures. 

Such a model/analysis is missing in the open literature.  

Therefore, another major aim of this research is to investigate and model possible options 

for integrating RWH control systems with GIWH auxiliary energy supplies to minimise 

operating cost and carbon dioxide emissions. 

Many GIWHs have the capability of accurately controlling the delivered water 

temperature. Temperature can be selected at the point of use through digital touchpads. GIWHs 

achieve this accurate and adjustable water temperature delivery through burner modulation and 

mixing of cold incoming water with heated water via a controlled heat exchanger by-pass. When 

GIWHs are incorporated into RWH systems there is no longer a cold connection to the GIWH 

and control of outlet water temperature by the user is lost. 

A further aim of this study is to investigate novel methods of hydraulically integrating 

GIWHs with RWHs and allow water delivery temperature to be selected by the user. The 

potential for hydraulic arrangements to maximise the recovery of latent heat of vaporisation of 

the combustion product water vapour with incoming water temperature will also be examined. 
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1.2 Summary of research aims and objectives 

The thesis develops novel methods and techniques to better facilitate the integration of gas 

instantaneous water heaters as auxiliary energy sources for other water heating technologies such 

as air source heat pump and solar water heaters. The scope of the research is limited to the 

production of potable domestic hot water. It does not include hot water for space heating 

purposes. 

The specific objectives of this study are to; 

1) Review and compare the existing standard test methods for GIWH systems. 

2)  Examine the effect of water use profile on the energy consumption of water 

heating systems including air-source electric heat pump water heaters. 

3) Develop testing and modelling methods to allow the energy consumption of a 

GIWH within a RWH system (and hence the whole system) to be accurately 

represented,  

4) Investigate ways in which carbon dioxide emissions of residential water heaters can 

be modelled, 

5) Explore opportunities for energy and CO2 emission savings through better control 

system integration of  RWHs with GIWH auxiliary energy sources,  

6) Evaluate means for hydraulic integration of RWHs with GIWHs to maximise gas to 

fluid energy conversion and allow consumer selection of delivered water 

temperature. 
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1.3 Background 

1.3.1 Residential water heating in New Zealand 

The average energy use by domestic water heating (DWH) is about one third of the energy 

used in a residential dwelling [9, 10]. The New Zealand residential water heater market has about 

80,000 to 100,000 unit sales annually. This is summarised by technology type in Figure 1.1. The 

water heater used in about 75% of New Zealand homes is the electric storage water heater 

(ESWH). This is an insulated thermal storage vessel with an immersed electric resistance 

element. The water heater is typically located inside the insulated building envelope [11]. New 

Zealand has the highest proportion of electric water heaters used anywhere in the world [11]. 

GIWHs have about a 20% share of annual water heater sales. 

ASEHP water heaters have been marketed in New Zealand  increasingly over the last five 

years but probably due to cost constraints (c. NZ$5000) are sold in very small numbers, perhaps 

only a few hundred annually. Solar water heaters (SWH) with electric resistance element 

auxiliary heating have been used for many years but again due to cost, performance, and 

complexity, only about 3500 are sold annually [12]. A small number of these incorporate a 

GIWH rather than an electric element to provide auxiliary water heating when required. A small 

number of water heaters are connected to heat exchangers incorporated in wood-burners. These 

appliances are known as “wet-backs” and usually incorporate an electric resistance element in 

the thermal storage vessel to provide hot water at times the wood-burner is not in use. 

 

Figure 1.1: New Zealand water heater market share by technology type  
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1.3.2 Gas versus electricity 

Gas is currently the most common energy source for residential water heating in Europe, 

the United States, Australia, Japan and many other countries [13-15]. In the United States gas 

storage water heaters [16] are currently installed in far greater numbers than GIWHs. In Europe 

gas boilers which supply both water heating and hydronic space heating are popular. In Japan 

and Australia GIWHs predominate. High rates of energy delivery can be economically supplied 

by gas to residential dwellings compared to electricity. Typical domestic GIWHs have energy 

output rates of 45kW compared to electric storage water heaters with 3kW - 9kW outputs. 

GIWHs therefore offer the advantage of being able to supply hot water continuously. Electric 

storage water heaters may take many hours to completely reheat water to a useable temperature. 

In many countries the direct use of gas results in a significant reduction in carbon dioxide 

emissions compared to water heating using electricity generated in coal or gas thermal power 

stations. In other countries or even parts of countries with significant zero-emission electricity 

generation, electric water heaters may produce lower CO2 emissions. 

1.3.3 Regulatory environment 

Many countries have introduced regulatory measures to improve energy efficiency of 

residential water heaters. In Europe gas boilers must now incorporate condensing technology. In 

the United States energy labelling of many products including residential water heaters is 

mandatory. Australia and New Zealand introduced Minimum Energy Performance Standards 

(MEPS) for most gas water heaters in 2010. 

Governments in a variety of countries have incentives to encourage energy efficiency and 

the use of renewable energy sources. For residential consumers this is usually by way of a cost 

subsidy of the water heating equipment. These subsidies have resulted in significantly expanded 

markets for energy efficient water heating technologies. There has been particular emphasis on 

SWHs and ASEHPs. In warmer areas ASEHP water heaters are increasing in popularity as they 

are easy to install and are lower in capital cost than SWHs. 

In Australia where electricity generation uses significant volumes of coal, gas boosted 

solar thermal water heaters attract more government subsidies than electric boosted models. The 

gas auxiliary itself produces far less emissions than the equivalent electricity supplied from coal 

and gas thermal electricity generation. This should make gas auxiliaries an attractive option to 
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regulators in other countries with high emission electricity generation systems. The gas auxiliary 

can be used in a similar fashion with other types of renewable water heating systems as almost 

all use a thermal storage vessel of some description. The use of the auxiliary in-series with the 

hot outlet of the storage vessel eliminates degradation of renewable water heater performance 

caused by boosting with electric resistance elements within the thermal store. 

1.4 Research design 

1.4.1 Existing methods 

Standard ISO9459.4 [17] describes a method for characterising the performance of SWH 

by testing individual components and then simulating the performance of an assembled system 

by computer using typical annual weather data. A similar process is followed by AS/NZS4234 

[18] using TRNSYS [19] as the simulation software. The advantage of these approaches is that 

once the components have been tested, a wide variety of water heating loads and weather 

conditions can be applied. This allows estimation of annual energy consumption at almost any 

location. A number of existing standards are available to characterise the performance of the 

individual components of the system. 

AS/NZS5125 [20] provides a comprehensive test method for evaluating an ASEHP and 

characterising its performance under a wide range of ambient and water temperature conditions. 

A range of test standards are published for GIWHs. However none of the current standards 

appears to provide sufficient characterisation of performance for integration into an ISO9459.4 

approach. 

ISO9459.5 [21] is a method for testing a complete assembled solar water heating system 

outdoors. The test continues until such time as a range of environmental conditions have 

occurred sufficient to characterise performance over a broad range of conditions. The annual 

energy consumption for a particular location is then determined using proprietary parameter 

fitting and simulation software [22].  

1.5 Challenges / gaps 

The existing standards AS/NZS4234 and ISO9459.4 and ISO9459.5 are drafted primarily 

for testing solar water heating systems. The water flow schedules described in these standards 

are quite unrealistic in terms of water flow rates and time of use during a 24 hour period. The 
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process described in ISO9459.4 and AS/NZS4234 to characterise the performance of the GIWH 

auxiliary is deficient in both gas to fluid energy conversion and the stand-by and start-up energy 

losses of the system. In order to adopt the process outlined by ISO9459.5 the proprietary 

software package is required along with suitable training in its use.  

1.6 Process adopted 

The procedures broadly outlined by ISO9459.4 are adopted as the methodology for this 

research. This standard was identified and recommended by Waide and Harrington [23] as 

offering the best medium term prospects for comparing water heaters internationally. 

ASEHP water heaters are tested using the existing standard AS/NZS5125 to provide 

renewable water heater performance data for the research. 

To assist in selecting a GIWH test method that will produce results suitable for use in an 

ISO9459.4 approach a comprehensive review of the existing standards and literature for GIWH 

testing is undertaken. 

A novel procedure is then developed for characterising the performance of GIWHs that can 

be used in a TRNSYS model in a similar way to that used in AS/NZS5125 for ASEHPs. 

1.7 Thesis outline 

An outline of this thesis is provided by Figure 1.2. 

Chapter 1 provides a brief introduction to the current state of the art of residential water 

heating, establishes the research objectives, and outlines the development of the research design. 

Chapter 2 is a literature review of the previous work in the field. 

Chapter 3 is a study of the effect of water flow profile on the annual energy consumption 

of an ASEHP water heater. This establishes that the water flow profile of AS/NZS 4234, while 

convenient for quick TRNSYS modelling as it allows relatively long time steps, is not likely to 

accurately reflect the relative performance of different water heating technologies and more 

realistic water heating flow regimes will be required. 

Chapter 4 examines the test standards for GIWHs from Australia, USA, Japan and Europe. 

A range of GIWHs is tested to each standard and the results compared and discussed. As a result 
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of this investigation one of the water flow regimes of the European standard is selected for use in 

the further work of this Thesis albeit with the incoming water temperature adjusted by location 

studied rather than at the fixed temperature specified by the standard. The data from the 

European standard tests is also used to approximate the start-up energy requirements of GIWHs 

for subsequent analyses. 

Chapter 5 examines the performance of GIWHs, both conventional and condensing when 

operated with pre-heated incoming water. A novel method of experimentally testing and 

subsequent modelling is developed. 

Chapter 6 examines the carbon dioxide emissions from residential water heating. This 

incorporates a detailed analysis of the New Zealand electricity generation system and a novel 

model of the emissions is developed for the North and South Islands for two representative 

years. This provides for a TRNSYS model to evaluate emissions of various water heating 

technologies. 

Chapter 7 combines the testing and analyses of the previous chapters in a TRNSYS model 

to examine the running cost and emissions of an ASEHP with an auxiliary GIWH. This is 

compared to other water heating technologies in a range of cities worldwide. A novel control 

system is developed to integrate the operation of the ASEHP and GIWH. 

Chapter 8 investigates the possibilities for hydraulic integration of GIWHs with RWHs. 

Options for recovering the latent heat of vaporisation from combusted gas in RWHs and user 

selectable temperature delivery is evaluated. 

Chapter 9 summarises the work of this Thesis and discusses options for future research. 

Appendices include detailed information on the test and analytical methods employed in 

the research that were not included in the published journal papers. This information may be of 

use to other researchers and includes the author’s recommendations on how test methods and 

equipment might be improved for future reference. Appendices include; the use of The 

University of Auckland Thermodynamics Laboratory environmental chamber for testing ASEHP 

water heaters; test methods for GIWHs; experimental uncertainties related to these 

investigations; and the extraction of data for electricity generation and emissions from data sets 

of the Electricity Authority. 
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Figure 1.2: Structure of Thesis Chapters 
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 Literature review Chapter 2:

 Introduction 2.1

This chapter reviews the performance testing and modelling of gas instantaneous, air 

source electric heat pump and solar thermal water heaters, together with combinations of these 

devices. This research will investigate the use of GIWHs as auxiliaries to both SWHs and 

ASEHPs so it is appropriate to review each of these appliance types in detail. 

 Gas instantaneous water heater overview 2.2

Gas instantaneous water heaters have been used for domestic water heating in many 

variations for well over a century. The Lancet medical journal of 18
th

 September 1890 for 

example, includes a report [24] of the Edinburgh exhibition of that year. It includes details, 

alongside improved toilet designs, of an exhibit by Maughan’s Patent Geyser Company Limited, 

of an instantaneous water heater. Air heated with gas or oil heats a large number of spiral wires 

down which water trickles. “It would be especially useful where hot baths were required 

promptly” and “the quickest apparatus makes thirty gallons of hot water in three minutes”. 

Assuming a 30K water temperature rise this gives a heat output for the device approaching 

95kW, nearly twice the output of the largest commonly available GIWH marketed today. With 

GIWHs available commercially for so long, much of the research on these is carried out by 

manufacturers and as such is not published other than as finished product specifications. 

Two versions of modern gas instantaneous water heaters are shown in Figure 2.1 [25, 26]. 

Water flow through the appliance causes the impeller (1) to rotate. The magnetic tips of the 

impellor blades activate the micro-switch of a sensor which is monitored by a microprocessor 

control (2) to initiate operation. The microprocessor measures the frequency of signals from the 

impeller to calculate the water flow rate. A number of safety devices and sensors are checked for 

correct operation. The air supply fan (3) begins operation before the spark ignition is activated 

(4). The gas volume necessary to achieve the required delivery temperature is calculated with the 

air supply fan speed being adjusted to give the correct air to gas mixture. The gas valve (7) is 

then opened and successful ignition is verified by a sensor. The majority of the water passes 
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through a heat exchanger (10) with the exit temperature measured by a thermistor (6). Water also 

flows through a secondary circuit controlled by a valve (8) which by-passes the heat exchanger. 

When combined with the flow of heated water from the heat exchanger the desired temperature 

is delivered at the outlet temperature sensor (5). If the water flow rate and temperature rise 

requirements combine to exceed the maximum energy output available from the appliance, the 

water flow is reduced by a restricting valve (9). In this manner the selected outlet temperature is 

achieved consistently and accurately. 

 

Figure 2.1: Non-condensing and condensing GIWH schematic 

(1) Cold water inlet impellor and sensor; (2) microprocessor control; (3) air-supply fan; (4) 

ignition electrode and flame detector; (5) Hot water outlet temperature sensor; (6) heat exchanger 

water temperature sensor; (7) gas control valve; (8) cold water by-pass control valve; (9) water 

flow rate regulator valve; (10) heat exchanger; (11) latent heat exchanger; (12) condensate drain 

 

The primary constituents of the combustion products of Methane, Propane and Butane are 

carbon dioxide and water vapour along with smaller amounts of sulphur dioxide and various 

oxides of nitrogen. As the proportion of energy transferred from the combustion products to the 

heated water approaches 90% the water vapour begins to condense. This condensate typically 

contains nitric, carbonic and sulphuric acids with a pH in the range of 3 – 6 [27-30]. This 

condensate is corrosive to copper. The heat exchangers of GIWHs are commonly fabricated from 

copper in a fin and tube configuration as shown in Figure 2.2. The heat transfer within a copper 

heat exchanger must be limited to prevent corrosive condensate forming.  
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Figure 2.2: Copper fin and tube heat exchanger of a non-condensing GIWH 

 

Figure 2.3: Condensing GIWH internal photograph 

(10) Primary heat exchanger; (11) latent heat exchanger; (12) condensate drain 

 

Higher efficiency models of GIWHs are generally termed “condensing” as they are 

constructed from materials resistant to corrosion. They are configured to drain condensate to 

either sanitary waste systems or, if incorporating a neutraliser bed, to storm water systems. The 

arrangement of the condensing GIWH used in this study [31] is shown in Figure 2.1 (b) and 

Figure 2.3. Water entering the appliance first passes through a stainless steel latent heat 

exchanger (11) before passing to a copper heat exchanger (10). Combustion product water 

vapour condensing within the latent heat exchanger is collected and drained from the appliance 

(12). Operation is in other respects similar to the standard GIWH. 

10

  10 

11 

12 
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2.2.1 Gas instantaneous water heaters with pre-heated water 

GIWHs are designed and manufactured in large numbers to heat cold potable water to a 

useable temperature. Typically this is 40°C for bathing and between 50°C and 60°C for dish and 

surface washing. Incoming cold water temperature, when a GIWH is operated as a stand-alone 

device, would be expected to be between 0°C and 25°C. The economies of scale from large 

production numbers of these residential GIWHs have resulted in relatively low prices compared 

to the fluid energy rise achieved. This low cost has made them attractive and economic as 

auxiliary energy sources for many types of RWHs. A common trait of RWHs is an energy source 

not consistently available or well matched to the consumers’ load. In RWHs water entering a 

GIWH auxiliary may be at any temperature. Incoming water temperatures can exceed the set 

temperature of a GIWH. It is apparent from examining the basic design of GIWHs, and 

particularly condensing models, that as the incoming water temperature rises, heat transfer to the 

fluid from the combusted gas will reduce. In condensing GIWHs the temperature of the 

combustion products entering the latent heat exchanger is relatively low. This may result in little 

heat transfer in this section once the incoming water temperature has risen sufficiently [32]. 

GIWHs have been used as auxiliaries to SWHs for some time. Connection as in-series boosters 

is common [33-36] generally in the configurations shown in Figure 2.4. 

 

Figure 2.4: Common arrangements for SWH with GIWH auxiliary 

(1) cold incoming water; (2) thermal storage vessel; (3) circulating pump; (4) solar collector; (5) 

flow diversion valve; (6) GIWH (7) mixing valve; (8) hot water delivery 
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Water is drawn from the thermal storage vessel (2) and then passes through the GIWH (6) 

to be heated to a pre-set temperature. Water is then mixed (7) to a temperature low enough to 

avoid scalding when delivered to the dwelling (8). In some configurations the GIWH simply sits 

in series between the thermal storage vessel and the mixing valve (a). In other arrangements (b) a 

flow diversion valve (5) is placed prior to the GIWH to divert water away from the appliance 

where the temperature is already sufficient for use. While this application for GIWHs is fairly 

common, particularly in Australia, there is little published research on the performance of 

GIWHs as the incoming water temperature increases. 

2.2.1.1 Hydronic space heating boiler performance 

The Australian and New Zealand test standard for calculation of energy performance of 

these types of gas boosted solar water heaters [18] makes no attempt to account for any variation 

in performance of the GIWH with changes in incoming water temperature. There is however 

some published research on the performance of both condensing and non-condensing water 

heaters when used for space heating or a combination of DHW and space heating. These systems 

have the same fundamental issue as residential potable water heating water appliances. A 

reduction in performance occurs when heating incoming water returned at elevated temperatures 

from the space heating system and as such, these publications are relevant to this review.  

An early model for boiler performance [37] proposed the polynomial fit for efficiency 

shown in Equation 2.1. This is based on the proportion of maximum operation rate. As return 

water temperature increases, firing rate and hence efficiency reduces. This approach was adopted 

for early building simulation programs [38]. A later study was carried out by Lazzarin and 

Schibuola [39] of condensing boiler performance in multi-unit residential buildings in Italy. This 

presents the approximation for the efficiency of a 26kW hydronic system based on the return 

water temperature shown by Equations 2.2 and 2.3. A model for characterising condensing 

efficiency was presented by Hanby [40] using a sensible heat ratio method [41] to improve the 

modelling of condensing boilers. Earlier work by Hanby and Li [42] modelled a boiler in three 

parts; combustion zone, the main heat exchanger, and a secondary heat exchanger used to model 

the minor losses to the environment. An investigation by Che et al. [43] into the possibilities of 

retrofitting a latent heat recovery heat exchanger to a large (2.1 MW) hydronic heating system 

boiler  also demonstrates the reduction in gas to fluid energy conversion with rising return water 

temperature  The results of these studies are presented graphically in Figure 2.5. 
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η =  a0 + a1 (
Qf

Qf_max
) + a2 (

Qf

Qf_max
)

2

  2.1 

 

η =  86.6 + 0.9 (
70−Tr

20
)                                                  ; where 50 < Tr < 70  2.2 

 

η =  87.5 + 0.787Tr − 0.027Tr
2 + 0.00023Tr

3         ; where Tr ≤ 50 2.3 

 

 

 

Figure 2.5: Space heating boiler performance with increasing return water temperature 
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2.2.2 Gas instantaneous water heater energy use and measurement 

The GIWHs used in this investigation are typical of those used in many countries for DHW 

production. There are five different modes of operation during which varying amounts of energy 

are used; stand-by; start-up; steady-state; post-heating and frost protection [25, 26]. Chapter 4 

contains a detailed comparison of a range of international GIWH test standards and their 

effectiveness in measuring each of these modes of operation.  

2.2.2.1 Stand-by 

The GIWHs referred to in this study are all microprocessor controlled and have electronic 

spark ignition which eliminates the gas energy used by a standing pilot burner for main burner 

ignition. When the GIWH is not heating water the control system uses between 5 W and 10 W of 

electricity to monitor the cold water inlet impellor. A signal from this indicates water heating is 

required. Older appliances of this type incorporated electrical transformers which resulted in 

higher stand-by power consumptions. Most test standards require the electrical energy used 

during the stand-by period to be incorporated in the total energy use calculated for the appliance. 

The very low level of energy used during stand-by accounts for between 1% and 3% of the total 

energy used by the appliance. 

2.2.2.2 Start-up 

When the control system detects water flow through the appliance it determines if heating 

can occur. The appliance burner has a minimum gas energy input for stable operation. If the 

required energy input is below this threshold ignition will not occur [44]. Provided this minimum 

energy input requirement is met the appliance will ignite after the sequence described in Section 

2.2. The thermal energy balance is shown by Equation 2.4. Gas energy input to the appliance 

(Rgas) is made up of the energy passed to the water (Qf), any change in energy stored within the 

GIWH heat exchanger (δQHX), that passing out of the flue of the appliance (QFLUE), together with 

any energy lost to the surrounding environment by convection (Qconv). In a condensing 

appliance, energy is also drained to waste in the condensed water of the combustion products 

(Qcndst). A detailed analysis is contained in Appendix B. 

Rgas = Qf + δQHX + QFLUE + Qconv +  Qcndst         2.4 

In the start-up phase the energy required to heat the metal of the heat exchanger can be 

significant. This is governed by the heat retained within the heat exchanger from previous 
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operating cycles. This in turn is a function of the temperature difference between the heat 

exchanger and surroundings and the time since the last water heating event. For water draws of 

low volume and short duration and a long idle time after a previous draw, the heat exchanger 

capacitance requirement can be large. Water draws of this type have very low gas to fluid energy 

conversion ratios. As water draws become larger, for example when showering or filling a bath, 

the energy required by this heat exchanger capacitance becomes negligible as a proportion of the 

total energy used. 

There have been a number of investigations into this heat exchanger capacitance behaviour 

and a variety of approaches to measure and model it. A report [45] and conference presentation 

[46] examined one GIWH installed in the field and one laboratory test unit. Compared to 

traditional gas storage water heaters, efficiency of GIWHs is improved through eliminating the 

energy lost from large volumes of stored water. Eliminating pilot lights with the use of electronic 

ignition was also significant. The report does however highlight the variation in efficiency of 

GIWHs with the number, duration and frequency of water draws because of the need to raise the 

temperature of the heat exchanger with each draw. The efficiency of a small individual draw is 

shown to be affected by the volume and time since the previous draw. 

The analysis is generally broken down into two time intervals; five minutes between draws 

where the heat exchanger loses little heat (“hot” draws); and forty five minutes where the heat 

exchanger is assumed to be completely cold (“cold” draws). At draw volumes of less than 19 

litres, a significant reduction in draw efficiency between the two time delays is shown although 

the data points are quite sparse. Once draw lengths reach 42 litres the gas to fluid energy 

conversion ratio of the draw is assumed to be equivalent to that at steady state operation [47]. 

Data for draws between 19 and 42 litres is filled on a straight line assumption. 

Some information on the actual draw volumes and intervals that might be expected in 

homes is presented. From this load volume data it is calculated that the average gas to fluid 

energy conversion of the GIWH for a hot draw will be 77.3% and for a cold draw 70.3%. From 

the load timing data presented it is assumed 40% of draws will be cold draws and 60% will be 

hot draws. Applying these weightings yields an average gas to fluid energy conversion of 74.5%. 

As the appliance has a reference conversion ratio of 81.6% it is recommended by the report that 

the reduction in ratio of 8.8%  be applied to all tankless water heaters in the California Energy 

Commission (CEC) manual for demonstrating energy efficiency compliance [48]. This 

recommendation appears to have been accepted and adopted [49]. 
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A 2008 conference paper [50] follows from the earlier study by Davis Energy Group [45] 

cited above. The tankless water heater model consisted of a single lumped node to represent the 

mass of the heat exchanger and water. Once steady state operation is reached the node is 

considered to be at the temperature of the outlet water temperature. An energy balance on the 

node is given by Equation 2.5. 

C 
dT

dt
=  η. Ṙgas −  ṁ. Cp(Tset −  Tin) − UA. (Tset − Ta)  (kJ/s) 2.5 

The rate of change of energy stored within the node, (C 
dT

dt
), is the gas consumption rate 

multiplied by the gas to fluid energy conversion ratio of the appliance, (η. Ṙgas), less the rate of 

energy transfer to the water, (ṁ. Cp(Tset −  Tin)), and energy loss to the environment 

(UA. (Tset −  Ta)).  Once the node reaches the set temperature 
dT

dt
= 0. When steady state thermal 

efficiency is tested by measuring gas energy input and water energy output, the UA term can be 

disregarded as it is already accounted for by the measurement of gas energy conversion to water. 

A focus of this study was to ensure the operation of the model would mirror that of an 

appliance. Flow rates and temperatures were applied around the lower threshold for operation.  

The validation of the model with independent experimental data was poor. Reasons suggested 

for this was the data used were sourced from an earlier study where the environmental 

temperature had not been recorded. It was estimated from the temperature the stored water 

approached over time as energy was lost to the environment between heating cycles. Another 

reason suggested was that the temperature of the water in the heat exchanger varied along its 

length and a multi-node model would be required for accurate analysis. 

A multi-node tankless water heater model was developed by Grant [44]. This contained 

significantly more detail than the earlier papers. The heat exchanger maximum energy content 

was determined by first establishing steady state conditions. The burner is then suddenly stopped 

while water flow continues at a high rate. Measurement of the temperature decay and flow rate 

provides the energy stored in the heat exchanger. The overall heat transfer coefficient (UA) was 

determined by passing high temperature preheated water through the appliance at a low flow rate 

with the burner off and measuring the energy lost from the water to the environment.  The multi-

node model from this research predicted energy use to within about 2%. However there were 

significant experimental errors present including the inability to measure the energy content of 

the natural gas supply used. An uncertainty of 5% was attributed to this factor alone. The study 
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concluded that there were no discernible effects on the steady state efficiency from any of the 

operating conditions applied. There did not appear to be any testing of gas energy to fluid energy 

conversion with incoming water at elevated temperature. 

There was some analysis done on the performance of tankless water heaters with solar 

water heaters. Like the earlier study, this focused on whether the water heater would fire or not 

given the incoming water temperature and flow rate, rather than the energy conversion when it 

did operate. Simulations were run on two bedroom, four bedroom and low water use houses to 

the Building America Standard Benchmark Draw Profiles [51] which yielded efficiencies 3%, 

4% and 15% respectively below the 80% nominal steady state gas to fluid energy conversion 

ratio. 

AS4552 [52] is the test standard used for minimum energy performance of gas water 

heaters sold in Australia and New Zealand [53, 54]. In this test standard a procedure for 

measuring start-up energy loss is described. Start-up energy is that consumed until water reaches 

a useful temperature. It is defined as 90% of the temperature rise required to achieve the set 

temperature as shown in Equation 2.6. The standard test conditions are 15°C incoming water 

with a set temperature of 60°C. This gives a required threshold temperature of 55.5°C where 

start-up energy loss ceases. For the purposes of calculating annual energy consumption, the 

appliance is assumed to start from completely cold, that is with the heat exchanger containing no 

residual energy, 19 times each day. This test method would appear to yield a significant 

overstatement of start-up energy use when compared to the Davis Energy Group study discussed 

above. The filed data presented showed only 40% of draws would be from cold. 

Tuse = Tin + 0.9(Tset − Tin) 2.6 

The United States Department of Energy (USDOE) test procedure [47] is a task test that 

contains six equal draws of 40.5 litres at hourly intervals. For a modern variable input GIWH the 

first three draws are carried out at maximum energy input, while draws four through six are at 

minimum possible input. This test procedure therefore contains effectively six draws from 

completely cold. As discussed above this seems to be an understatement of the start-up energy 

typically experienced in the field. 

EN13203-2 [55] and EU regulation 814/2013 [56] are task tests containing several possible 

draw regimes. The draw regime closest in total daily energy use to the Australian and USDOE 
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test methods contains 24 draws with 1/3 of these being “cold” draws which is a little less than 

the 40% of the Davis Energy Group study. 

2.2.2.3 Steady-state 

Steady-state operation technically begins once the heat exchanger capacitance is fully 

charged. This can take considerable time for many appliances, perhaps as long as 10 minutes 

[52]. Equation 2.7 is a re-statement of Equation 2.5 under steady state operating conditions. It 

accounts for the lack, in this phase, of change to the heat exchanger capacitance. The energy lost 

both to the surrounding environment and that passing up the flue is incorporated within the 

efficiency factor. When tested at steady state, the gas input energy and the water energy increase 

are compared to provide the ratio of gas energy converted to fluid energy (η). This is also termed 

thermal efficiency or simply efficiency. Both the Australian Standard [52] and the Japanese 

standard [57] provide test methods for this steady state efficiency measurement. In both 

standards tests are carried out at cold incoming water temperatures. The US and European 

standards do not separately determine the steady state efficiency. 

η. Ṙgas =  ṁ. Cp(Tset − Tin)                                                          (kJ/s) 2.7 

2.2.2.4 Post-heating 

When water flow ceases, the burner is immediately extinguished. The air-supply fan 

continues to run in order to purge combustion product and any un-burnt gas from the combustion 

chamber. This also minimises the possibility of overheated water being supplied if the appliance 

is started again quickly. A side effect of this process is the removal of energy from the metal of 

the heat exchanger. Evaluating Equation 2.5 again in this mode, gives the change in capacitance 

equal to the temperature loss to the surroundings shown in Equation 2.8. The approximate nature 

of this term in the single-node lumped capacitance model described above now becomes 

apparent. The energy stored by the heat exchanger is assumed to decay initially based on the 

difference between the set water and ambient temperatures. In an actual appliance much of the 

heat exchanger mass will initially be at a much higher temperature – closer to the combusted gas 

temperature than the set water temperature. Notwithstanding, this single node capacitance model 

would be expected to provide a much better approximation than the Standards Australia 

assumption that the appliance is firing from completely cold on every water heating cycle. 

C 
dT

dt
=  −UA. (Tset −  Ta)                                                       (kJ/s) 2.8 
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2.2.2.5 Frost Protection 

To protect against damage to the GIWH from freezing, an ambient temperature sensor will 

turn on small electric heating elements if the temperature approaches 0°C. Little energy is used 

during this process and the number of occurrences is low, therefore the energy used in this mode 

is not assessed by any standard or test method. 

2.3 Air source electric heat pump water heaters 

 

Figure 2.6: ASEHP vapour compression refrigeration cycle 

(1) compressor; (2) condenser; (3) expansion valve; (4) evaporator; (5) defrost by-pass valve 

 

Commercially available ASEHPs commonly operate on a vapour-compression 

refrigeration cycle [58] as shown in Figure 2.6. Energy is absorbed into a refrigerant from 

ambient air drawn across an evaporator coil (4) by a fan. A compressor (1) then raises the 

pressure and temperature of the refrigerant before it passes to a heat exchanger condenser (2). 

Energy can be transferred to the water by a number of different condenser configurations. Water 

may be drawn from the thermal storage vessel by a pump and delivered to the condenser, where 

it is heated and returned to the tank. The condenser may be placed directly inside the storage 

tank itself or wrapped directly around the outside of the storage tank pressure vessel. These 

arrangements are shown schematically in Figure 2.7. The advantage of the condenser in the 

storage tank arrangement, Figure 2.7 (1), is the number of components is minimised while the 

heat transfer area of the condenser coil is maximised. This configuration has to be shipped as a 

complete unit or the refrigerant charged on-site. In some jurisdictions a twin-wall condenser may 
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be required [59] to minimise the potential of refrigerant leakage into the potable water supply. 

This reduces the heat transfer a little and increases the cost and complexity. With the condenser 

wrapped around the storage vessel as in Figure 2.7 (2), the potential for contamination of the 

potable water by the refrigerant is eliminated but the heat transfer is reduced. An external heat 

exchanger as shown in Figure 2.7 (3) and (4) allows the heat pump components to be separated 

from the storage vessel for shipping and installation. It requires an additional circulating pump 

and again may require a twin-wall heat exchanger to guard against water contamination by the 

refrigerant. 

 

Figure 2.7: Common ASEHP water heater arrangements 

(1) Condenser in storage tank; (2) condenser wrapped around storage tank; (3) water circulated 

through condenser by pump; (4) water circulated to remote heat pump unit by pump 

 

2.3.1 Performance testing of ASEHP water heaters 

There have been numerous studies into the performance and optimization of ASEHPs. The 

performance of air-source heat pump water heaters will alter with ambient air temperature, 

relative humidity and the temperature of the water entering the condenser to be heated. These 

factors alter with climate and pattern of water use. Evaluating the performance of an ASEHP in a 

meaningful way is complicated by performance factors. Three main methods of measuring 

performance are evident in the literature. The first is to characterise the performance of the heat 

pump as a black box by monitoring inputs and outputs. This means no intervention or monitoring 

of the refrigeration cycle is required. The second method is to characterise the performance of 
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each of the components in the refrigeration cycle and then assemble a model of these 

characterisations to assess the overall performance. The advantage of either of these first two 

approaches is that once the coefficients of the characteristic equations of performance have been 

found, the ASEHP can be modelled in different climates and to varying water load profiles. The 

third test method is to determine the performance of the heat pump under a single set of test 

conditions. These conditions need to represent the average conditions the appliance might 

experience in the field. The reduced cost of testing is the main advantage of this approach. The 

resulting data can be used for direct comparisons with other similar products but is of minimal 

use in predicting the performance of the heat pump in other ambient conditions. 

2.3.1.1 Black-box test methods 

Morrison et al. [60] published a method to characterise the performance of ASEHPs which 

demonstrated a close correlation between the experimental and calculated results. This method 

has since been used as the basis for a test standard in Australia and New Zealand [20]. The 

method treats the heat pump as a black box with measurement of condenser water temperature, 

ambient temperature and humidity and power consumption. No measurement of, or intervention 

in, the refrigeration cycle is required. For a given relative humidity, both the coefficient of 

performance (COP) and power input were determined to have a linear relationship with the 

temperature difference between average condenser water temperature and ambient air 

temperature. This relationship had previously been shown for heat pumps incorporating unglazed 

solar collectors as evaporators [61, 62]. It is observed that for some systems condenser inlet 

water temperature may offer a better correlation than average condenser water temperature. An 

adjustment is made to account for the performance change at higher humidities. The 

characteristic equations for COP and power consumption from the initial paper (Equations 2.9 

and 2.11) are modified in the published test standard (Equations 2.10 and 2.12 respectively). The 

heat pump is tested across a range of ambient conditions intended to span those a product might 

be operated under and modelled to. These conditions are shown in Table 2.1. The test standard 

has simplified but wider ranging test conditions compared to original research paper. The test 

standard contains separate tests and calculation adjustments for operation under very cold 

conditions where frost accumulation on the condenser might occur but as this is outside the 

scope of this research it is not reviewed in detail here. 
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COP = [c0 + c1(Tw − Ta)] [1 − c2

Ta − Twet

Ta − Tdp
] 2.9 

COP =  c0 + c1(T̅w − T̅a) + c2(T̅w − T̅a)2 − c3(T̅wet − T̅dp) 2.10 

Power =  p0 + p1(Tw − Ta) + p2(Ta − Tdp) + p3(Ta − Tdp)
2
 2.11 

Power = p0 + p1T̅w + p2T̅w
2 + p3T̅a 2.12 

Table 2.1: ASEHP test conditions 

Test 

Morrison et al. AS/NZS 5125 

Ta 

°C 

RH 

% 

Ta 

°C 

RH 

% 

1 15 75 <10 80~90 

2 17.5 48 18~20 60~70 

3 22.5 60 30~35 30~40 

4 22.5 75 30~35 55~65 

5 30 55   

6 30 75   

2.3.1.2 Component characterisation test methods 

In this test method each component in the refrigeration cycle is characterised and then a 

heat pump model assembled. The open literature is focussed mainly on solar assisted or direct 

expansion heat pump water heaters. This class of water heater uses either glazed or unglazed 

solar collectors as the evaporator as shown in Figure 2.8. 

 

Figure 2.8: Solar assisted/direct expansion heat pump water heater schematic 

(1) compressor; (2) condenser; (3) expansion valve; (4) solar collector evaporator 
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The previously cited work by Ito et al. [61] examined a system with an unglazed collector. 

In this study the power consumption and COP were determined as functions of the condenser 

water temperature and the temperature of the refrigerant evaporating at the collector. This in turn 

is derived as a function of collector area and efficiency factor, solar radiation absorption, heat 

loss to surroundings, compressor power consumption and COP. Morrison [63] investigated the 

performance of a model of this class of appliance that was intended for outdoor installation with 

the solar collector located on the jacket of the thermal storage vessel. This eliminated the need 

for charging of refrigerant lines on site. In the Morrison study TRNSYS was used to model 

performance with the individual components of the refrigeration cycle characterised and linked 

rather than the heat pump being treated as a black-box. A number of other investigations [64-71] 

adopt variations of the component characterisation modelling method.  

2.3.1.3 Single test performance evaluation 

There are a number of published ASEHP test methods that rely on a single set of ambient 

conditions for evaluating performance. The USDOE [47] and Canadian test methods [72] use the 

same draw regime as for other water heater types with an ambient air temperature of 16.7°C and 

50% relative humidity. A draft Australian/New Zealand standard [73] details a 24 hour task test 

for ASEHPs with 8 water draws varying in size depending on the capacity of the appliance. 

Three sets of test conditions are available as shown in Table 2.2 depending on the climate the 

product is intended to be operated in.  In Europe a 24 hour task test is carried out at an ambient 

temperature of 7°C and 87% relative humidity  with a range of tapping cycles depending on 

product capacity [74, 75]. It would be very difficult and inaccurate to use the results of any of the 

single ambient condition test methods to characterise ASEHP performance in other ambient 

conditions. 

Table 2.2: ASEHP single test performance evaluation test conditions 

Test Standard Test Condition Ambient temp. 

(°C) 

Dew point temp. 

(°C) 

Supply water temp. 

(°C) 

AS/NZS5125 T2 18~20 11~14 13~15 

Low temp. A 0~2 > -1.5 8~10 

Low temp. B 6~8 -2.5<TDP<-1.5 8~10 

CFR430 / C745-03 - 16.7 6.2
1
 14.4 

EN16147 - 7 5.0
1
 10 

1
Specified as relative humidity in standard 
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2.3.2 Other ASEHP studies 

A review by Hepbasli and Kalinci [76] of heat pump water heater research included air-

source electric, ground-source, solar assisted and gas engine driven heat pumps. When compared 

to other water heating technologies, heat pump water heaters were found to have energy savings 

second only to solar thermal water heaters with electric back-up. The study found that while heat 

pump technology has been available for more than 20 years, prices are beyond the willingness of 

customers to pay. This situation is unlikely to change unless economies of scale allow significant 

price reductions, or regulatory programs to support adoption of energy efficient water heaters are 

introduced. The importance of design, component selection, component matching and refrigerant 

charging to the optimizing of ASEHPs was examined by Zhang et al.[77]. A comparison was 

made by Cecchinato et al. [78] of ASEHP performance with CO2 and R134a refrigerants and 

confirmed the importance of optimising for the use of CO2 as a refrigerant, and the maintenance 

of stratification within the water storage vessel. An investigation of a CO2 ASEHP by Fernandez 

et al. [79] quantified the effect of ambient air temperature, water temperature and system 

configuration on performance. Neska et al. [80] investigated a CO2 heat pump water heater and 

determined there was potential for primary energy savings of 75% in Norwegian climatic 

conditions along with the ability to deliver water up to 90°C in cold ambient temperatures.  

Guo et al. [81] presented a method for predicting the energy consumption of a domestic 

ASEHP based on grey system theory where complete data sets may be difficult to obtain or very 

expensive to collect. Further investigations by Guo et al. [82] examine algorithms to minimise 

energy consumption of ASEHPs through lowering the set temperature of the stored water. 

Opportunities to use variable time of day electricity tariffs and ambient air temperatures while 

maintaining sufficient hot water supply for the consumer are also studied. Guoyuan et al. [83] 

examined an ASEHP suitable for cold regions (down to -15°C) through a 2 part expansion 

arrangement and variable speed compressor. Long and Zhu [84] tested and modelled a heat 

pump water heater that incorporated phase change material in the thermal storage vessel. The 

importance of optimizing the storage vessel size for ASEHP systems has been demonstrated by 

Kim et al.[85]. 

2.3.3 ASEHPs in New Zealand 

A study of the performance of solar and heat pump water heaters in New Zealand [86] 

concluded that ASEHPs generally performed better than solar thermal water heaters in New 

Zealand conditions. The performance of both SWHs and ASEHPs could be improved through 
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optimization of control systems. Consumer New Zealand, a consumer rights organisation, 

surveyed the performance of several ASEHPs and found a wide range of performances across 

different models [87]. The Energy Efficiency and Conservation Authority of New Zealand 

(EECA) commissioned a report [88] into a number of ASEHPs installed as part of the 

government subsidy program which had been fitted with monitoring equipment. The study found 

split systems performed below expectation and that systems with higher water use performed 

better than those with less water drawn daily. The report also highlighted the need for ASEHP 

testing to be standardised to allow informed consumer choices. 

2.4 Hybrid water heaters 

A hybrid water heater can be defined as a water heater with the potential to apply two or 

more different systems of heating water to a single hot water supply. The two systems may use 

the same primary energy source. For example, an electric powered air-source heat pump water 

heater with an electric immersion element in the thermal storage vessel as an auxiliary heating 

source. Alternatively it may be a combination of different energy sources including electricity, 

gas, wood, solar, biomass and others [89-95]. The relevance to this study of the configuration of 

hybrid water heaters is in the connection between two or more systems and any logic applied that 

might be applicable to the control of a hybrid RWH/GIWH to provide reductions in either energy 

use or primary carbon dioxide emissions. 

2.4.1 Solar thermal water heaters 

Almost all solar thermal water heaters can be considered hybrids as they incorporate either 

electric or gas auxiliary water heating. Most solar water heaters use an in-tank electric resistance 

element to boost the water temperature when insufficient solar energy is available. To control the 

harvesting of solar energy a differential controller is typically employed [96, 97]. With reference 

to Figure 2.9, when the water temperature in the solar collector exceeds the temperature in the 

bottom of the thermal store by a sufficient margin (T1-T2>TON), the control system turns on the 

circulating pump to harvest energy from the collector. The circulating pump is switched off 

when either the storage vessel is completely heated, (T2>TMAX) or the water temperature in the 

collector has insufficient temperature differential over the water in the bottom of the cylinder 

(T1-T2<TOFF). There is likely to be significant stratification [98-100] in a well-designed solar 

thermal store. The water temperature in the top of the thermal storage vessel should not exceed 

either 100°C or the material specification, usually 82°C for enamel lined steel vessels [101]. This 

is achieved in simple systems by applying a conservative value for TMAX, say 60°C. In more 
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advanced systems the temperature towards the top of the thermal store (T3) is also monitored. 

This allows energy harvesting to continue until the maximum allowable temperature is reached 

in the top of the thermal storage vessel. 

 

Figure 2.9: Simple solar thermal water heater control 

(1) Thermal store; (2) solar collector; (3) circulating pump; (T1) solar collector water temperature 

sensor; (T2) thermal store lower water temperature; (T3) thermal store upper water temperature 

 

2.4.1.1 Control strategies of electric boosted solar water heaters 

Various control strategies [102] have been adopted for control of the electric element 

auxiliary in SWHs. The simplest of these is the consumer simply switching off the electric 

element manually. This may be perfectly acceptable in regions with very stable weather patterns 

and long periods where the solar water heater is able to supply all of the hot water requirements. 

The next simplest control system is to connect the auxiliary heating element to a night-rate 

power supply which is controlled by the electric utility company so as to provide an electricity 

connection during off-peak night hours [103]. Night rate electricity supply may also be 

significantly lower in cost than standard rates [102, 104]. 

If there is no solar energy available during a particular day the thermal storage cylinder 

must have sufficient capacity to supply a full day of hot water requirements [105, 106].  If no 

reliably-switched night rate supply is available, the element may be similarly controlled by a 

simple timer which allows overnight heating in the same manner as a night-rate electricity 
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connection. Energising the auxiliary element overnight results in the thermal storage vessel 

beginning each day full of hot water. If solar energy is available early in the day, none is able to 

be harvested until some hot water is drawn from the thermal energy store. In systems with these 

control arrangements the highest solar contribution to water heating will be gained by the 

occupants using as much of their daily hot water needs as early in the day as possible. They may 

need to alter their pattern of use to maximise the solar contribution. Significant water use early in 

the day will maximise the cold water entering the thermal store in preparation for solar energy 

harvesting. Using minimal hot water in the evening will be reduce or eliminate the auxiliary 

energy input overnight.  

Other systems include the use of an element and thermostat mounted mid-way up the 

storage vessel which is available to heat continuously. Provided stratification is maintained in the 

cylinder there should always be at least half a tank of hot water. Where there is significant solar 

energy available this will heat the whole tank and keep the mid-mounted thermostat from turning 

on the element. 

In the control strategies described above there is no connection or interaction between the 

electric auxiliary element control and the solar energy harvesting control. This can cause the 

auxiliary element to heat when there is sufficient energy stored to meet the demand for hot water 

or when solar energy harvesting is occurring or about to occur. When the auxiliary element turns 

on and raises the stored water temperature uses energy and incurs a cost to the consumer. It also 

reduces the energy harvesting potential of the solar system by reducing the temperature 

differential between the solar collector and water in the lower part of the thermal storage vessel. 

One way to prevent this happening, albeit at a higher capital cost, is to separate the water to be 

heated by the solar system and that to be heated by the auxiliary supply into separate [107] or 

divided storage vessels [108]. Another method is to allow the consumer to monitor the current 

state of the solar thermal store and intervene manually by switching on the electric element in 

response to an observed absence of solar energy or a known imminent demand for hot water. 

Another way to maximise solar energy harvesting in combination with an auxiliary in-tank 

electric element is predictive control. A study by Purd’homme and Gillet [109] examined a novel 

solar thermal water heater with energy transferred to an inner thermal store from a surrounding 

mantle into which solar heated fluid could be fed at a variety of heights. The model has weather 

forecast data input constantly from the Swiss Meteorological Institute and a prediction of the 

users water use is updated each day from historical data. In the study the objective function was 
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set to ensure water of useable temperature was available in the uppermost node of the thermal 

storage vessel. The study noted that variations in water use by occupants mean the objective 

function might need to be set to ensure several nodes are available at a useable temperature to be 

a practical solution, although this will reduce the energy savings of the system. 

2.4.1.2 Control strategies of gas boosted solar water heaters 

There are a number of SWHs with GIWH auxiliaries available commercially. These use 

hydraulic configurations shown in Figure 2.4, Figure 2.11, Figure 2.12 and Figure 2.13 [110]. In 

all these arrangements there is hydraulic connection only between the thermal storage vessel and 

the GIWH. There is no electrical or electronic control system connection between the solar 

energy harvesting controller and the GIWH. In these designs the gas auxiliary energy source has 

sufficient capacity to supply the total hot water needs of the dwelling when no solar energy is 

available. A significant advantage of this in-series gas auxiliary arrangement is that no auxiliary 

energy is delivered into the thermal energy store which ensures maximum possible heat transfer 

from the solar collector. 

 

 

 

 

 

 

 

 

 

Figure 2.10: Typical assembled gas boosted solar water heater available in Australia 

(1) cold inlet; (2) preheated water delivery to GIWH; (3) hot water to dwelling; (4) cold supply 

to solar collector; (5) hot return from solar collector; (6) GIWH; (7) thermal storage vessel; (8) 

solar controller; (9) circulating pump; (10) hot temperature sensor to solar collector; (11) thermal 

store temperature sensor. 
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Another arrangement marketed [35, 111] is shown in Figure 2.11. In this configuration 

where there is a lack of solar energy available and the upper section of the thermal storage vessel 

(1) does not hold enough hot water the solar circulating pump will start. A valve (4) switches to 

direct flow through a GIWH to heat the upper portion of the tank. There is a question as to 

whether this could produce sufficient hot water to meet demand at all times as the solar 

circulating pump would usually operate at very low flow rates in solar energy harvesting mode. 

It would need to operate at a high flow rate to provide a continuous hot water supply. This could 

be overcome with a variable speed pump which operated at a much higher flow rate when flow is 

diverted through the GIWH. However, when this occurs, it is likely that the flow rate being 

drawn from, and returned to the thermal storage vessel, would be sufficiently high, that 

stratification in the storage vessel would be eliminated. This would reduce the ability of the 

system to effectively harvest solar energy for a time.  

 

Figure 2.11: GIWH in parallel with solar thermal collectors 

(1) thermal storage vessel; (2) GIWH; (3) solar collector; (4) flow switching valve; (5) Domestic 

hot water supply 

 

Thermal stratification can be maintained using the arrangement shown in Figure 2.12. Here 

the GIWH transfers heat to the thermal store via a heat exchanger coil preserving the thermal 

stratification in the storage vessel. This arrangement can be used with either solar or any other 

external energy supply, renewable or otherwise. The disadvantage of this arrangement when 

compared to Figure 2.11 is the cost and complexity of the additional pump and other components 

(not shown) in the GIWH hydraulic circuit. These are required to allow for thermal expansion, 

air elimination, and to ensure the hydraulic circuit remains full. 
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Figure 2.12: Indirect GIWH general arrangement 

(1) flow and return to solar or other heat source; (2) GIWH; (3) circulating pump and thermostat 

for GIWH operation; (4) Domestic hot water supply 

There are also a large number of SWH and other RWH and non-renewable systems 

marketed for a combination of space and water heating [91, 95] . A typical hydraulic 

arrangement for this is shown in Figure 2.13. The primary water heating system passes energy to 

the lower part of the thermal store from a heat exchange coil (1). Where insufficient energy from 

the primary water heating system is detected by a thermostat (3), a circulating pump is operated 

to allow the GIWH (2) to add energy through a second heat exchanger coil in the upper part of 

the store. Hot water is supplied for space heating (5) by a third heat exchanger coil located in the 

upper part of the thermal store. 

 

Figure 2.13: Indirect GIWH boosting with space heating 

(1) flow and return to solar or other heat source; (2) GIWH; (3) circulating pump and thermostat 

for GIWH operation; (4) Domestic hot water supply; (5) flow and return to space heating system.  



Chapter 2: Literature Review 

 

34 

2.4.2 Gas boosted ASEHPs 

There are a small number of ASEHPs available as packaged systems with gas auxiliary 

heating [112] as shown in Figure 2.14. This consists of an externally mounted heat pump unit 

connected to a separate cabinet containing a small storage vessel and GIWH. No information is 

available about any electronic interconnection between energy sources within this product. 

Another supplier markets a range [93] of gas boosted ASEHP including one model [113] 

consisting of a 130 litre thermal storage vessel, a 9kW maximum ASEHP and a 19kW gas 

condensing boiler. This product permits the user to direct the energy management system to 

minimise either operating costs or CO2 emissions. The control system use electricity and gas 

prices, primary energy emission factors and ambient air temperature inputs. Again, there is no 

information in the public domain as to how this information is processed to determine operating 

decisions. An ASEHP which is combined with a heat recovery ventilation system is also 

available [114]. Here energy is extracted from indoor air that would otherwise be exhausted from 

the building. The product is advertised as connected hydraulically with a high efficiency 

condensing GIWH but there is no evidence of electrical or electronic connection between the 

devices in the published material. 

  

 

Figure 2.14: commercially available ASEHP/GIWH hybrid 
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2.4.3 Other hybrid water heater studies 

There are a number of other published studies that investigate various control strategies for 

systems incorporating multiple energy sources. Ibrahim et al. [89] presented a dynamic model 

for a system composed of a SWH and a heat pump water heater with the option of either ground 

or air sourced energy harvesting. The heat pump component has a compressor with electricity 

supplied by a wind turbine which charges a battery bank with grid electricity back-up. Models of 

the performance of individual components are incorporated into an overall model. The heat 

pump water heater operates (regardless of whether the solar system is operating) when the 

thermal storage vessel drops below 48°C and ceases operation when the temperature exceeds 

55°C. Matlab is used as the simulations tool and for two different cities in Lebanon. The 

renewable energy share of the water heating exceeds 63%. 

Li et al. [115] investigated a large heat pump water heater using waste water as the energy 

source with an auxiliary gas boiler supplying hot water for space heating in a residential building 

in China. The heat pump is modelled as a black box while the gas boiler is assigned a fixed 

efficiency of 91%. The model is also simplified by assuming the waste water temperature and 

heating system distribution losses are constant. The contribution of the gas boiler to system 

heating is controlled by varying the pumping rate in response to changes in outdoor temperature. 

Li and Yang [116] examine a solar thermal preheater feeding a second thermal store 

having an ASEHP energy source. Performance is compared to a solar assisted heat pump water 

heater. The ASEHP and solar collector are treated as black-box models. The importance of water 

flow rate through the ASEHP condenser on performance is demonstrated but no dynamic model 

is established to optimise this parameter. There appears to be no integration of control between 

the solar preheater and ASEHP. 

Scarpa et al. [117] studied a solar assisted heat pump water heater with a gas auxiliary 

energy source sitting in series with the outlet from the thermal store similar to Figure 2.4(a). In 

this study the gas auxiliary is modelled at a fixed gas to fluid energy conversion ratio of 0.87 and 

is able to add energy at any rate required to ensure an outlet temperature of 45°C. 

Mokhtar et al. [118] investigated the used of an intelligent building management system to 

control a commercial building. An under-floor hydronic heating system is supplied by a ground 

source heat pump and gas boilers. The existing control system for the building incorporated 

neither feedback of current room temperature to the gas boilers nor any connection between the 
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gas boiler control and the ground source heat pump. Modelling of a new control system for the 

gas boilers that allows greater contribution to heat load from the ground source heat pump 

indicates an energy saving of 27% should be possible. 

Trillat-Berdal et al. [119] published an experimental study of a SWH. This incorporates 

mid-height electric auxiliary element and supplies DHW in a 180m
2
 residence. Also incorporated 

in this system is a ground source heat pump which provides under-floor hydronic space heating. 

When the SWH thermal energy store is fully energised, excess energy from the solar collector is 

diverted to the heat pump condenser. If not required there, energy passes to a ground source 

borehole for storage. The system control is based on temperature in a similar manner to a simple 

solar thermal system shown in Figure 2.9. The importance of circulation pump control in 

optimising the system’s COP is demonstrated. A subsequent investigation by the same group 

[120] used TRNSYS to compare the theoretical performance of the earlier configuration with an 

alternative. In this arrangement excess solar thermal energy is diverted directly to the under-floor 

heating system when heating is required and to the ground when not. A somewhat similar study 

[121] of a solar thermal water heater combined with a ground source heat pump investigated 

various hydraulic arrangements via TRNSYS. The importance of designing and configuring a 

system to ensure best performance over an entire year is highlighted in this study. 

Chen et al. [122] published a simulation of a heat pump water heater drawing its energy 

from shower waste water and boosted by an electric element. The cold supply for mixing at the 

shower head is also pre-heated by the shower waste water. In this investigation the individual 

components of the system were modelled mathematically. 

2.5 Summary 

There are a large number of published studies on a vast array of hybrid water heating 

technology combinations. GIWHs are currently, and increasingly likely, to be used as auxiliary 

energy sources for a wide range of RWHs due to high output and low cost. In these arrangements 

there is a common requirement for a thermal store of water. This requires GIWHs to operate with 

a wide range of preheated water temperatures.  

Published studies in this field focus largely on the renewable portion of the hybrid water 

heater with the GIWH often lumped as a single infinitely variable energy source with a fixed gas 

energy to fluid energy conversion ratio. When annual energy consumption is considered the 

GIWH can supply a significant proportion of the total system energy use.  Accurately 
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determining this energy is important to allow “like-with-like” comparison of RWH/GIWH 

hybrids with other technologies. 

There is a gap in the existing test and modelling standards. Published studies of test and 

modelling methods do not provide for accurate representation of GIWH performance in terms of 

either energy consumption or emissions when operated with preheated water. There is also little 

in the public domain as to how the performance of hybrid residential water heaters incorporating 

GIWH auxiliaries might practically be optimised through integrated control techniques. 

Potable water heating is currently the second largest consumer of residential energy and 

with reductions in space heating requirements from the improvement in building thermal 

properties will in future become the largest energy use. To ensure renewable hybrid GIWHs can 

be accurately evaluated as a potential energy and emission saving opportunity, there is a clear 

need for specific research into the performance of GIWHs with pre-heated water, the 

investigation of the integration of GIWHs with other water heating technologies, and a method 

for quantifying the energy and carbon dioxide savings that might be achieved. 
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 Gas instantaneous water heater test Chapter 3:

standards 

3.1 Preface 

To ensure the energy consumption of a hybrid water heater can be accurately determined 

the energy use of both the RWH and GIWH components must be assessed. In Chapter 4 the 

performance of ASEHP water heaters is examined. The energy use of the GIWH must also be 

determined. In this chapter the existing test standards for GIWHs are reviewed and then 

compared using laboratory tests. The material presented in this chapter is a reproduction of 

Bourke, Bansal and Raine [123]. 

3.2 Abstract 

This Chapter presents a novel comparison of four standard test methods for determining 

the energy consumption of microprocessor controlled gas instantaneous water heaters. The test 

standards studied are from Australia, Europe, Japan and North America. The European test 

standard is found to be technically the most comprehensive in measuring all aspects of energy 

consumption for these types of appliances. Four water heaters, both conventional and condensing 

type, ranging in capacity from 28 to 55 kW are tested to each of the test standards. The European 

and North American tests deliver similar results. Those to the Australian standard yield higher 

energy use while the Japanese method produces the lowest consumption. The relative difference 

in energy use between water heater models tested to any single standard is consistent, with the 

exception that the Australian test appears to favour the smaller water heater. Therefore, while 

consumers cannot use standard test results to calculate their actual running costs, in general, any 

of the standards will reasonably predict relative running cost differences between models if used 

as part of the product selection process. While the correlation between the standards varies 

according to the capacity of the water heater, a simple approximation is developed to convert 

from the efficiency measured by one standard to another. 
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3.3 Introduction 

Internationally, domestic potable water heating contributes between 15% and 40% of 

energy consumed within residential dwellings [1-8]. Gas instantaneous water heaters (GIWH) 

are sold in large numbers in many countries and are seen as an efficient means of producing 

domestic hot water with a far smaller carbon footprint than either gas storage water heaters with 

uninsulated central flues, or electric storage water heaters powered by thermally generated 

electricity [124-129]. The significant proportion of energy used for domestic water heating has 

led many countries to regulate the efficiency of these water heaters through consumer 

information and labelling schemes [54, 130-132] or minimum performance requirements [53, 56, 

133-135]. 

There are numerous studies in the literature on the performance and design optimisation of 

residential water heaters incorporating thermal storage vessels. Hegazy [136] investigated the 

performance improvement of inlet water connections of electric storage water heaters. Sedeh and 

Khodadadi [137] and Tajwar et al. [138] examine the effect of central flue baffles on the 

efficiency of centrally-flued gas storage water heaters. The importance of storage vessel sizing in 

solar water heaters was highlighted by Rodriguez-Hidalgo et al. [139]. Butcher [140] tested a 

variety of combined domestic water heating and hydronic space heating appliances and 

arrangements and proposed a simple linear relationship between input and output across the 

range of operating conditions. 

A study by the Davis Energy Group [45] and a similar conference presentation [46] 

examined one GIWH installed in the field and one laboratory test unit. These investigations 

highlight the variation in efficiency of GIWHs with the number, duration and frequency of water 

draws because of the need to raise the temperature of the heat exchanger with each draw. The 

energy consumption of the appliance is estimated for a load schedule devised from field data that 

consists of 40% of draws that commence when the heat exchanger is cold and 60% when hot. 

With this load schedule the energy consumption was 8.8% higher than the result from the 

USDOE test procedure [47].  

In other studies, the effect of retrofitting conventional gas water heaters with exhaust heat 

recovery systems was analysed by Che et al. [43]. Miriel and Fermanel [141] consider the 

application of fuzzy-logic controllers in a conventional wall-hung gas water heater. Fenández-

Sera et al. [142] examined differing control strategies for an on-demand external water heater 

coupled to a storage vessel. 



Chapter 3: GIWH test standards 

 

41 

A range of water heater standards were reviewed by Waide and Harrington [23] as part of 

an investigation into opportunities for an international standard suitable for all water heating 

technologies. This study highlights the challenges faced by manufacturers in having to optimise 

and test a product to many different test standards worldwide. Their medium term 

recommendation was support for the development of ISO9459-4 [17] and its expansion to 

include all water heater types. This standard involves physical testing of individual components 

which are then combined in a TRNSYS  [19] model where ambient conditions from any 

location, together with any load profile, may be applied to determine energy consumption. A 

review comparing international heat pump water heater standards has also been published [74]. 

In the related field of refrigeration appliances, Bansal and Kruger [143] compared five 

international test standards and published the results of laboratory tests to each for a range of 

refrigerators and freezers. The absence of a comparable study into GIWH test standards appears 

to be a gap in the current literature. 

GIWHs considered by this study are microprocessor controlled with forced or induced 

draught combustion systems intended to supply whole-home potable water heating requirements. 

They incorporate electronic ignition which eliminates the need for the energy consuming 

standing pilots of earlier models. They are relatively complex water heaters as they must safely 

control up to 250 MJ/h of energy to simultaneously provide sufficient hot water for multiple 

outlets. The development of these appliances is therefore relatively expensive and does not lend 

itself to low volume production. As they are compact they can be transported worldwide at 

relatively low cost per unit. This combination of factors has seen GIWHs, particularly of 

Japanese origin, sold in a wide variety of countries. Many of these countries have different test 

standards for GIWHs but it is not currently clear how the performance of a GIWH compares 

from one test standard to another. 

Test standards should not be used by consumers to determine actual running costs. 

Standards measure the difference in performance between products only under the test 

conditions laid out in the test standard. It is highly unlikely that many field users will subject the 

products to the same duty described by a test standard. However, a well-designed test standard 

should, as far as possible, ensure the performance differences between products when tested, are 

representative of those experienced in the field. In this way a consumer can select a product 

based on the results of the standard and achieve the relative operating cost difference expected. 
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This Chapter compares the current methods of calculating GIWH energy consumption and 

highlights the benefits and limitations of each method. This may assist water heater suppliers 

entering new markets and regulators introducing or revising test methods. If the energy 

efficiency when tested to one of these standards is known, a simple conversion has been 

developed to approximate the energy efficiency under any of the other standards. 

  

3.4 Working principle of a GIWH 

Figure 3.1 is a schematic representation of the GIWHs tested in this study. When a hot 

water tap is opened cold water flows into the appliance and a flow sensor is activated (1). This is 

monitored by a microprocessor control (2) which then starts the combustion fan (3) to purge the 

combustion chamber and heat exchanger (10). The ignition is checked (4) to ensure that it is 

working. The microprocessor determines from the water flow rate and the required water 

delivery temperature how much gas is required and opens the required number of ports of the gas 

control valve (7). The combustion fan speed is simultaneously adjusted to provide the correct gas 

to air ratio. The microprocessor monitors the actual outlet water temperature (5). In higher 

powered models the water temperature at the outlet of the heat exchanger is measured (6), and, 

to maintain the desired water delivery temperature and stability, cold water is added through a 

controlled by-pass valve (8). In some lower input models a small uncontrolled bypass is used to 

promote output temperature stability, while in other designs, no cold water bypassing of the heat 

exchanger occurs and output water temperature is controlled by burner and water flow 

modulation alone.  If all burner chambers are opened fully, and the GIWH is not able to reach 

the set outlet temperature, the water flow rate is reduced by a water flow control valve (9). 

Through use of this control system, a GIWH should always deliver the selected water 

temperature with a minimum of temperature fluctuation. In higher efficiency condensing models 

(Figure 3.1(b)), cold incoming water first flows through a secondary heat exchanger (11) to 

recover the latent energy of the water content of the exhaust products exiting the primary heat 

exchanger as vapour. The resulting condensed water is collected and drained (12) from the 

secondary heat exchanger to waste. 
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(a) Non-condensing GIWH   (b) Condensing GIWH 

Figure 3.1: Schematic of condensing and non-condensing GIWHs 

(1) Cold water inlet impellor and sensor; (2) microprocessor control; (3) air-supply fan; (4) 

ignition electrode and flame detector; (5) Hot water outlet temperature sensor; (6) heat exchanger 

water temperature sensor; (7) gas control valve; (8) cold water by-pass control valve; (9) water 

flow rate regulator valve; (10) heat exchanger; (11) latent heat exchanger; (12) condensate drain 

 

Figure 3.2: GIWH water flow, water temperature and total energy use over a heating cycle 
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3.5 GIWH Energy Use 

The energy used by GIWHs can be broadly divided into the stages shown in Figure 3.2;  

(I) Standby - not heating water; 

(II) Start-up - from commencement of water flow until water is delivered at a useful 

temperature;  

(III) Steady state conditions - water is delivered at a useable temperature; 

(IV) Post water heating - between water flow stopping and returning to stand-by. 

 

3.5.1 Stand-by energy consumption (I) 

Stand-by energy consumption is the energy used when water is not flowing through the 

GIWH. The elimination of the continuously burning pilot lights means only 5 - 10 W of 

electricity is used during stand-by to power the control system. 

3.5.2  Start-up energy consumption (II) 

Start-up energy consumption is the energy used (gas and electricity), from the time water 

flow commences until water is delivered at a useful temperature. The time taken will depend on 

the control system strategy and response, the incoming and required water temperatures, the 

water flow rate, and the amount of energy lost from the heat exchanger to the environment since 

the previous heating cycle that needs to be replenished. The amount of energy lost from the heat 

exchanger will depend on its mass and heat capacity, the temperature of the surroundings, and 

the time that has elapsed since water was last heated. 

The heat exchangers of GIWHs are commonly made of copper, aluminium or stainless 

steel. A copper heat exchanger of a 45 kW output GIWH is shown in Figure 3.3. Heat is lost 

from the heat exchanger during stand-by both through the flue outlet and from heat exchangers 

walls. Flue dampers are not commonly used and heat exchangers are not insulated as the test 

standards offer insufficient benefit to justify the expense of incorporating these features. 

3.5.1 Steady-state energy consumption (III) 

The appliance is deemed to be in steady state operation once water is delivered at a useable 

temperature. The energy used during steady state will depend on the water flow rate, incoming 

water temperature, water temperature rise required and the water temperature delivered. 
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Figure 3.3: GIWH heat exchanger 

 

The water heater takes considerably longer to reach true thermal equilibrium, perhaps as 

long as ten minutes. This can be seen in Figure 3.2 where the outlet water temperature steadily 

increases while energy input remains constant. Few water draws in the field would be expected 

at thermal equilibrium where the operating efficiency of the appliance is at the maximum. The 

energy used during steady state operation by any particular GIWH, will depend on the water 

flow rate, incoming water temperature, water temperature rise required and the water 

temperature delivered. 

3.5.2 Post water-heating energy consumption (IV) 

At the end of a heating cycle a water heater with fan-forced or fan-induced combustion 

will usually purge combustion products from the heat exchanger for safety reasons. This 

removes any un-combusted gas from the appliance for safety reasons. Energy is also removed 

from the heat exchanger to prevent excessive water temperature being delivered if water flow 

quickly re-starts. This combustion fan purge uses electricity at a level slightly above the stand-by 

level. 
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3.6  Review of test Standards 

The following four standards are reviewed in detail: 

a) European test Standard: EN13203-2 [55] 

b) United States of America test Standard: CFR 430 [47] 

c) Australian / New Zealand test Standard: AS4552  [52] 

d) Japanese test Standard: JIS: 2109 [57] 

 

Table 3.3 is a summary of the test conditions contained in each standard. The testing 

approach, calculation of the energy consumption, and load applied at each stage of operation is 

different in each standard and this discussed in the following section. Table 3.4 shows the 

proportion of total energy consumed, (gas and electricity), measured by each standard during the 

four operating stages of GIWHs tested in the laboratory as part of this study. Some of the 

potential technical gaps in the test methods are highlighted. In most modern GIWHs electricity 

consumption is small. When not in use only a few watts are consumed in monitoring the status of 

the water flow turbine. The gaps identified by Table 3.4 in measurement of electrical 

consumption will therefore have little impact on the overall energy consumption. 

3.6.1 European test Standard: EN13203-2  

This is a 24 hour test to determine the daily energy consumption of a GIWH. There are five 

different tapping cycles contained in the standard intended to replicate different household water 

demands. The five tappings vary from 36 to 420 litres of water raised 50K, or approximately 8 to 

88 MJ/day of useful hot water.  

Both gas and electrical energy use is monitored for a full 24 hour period so the EN13203-2 

test method should fully capture all energy used during stand-by, start-up, steady-state and post 

water heating stages of operation. For the purposes of comparison with the other standards in this 

Chapter, Equation 3.1 is used for determining GIWH efficiency.  

𝜂(%) = 100 × ∑
𝑀 × 𝐶𝑝  ×  (𝑇𝑜𝑢𝑡 −  𝑇𝑖𝑛)

(𝑉𝑐  × 𝐻) +  𝐸𝐸
 

24 ℎ𝑟

0

 3.1 
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The mass of water delivered (M) is required to be at a useful temperature. To be deemed 

useful the temperature of the water delivered depends on the activity the draw is intended to 

replicate as follows; 

a) Filling a sink for washing dishes where the average water temperature must reach 55°C 

(ΔT=45K - at the required inlet water temperature of 10°C). 

b) Filling a bucket for floor cleaning or a bath for washing where the average water 

temperature must reach 40°C (ΔT=30K). 

c) Supply to a shower or for general household cleaning where the water is deemed to be of 

a useful temperature only once it has reached 40°C (ΔT=30K) 

d) Supply for general household purposes where the water is deemed to be of a useful 

temperature only once it has reached 25°C (ΔT=15K) 

 

Each type of water tapping has a corresponding water flow rate and total useful energy 

delivery as shown in Table 3.1. These individual tappings are combined to make up the five 

different cycles as shown in Table 3.2. 

EN13203-2 appears to be silent on which tapping cycle should be used to test a GIWH of a 

particular capacity. European Commission Regulation 814/2013 [56], (which contains the 

equivalent tapping cycles and test conditions), requires that a water heater be tested to either the 

largest cycle it can deliver or the one immediately below that.  For the laboratory testing carried 

out for this study, which is presented in Section 3.7, tapping cycle 3 was selected. This cycle is 

nearest in total energy delivery (42 MJ) to both AS4552 and CFR430 which rate all water 

heaters within their scopes against a single energy delivery, and so was considered to offer the 

most direct comparison between standards. 
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Table 3.1: EN13203-2 tapping energy delivery, flow rates and useful water temperatures 

Tapping Type Energy 
Flow rate at 

ΔT=45K 

ΔTavg for 

tapping 
ΔTmin 

 (MJ) (litres/min) (K) (K) 

Household cleaning 0.378 3 - 30 

Small 0.378 3 - 15 

Floor cleaning 0.378 3 30 - 

Dish washing (1) 1.134 4 45 - 

Dish washing (2) 1.512 4 45 - 

Dish washing (3) 2.646 4 45 - 

Large 1.890 4 - 30 

Shower (1) 5.040 6 - 30 

Shower (2) 6.480 6 - 30 

Bath (1) 12.978 10 30 - 

Bath (2) 15.912 10 30 - 

Shower + Bath 22.464 16 30 - 
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Table 3.2: Load profiles / tapping cycles of EU814-2013 / EN13203-2 

EN13203-2 Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 

EU 814-2013 S M L XL XXL 

0700 Small Small Small Small Small 

0705 - - Shower (1) - - 

0715 - Shower (1) - Shower (2) Shower (2) 

0726 - - - Small Small 

0730 Small Small Small - - 

0745 -  Small Bath (2) Shower + bath 

0801 - Small - Small Small 

0805 - - Bath (1) - - 

0815 - Small - Small Small 

0825 - - Small - - 

0830 Small Small Small Small Small 

0845 - Small Small Small Small 

0900 - Small Small Small Small 

0930 Small Small Small Small Small 

1000 - - - Small Small 

1030 - Floor cleaning Floor cleaning Floor cleaning Floor cleaning 

1100 - Small - Small Small 

1130 Small - Small Small Small 

1145 Small Small Small Small Small 

1245 Dish washing (1) Dish washing (1) Dish washing (1) Dish washing (3) Dish washing (3) 

1430 - Small Small Small Small 

1500 - - - Small Small 

1530 - Small Small Small Small 

1600 - - - Small Small 

1630 - Small Small Small Small 

1700 - - - Small Small 

1800 Small Small Small Small Small 

1815 Household cleaning Household cleaning Household cleaning Household cleaning Household cleaning 

1830 - Household cleaning Household cleaning Household cleaning Household cleaning 

1900 - Small Small Small Small 

2030 Dish washing (2) Dish washing (3) Dish washing (3) Dish washing (3) Dish washing (3) 

2046 - - - Bath (2) Shower + bath 

2100 - - Bath (1) - - 

2115 - Small - Small Small 

2130 Large Shower (1) Small Bath (2) Shower + bath 

No. of draws 11 23 24 30 30 

Litres raised 50K 36 100.2 199.8 325 420 

Total Energy (MJ) 7.56 21.04 41.96 68.65 88.31 
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3.6.2 United States of America Standard: CFR430 (as at December 2013) 

The United States government code of federal regulations, part 430 – energy conservation 

program for consumer products, Appendix E to Subpart B, describes the test method for 

measuring the energy consumption of water heaters. It is used to determine the energy factor 

(EF) labelled on the water heaters at the point of retail sale [130] and provides for a comparison 

of running costs between different models and types of water heaters. 

The test is run over 24 hours with a total of 243 litres of water delivered. All energy 

consumption, gas and electricity, is continuously recorded during this time. Six draws are made 

each of 40.5 litres with draws at a flow rate to give maximum water heater input at hours 0, 1 

and 2, and (for this category of product), draws at a flow rate to give minimum water heater 

input at hours 3, 4 and 5. The overall gas energy recovery efficiency of the appliance is 

calculated as the mean of the maximum draw at hour 0 and the minimum draw at hour 3 as 

shown by Equation 3.2. A water temperature rise of 42.8K is targeted with an adjustment 

calculated to correct the actual energy consumption for any variation from this temperature rise. 

ηr =
ηr_min + ηr_max

2
 3.2 

The calculations of the test method are structured to give the information required for the 

consumer labelling. For the purposes of this Chapter and to give a comparison with the other 

standards the overall efficiency was calculated from the total increase in energy of the water 

delivered divided by the total energy input (gas and electricity) over the 24 hour test period as 

shown in Equation 3.1. 

Both EN13203-2 and CFR430 are 24 hour task tests with all energy inputs recorded. The 

main variation that might be expected to influence the energy efficiency calculated from each are 

the draw profiles where CFR430 has 6 long draws while EN13203 has 24 of varying length. The 

number of draws and length might be expected to somewhat off-set each other with the longer 

draws of CFR430 lowering energy consumption with the greater intervals between draws 

increasing the start-up energy required. 

CFR also contains no useful water temperature requirement. However were the useful 

temperatures to be set at a level similar to EN13203-2, it can be seen from the start-up gas 

energy consumption of that the effect of this would be expected to be relatively small. 

 



 

 

Table 3.3: Summary of GIWH test conditions 

Test method   EN 13203-2:2006 10 CFR Part 430 AS 4552:2005 JIS S 2109 

Scope   Domestic <70kW & 300 litres storage 
>14.7 kW, <58.3 kW, <82°C,       

storage<7.6 litres 

<139 kW &  <99°C delivery 

temperature 
Domestic <70kW 

Ambient Temperature °C 20 + 3 19.7 + 1.4 20 + 1   

Electrical Supply V 230 + 2 + 1% of manufacturers spec. -   

Water Pressure bar 2 + 0.1 2.75 min - 1.0 

Incoming Water Temp °C 10 + 2 14.4 + 1.1 15 + 1 15.0 + 5.0 

Temperature Rise °C 45-55 42.8 45 40 

No. of start sequences   11 - 30 6 19 - 

Water specific heat 

capacity 
  4186.8 J/litre.K At specific heat of (Tout-Tin)/2 4186 J/kg.K 4190 J/kg.K 

Base Gas Pressure kPa 101.325   101.325 101.3 

Base Gas Temperature K 288.15   288.15 277 

Test Room   
well ventilated, draft free (<0.5 m/s), 

protected from solar radiation 
mount appliance on 19mm plywood protect from accidental draughts   

Test Flow rates l/min 
3, 4, 6, 10, 16 * 45/actual water temp 

rise 
maximum and minimum firing rate highest possible gas consumption 

to achieve highest 

possible gas consumption 

Test   24 hour test at 1 of 5 specified schedules 

0, 1 & 2 hours 40.5 litres at max. firing 

rate       3, 4 & 5 hours 40.5 litres at min. 

firing rate 

operate until equilibrium - not less than 

10 mins 
  

ΔTuse °C 

ΔTuse=0 for vessel filling operations:                

bath, dish-washing, floor cleaning 
- 

90% of equilibrium temperature rise                        

e.g.: ΔTuse= 0.9 x 45 = 40.5   
- 

ΔTuse=30 for shower 

ΔTuse=15 for other draws 

Daily Water Draw litres 36 - 420 243 200 - 

Energy Consumption   
1 of 5 schedules: 2.1 ~ 24.53 kWh daily 

heated water energy delivery 

121.5 litres per day at maximum rating 

+ 121.5 litres per day at minimum rating 

with 6 start-ups + electrical 

consumption 

200 litres/day at maximum rating raised 

45°C + 19 start-ups + electrical 

consumption 

- 

Energy Delivered MJ/day 42.0 (tapping cycle 3) 43.5 3737   

Energy Labelling       saving cf. 28900 MJ/annum - 

 



 

 

Table 3.4: GIWH Gas and electricity consumptions as a percentage of total energy 

 

Test 

Standard 

Stand-by 

I 

(%) 

Start-up 

II 

Steady-state 

III 

Post-heating 

IV 

Total 

 Gas Elec. Gas Elec. Gas Elec. Gas Elec. Gas Elec. 

AS4552 0 0.3 - 0.5 7.2 - 14.7 
Not 

measured
1
 

84.7 - 92.3 0.07 - 0.10 0 
Not 

measured
1
 

99.4 - 99.6 0.4 - 0.6 

EN13203-2 0 1.1 - 1.6 0.3 - 1.4 <0.01 96.8 - 98.3 0.11 - 0.17 0 <0.01 - 0.04 98.3 - 98.8 1.2 - 1.7 

JIS2109 
Not 

measured 

Not 

measured 

Not 

measured 

Not 

measured 
100 

Not 

measured 

Not 

measured 

Not 

measured 
100 

Not 

measured 

   
Start-up and Steady-state combined

2
 

II + III 
    

    Gas Elec.     

CFR430 0 1.2 - 1.5  98.3 - 98.6 0.2 - 0.3 0 <0.01 98.3 - 98.6 1.4 - 1.7 

1
Assumed to be at stand-by level during start-up and post-heating states 

2
Data collected would allow these to be separated but the test method does not define a division. 
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There are a number of other differences in CFR430 that would be expected to have a more 

minor impact on the recorded energy consumption. Half of the energy delivered is at maximum 

gas rate with the other half at minimum rate while EN13203-2 tests between these two extremes. 

The difference between maximum and minimum efficiency for the laboratory tests to CFR430 

was 2.5% and 4.8% for the condensing and non-condensing appliances respectively. As the 

average efficiency is used for energy calculations this again would be expected to be not far from 

the efficiency of the GIWH operating at any point between. 

The efficiency is calculated as the average of the first and fourth draws. This may create 

another minor variation as the first draw is with the heat exchanger completely cold while for the 

balance of the draws some energy is retained in the heat exchanger and the efficiency is slightly 

better. The average of the first and fourth draws for the condensing appliance ‘D’ was 89.0% 

while averaging the second and fourth draws yields 90.1%. This effect can also be seen from the 

EN13203-2 laboratory testing results presented in Table 3.6 where other than the smallest 

appliance, (where the heat exchanger has low thermal mass), the low draw efficiency of Draw 1 

which is from completely cold is not approached by any of the subsequent similarly sized draws. 

However, once again this effect appears relatively minor. 

The test measurement conditions of CFR430 require the sampling of delivered water 

temperature after 5 seconds and thereafter at five second intervals with the energy delivered in 

the water calculated from an average of these 5 second samples. The averaging of the five 

second intervals does not give a full picture of the energy output during the start-up stage. Again 

this is relatively minor with a 0.5% difference in average thermal efficiency calculated for the 

condensing appliance ‘D’ when the recording interval is changed from 5 to 0.5 seconds. 

3.6.3 Australian / New Zealand test Standard: AS4552-2005  

AS4552-2005 is an Australian product safety standard also accepted in New Zealand 

which includes test methods for determining the annual energy consumption for GIWHs. By 

virtue of being required to comply with the safety standard, all GIWHs sold in Australia must be 

marked with the nominal annual energy consumption (AEC). GIWHs must also be marked with 

a ‘star’ rating which compares the energy consumption with that of a relatively low efficiency 

gas storage water having a thermal energy recovery of 70% and a standing heat loss of 1.14 

MJ/h. Separately, GIWHs sold in both Australia and New Zealand are subject to the minimum 

energy performance standards (MEPS) contained in AS/NZS4552.2 [53] which specifies 

AS4552-2005 as the required test standard. 
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The AEC is the calculated from four experimental tests as shown in Equation 3.3. 

RST + RSS + ESS + ESB 3.3 

 

3.6.3.1   Gas start-up energy use 

Under this test method, water is deemed to be at a usable temperature once it reaches 

55.5°C. The test conditions are set with the appliance heat exchanger having no energy stored, 

(i.e. ‘cold’), a 15°C incoming water temperature and a delivery temperature of 60°C. This results 

in a 45K rise, with 90% of this value being achieved once the outlet water temperature has 

reached 55.5°C as shown in Equation 3.4. Gas start-up energy (RST) is all the gas used until this 

output temperature is reached. The water heater is then deemed to require this increment of 

energy 19 times each day.  

 

Tuse = Tin + (0.9 x ∆T) = 15°C + (0.9 x 45K) = 55.5 (°C) 3.4 

 

RST = 19 x 365 x ( ∑ Rgas

Tout≥ Tuse

ṁ>0

) (J) 3.5 

 

The origin of the reasoning for 19 cold starts each day appears to be unknown [144]. Table 

3.3 shows the useable temperature requirement is significantly higher for this standard than 

EN13203-2. Comparing the proportion of start-up energy used with that for EN13203-2 in Table 

3.3 suggests that this high usable temperature requirement, together with the 19 starts each day 

from completely cold may result in the overall efficiency being significantly understated 

compared to either CFR430 or EN13203-2, especially for appliances with heat exchangers 

having high thermal mass. 

 

 

3.6.3.2   Gas steady-state energy use 

The steady state gas consumption is the gas energy required to heat 200 litres of water each 

day by 45K from an initial temperature of 15°C. The energy used and delivered is measured at 
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the water flow rate required to achieve maximum gas consumption, not less than ten minutes 

after ignition and once thermal equilibrium has been reached. As few draws either in the field 

and none in either EN13203-2 or CFR430 lasts as long as ten minutes this should be considered 

a slightly favourable test condition. 

ηSS =
M x C𝑝 x (Tout − Tin)

H x VC
 3.6 

 

RSS =  
365 x 200 x Cp x 45

ηSS
 (J/Annum) 3.7 

 

3.6.3.3 Electrical steady state energy-use 

The rate of electrical energy use (ĖSS) is measured during operation at the maximum gas 

rate. The time taken each day (tSS) for 200 litres of water to be heated by 45K at maximum gas 

rate is then calculated and applied to the rate of electrical energy use.  

tSS =   
200 x C𝑝 x 4186

Ṙmax x ηss

 (s) 3.8 

 

ESS = 365 x ĖSS x tSS (J/annum) 3.9 

 

3.6.3.4 Electrical stand-by 

The rate of electrical energy use (ĖSB) is measured during standby. This standard calculates 

stand-by time as all the time during the day other than the steady-state running time (tSS) of 

Section 3.6.3.3. 

tSB = (24 x 60 x 60) −  tSS (s) 3.10 

 

ESB = 365 x ĖSB x tSB (J/annum) 3.11 

 

It would be very unusual for the appliance to deliver its whole water heating task at 

maximum gas input rate. This assumption results in the time running on standby (tSB being 

overstated while the running time (tSS) is understated. In addition no measurement or adjustment 

is made for the slightly elevated electrical energy used by the combustion fan and controls in the 
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period immediately following the end of water heating. All of these factors result in an 

understatement of the electrical energy consumption. However comparing the results in Table 3.4 

of laboratory tests to AS4552 with EN13203-2 where these consumptions are measured 

accurately, shows that the electrical energy not measured is probably less than 1% of the total 

AEC. 

3.6.4 Japanese test Standard: JIS S 2109  

This is a combined product safety and energy efficiency standard. The thermal efficiency 

tests examine only the gas energy transfer to the water at maximum rate under thermal 

equilibrium conditions. No electrical energy use is included. Interestingly the base temperature 

specified by this standard for gas volume correction is 273K (0°C) compared to the 288.15K 

(15°C) used by the other standards. The calculation of thermal efficiency is shown in Equation 

3.12. The absence of any start-up energy consumption, use of maximum gas rate at thermal 

equilibrium, and lack of electricity consumption means this standard should report significantly 

lower energy consumptions than the other standards considered. 

η(%) =  
M × C ×  (Tout − Tin) 

Vm  × H × 1000
 ×  

273 +  Tg

273
×

101.3

pa +  pm − pg
 × 100 3.12 

 

3.6.5 Summary 

EN13203-2 is the most technically comprehensive test standard as it measures the energy 

input continuously across a wide range of flow rates and draw sizes which of the four standards 

reviewed might be expected to most closely replicate field use. The start-up test requirement of 

AS4552 appears to be more onerous than the other standards in terms of both minimum useful 

water temperature required and the high number of completely ‘cold’ starts included in the 

annual energy consumption calculation. This would be expected to have a significant impact on 

larger water heaters with higher thermal mass heat exchangers. The Japanese standard as a 

straight forward gas thermal energy recovery test, ignoring start-up energy use and electrical 

consumption and would be expected to report the highest energy efficiency of the four reviewed.  

All standards test at similar temperature rises and incoming cold water temperatures. 
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3.6.6 Other test standards and methods 

Other test methods for GIWH have been published but were not tested as part of this study 

as they are not currently (as far as can be determined) in use for regulating energy efficiency of 

GIWHs.  

The USDOE has proposed revisions to the CFR430 test method [145]. Under the proposal 

GIWHs would be divided into four categories according to delivery capacity. A different draw 

regime would then be applied to each size category ranging from 9 draws for capacities less than 

6.4 litres per minute to 15 draws for those greater than 15 litres per minute. A slight reduction in 

the rated capacity temperature rise requirement is also proposed from 42.8K currently to 37.3K. 

The European Commission in August 2013 promulgated regulations pertaining to the 

design requirements for water heaters [56] and associated labelling requirements [146].These 

requirements are phased in between 2015 and 2018. The regulations contain the same tapping 

cycles as EN13203-2 but introduce three smaller and two larger tapping schedules. Two of the 

smaller cycles deliver the same total energy input as tapping cycle 1 of EN13203-2. One delivers 

20 small tappings and the other 3 large tappings compared to the 11 tappings of cycle 1. 

JIS S 2075 [147] consists of a task test intended to replicate the field use of a four person 

family. This test consists 51 draws per day at a 40°C delivery temperature and results in energy 

efficiencies typically 5 percentage points less than those obtained from JIS S 2109 [148]. This 

test method is intended to evaluate the energy consumption of water heaters as part of a 

mandatory program to regulate the total energy consumption of residential dwellings that is 

being phased in between 2016 and 2020 depending on the floor area of the building [149].  

CAN/CSA: The government of Ontario will require GIWHs sold from 2016 to have an 

energy factor of 0.80 [135] when tested to CAN/CSA-P.7-10 [150] which is a 24 hour simulated-

use test similar to CFR430.  

ANSI/ASHRAE 118.2 [151] is another test method similar to CFR430.  

ANSI Z21.10.3 [152] while predominantly a safety standard does contain a test method for 

efficiency testing if requested by the appliance supplier. The test method is a simple thermal 

efficiency test at steady state conditions so does not take into account electrical consumption, 

stand-by energy use or start-up energy use.  



Chapter 3: GIWH test standards 

 

58 

AS/NZS4234 [18] contains a means of evaluating the annual energy consumption of a 

range of water heater types including GIWHs both as stand-alone devices and also when 

incorporated with solar storage pre-heaters. This standard uses the thermal efficiency, electrical 

consumption and start-up energy results obtained from the physical testing of AS4552-2005 to 

model annual energy consumption with TRNSYS. The calculated annual energy consumption 

will vary from that calculated by AS4552-2005 as the incoming water temperature is varied over 

the modelled year and AS/NZS contains three different energy loads compared with the single 

load contained in AS4552-2005.  Further variation results from each energy load having a 

different number of start-up cycles per day. When AS/NZS4234 is used to model the 

performance of a hybrid GIWH with a solar storage pre-heater, it is interesting to note that the 

start-up energy use applied is scaled down according to the temperature of the water supplied 

from the solar pre-heater. AS/NZS4234 follows the principles laid out by ISO9459-4 [17] where 

the performance of individual components is tested experimentally and then the system 

combined in a mathematical model.  

Bourke and Bansal proposed a test method [153] based on an air-sourced electric heat 

pump test standard [20, 60] which results in a characteristic equation to describe the steady state 

performance of GIWHs when subjected to a range of flow rates and incoming water 

temperatures. This test is intended only for steady-state operation and as such does not include 

methods for calculating start-up or stand-by energy consumption. Burch and Grant [44, 154] 

proposed a method for modelling GIWH performance based on modelling following a series of 

physical calibration tests. The test results presented showed a good correlation between modelled 

results and physical testing. No test of this nature is currently incorporated in any regulatory 

requirement. 
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3.7   Laboratory test results 

Four different water heaters were tested in the laboratory to each of the four test standards. 

The models selected cover the range of sizes commonly used for residential water heating from 

small single bathroom dwellings to larger multi-bathroom houses. The mass of the heat 

exchangers across this range of sizes varies considerably to test this influence with each test 

standard. Both standard non-condensing and high efficiency condensing water heaters were 

tested as follows: 

a) 28 kW output; non-condensing 

b) 43 kW output; condensing 

c) 55 kW output; non-condensing 

d) 55kW output; condensing 

The overall efficiency of operation has been calculated from the results of the tests to each 

standard and is shown in Table 3.5. This has then been converted in Figure 3.4 to the energy 

required to heat 200 litres of water each day for a year which shows the difference in energy use 

between appliances is reasonably consistent in each of EN13203-2, CFR430 and JIS 2109. A 

consumer selecting an appliance on the basis of any one of these standards should therefore 

experience the relative running cost difference anticipated. 

The two condensing water heaters, ‘B’ and ‘D’, perform similar to each other on all three 

of these standards. Water heaters ‘B’,’C’ and ‘D’ show very similar energy consumptions for 

both EN13203-2 and CRF430. This suggests the variations in the tests discussed in Section 3.6.2 

do not produce significantly different results for water heaters of a similar size. The Japanese test 

standard, as expected, produced the lowest energy use of all four standards in every water heater 

tested. 

The most significant variation in the results is the relative energy use between AS4552 and 

EN13203-2 of the smallest water heater, ‘A’, compared to the other models. This is examined 

further in Table 3.6. Here the experimentally measured efficiencies for the individual draws of 

EN13203-2 (excluding electrical stand-by consumption) are compared to the methodology 

adopted by AS4552 where the energy needed for a cold start is added to the energy required to 

deliver that draw at the maximum gas rate thermal efficiency.  
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This highlights a number of interesting points. Draw 1 has a similar efficiency for all 

appliances which suggests both EN13203-2 and AS4552 methods produce meaningful results for 

draws beginning from completely cold. The effect of the thermal mass of a GIWH heat 

exchanger is demonstrated in a number of places. Tested to EN13203-2, appliance ‘A’ with the 

smallest heat exchanger has efficiencies similar to draw 1 for draws 15 through 20. The larger 

appliances do not approach the low efficiency of draw 1 for any subsequent draw. This is caused 

by the larger water heaters retaining energy in their heat exchangers far longer than the small 

water heater. It is interesting to note in Table 3.3 the ambient temperatures of the tests are 

relatively warm. Cooler ambient temperatures could perhaps influence this result. These ambient 

temperatures seem reasonable for appliances located indoors in conditioned spaces but 

appliances installed outdoors would experience significant temperature variations by location 

and season in many parts of the world. The efficiencies of draw 6 for the condensing water 

heaters ‘B’ and ‘D’ appear to be an anomaly but are correct. Draw 6 is a small draw following 

shortly after a long draw. When water flow commences the GIWH takes some time to ignite. 

During this period water is being delivered at a temperature deemed useful. The draw therefore 

delivers more energy than is consumed. This phenomena demonstrates the importance of the 

water flow use schedule on the measured energy consumption of the water heater which has 

previously been shown to be of importance for both GIWHs [44, 45, 49, 155] and other water 

heating technologies [156] 

Overall, the large number of cold starts and high useful water temperature requirements of 

AS4552 favour GIWHs with low thermal mass heat exchangers. These results also suggest 

EN13203-2 favours appliances with greater thermal mass heat exchangers. However, it should 

be remembered that testing to EN13203-2 for this study was all carried out to tapping cycle 3 to 

allow a direct energy use comparison with the other test standards which contain a single test 

option only. When the regulatory requirements of EU814/2013 [56] are required to be met then 

water heaters of the output range evaluated here would not be tested against the same tapping 

cycle. They would be compared to different tapping cycles for comparison with GIWHs of a 

similar delivery capacity. Appliances of similar sizes might be expected to have a narrower range 

of thermal masses within their heat exchangers than those of this study. This would tend to 

reduce the apparent favouritism of EN13203-2 towards high thermal mass heat exchangers 

exhibited in these results. 
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Table 3.5: GIWH overall gas to fluid energy conversion ratio (%) 

Water 

Heater 

Test 

Standard 

   

EN13203-2 

% 

AS4552 CFR430 JIS2109 

A. 69.2 74.8 76.7 80.5 

B. 88.5 73.8 89.2 96.0 

C. 79.3 70.0 79.7 85.7 

D. 89.0 79.9   89.4 97.4 

 

 

 

 

Figure 3.4: Annual Energy use by test standard, 200 litres per day raised 45K 
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Table 3.6: EN / AS individual water draw gas to fluid energy conversion ratio (%) 

Draw Start 

(h.min) 

Draw 

Size 

(MJ) 

Draw Efficiency % 

A B C D 

EN AS EN AS EN AS EN AS 

1 07.00 0.378 57 58 56 41 47 45 50 50 

2 07.05 5.04 75 79 91 85 82 76 93 88 

3 07.30 0.378 67 58 87 41 77 45 80 50 

4 07.45 0.378 66 58 84 41 74 45 81 50 

5 08.05 12.978 71 80 94 89 85 79 96 91 

6 08.25 0.378 74 58 106 41 86 45 100 50 

7 08.30 0.378 69 58 87 41 78 45 88 50 

8 08.45 0.378 67 58 84 41 74 45 82 50 

9 09.00 0.378 66 58 82 41 75 45 82 50 

10 09.30 0.378 64 58 80 41 68 45 79 50 

11 10.30 0.378 61 58 73 41 68 45 73 50 

12 11.30 0.378 61 58 74 41 66 45 71 50 

13 11.45 0.378 65 58 81 41 72 45 80 50 

14 12.45 1.134 68 71 83 66 74 64 82 73 

15 14.30 0.378 58 58 70 41 60 45 67 50 

16 15.30 0.378 61 58 72 41 63 45 70 50 

17 16.30 0.378 61 58 72 41 62 45 71 50 

18 18.00 0.378 57 58 68 41 62 45 67 50 

19 18.15 0.378 58 58 80 41 64 45 74 50 

20 18.30 0.378 58 58 80 41 65 45 72 50 

21 19.00 0.378 64 58 77 41 68 45 76 50 

22 20.30 2.646 70 77 87 79 77 73 89 83 

23 21.00 12.978 72 80 94 89 85 79 95 91 

24 21.30 0.378 72 58 87 41 79 45 93 50 

Total efficiency
1
 70.0 74.5 90.0 73.1 80.3 69.1 90.3 78.8 

1
This does not include stand-by electricity consumption hence the variation with Table 3.5 
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3.8 Experimental uncertainties 

The measurement uncertainties are shown in Table 3.7 alongside the uncertainties 

propagated in the calculations of input gas energy and output water energy rise. The uncertainty 

in gas energy determination was minimised through the use of high purity propane gas analysed 

by a laboratory chromatograph. The uncertainty in water energy rise was reduced through special 

calibration of a pair of thermocouples in the same block of the reference temperature source. 

There was an additional uncertainty introduced though the absence of a gas saturator upstream of 

the wet gas meter used. The published calculations [52] for determining gas consumption were 

analysed and the error introduced by the measurement of partially wet gas estimated at 1%. 

 

 

Table 3.7: Experimental uncertainties 

 

Parameter Error 

% 

Water flow rate +/- 0.35 

Temperature +/- 0.22 

Gas Volume +/- 1.30 

Gas Pressure +/- 0.50 

Gas energy content +/- 0.25 

Electrical energy content +/- 0.50 

Fluid energy rise +/- 0.47 

Gas energy input +/- 1.50 

Gas energy to fluid energy conversion +/- 1.57 
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3.9 Conclusions 

Standards testing should not be used to make calculations of absolute energy costs for 

individual consumers. For water heaters of a similar size any of the standards evaluated here 

could be used by a consumer to select a product based on relative running costs. 

The following approximation may be applicable for GIWHs in the 40~60 kW range when 

converting from one standard to another. 

𝜂𝑖=𝜂𝑗 . 𝜁 3.13 

 

Where: 

ζ j 

AS CFR430 EN13203-2 JIS 

i 

AS 1 0.87 0.87 0.80 

CFR430 1.16 1 1.01 0.92 

EN13203-2 1.15 0.99 1 0.93 

JIS 1.25 1.07 1.09 1 

   

Each standard shows similar relative performance differences between appliances other 

than for the small water heater. This suggests test methods such as EN13203-2 and EU814/2013, 

where appliances of different capacities are tested against water loads appropriate to their size, 

may be more useful to a consumer in selecting the most appropriate appliance. 

3.10 Future work 

Further tests to compare a range of like-sized GIWHs to both EN13203-2 and the proposed 

revision of CFR430 are planned. These test methods contain different tapping cycles. A 

comparison of the results with those of comprehensive field studies would add valuable 

knowledge in this area of research. 
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 Energy consumption modelling of air Chapter 4:

source electric heat pump water heaters 

4.1 Preface 

This chapter presents an analysis of the annual energy consumption of air-source electric 

heat pump water heaters. This is undertaken to ensure the energy consumption of the ASEHP 

part of a hybrid water heater can be determined accurately. In particular the importance of the 

pattern of water heating use to energy consumption is investigated. The material presented in this 

chapter is largely a reproduction of Bourke and Bansal [156]. A commercially available ASEHP 

was tested using a published test method [20] in the environmental chamber of the 

Thermodynamic Laboratory of the Engineering Faculty at The University of Auckland. The 

results of this testing were compared with those publically available [157] for the product and a 

close correlation was determined. The characteristic performance equations for this ASEHP 

together with those obtained for two other products were then used to model annual energy 

consumption. The results are compared to a reference electric storage water heater with an 

immersed resistance element. Further information on the testing procedure employed and 

recommendations for enhancements of the process are detailed in Appendix A. The correlation 

between experimental and modelled performance of ASEHP using the AS/NZS 5125 test 

method is also detailed in Appendix A.  
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4.2 Abstract 

Electric heat pump air source water heaters may provide an opportunity for significant 

improvements in residential water heater energy efficiency in countries with temperate climates. 

As the performance of these appliances can vary widely, it is important for consumers to be able 

to accurately assess product performance in their application to maximise energy savings and 

ensure uptake of this technology. For a given ambient temperature and humidity, the 

performance of an air source heat pump water heater is strongly correlated to the water 

temperature in or surrounding the condenser. It is therefore important that energy consumption 

models for these products duplicate the real-world water temperatures applied to the heat pump 

condenser. 

This Chapter examines a recently published joint Australian and New Zealand Standard, 

AS/NZS 4234:2008: Heated water systems - calculation of energy consumption [18]. Using this 

standard a series of TRNSYS models were run for several split type air source electric heat pump 

water heaters. An equivalent set of models was then run utilizing an alternative water use pattern. 

Unfavourable errors of up to 12% were shown to occur in modelling of heat pump water heater 

performance using the current standard compared to the alternative regime. The change in annual 

energy consumption of a particular ASEHP using alternative water use regimes was found to be 

greater than the variation in energy consumption between different models of product. 

4.3 Introduction 

New Zealand has very low carbon emissions from electricity generation. Renewable 

sources led by hydro-electricity provide approximately 65~75% of annual requirements 

depending on rainfall patterns [158]. The standard water heater in New Zealand homes is 

generally an internally installed storage tank with an electric resistance element [11]. Newly 

installed product requires significant thermal insulation to pass a stringent standing heat loss test 

[159-161] to comply with the mandatory Minimum Energy Performance Standard (MEPS) [54]. 

There is therefore little scope for improvements in energy efficiency and greenhouse gas 

reductions from incremental improvements to this technology. Solar thermal systems have been 

tried in New Zealand for many years. These have been unsuccessful as a mass market product. 

Factors contributing to this include; domestic electricity tariffs’ at a level where savings from 

solar will not payback capital cost over the equipment life making installation uneconomic, small 

market size, and a complete lack of standardization in house building methods resulting in 

almost every installation having some bespoke aspect. In addition to this there is an absence of 
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meaningful government subsidies as the standard electric water heater accounts for minimal 

greenhouse gas emissions. 

Air source electric heat pump water heaters (ASEHP) appear to be an attractive technology 

to make useful reductions in domestic energy use. Approximately two-thirds of the four million 

population of New Zealand live in temperate coastal climate areas suitable for this type of 

technology. These water heaters have recently received a raised profile in the New Zealand 

marketplace from a pilot subsidy scheme offered by the Energy Efficiency and Conservation 

Authority (of the Government of New Zealand). At the same time a local consumer-rights 

organization published a study of these products which reported mixed performance results [87]. 

Of five models tested, only one performed adequately for all climate zones in New Zealand, two 

were acceptable in warmer areas but on a par with electric storage in cold areas and of the 

remaining two, one switches to electric resistance heating at 7°C so would provide useful savings 

only in warm areas while the other continued to operate at colder temperatures but at a COP of 

0.5. 

The mixed results of the consumer study highlighted how important it is for the 

performance of products to be able to be clearly determined by potential customers. There is 

currently no requirement for suppliers to represent their product in any particular manner. Some 

manufacturers use peak COP figures under favourable conditions to promote their products. 

Others use a seasonal COP modelled figure but for the heat pump unit only ignoring losses from 

the storage vessel. 

The recent introduction of joint Australian and New Zealand standards for both the 

evaluation of ASEHP performance [20] and calculation of annual energy consumption [18] 

provides a basis for comparisons to be made between products. It is important for consumers 

relying on the evaluations of these standards, that they provide a robust manner to compare not 

only different designs of heat pump water heater, but also heat pump water heaters with other 

technologies modelled using the same standard. 

This Chapter examines the energy consumption modelling for air source ASEHPs, in 

particular “split” systems, where the heat pump is located outside and the storage vessel indoors 

which is typical for New Zealand dwellings [162]. The heat pump condenser consists of a heat 

exchanger with the refrigerant on one side and potable water drawn from the storage cylinder 
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passed through the heat exchanger and returned to the storage cylinder by a circulating pump 

built into the appliance as shown in Figure 4.1.  

The performance of a product to be modelled is first measured using AS/NZS 5125 [20] 

over a heating cycle from cold under four specified sets of initial water temperature, ambient 

temperature and ambient humidity conditions. AS/NZS 4234 [18] is then used to determine the 

standardized annual energy consumption. This standard employs TRNSYS [19] to model the 

annual energy consumption using typical meteorological year data (TMY) for the region being 

considered, the characteristic equations of individual product performance generated by AS/NZS 

5125, and standardized hot water use information contained within AS/NZS 4234 for dwellings 

with varying numbers of occupants. 

 

Figure 4.1: Schematic of a “split” air source electric heat pump 

(1) storage vessel; (2) circulating pump; (3) condenser / heat exchanger; (4) expansion valve; (5) 

evaporator; (6) compressor 

The determined energy consumption is compared with the energy consumed by a baseline 

product under similar load and atmospheric conditions. For electric products this is a storage 

water heater with a resistance heating element and for products incorporating supplementary gas 

heating, a gas storage water heater. The savings shown by the comparison can be used as the 

basis for government subsidy and consumer marketing. The standardized hot water loadings 

specified by AS/NZS 4234, the Tload (delivered water temperature) and ṁload parameters of 

Figure 4.2, are examined in this Chapter to determine the effect on modelled product 

performance. For the purpose of this study, comparisons were confined to the requirements for a 

medium size dwelling (4-5 occupants) in the North Island of New Zealand. A similar effect 

could be expected for other climate areas, however variations are likely to be less with fewer 

occupants and correspondingly greater for larger house sizes  



Chapter 4: Energy consumption modelling of ASEHPs 

 

69 

4.4 Standard water use profile 

Appendix B of AS/NZS 4234 sets out the water use information for the various dwelling 

sizes. The maximum net energy delivered from the outlet of the water heater on the peak day of 

the year is defined. This has been determined to be in August for New Zealand. Each other day 

of the year then has its energy consumption scaled with reference to this peak day. These values 

were established by the standards committee with assistance from an analysis [5] of the New 

Zealand Household Energy End-use Project (HEEP) data by the Building Research Association 

of New Zealand. The established annual energy use for a medium size dwelling of 11 GJ/annum 

is broken down into daily time of use data using the information shown in Table 4.1 and Table 

4.2. The standard specifies water should be delivered from the storage cylinder at a temperature 

of no less than 45°C. When pipe losses between the storage vessel and fixtures are considered 

this will ensure water is delivered at a usable temperature for showering. 

.  

Figure 4.2: TRNSYS energy consumption model schematic for ASEHP 

The losses between the storage vessel and water delivery outlets do not form part of the 

calculations required by the standard. In New Zealand storage cylinders are required to store 

water at a minimum of 60°C to disinfect for legionella and other bacteria, a tempering valve on 

the outlet of the system mixes cold to deliver water at a maximum of 55°C (in Australia 50°C) to 

reduce scalding hazards at sanitary fixtures, with mixers at the outlets adding further cold water 

to deliver between 37°C and 43°C to showers, baths and vanity taps with water of up to 55°C 

available at the kitchen sink. 
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Energy delivery for a period is required to be modelled over 0.1 of an hour. From Table 

4.2, between 0600 and 0606 5% of the daily energy is drawn in the model. From Table 4.1, for 

January in this time interval: 39 MJ*0.51*0.05 = 0.9945 MJ is drawn from the tank. With the 

specified incoming cold water temperature of 20°C and a delivery temperature of 45°C this 

translates to a steady flow rate of about 1.6 l/min for the 6 min. For the same time period in 

August the flow rate is 2.3 l/min. Clearly when compared to an actual dwelling these flow rates 

are very low and flow rate would usually remain constant from season to season for a given task. 

The energy draw would however vary due to the change in incoming water temperature. The 

daily load profiles calculated in this manner for January and August are shown in Figure 4.3 and 

Figure 4.4. 

Table 4.1: Standard water use parameters for modelling 

Month Cold supply 

(°C) 

Hot delivery 

(°C) 

Seasonal scaling Peak day energy use 

(MJ/day) 

Jan 20 45 0.51 39 

Feb 21 0.58 

Mar 19 0.60 

Apr 17 0.72 

May 15 0.83 

Jun 12 0.89 

Jul 11 0.99 

Aug 11 1.00 

Sep 13 0.90 

Oct 15 0.83 

Nov 17 0.76 

Dec 19 0.65 

As can be seen from the Figures, both the flow rate and cumulative daily water use is 

altered by this scaling. In August consumption is approximately 275 l/day compared to 190 l in 

January. Peak flow rate in January is only 5 l/min whereas in August it is 50% higher at nearly 

7.5 l/min. From Table 4.2, the daily energy use is specified with a draw every second hour from 

6 am until 10 pm with a small draw at 11 pm. The question arises whether these small, regular, 

relatively low flow hot water draws will affect the modelled annual energy consumption of an 

ASEHP when compared to a water use pattern with more significant morning and evening peaks, 

for example when all occupants are out of the house during working hours. 
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Table 4.2: Standard daily load profile 

Time 
Proportion of total daily load 

delivered over 0.1 hours 

0600 0.05 

0800 0.16 

1000 0.15 

1200 0.11 

1400 0.08 

1600 0.07 

1800 0.11 

2000 0.13 

2200 0.11 

2300 0.03 

Total 1.00 

 

 

Figure 4.3: AS/NZS 4234 water use profile for January in Auckland, New Zealand 

 

Figure 4.4: AS/NZS 4234 water use profile for August in Auckland, New Zealand 
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There is some evidence to suggest that within the total annual energy use of 11 GJ, the 

peak day may be less than 39 MJ, the daily load more concentrated around morning and evening 

peaks and the low January load attributable to occupants being away from home on annual 

holidays [5]. There is little direct time of use data available. The HEEP study [162] relies in the 

main on metering of electrical consumption of water heaters. As they are predominantly storage 

water heaters with relatively low power inputs, this data cannot be used directly to determine 

actual time of water use other than perhaps the approximate time of an initial draw-off following 

a completed heating cycle when the resistance element thermostat turns on. 

Water use varies from house to house and is dependent on many factors. Many dwellings 

will show regular patterns while others may show no discernible pattern of use. The standard 

water use profile seems to incorporate averaging of a wide variety of profiles as it is difficult to 

imagine any actual dwelling using water in the pattern described. The peak uses of an individual 

dwelling associated with bathing or showering are eliminated by this averaging. For heat loss 

calculations such as modelling of electric storage water heaters this standard averaged profile 

may be sufficient. The heating efficiency of the resistance element is largely unaffected by flow 

rate or the surrounding water temperature. Provided the profile results in the element being 

energized for the correct period of time the annual energy use should be largely unaffected. As 

current storage cylinders are subject to stringent MEPS in New Zealand [54, 159-161, 163], they 

are extremely well insulated and small variations in internal water temperature are unlikely to 

cause the modelled heat loss to vary significantly from actual losses. 

However, heat pump water heaters may not have their performances modelled accurately. 

The performance of ASEHPs is strongly proportional to the temperature of the water entering or 

surrounding the condenser [60]. The standardised profile with many small draws throughout the 

day from 6 am to 11 pm will deliver an average water temperature into the condenser higher than 

a profile with more significant peaks and this may reduce the overall modelled performance. In 

addition, in order to maximise any available government subsidies and marketing opportunities, 

product designers may seek refrigerants and control strategies that will work best with higher 

average condenser temperatures to improve modelled performance.  
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4.5 Alternative water use profile 

As TRNSYS can be easily modified to model other profiles, an alternative has been used to 

deliver the same 11 GJ of total annual hot water energy delivery as the standard specified profile. 

This profile is shown in Figure 4.5, Table 4.3 and Table 4.4. The profile is designed around a 

“typical” family of four with two adults and two children. Adults shower in the morning before 

work and children in the evenings. The profile assumes all outlets deliver 7.5 l/min. As the 

pressure supplied in town supply potable water is not varied, there is no reason to vary flow rate 

seasonally. There is no direct seasonal scaling used. There is indirect seasonal scaling of energy 

use caused by the variation in incoming water temperature. 

 

Figure 4.5: Alterative water use profile flow rate and cumulative use 

 

Table 4.3: Alternative daily water use profile 

Start time Purpose Duration 

(mins.) 

Total Draw 

(litres) 

Flow rate 

(litres/min.) 

Water Temp. 

(°C) 

0612 Shower 8.0 60 7.5 40 

0625 Shave 0.5 3.75 55 

0645 Shower 8.0 60 40 

0730 Dishes 1.0 7.5 55 

1800 Meal preparation 0.5 3.75 55 

1812 Meal preparation 0.5 3.75 55 

1900 Dishes 0.5 3.75 55 

1930 Bath 8.0 60 40 

2000 Shower 8.0 60 40 

2100 supper 0.5 3.75 55 
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The profile assumes a number of holidays each year where the dwelling is not occupied. 

There is no weekday/weekend variation included for the purposes of this study but this could be 

accommodated in TRNSYS without difficulty. The profile is limited to thirty second time-steps. 

Smaller time-steps dramatically increase the time taken for the TRNSYS models to run. Showers 

and baths are modelled as draws at 40°C with other draws at 55°C (as shown in Table 4.3). The 

standard and alternative water use profiles vary in a number of aspects whilst maintaining the 

same annual energy use. This is summarized in Table 4.5. 

 

Table 4.4: Holidays modelled with no water use 

Month Holiday # days 

January Summer 10 

February National Day 3 

April Easter 3 

June Sovereigns Birthday 3 

October Labour Day 3 

December Summer 9 

 

Table 4.5: Comparison of standard and alternative water use profiles 

Parameter Units Standard Profile Alternative Profile 

Annual energy use GJ 11 11 

Peak day energy use MJ 39 38.4 

# days water use Days 365 334 

Flow rate l/min 1 - 7.3 7.5 

Draw duration mins 6 0.5, 1, 8 

Shower/bath temperature °C 45 40 

Sink temperature °C 45 55 

Draw distribution  Evenly distributed 

0600 - 2300 

Morning 0600 - 0730 

Evening 1800 - 2100 
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4.6 Performance comparison 

To check modelling of the reference electric tank would be unaffected by a change in load 

distribution, TRNSYS models were run with the standard and alternative water use profiles. 

Subsequent models were then run for three split type ASEHP systems fitted to the same 180 l 

storage vessel using the same control system set-points for each. The results are presented in 

Table 4.6. Systems A and C use type R134a as a refrigerant. They both have a low flow rate 

between the storage vessel and the heat pump condenser which maintains fully stratified storage 

vessels. The condenser of system A is a tube-in-tube counter-flow heat exchanger while system 

C uses a flat plate arrangement. System B is similar to A but uses R410a as refrigerant and 

incorporates a higher flow rate circulating pump, which results in a mixed storage vessel. 

Table 4.6: AEC modelled to standard and alternative loads 

System 

Energy Consumption % Difference 

𝑠𝑡𝑑. − 𝑎𝑙𝑡.

𝑎𝑙𝑡.
 

Relative GJ / Annum 

Standard Alternative Standard Alternative 

Electric 

reference 
1.00 1.00 13090 13090 0.0 

A 0.51 0.49 6726 6397 5.1 

B 0.45 0.40 5873 5246 12.0 

C 0.41 0.39 5383 5170 4.1 

As can be seen the performance of the electric storage water heater is unaffected by the 

change in water use distribution. However in each heat pump the performance using the 

alternative water use schedule is between 4% and 12% better than the standard water use 

requirement. The performance variation of a model from the standard to alternative regime can 

be as large as the difference between models using the same water use profile. 

The conservative nature of the output of heat pump performance models using the standard 

water use arrangement would likely result in energy savings exceeding the expectation of the 

consumer. This would be acceptable if results were used only to compare one heat pump with 

another of similar construction. However as the results will be used to calculate likely payback 

periods over less expensive technologies such as electric resistance storage cylinders it is 

important that calculations are as accurate as possible to encourage a fair uptake of the 

technology. 
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The performance difference can be attributed to the modelled potable water temperature 

entering the condenser. The small draws modelled by the standard do not allow significant draw-

down of hot water and hence cold water entry to the lower portion of the storage cylinder at any 

one time. This causes the average water temperature entering the heat pump condenser during 

the reheat cycle to be warmer than that entering under the alternative use schedule with the larger 

draws. The reduction in condenser inlet temperature results in a corresponding reduction in the 

average water temperature in the condenser (Tw) as shown in Figure 4.6. It is this average 

condenser water temperature which is used in the TRNSYS model to calculate COP for given 

ambient temperature and humidity conditions. 

Figure 4.6: COP versus condenser water temperature for standard and alternative loads 

 

Figure 4.7: Experimental average condenser water temperature vs COP trend for system C 
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4.7 Condenser water temperature vs. modelled COP 

The COP of the appliance is modelled from the following equation, given in AS/NZS 5125 

COP =  c0 + c1(T̅w − T̅a) + c2(T̅w − T̅a)2 − c3(T̅wet − T̅dp) 

This relationship of COP to average condenser water temperature for system C is 

represented from environmental data in Figure 4.7. The respective coefficients obtained from the 

experimental testing of System C in the environmental chamber to AS/NZS 5125 were:  

c0, 4.5231; c1, 0.089638; c2, 0.00076753; c3, 0.027800. 

Table 4.7: Sample COP calculations for system C; Ta = 15°C / relative humidity = 65% 

Tw 

°C 

c0 c1(Tw-Ta) c2(Tw-Ta)
2
 c3(Twet-Tdp) COP 

15 4.52 0.00 0.00 0.08 4.61 

20 4.52 -0.45 0.02 0.08 4.18 

25 4.52 -0.90 0.08 0.08 3.79 

30 4.52 -1.34 0.17 0.08 3.44 

35 4.52 -1.79 0.31 0.08 3.12 

40 4.52 -2.24 0.48 0.08 2.85 

45 4.52 -2.69 0.69 0.08 2.61 

 

An analysis of the COP equation for the three water heaters shows consistently the sum of 

the second and third terms becoming more strongly negative as Tw increases, thereby reducing 

the modelled COP result. This is illustrated for System C, as an example, at an ambient 

temperature of 15°C and relative humidity of 65% in Table 4.7. This demonstrates how 

relatively small increases in condenser average water temperature can make reasonably 

significant reductions to the modelled COP. This highlights the importance of the TRNSYS 

model mapping the real-world incoming condenser water temperature if accurate energy 

consumptions are to be determined. 

Manufacturers of split heat pump water heaters appear to have adopted various strategies 

to minimise the condenser incoming water temperature and hence maximise modelled 

performance to enhance the government subsidies available. The minimizing of pump flow rate 

to ensure effective stratification of storage vessels and ensure water drawn into the condenser 
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will be as cold as possible is an effective tactic. Other systems have moved the thermostat higher 

up the storage vessel so that the heat pump will shut down and leave a portion of cold water in 

the bottom of the tank to ensure maximised performance on subsequent start-ups. This 

arrangement will however reduce the hot water delivery to the customer for a given size of 

storage vessel and may not disinfect for legionella and other bacteria effectively. 

4.8 Conclusions 

The current AS/NZS 4234 standard modelling method may cause unfavourable variances 

in modelling of ASEHPs of up to 12%. This would occur where the applied water use regime did 

not reasonably approximate actual use. As TRNSYS can easily model a range of water profiles, 

representative real-world hot water use profiles should be used where they can be established. As 

most domestic hot water use data for New Zealand has been collected without direct hot water 

metering or small time step recording it is difficult to establish profiles with a high confidence 

level. For any jurisdiction wishing to model heat pump water heater performance as accurately as 

possible the availability of representative water use models is highly desirable. 

Heat pump water heaters should be sized on the basis of water delivery performance not 

storage capacity. This is due to the strategies employed by manufacturers to ensure maximum 

modelled performance which may result in considerable volumes of water stored at unusable 

temperatures. It should be a requirement for this information to be made available to assist 

consumers. 

4.9 Future work 

The creation of a water use profile which will allow the energy consumption of 

technologies dependent on incoming water temperature to be accurately calculated would be 

useful. It may be better to determine if there is a representative house for various ranges of water 

consumptions using close to the average energy and with a statistically representative flow 

distribution. The use of this profile would maintain the flow peaks and provide for more accurate 

modelling of heat pump performance than the current averaged profile. 
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 New test method for gas auxiliaries of Chapter 5:

renewable water heaters 

5.1 Preface 

This chapter presents a novel experimental test method published by Bourke and Bansal 

[153] for determining the steady state efficiency of GIWHs operated with preheated water. The 

chapter is a reproduction of that publication. The performance of a GIWH with solar thermal 

systems is analogous to all renewable water heaters as it is delivered pre-heated water. 

The test method uses a number of the procedures outlined in the ASEHP test standard [20]. 

The most significant novel aspect is the use of the GIWH output energy in any characteristic 

equation defining the required energy input (and hence gas to fluid conversion ratio). This is able 

to be done for microprocessor controlled GIWHs as the delivered water temperature is controlled 

very accurately at the selected set temperature (within +/- 0.5°C). The input temperature and 

flow rate are defined by the conditions selected for modelling and so the required energy input 

can always be determined. This is significantly different to most ASEHPs where the output 

temperature varies with the current operating parameters. The ability to use the fluid energy rise 

requirement in the characteristic equation of performance allows closer modelling of 

experimental performance than is achieved for ASEHPs. 

The daily water flow schedule used in this Chapter (Table 5.8) varies very slightly from 

that applied in Chapter 4. The length of the water draws are adjusted to multiples of 0.1 minutes 

(6 seconds) to slightly improve TRNSYS modelling speed and accuracy. To accommodate this 

change and still have an annual energy delivery equivalent to that specified in the Standard [18], 

a small adjustment is made to the flow rate of water delivered. 

The data collected with the new experimental test method is analysed in this Chapter by 

pre-selecting functional forms for which data regression is conducted. This pre-selection of a 

function is intended to simplify the analysis of the data for use by manufacturers and commercial 
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laboratories. The experimental test data obtained is equally suitable for analysis in other ways 

such as step-wise regression or through the use of parameter optimisation software. 

5.2 Abstract 

This Chapter describes a new test method for determining the annual energy consumption 

of a domestic solar water heater incorporating an in-series gas booster on the outlet of the storage 

vessel to provide auxiliary heating. The test method accounts for the variation in performance of 

the gas booster as its incoming water temperature and flow rate varies. Systems incorporating 

both standard and condensing gas instantaneous water heaters are evaluated. An experimental 

method was developed to characterize the steady-state performance of the gas booster and the 

resulting performance equation incorporated in a TRNSYS model of the solar water heater to 

assess gas consumption. Using this method, annual gas consumption is found to be 15% higher 

than calculated by a current standard where gas booster efficiency is held constant regardless of 

water flow rate or temperature. The condensing gas booster tested was found to maintain a 

significant performance advantage over the non-condensing model over a range of solar water 

heaters. 

5.3 Introduction 

In recent years there has been an increase in interest in solar thermal water heating 

technology for residential applications. Consumers are more aware than ever of publicity 

surrounding global warming and some seek ways to reduce their carbon footprint. In many 

jurisdictions government subsidies promote the uptake of solar thermal water heaters [164, 165]. 

The use of gas instantaneous water heaters (GIWH) as in-series boosters on the outlet of solar 

storage vessels allows consumers to take advantage of solar water heating while never running 

out of hot water. No lifestyle compromise is required to take advantage of the solar technology. 

In areas with a high proportion of electricity generated from coal, incorporating a gas booster in 

a solar water heater in place of electric resistance elements will further reduce the carbon dioxide 

emissions of domestic water heating. The use of an in-series GIWH on the outlet of the storage 

vessel to heat water as required will increase the harvesting of solar energy compared to in-tank 

supplementary heating as the stored water will be at a minimum temperature allowing greater 

heat transfer from the solar collector. Most residential water heater suppliers in Australia and 

New Zealand now promote gas boosted solar systems with a variety of control strategies. One 

common arrangement shown in Figure 5.1 uses a flow diversion valve (5), to divert water around 

the GIWH when the water is already at an acceptable temperature. 
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Figure 5.1: A typical arrangement for a gas-solar hybrid water heater 

(1) cold supply; (2) solar storage vessel; (3) circulating pump; (4) solar collector; (5) flow 

diversion valve; (6) GIWH; (7) tempering valve; (8) water delivery to dwelling 

 

GIWHs used as in-series boosters are of predominantly Japanese design and manufacture. 

The non-condensing models incorporate a copper heat exchanger and have thermal efficiencies 

with cold incoming water in the range of 80% to 87% [166]. As efficiencies approach 90% heat 

begins to be extracted from the water vapour of the combustion products. This forms a mildly 

corrosive condensate which would damage a copper heat exchanger. The condensing GIWHs 

that have appeared on the market since approximately 2007 feature a stainless steel heat 

exchanger atop a standard copper heat exchanger. Condensing of combustion product water 

vapour is confined to, and drained from, the stainless steel heat exchanger. In general condensing 

GIWHs have not been promoted as in-line boosters for use with solar water heaters. There is a 

view that the performance benefit of the condensing product relative to the non-condensing is 

reduced as the incoming water temperature increases and the additional cost of the condensing 

product becomes uneconomic. This study also tests this assumption. 

5.4  Current test standard 

The current standard, [18], specifies a method for calculating energy consumption for 

water heaters. A solar-gas hybrid water heater is tested experimentally as separate solar and gas 

appliances using their respective test standards [52, 167]. Collector performance is characterised 
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through tests using an indoor solar irradiance simulator light at four different incoming water 

temperatures across the collector range. The solar storage vessel standing heat loss over a 24 

hour period is measured. The thermal efficiency of the GIWH is measured at a single test 

condition of maximum flow rate and a 45 °C temperature rise which produces near to peak 

efficiency. The experimental performance data obtained for each component is combined in a 

TRNSYS [19] model along with the control strategy and pump and control power use to 

calculate the annual energy use of the whole system. Weather data for the geographic location 

for each hour of a typical year is used along with one of three standardized load sizes to 

determine the system annual energy consumption. 

In the standard some care is taken to ensure that the solar collector performance is 

accurately modelled for a variety of weather conditions encountered over a typical year. 

However the annual energy consumption for the GIWH calculated by TRNSYS uses a fixed 

thermal efficiency with no variation as incoming water temperature and flow rate changes. Table 

5.1 shows the gas use permitted by the standard in a system can be a significant proportion of the 

total energy used. Not accounting for the GIWH performance variations is likely to overstate the 

typical efficiency of the GIWH and understate the annual energy consumption of the system. 

 

Table 5.1: Maximum permissible auxiliary gas use for SWH in New Zealand 

Solar System Size Occupants 
Gas use permitted  

(GJ/year) 

Energy delivered to load 

(GJ/year) 

Small <4 16.6 7.2 

Medium 4,5 10.6 11.0 

Large >5 10.3 14.7 

 

 

5.5  Literature 

Previous studies have characterized GIWH performance at varying flow rates and 

identified the reduction in efficiency caused by the small draws of actual use compared to large 

draws of standardized testing [45, 49, 50, 155]. This has also been shown to be a factor for other 

water heating technologies [156]. Studies also identify the loss of efficiency caused by heat 

exchangers not operating at full efficiency until completely heated, and propose methods to test 

and model this effect [154]. This has led to a proposal in California to reduce the tested energy 
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factors for GIWHs by approximately 9% [49]. Work has been undertaken on solar assisted heat 

pump water heaters coupled to in-series gas water heaters but the focus of the investigation was 

the performance of the heat pump water heater [117, 168]. There appears to be an absence of 

published work examining the effect on GIWH efficiency of preheated incoming water from 

solar water heaters at varying rates of flow.   

 

5.6  Developed test method 

A method for testing and characterizing the thermal efficiency of GIWH under varying 

conditions of incoming water temperature, outgoing water temperature and flow rate has been 

developed. This allows a characteristic equation to be defined for the GIWH that can be used in a 

TRNSYS model to vary the efficiency of the GIWH and provide a more accurate analysis of 

annual energy consumption than the current method. The current Australian standard [52] also 

makes an allowance for energy wasted during the start-up phase of a GIWH. Water is not 

considered to be usable by a consumer until it has been sufficiently heated. All energy consumed 

until water is delivered at 90% of the set temperature rise is included as energy input, however 

energy output up to this point is considered to be nil. In effect all energy input to this stage is 

deemed to be wasted. These effects, along with GIWH electricity consumption and heat 

exchanger heat up and cool down losses are similar for the standard and developed test methods 

and are ignored for the purposes of this study. 

The test method has been adapted from one used for testing air source heat pump water 

heaters, which provides equations for power consumption and coefficient of performance as the 

water temperature entering the condenser and environmental conditions vary [20, 60].   To test a 

heat pump water heater, water is drawn from a storage vessel, passed through the heat pump 

condenser and returned to the same storage vessel, such that the water temperature in the storage 

vessel slowly increases. Over the duration of the test water of steadily increasing temperature is 

drawn into the heat pump condenser steadily reducing performance. The input and outputs are 

calculated at regular intervals and a performance characteristic equation for the particular device 

is calculated.  

The advantage of this method is the appliance under test can be treated as a black-box of 

unknown construction. Only performance outputs and inputs need be measured and investigation 

of the construction of the device under test is not required.  A similar method has been developed 
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to evaluate the performance of GIWH. As shown in Figure 5.2 the GIWH is connected to a 

storage vessel with a circulating pump. The returning heated water causes the temperature to 

increase steadily in the storage vessel. The water connections into the storage cylinder are 

arranged to mix the water as far as possible so the water temperature delivered back to the 

GIWH increases slowly. The gas consumption of the water heater is measured using a gas meter 

and gas pressure and temperature sensors. Gas energy content is determined from published 

energy values [169]. Gas energy content typically varies by less than 1% over a month. The 

energy output is measured using a water flow meter and temperature sensors on the GIWH water 

inlet and outlet connections.  

 

Figure 5.2: Experimental Test set-up to measure GIWH performance 

(1) GIWH; (2) storage vessel; (3) gas meter; (4) water meter; (5) circulating pump; (6) outlet 

water temperature; (7) inlet water temperature; (8) metered gas temperature; (9) metered gas 

pressure 

 

 

 The heat exchanger of the GIWH is a fin and tube type sitting directly above a combustion 

chamber in which the gas is burned. Higher efficiencies should result when the temperature 

differential between the combustion product in the combustion chamber and the water in the 

tubes is at a maximum. The products of combustion are forced through the heat exchanger by a 

combustion fan which is speed controlled relative to the volume of gas being burned. It was 

observed that the performance of the water heater improved as the heat exchanger came closer to 

maximum capacity. This can be attributed to the flow of combustion products being restricted 

through the heat exchanger at higher capacities giving additional time for energy to be 

transferred into the water.  From the experimentally measured data there are therefore a number 
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of parameters which can be read and calculated that will have an influence on the performance of 

the water heater. These include: 

a) Energy delivery to the fluid stream: in general thermal efficiency increases with 

increasing energy delivery. 

b) Incoming water temperature; heat transfer will degrade as the incoming water 

temperature increases 

c) Set temperature; for a given temperature differential higher set temperatures should 

slightly reduce thermal efficiency 

d) Set – incoming temperature differential; at higher temperature differentials the 

water heater should work more effectively 

e) Flow rate; heat transfer will vary with the flow condition in the heat exchanger 

tubes.  

All of the parameters are related to the energy delivery of the appliance. One of the 

advantages of a GIWH is that it will always deliver the required set point temperature very 

accurately. In the TRNSYS model the flow rate, incoming water temperature, and required water 

temperature are known.  As this allows the required rate of energy delivery to be calculated by 

TRNSYS it can be used in any performance characteristic equation. This compares to a heat 

pump water heater where the condenser output water temperature varies and energy delivered to 

the water is calculated by the performance characteristic equations rather than being able to be 

used as one of the inputs. A series of possible equations characterizing performance from the 

measured data are listed for investigation in Table 5.2 providing different emphasis on each of 

the possible influencers on thermal efficiency. 

Nine test runs were conducted at a range of temperature and flow rates across the expected 

spectrum of use as shown in Table 5.3. Each test commenced with a water temperature of 15°C 

and finished when either the water heater shut down as a result of the required energy input 

being below its minimum firing rate, or the incoming water being within five degrees of the set 

temperature. Readings were sampled every second and averaged and logged every five seconds 

over the course of each test for water flow rate, gas flow rate, metered gas pressure, metered gas 

temperature, and GIWH incoming and outgoing water temperature. The uncertainties of 

measurement are shown in Table 5.4. Two water heaters of the same output were tested. One 
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was a standard model of approximately 81% net thermal efficiency while the other was a 

condensing model of approximately 94% efficiency when measured at a water flow giving 

maximum gas input and a water temperature rise of 45°C as specified by AS4552. 

Table 5.2: Expressions for gas energy input rate 

Ṙgas =  k + k1. Q̇f + k2. Tin + k3. Tout + k4. ṁ + k5. (Tout − Tin) 5.1 

Ṙgas =  k + k1. Q̇f + k2. Tin + k3. Tout + k4. ṁ + k5. (Tout − Tin)−2 5.2 

Ṙgas =  k + k1. Q̇f + k2. Tin + k3. Tout + k4. ṁ + k5. (Tout − Tin)−3 5.3 

Ṙgas =  k + k1. Q̇f + k2. Tin + k3. ṁ + k4. (Tout − Tin) 5.4 

Ṙgas =  k + k1. Q̇f + k2. Tin + k3. ṁ + k4. (Tout − Tin)−2 5.5 

Ṙgas =  k + k1. Q̇f + k2. Tin + k3. ṁ + k4. (Tout − Tin)−3 5.6 

Ṙgas = k + k1. Q̇f
j1

+ k2. Tin
j2

+ k3. Tout
j3

+ k4. ṁj4 + k5. (Tout − Tin)j5 5.7 

Ṙgas = k + k1. Q̇f
j1

+ k2. Tin
j2

+ k3. ṁj3 + k4. (Tout − Tin)j4 5.8 

Ṙgas =  
ṁ.Cp.(Tset−Tin)

ηr_max
  5.9

1
 

1
Expression for Rgas in current standard; ηr_max is a fixed value 

Table 5.3: GIWH test conditions 

Set Temp 

(
o
C) 

Flow Rate 

(litres per min.) 

Incoming water temperature 

(
o
C) 

Start Finish 

40   3 

  8 

18 

15 35 

50   3 

  8 

18 

15 45 

60   3 

  8 

18 

15 55 
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Table 5.4: Experimental measurement uncertainties 

Property Device Error 
+
/- 

Sensor Recorder 

Water and Gas Temperature T-type thermocouple 1.0 
o
C 0.03 % 

Gas Pressure Pressure Transducer 0.5 % 0.18 % 

Gas Flow Diaphragm gas meter 0.11 % 0.18 % 

Water Flow Magnetic water flow meter 0.4 % 0.18 % 

Gas Energy Content Gas Chromatograph 0.5 % 

 

5.7  Data Analysis 

The gas input and water heater output were calculated from the recorded data for each five 

second interval. In a similar manner outlined in the current heat pump test method [20], the data 

was then grouped into a series of overlapping test points. Each test point spanned those samples 

taken within a five degree Celsius band of GIWH incoming water temperature. Each subsequent 

test point spanned samples two degrees greater than the previous test point. For example: test 

point 1: 15 – 20 °C; test point 2: 17 – 22 °C; test point 3: 19 – 24 °C continuing over the full 

range of samples. The rates of gas energy use and energy delivered to the water over the course 

of each test point were calculated and the average flow rates and temperatures were determined. 

The average test point temperature rarely corresponds to the average of the start and finish 

temperatures as the delivery temperature to the GIWH will not increase in an exactly linear 

fashion unless complete mixing could be achieved within the storage tank. The resulting data 

was tabulated for each test point over the series of nine tests for each water heater as set out in 

Table 5.5. 

Table 5.5: Example test data for water heater testing 

Test  

Point 

Tin  

 

 (
o
C) 

Energy 

delivered 

to water 
T̅in T̅out m̅̇ T̅out − T̅in 

Gas 

energy 

use 

 
(kJ/h) (

o
C) (

o
C) (kg/h) (

o
C) (kJ/h) 

start finish 

1 18 23 15093 20.0 39.4 185.2 19.4 18048 

2 20 25 13030 22.5 39.3 184.9 16.8 16028 

3 22 27 11397 24.6 39.3 185.1 14.6 14410 

4 24 29 9957 26.6 39.3 187.0 12.7 12739 
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 A regression analysis was then performed on the total data tabulated over the nine tests 

using the measured gas energy use as the known y values and the functions described in 

Equations 5.1 to 5.8 as x values to generate the coefficients k - ki. The additional power 

optimizations to generate j1 - ji of Equations 5.7 and 5.8 were derived from Generalized Reduced 

Gradient (GRG2) nonlinear optimization code. Each equation of Table 5.2 with the applicable 

coefficients was applied in turn to the original experimental measurements for each water heater 

type to give a Ṙgas_calculated for each test point. Efficiency was then determined at each test point 

using the experimentally measured energy use and delivery, η =  
Q̇f_measured

Ṙgas_measured
 and compared to 

the efficiency using the measured energy delivery and calculated energy use    η =  
Q̇f_measured

Ṙgas_calculated
. 

The difference between the two was tabulated for each test point and the standard deviation of 

the differences was determined and is shown in Table 5.6. The more complex Equations 5.7 and 

5.8 give the least deviations of difference. However the difference was not great between the 

simpler and more complex expressions. The coefficients of the more complex Equations did 

however sometimes require significant numbers of decimal places to get a reasonable number of 

significant figures. The coefficients for Equations 5.5 and 5.8 for example, are shown in Table 

5.7. 

 

Table 5.6: Standard deviation of error across all test points 

Equation # 
(

Q̇f_measured

Ṙgas_measured

) − (
Q̇f_measured

Ṙgas_calculated

) 

Non-condensing  

GIWH 

Condensing 

GIWH 

5.1 1.73 1.48 

5.2 1.61 1.44 

5.3 1.58 1.45 

5.4 1.73 1.48 

5.5 1.71 1.51 

5.6 1.63 1.55 

5.7 1.32 1.15 

5.8 1.23 1.20 
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Table 5.7: Example coefficients for Ṙgas equations 

Equation Coefficient  Non-condensing Condensing 

5.5 k 

k1 

k2 

k3 

k4 

2166.1 

1.2582 

64.548 

-6.9690 

115870 

120.50 

1.0862 

91.863 

-1.5441 

-24359 

5.8 k 

k1 

k2 

k3 

k4 

j1 

j2 

j3 

j4 

11709 

1.4447 

0.00000023713 

-1701.5 

86640 

0.98922 

5.9731 

0.33259 

-1.7315 

-3279.0 

1.2859 

1125.7 

0.0000 

-5466.1 

0.98523 

0.48008 

6.3066 

-0.7510 

 

5.8  TRNSYS modelling of annual energy consumption 

Each of Equations 5.1 to 5.8 was substituted in turn into a TRNSYS model for the standard 

gas booster component incorporating Equation 5.9 to determine the resulting difference in annual 

energy consumption. TRNSYS incorporates a library of standard components for solar 

collectors, storage cylinders, control systems, auxiliary heaters and many others. These are used 

along with equations for other non-standard components. A schematic representation of a 

TRNSYS model for a gas boosted solar water heater is shown in Figure 5.3. 

A data file (A) containing incoming cold town water supply temperatures as shown in 

Table 5.9 is input to the model. Incoming cold water temperature is varied month by month. The 

load profile file (B) contains the time of day water is used, the flow rate, duration and 

temperature in accordance with Table 5.8. A flow diversion valve (C) in Figure 5.3 monitors the 

temperature output from the heating system and diverts flow through each of its outlets such that 

when they recombine at the T-piece (D) the required delivery temperature will be produced. This 

models the function of a tempering or thermostatic mixing valve which would occupy the T-

piece location in an actual plumbing system. Water passes into the storage tank (E). The control 
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system (G) monitors the temperature difference between the bottom of the cylinder and the solar 

collector and starts the pump (H) to circulate water when the differential exceeds at 

predetermined level. Water circulation continues until either the temperature differential drops 

below a set level or the storage tank is fully heated. The degree of stratification in the storage 

tank is set by a parameter depending on the flow rate of the circulating pump. To determine the 

level of solar energy input, a weather data file (I) consisting of Typical Meteorological Year 

(TMY) data is used by the model to apply radiation levels, air temperatures and other parameters 

at historical average levels varying each hour for a full year. A file reader (J) interprets the 

information from the TMY weather file for use by the radiation processor (K). The solar 

collector (L) performance is described by data from physical testing to AS/NZS 2535. The 

performance coefficients resulting from this testing are entered into the model and the solar 

energy harvest is determined from these and the circulation flow rate and water temperatures 

applied in the model. When water is delivered it passed from the storage tank to the gas booster 

(F) and heated if required before passing to the T-piece to be combined with cold incoming 

water to deliver the required output temperature and flow rate. The model calculates and outputs 

the electrical and gas energy used, the solar energy harvested and the energy delivered to the 

load and other outputs not shown such as energy lost from connecting pipes. An energy balance 

is performed during modelling to check for errors in the model. 



 

 

 

Figure 5.3: Schematic representation of TRNSYS model for a gas boosted solar water heater 
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Table 5.8: Alternative daily water use profile at a flow rate of 7.7 litres per minute 

Start 

Time 
Purpose 

Duration Total draw Water Temp. 

Mins. litres 
o
C 

0612 shower 8.4 64.2 40 

0625 shave 0.6   4.6 55 

0645 shower 8.4 64.2 40 

0730 dishes 0.6   4.6 55 

1800 meal preparation 0.6   4.6 55 

1812 meal preparation 0.6   4.6 55 

1900 dishes 0.6   4.6 55 

1930 bath 7.8 60.0 40 

2000 shower 7.8 60.0 40 

2100 supper 0.6   4.6 55 

 

 

Table 5.9 Incoming cold water temperature and holidays modelled with no water use 

Month Cold supply water  

temperature  

Holiday No. days no 

water used 

 (
o
C)   

Jan 20 Summer 10 

Feb 21 National Day 3 

Mar 19 - - 

Apr 17 Easter 3 

May 15 - - 

Jun 12 Sovereigns birthday 3 

Jul 11 - - 

Aug 11 - - 

Sep 13 - - 

Oct 15 Labour Day 3 

Nov 17 - - 

Dec 19 Summer 9 
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In the standard AS/NZS 4234 TRNSYS model, the GIWH is represented by a standard 

component (Gas Booster (F) in Figure 5.3) which adds energy to the fluid stream in accordance 

with Equation 5.9 of Table 5.3. In AS/NZS 4234 the environmental loss term UA of Equation 

5.9 is set to zero so these terms are ignored in Equations 5.1 - 5.8. The only limitation to the use 

of Equations 5.1 - 5.8 in place of the standard component incorporating Equation 5.9 is to 

manually verify that the capacity of the GIWH will not be exceeded which can be quickly done 

by analysis of the TRNSYS output file.  

For comparison models were also run for the same solar system boosted by an in-tank 

resistance element. To ensure water is available at sufficient temperature the internal resistance 

element is energized via a timer and able to add energy to the storage vessel from 8pm until 5am 

daily. The AS/NZS reference storage water heater which includes an in-tank resistance element 

was also modelled. 

As the water flow rate conditions used in AS/NZS 4234 are lower than would normally 

occur in a dwelling an alternative water use regime was used in this study for a medium sized 

dwelling. This incorporated higher and more realistic flow rates based on personal observations 

in a few homes and while subjective forms a good basis for modelling. The alternative water use 

regime draws the same annual water heating energy of 11 GJ as the standard AS/NZS4234 

regime (Bourke and Bansal, 2010). The alternative load pattern and incoming cold water 

temperatures are detailed in Table 5.8 and Table 5.9.  

For the solar pre-heating system used in the TRNSYS model for this study, experimentally 

derived performance data was used for a 2.5m
2
 flat plate solar collector with a tinox selective 

surface and 180 litre vertically oriented storage vessel. Potable water was used as the heat 

transfer medium direct to the storage vessel without a heat exchanger. The circulating pump 

activates at a temperature differential of 8 °C between the collector and bottom of the storage 

vessel and switches off when the differential reduces to 3 °C. The pump ceases collection of 

energy when the water temperature in the storage vessel reaches 83°C. To simulate protection of 

the collector from frost damage the pump activates when the collector fluid reaches 2°C and 

stops when the temperature has increased to 5°C. 
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5.9  Results 

The 2.5m
2
 collector / 180 litre solar water heating system modelled harvested 8.1 GJ of 

solar energy per annum when modelled in the gas boosted systems. After thermal losses from the 

storage vessel, 7.2 GJ of this energy was delivered to the load. This provided 65% of the 11 GJ 

annual water heating energy delivered. The annual energy consumptions for the TRNSYS 

modelled systems are shown in Figure 5.4. Both the condensing and non-condensing systems 

delivered significant energy savings over the electric boosted solar water heater. This is an 

indication of the benefit of the post tank boosting compared to the in-tank boosting by the 

electric element. The electric boosted system in turn used only 54% of the energy of the 

reference electric storage water heater (
7067

13050
). 

  

Figure 5.4: TRNSYS results for Equations 5.1-5.9 to the water use profile of Table 5.8.  

*indicates modelling to the water use profile of AS/NZS 4234 

 

7067 

13050 

0

2000

4000

6000

8000

10000

12000

14000

5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9 5.9*

A
n

n
u

a
l 

E
n

er
g
y
 C

o
n

su
m

p
ti

o
n

 (
M

J
) 

Qaux equation no. / system model 

Non-condensing Gas/Solar

Condensing Gas/Solar

Electic boosted solar

Reference electric



Chapter 5: New test method for gas auxiliaries 

 

 

95 

 

 

An examination of Table 5.6 shows Equations 5.7 and 5.8 gave the least error compared to 

the experimental results for the condensing and non-condensing GIWHs respectively. However 

Figure 5.4 shows little variation in annual energy consumption across Equations 5.1 to 5.8. There 

is additional complexity in using Equations 5.7 and 5.8 due to the additional operation required 

to generate the powers and, as shown in Table 5.7, large numbers of decimal places are often 

required to obtain sufficient significant figures. The difference in annual energy consumption 

between these more complex equations and the most accurate of the simpler equations, Equation 

5.5, was 1.7% (
5433−5338

5433
) and less than 0.01% (

4634−4631

4631
) for the non-condensing and 

condensing GIWHs respectively. Equation 5.5 was therefore selected for further use. 

Ṙgas =  k + k1. Q̇f + k2. Tin + k3. ṁ + k4. (Tout − Tin)−2 5.5 

 

Equation 5.5 will become inaccurate as incoming and outgoing temperatures became close, 

i.e.: Tout-Tin approaches zero. The flow diversion valve (5) in Figure 5.1 is modelled in TRNSYS 

to ensure that the gas booster is switched off where Tout-Tin is less than 5°C preventing this from 

happening. The variation in GIWH gas to fluid energy conversion ratio, between the 

experimentally measured results and those calculated with Equation 5.5 is plotted in Figure 5.5. 

At higher efficiencies the variation is less than a percentage point. The accuracy at lower 

efficiencies is less. However as these occur at lower gas consumptions the effects on annual 

energy consumption calculations is minimal. The greatest efficiency error was approximately 

five percentage points and occurred at a gas input of 10.4 MJ/h, very close to the minimum 

possible appliance input.  
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Figure 5.5: Gas to fluid conversion ratio using Equation 5.5 for the condensing GIWH 

 

 

 

Figure 5.6: Gas energy to fluid energy conversion ratio vs. incoming water temperature 
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5.10  Comparison with the current Standard 

When applying for government subsidies in Australia and New Zealand the results of 

Equation 5.9* from Figure 5.4 would be used as the basis for the claim, i.e.: 4688 MJ/annum for 

the non-condensing GIWH. If Equation 5.5 with the alternative water use profile is used for the 

energy calculation the consumptions for the non-condensing and condensing GIWHs are 

respectively 5388 and 4634 MJ/annum. On this basis to get the currently claimed energy 

consumption for the solar water heating system, the non-condensing water heater would need to 

be substituted with the condensing model. Alternatively, if using the non-condensing GIWH the 

actual energy consumption may be 15% greater than published (
5338−4634

4634
). 

The gas to fluid energy conversion ratios as incoming water temperature increases, is 

shown in Figure 5.6 for a condensing and a non-condensing GIWH. A water delivery 

temperature of 60°C and flow rate of 7.7 l/min are used in this example. The data displayed was 

determined in the following ways: 

a) Current standard test method AS/NZS4234 

b) Experimentally measured 

c) Calculated by Equation 5.5 

In the measured and calculated results the thermal efficiency can be seen to reduce as the 

heat transfer in the GIWH heat exchanger degrades with the rise in incoming water temperature. 

This contrasts with the treatment of GIWH performance by the current standard which models 

no reduction in thermal efficiency. The performance advantage of the condensing GIWH over 

the non-condensing model does narrow slightly as incoming water temperature increases from 

approximately 12 percentage points at an incoming water temperature of 20°C to about 8 

percentage points at 50°C. 

Further TRNSYS models were then run using Equation 5.5 and a variety of solar pre-

heaters to determine the relative performance of the condensing and non-condensing GIWHs 

with solar water heaters providing varying fractions of solar contribution to the water heating 

load. This is presented in Table 5.10. The results from the previously modelled solar system of 

2.5 m
2
 were compared to those from a similar system where the solar collector area was doubled 

to 5 m
2
 and a system using a 1.8 m

2
 flat plate collector using a lower specification selective 

surface. Although the better performing solar system would be expected to deliver a higher 

average incoming water temperature to the GIWH than one with lower performance, the annual 
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energy consumption difference between the condensing and non-condensing GIWHs was not 

significantly affected by the performance of the solar pre-heater. 

Table 5.10: GIWH performance with solar water heaters of varying size 

Solar 

Panel 

Area 

Annual Solar 

Energy 

harvest 

Solar 

contribution to 

water heating 

Gas Booster 

Type 

Annual Gas 

Consumption 

 

Gas Consumption  

Increase 
(Condensing – non condensing) 

(m
2
) (MJ)   (MJ) (%) 

1.8 4707 38 % Condensing 7994 14.7 

Non-cond. 9166 

2.5 8100 65 % Condensing 4634 15.5 

Non-cond. 5338 

5.0 11820 88 % Condensing 1738 15.1 

Non-cond. 2000 

5.11  Conclusions 

A method for characterizing the thermal efficiency of GIWHs when used under varying 

conditions of inlet water temperature, flow rate and temperature rise has been demonstrated. The 

annual gas energy consumption of gas boosted solar water heating systems using AS/NZS 4234 

may be understated by 15% if the variation in efficiency with elevated incoming water 

temperatures and actual flow rate is taken into account. The use of condensing GIWH as 

boosters in solar systems may provide energy savings of up to 15% over non-condensing 

appliances. To actually achieve the annual energy consumption for a gas boosted solar water 

heater claimed using the current standard, the non-condensing instantaneous water heater 

commonly used would need to be replaced with a condensing model. 

5.12  Future Work 

To fully evaluate GIWH performance will require a model incorporating the time effects of 

heat exchanger heat-up and cool-down, start-up energy losses and electrical consumption. To 

characterize and model these effects in a similar manner to that used in this Chapter may require 

a TRNSYS model with time steps as short as one second. This will significantly increase the 

computing power required to run models in an acceptable time so alternative methods will be 

investigated. The current method of determining start-up energy losses in AS/NZS 4234 has 

been shown to be lacking accuracy and repeatability so further study in this area is planned. 
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The development of a new standard TRNSYS component incorporating Equation 5.5 is 

planned which will also automatically ensure maximum capacity of the GIWH is not exceeded. 

To minimize the testing cost further study is intended to determine the effect on accuracy of 

eliminating varying numbers of the test runs detailed in Table 5.3. 
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 CO2 emissions of domestic hot water in Chapter 6:

New Zealand  

6.1 Preface 

Work in previous chapters has provided methods of testing and modelling of GIWHs and 

ASEHP water heaters. In Chapter 7 these testing and modelling elements will be brought 

together to investigate a hybrid water heater. The impact of various integrated control system 

options on both running costs and CO2 emissions will be investigated and compared to other 

water heating technologies. In order to undertake that analysis a good understanding of the CO2 

emissions of the different fuels is needed. Electricity is generated in New Zealand from a wide 

variety of fuels each having different levels of CO2 emissions. As demand for electricity varies 

so too does the mix of generating types utilised. In this Chapter the New Zealand electricity 

system is analysed in detail for CO2 emissions by half hour period for two representative years. 

6.2 Abstract 

A novel method of determining carbon dioxide emissions from residential water heating is 

presented. Half hourly dynamic CO2 emission factors for electricity consumption are employed 

for two historical representative years having different mixes of CO2-free and CO2-emitting 

generation. A case is presented for the significant proportion of zero-emission electricity 

generated by the system, which is consumed by a large aluminium smelter, to be considered as 

effectively unavailable for residential consumption. The two main islands of New Zealand are 

considered as separate lumped generation nodes linked by transfers of electricity and associated 

emissions. A TRNSYS model is used to determine the primary CO2 emissions of a variety of 

electrically powered water heating technologies. These are compared to the emissions of gas 

instantaneous water heaters and gas boosted solar thermal water heaters. The variation in carbon 

dioxide emissions from electricity consumption between years, geographic region, and time of 

day is demonstrated. The variation in emissions between electric water heating appliances 

operating continually and those limited to a lower cost night rate tariff varies considerably year 
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to year. The difference in emissions between electrically operated and gas burning appliances 

again varies considerably by year. 

6.3 Introduction 

Water heating accounts for approximately one third of energy used in a New Zealand 

residence [10]. Storage water heaters with an immersed electric resistance element are used by 

approximately 75% of dwellings [5, 170]. Gas water heaters, predominantly instantaneous, make 

up most of the balance. There are small numbers of wood and solar thermal water heaters 

installed, while currently air source electric heat pump water heaters are rarely used. 

 Residential electricity tariffs 6.3.1

For users of electrically powered water heaters there are three main electricity tariffs 

available; continuous, interruptible and night rate. Electricity network operators throughout New 

Zealand encourage [171] or mandate [172] the installation of load management devices to these 

water heaters meaning most electric water heaters are connected to an interruptible supply with 

load disconnected during peak times. This is usually during winter evenings (5 – 8 pm). Night 

rate tariffs are available which will supply electricity for 7.5 hours at a significantly reduced 

price between 11 pm and 7 am. The effect on carbon dioxide emissions of these different tariffs 

is examined as part of this study. 

 Electricity generation in New Zealand 6.3.2

New Zealand generates about two-thirds of its electricity from renewable sources [173-

175]. Between 2001 and 2011 hydro-electric production, which has zero carbon dioxide 

emissions, has averaged just over 52% of total production.  However about 21% of hydro-

electricity, (12% of total electricity produced) is used by a single aluminium smelter at the very 

south of the South Island. Aluminium smelting emissions have global warming potential nearly 

equivalent to the combustion of natural gas [176]. As the smelter has long term electricity supply 

contracts and uniform consumption, electricity produced for the smelter is treated in this study as 

not being available to consumers. All electricity consumed by the smelter is therefore deducted 

from the total electricity production in these analyses. 

Figure 6.1 shows the relative proportions of zero-emission and carbon-emitting electricity 

production, together with total generation, taken from published data [175]. Over the ten year 

period the average generation mix was 55% zero-emission and 45% carbon-emitting. The main 
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cause of variation is rain and snowfall which affects hydro-electric generating capacity. In this 

Chapter 2007 and 2011 are selected for detailed analysis. These are respectively years slightly 

below and slightly above the average zero-emission levels of production. 

 

Figure 6.1: Electricity generation type in New Zealand 

 

 

 

 

 

 

 

Figure 6.2: Average hour South Island to North Island electricity transfers 

 Electricity distribution in New Zealand 6.3.3

Figure 6.3 is a map of New Zealand showing the major electricity generating plants. The 

majority of electricity consumption occurs in the North Island where about ¾ of the population 

resides, while there is significant generation capacity in the South Island. A series of sub-sea 

high-voltage direct-current cables transfer power between the islands as demand dictates. This 

transfer of electricity is shown, by average hour, in Figure 6.2. In this Chapter, a consumer of 

electricity is treated as having emitted the average level of carbon dioxide required to produce 

electricity in that island, plus or minus the carbon dioxide associated with electricity transferred 

to or from the other island, at the time of consumption. 
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Figure 6.3: Electricity generation in New Zealand 

HVDC link transfers( PJ) 

 2007 2011 

North to South 1.1 0.5 

South to North 7.5 8.2 

 

Aluminium Smelter (PJ) 
 2007 2011 

Consumption 19.2 19.4 

 

South Island Generation (PJ) 

 2007 2011 

Hydro 60.7 59.9 

 

North Island Generation (PJ) 

 2007 2011 

Hydro 22.5 25.3 

Gas 29.2 23.3 

Geothermal 11.8 20.5 

Coal 15.4 12.0 

Co-gen 3.8 3.6 

Wind 3.0 6.0 

Diesel <0.1 <0.1 

Total 86.7 85.3 
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6.4 Literature review 

There have been a number of studies carried out on the emissions of carbon dioxide by 

electricity generation and residential water heating in both New Zealand and other countries.   A 

detailed study which included an analysis of the New Zealand carbon emissions of various water 

heating technologies [177] found significantly lower levels of carbon emissions would occur by 

substituting electric storage water heaters with GIWHs. The basis for this conclusion was that 

electricity substituted by the direct use of gas would otherwise have been generated from a group 

of generators that included 88% thermal electricity production with corresponding high CO2 

emissions. Geothermal power stations were treated as producing no CO2 in this study. A more 

recent analysis [178] used a more complex modelling arrangement where emissions from water 

heating were taken as a combination of base-load low-emission and higher emission peaking 

electricity generating plant. This study determined that electric water heaters utilising night rate 

power would reduce CO2 emissions by more than 30% compared to a continuous power delivery 

to the appliance. A government consultation document [179] determined the CO2 emissions from 

water heating for a three person household would be from 300 kg/annum for a solar water heater 

with natural gas auxiliary energy supply, to 2900 kg/annum for an electric storage water heater 

on an interruptible electricity tariff. All of these studies treated New Zealand electricity 

production as a single entity in terms of CO2 emissions.  Hung and Boger [180] include a range 

of CO2 emission factors for typical New Zealand fuel combustion in their study as does 

Haliburton [181]. Phillpot and Downward [182] in one study and Halliburton and Lemit [183] in 

another, examine the impact of carbon taxation on emissions from electricity generation in New 

Zealand. 

An Australian study [184] included the emissions from water heating amongst a range of 

other household appliances and compared the CO2 emissions of a range of technologies 

compared to electricity generated from coal fired power stations. An earlier study by Crawford et 

al. [128] examined the total life cycle emissions of a range of water heaters in Brisbane and 

Melbourne. A Japanese investigation [185] concluded that the optimal appliance type to reduce 

emissions varied by household occupancy but that heat pump water heaters with carbon dioxide 

as refrigerant showed promise for most dwellings. Boait et al [126] examined a range of water 

heating technologies in the U.K. concluding that condensing gas water heaters produced less 

emissions than heat pump and electric immersion water heaters in that market. A review of 

modelling techniques for end-use energy consumption in the residential sector was conducted by 

Swan and Ugursal [186], concluding that bottom-up modelling techniques where energy 
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consumption of residences is calculated from inputs rather than attributed from historical data 

may be the most applicable technique for determining the impacts of new developments. 

Paiho et al. investigated opportunities for energy and emission reductions in apartment 

buildings in Moscow [187]. In this study, hot water use was estimated as a proportion of total 

water use. In Moscow 70% of heating is provided from Natural Gas fired combined heat and 

power generation. Therefore, it was assumed all heat and power for the apartment building was 

supplied from this source. Average fixed emission factors were established for heating, including 

domestic hot water, and electricity, of 0.075 and 0.14 kg-CO2/MJ respectively. The heating 

losses were calculated using WinEtand [188] with Moscow hourly temperature data sourced 

from EnergyPlus [189]. In a later study focussed at district level, fixed factors were again used 

for CO2 emissions and GEMIS software [190] employed to calculate CO2 equivalent emissions 

based on global warming potential [191]. 

Cabrol and Rowley [192] used TRNSYS [19] to investigate the running cost and CO2 

emissions for a hydronic floor heating system heated by either a condensing gas boiler or an air 

source electric heat pump (ASEHP).  The system performance was modelled in three UK 

locations with the ASEHP connected to, and optimised for, a variety of electricity tariff options. 

A fixed factor for electricity emissions of 0.15 kg-CO2/MJ was used for all tariffs throughout the 

study. 

Pineau et al. [193] modelled the CO2 emissions of a hydronic heating system in a low 

energy house supplied by a variety of water heating technologies in a range of European cities. 

Electricity emission factors were fixed by country to account for differences in generation mix 

with TRNSYS the selected modelling system. Kelly and Cockcroft [194] compared the 

emissions of heating systems in Scotland supplied by gas condensing, ASEHP and electric water 

heating systems. A model was adapted from an earlier study [195] that is able to be run in 

TRNSYS, EnergyPlus or ESP-r [196] environments. Fixed emission factors from 2009 were 

employed for electricity. Yang et al. compared a variety of configurations for space heating a 

house in Quebec with electric and gas furnaces and boilers. EES [197] was used for the 

modelling and a fixed electricity emissions factor was used which reflected the very high 

proportion of hydroelectric generation in that province. Dorer and Weber [198] compared micro 

combined heat and power devices with a number of other technologies again using TRNSYS 

with fixed electricity emission factors for each geographic location studied.  
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Aberg et al. [199] investigated the operation of a district energy supply system in response 

to variations in electricity price and heat/cooling demands. Electricity is produced alongside heat 

and consumed within the system or sold back to the grid. Emissions created by generation of 

electricity purchased from outside the system are substituted by emissions from electricity 

generated in the system. Comparisons are made with three different sources of external 

electricity generation; (1) Coal condensing, (2) Natural gas combined cycle, (3) Nordic mix of 

electricity generation. While the CO2 emissions of the district system are updated dynamically 

according to the mix of plant employed, the substituted emission factors remain fixed at an 

average value throughout the studied periods. 

A wide variety of similar studies have taken place which include CO2 emission analyses 

for country or region electricity generation mix [200-202], district energy generation mix [203], 

together with the comparison of emissions depending on appliance type or control strategy [204-

208]. Both the earlier cited and other modelling tools [209-212] have been employed. In all the 

studies reviewed, the average CO2 emission factor for electricity generation from a national or 

regional grid is used in the model. Much of the literature addresses combined space heating and 

domestic hot water systems. 

This study is focused on the CO2 emissions of domestic hot water systems. There appears 

to be a gap in the existing literature where average electricity emission factors are used to 

calculate the emissions of a residential appliance at any time of use. This approach does not take 

account of the changing emission factors from peak to off-peak times of the day and season of 

the year. In the worst case, if a domestic electric appliance is operated consistently at times of 

high CO2 intensive electricity generation, the application of a yearly average emission figure 

may significantly understate the actual CO2 emitted. This Chapter aims to determine the actual 

CO2 emissions of a range of water heating technologies operating in New Zealand in 2007 and 

2011. This is a different approach to that of earlier studies which attempted to predict the type of 

generating plant the next marginal unit of electricity will be produced from, and hence the CO2 

displaced by a change in technology. 

6.5 CO2 emission model construction 

Half hourly data of electricity generation for each power station over 10 MW was obtained 

for 2007 and 2011 [213]. This data was analysed to determine the CO2 emissions (kg/MJ) by half 

hour for electricity generated in each of the North and South Islands. An adjustment was made 

for the transfers of electricity between the North and South Islands to produce a final file of 
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emissions (CEY) for electricity consumed for each island by half hour for 2007 and 2011. A 

model of each common residential water heating system was established in TRNSYS [19]  and a 

standard water heating load applied for a 3-4 person household in each of the North and South 

Islands with incoming water temperature adjusted by month for each island. Ambient 

temperatures, humidity (for air to water heat pump systems) and radiation (for solar systems) of 

a typical year are applied in the model. The meteorological data, for Auckland in the North 

Island, and Christchurch in the South Island, by hour for a typical year, is distributed with 

TRNSYS software. The incoming cold water temperatures are varied each month and were taken 

from AS/NZS 4234 [18]. TRNSYS is used in Australia and New Zealand to calculate the annual 

energy consumption of both heat pump and solar water heaters under standardised loads and 

extending the models to include an analysis of CO2 emissions is relatively straight forward 

provided emission factors for each time period of a year can be established. 

 CO2 emission factors of fuel types 6.5.1

The carbon dioxide emission factors used in this study are summarized in Table 6.1 for 

various energy sources delivered at a consumer’s premises. These do not incorporate the on-site 

conversion efficiencies which are applied in the TRNSYS model described in Section 6.5.4. 

The emission factors for electricity consumption were calculated for each half hour period 

of the studied years as shown in Section 6.5.2. The range and average of these is shown in Table 

6.1. 

 There is a range of published values for carbon dioxide emissions associated with 

geothermal electricity production from 0.028 to 0.042 kg/MJ [178, 181] with the lesser figure 

used in this Chapter. 

Published emission figures were used for the combustion of coal, diesel and New Zealand 

natural gas [180]. In the case of natural gas this was adjusted by adding the CO2 associated with 

combustion during flaring, production and treatment of the gas. In addition all published 

transmission losses were treated as un-combusted methane having a global warming potential 

over 20 years 72 times that of CO2 [214]. This combined flaring, production, transmission and 

combustion emission factor was used to calculate emissions from electricity generated in gas 

thermal power stations and also for emissions of gas water heaters. 
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CO2 emissions associated with natural gas are 5% higher in 2011 than 2007. This is 

attributable to an increase in gas lost during production and distribution alongside falling 

production in 2011 as compared to 2007 as shown in Table 6.2. 

Table 6.1: Summary of fuel type CO2 emission factors 

Fuel 
Emission Factor 

kg-CO2/MJ 

Coal 0.0880 

Diesel 0.0730 

Geothermal 0.0278 

NZLPG 0.0614 

Hydro, wind, wood-chip, co-generation 0 

 2007 2011 

Natural Gas 0.0594 0.0624 

Electricity  North 

Island 

Range 0.043 – 0.161  0.026 – 0.116 

 Average 0.100 0.062 

 South 

Island 

Range 0.000 – 0.087 0.000 – 0.033 

 Average 0.003 0.001 

 

Table 6.2: Natural gas production and distribution 

(PJ) 2007 2011 

Gross Natural Gas Production 174 168 

   Flared 4.0 6.5 

Production loss & own use 5.4 7.3 

Transmission loss & own use 0.8 0.9 

Total Losses 10.2 14.7 

   

Net Production (Gross - losses) 163 154 

   

Losses as a percentage of net production 6.3% 9.5% 
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Bottled LPG supplied to consumers in New Zealand is a mix of approximately 55% 

Propane and 45% Butane (NZLPG) containing about 50 MJ/kg and will release just over 3 kg of 

CO2 per kg when combusted. Added to this are estimated emissions associated with 

transportation of LPG to the point of use. There are no additions for flaring or other production 

losses. All of this CO2 overhead is carried by the Natural Gas supply as LPG would otherwise 

likely be flared increasing the emissions associated with Natural Gas. 

Emissions from hydro, wind, wood and co-generation production of electricity were all 

taken as zero. All wood-chip is from fast-growing plantation forest and is considered to be 

renewable in the New Zealand context. The emissions from industrial co-generation processes 

would have occurred anyway as a result of the process regardless of whether electricity was 

generated. Electricity generated from wood-chip and cogeneration is less than 2.5% of total 

production so a different treatment would not significantly affect the results. 

The distribution losses for electricity are published annually [175] and are approximately 

7.3%. This loss was applied to the emission factor for electricity and is included in the data 

presented in Table 6.1.  

 Calculation of CO2 emission factors from electricity consumption 6.5.2

The carbon dioxide emission factor of electricity generation in each of the North and South 

Islands for any half hour period is the total carbon dioxide emitted by generation divided by the 

total electricity generated in each island as shown by Equations 6.1 and 6.2. 

εNG =
CO2N

∑ GENN

               (
kg

MJ
) 

6.1 

 

εSG =
CO2S

∑ GENS − AL
      (

kg

MJ
) 

6.2 

 

The carbon dioxide emitted by electricity generated in the North Island in any half hour 

period is calculated as shown in Equation 6.3. The four terms of this equation calculate 

emissions from the natural gas thermal, coal thermal, diesel and geothermal power stations 

respectively. The individual gas and coal fired plants having their published efficiency figures. 

[215] applied to their output for each half hour period. This is summed with the other similarly 

fuelled plants before applying the emission factor for the particular fuel type. In the South Island 
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there are no thermal or geothermal power stations. The CO2 emissions are those for a limited 

amount of diesel powered generating capacity and can be expressed as shown in Equation 6.4. 

 

CO2N
=  εM ∗ ∑

GENMk
 

ηMk

+ εC ∗ ∑
GENCj

 

ηCj

+ 
εD

ηD

∗ ∑ GEND + εG ∗ ∑ GENG           (kg)  
6.3 

 

CO2S
=  

εD

ηD

∗ ∑ GEND            (kg) 
6.4 

 

The emission factors from electricity consumption (rather than generation) in an island are 

shown in Equations 6.5 and 6.6. The average transmission loss (𝐿𝐸𝑇𝑖̅̅ ̅̅ ̅) of 0.073 (7.3%) is applied. 

The electricity transferred from one island to the other carries with it the associated CO2 

emissions from generation. In the South Island the electricity consumed by the aluminium 

smelter (AL) is deducted from the total generation.  

 

εNC = (1 + LETi̅̅ ̅̅ ̅) ∗
(εNG ∗  ∑ GENN) +  (εSG ∗  TFRSN̅̅ ̅̅ ) − (εNG ∗  TFRNS̅̅ ̅̅ )

∑ GENN + TFRSN̅̅ ̅̅ − TFRNS̅̅ ̅̅
                    (

kg

MJ
) 

6.5 

 

εSC = (1 + LETi̅̅ ̅̅ ̅) ∗
(εSG ∗  (∑ GENS − AL)) + (εNG ∗  TFRNS̅̅ ̅̅ ) − (εSG ∗  TFRSN̅̅ ̅̅ )

∑ GENS + TFRNS̅̅ ̅̅ − TFRSN̅̅ ̅̅ − AL
       (

kg

MJ
) 6.6 

 

Diesel generation in the South Island is extremely small compared to the total generation 

capacity. In the 2011 year there was no diesel generation reported. Therefore CO2 emissions in 

the South island from generation can be assumed to be zero, the emission factor is also 

approximately zero (CO2S
≈ 0 ⟹  εSG  ≈ 0). Equations 6.5 and 6.6 can therefore be simplified 

as shown in Equations 6.7 and 6.8. These relationships are applied to the half hourly data for 

electricity generated and a unique emission factor calculated for each of the 17520 half hour 

periods of the years studied in each of the North and South islands. These half hourly emission 

factors are then used in the TRNSYS model described in Section 6.5.4. 
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εNC = (1 + LETi̅̅ ̅̅ ̅) ∗
εNG ∗ (∑ GENN − TFRNS̅̅ ̅̅ )

∑ GENN + TFRSN̅̅ ̅̅ − TFRNS̅̅ ̅̅
                (

kg

MJ
) 

6.7 

 

εSC = (1 + LETi̅̅ ̅̅ ̅) ∗
εNG ∗ TFRNS̅̅ ̅̅

∑ GENS + TFRNS̅̅ ̅̅ − TFRSN̅̅ ̅̅ − AL
       (

kg

MJ
) 

6.8 

 Water heating load 6.5.3

The water heating load used is taken from tapping cycle 3 of EN13203-2 [55] and is shown 

in Figure 6.4. This takes a total of 24 draws per day at four different flow rates including three 

large draws to simulate shower and bath use. The test schedule of EN13203-2 is modified in the 

TRNSYS model to substitute dynamic typical incoming water temperatures for the fixed 10°C 

specified in the standard. Water is also delivered at a temperature of 40°C for showers and baths 

and 55°C for the balance, this being the maximum permitted temperature for supply to sanitary 

fixtures for personal hygiene [216]. Annual energy delivery in this schedule is 9520 MJ and 

11188 MJ for the North and South Islands respectively. 

 

Figure 6.4: Daily water use profile of EN13203-2 - tapping cycle 3. 
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 TRNSYS model 6.5.4

An example of a TRNSYS model is shown in Figure 6.5 for the electric storage water 

heater. Water delivery temperature, flow rate and incoming water temperature, varied by time of 

day or month, are inputs to the flow diverter. This monitors water temperature in the top of the 

storage cylinder. It uses this hot outlet temperature to adjust the water flow passing through the 

heater so that the required temperature is supplied once recombined with the cold stream at the 

T-piece. This arrangement is different to an actual plumbing system where the temperature is 

regulated by combining cold and heated water at the outlet of the thermal storage vessel but the 

effect is the same. Ambient temperature from the weather file is used to calculate energy lost 

from the stored water. The electricity control regime, be it continuous, interruptible or night rate 

is applied to the control input of the electric resistance element. The power consumption of the 

cylinder is input to a calculator which applies the emission factor applicable to that half hour of 

the year. Total outputs of electricity use, carbon dioxide emissions and rise in water energy are 

then accumulated and reported by month.  

 

 

Figure 6.5: TRNSYS model for electric water heater 
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 Water heating systems modelled 6.5.5

The water heating systems modelled are listed in Table 6.3. The systems represent a range 

of commercially available water heating systems marketed in New Zealand. Different 

configurations for electric storage water heaters were tested with the element(s) drawing power 

at different times of day to determine if this resulted in any significant difference in CO2 

emissions. A 180 litre storage cylinder was chosen for both the electric storage and solar systems 

as this is the most common size in New Zealand [5]. 

1. 180 litre storage water heater with a resistance element mounted near the bottom of 

the storage vessel. The insulation on the vessel is equivalent to the minimum 

permitted by the current New Zealand regulations. Power is available to the 

element via the thermostat at any time required. 

2. The same storage vessel in 1 above but with power not available to the element 

from 5pm to 8pm for the three months (92 days) of winter modelling the 

interruptible tariff information published by local electricity distribution 

companies. 

3. The same storage vessel in 1 above but with power only available between 

11.30pm and 7am modelling the night rate tariff information published by a 

number of electricity retailers. 

4. The same storage vessel in 1 above but with an additional element placed at the 

mid-height of the storage vessel. The bottom element has electricity available only 

between the hours of 11.30pm and 7am while the mid-height element has power 

continually available to it. 

5. An air source electric heat pump water heater with a 320 litre storage vessel. This 

appliance switches to an electric resistance element when ambient temperatures fall 

below 7°C. The ASEHP is modelled with electricity continually available. 

6. The same ASEHP in 5 but with power only available between the hours of 7am and 

9pm which is commonly required in the field to prevent noise nuisance. 
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7. The same 180 litre storage vessel in 1 connected to a generic 2m
2
 flat plate solar 

thermal collector installed at a 17° inclination, this being the average roof slope for 

New Zealand houses and it is more onerous to gain consent to install collectors 

other than parallel to a roof. For auxiliary energy supply a mid-height element is 

modelled with a continuously available electrical supply. 

8. The same solar thermal system and storage vessel as 7 but with a bottom mounted 

electric resistance element for auxiliary energy supply. This element is modelled as 

connected to a night rate tariff with power only available between 11.30 pm and 7 

am. 

9. The same solar thermal system and storage vessel as 7 but with auxiliary energy 

supply provided by a natural gas high efficiency condensing gas instantaneous 

water heater fitted in series with the storage vessel hot outlet. 

10. Same as 9 but operated on NZLPG. 

11. Same as 9 but modelled with a non-condensing GIWH 

12. As for 9 but modelled with a non-condensing GIWH using NZLPG 

13. Stand-alone high efficiency condensing GIWH using natural gas 

14. Stand-alone high efficiency condensing GIWH using NZLPG 

15. Stand-alone non-condensing GIWH using natural gas 

16. Stand-alone non-condensing GIWH using NZLPG 

 

Efficiencies of the stand-alone GIWHs for each of the 24 draws was determined through 

experimental testing of the appliances and applied in the model. The same efficiencies were used 

for the GIWHs both as stand-alone water heaters and when used as boosters in solar systems. No 

adjustment was made to the GIWH efficiencies to account for the use of pre-heated water [153] 

as the variation was assumed to be small in this case. A major brand of air-source electric heat 

pump water heater (ASEHP) was tested in an environmental chamber [156] to AS/NZS 5125 

[20] to characterise its performance.  
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Table 6.3: Modelled water heating systems  

Type Description System 

# 

Configuration 

Electric 180 litre / single bottom element 1. Continuous power. 

2. Interruptible power. 

3. Night power. 

180 litre / bottom and mid-element 4. Mid–continuous / bottom–night power 

ASEHP 320 litre - electric back-up Switches to mid-element at Ta <7°C 

5. Continuous power 

6. Daytime power 0700 - 2100 

Solar 180 litre/ 2m
2
 flat-plate collector 

 

Electric Boost 

 

Gas Boost – Condensing GIWH 

 

Gas Boost – Non-condensing GIWH 

 

 

7. Mid element only-continuous power 

8. Bottom element only – night power 

9. Natural Gas 

10. NZLPG 

11. Natural Gas 

12. NZLPG 

Gas 55 kW Condensing GIWH 

 

55kW Non-condensing GIWH 

13. Natural Gas 

14. NZLPG 

15. Natural Gas 

16. NZLPG 

 

  



Chapter 6 : CO2 emissions of DHW in New Zealand 

 

117 

6.6 Modelling results 

A summary of emissions across the two years from each system is presented in Figure 6.6. 

For simplicity the results are presented showing the variation within a type as a lighter shaded 

top portion of each bar. The detailed results are shown in Table 6.4 and Figure 6.7. 

Significant variations between year and island are apparent for all electrically operated 

water heaters. The variation between North and South Islands for the stand-alone GIWHs and 

gas boosted solar water heaters are due to the additional energy requirement in the South Island 

due to colder incoming water temperature. 

In 2007 in the North Island there was little variation in the CO2 emissions of the electric 

resistance water heaters systems 1 to 4. Systems 3 and 4 that incorporated night-time supply had 

very slightly higher emissions. In 2011 however, systems 3 and 4 had significantly lower CO2 

emissions which indicate a change in electricity generation mix from year to year. This is 

analysed in detail in Section 6.7. 

 

Figure 6.6: CO2 emissions by year, North or South Island location and technology type 
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Table 6.4: Summary of results 

Water Heater Type  CO2 Emissions  

kg/annum 

System North Island  South Island  

# 2007 2011 2007 2011 

Electric 

Resistance 
Tariff: 

Element 

Position: 

 
    

Continuous Bottom 1. 1107 709 16 8 

Interruptible Bottom 2. 1106 710 16 8 

Night Bottom 3. 1135   617 117 28 

Continuous    

Night 

Mid 

Bottom 
4. 1115 649 52 17 

Air Source 

EHP 

Electrical Supply:      

Continuous 5. 434 278 6 4 

0700 ~ 2100 6. 434 279 6 4 

Solar/Electric Continuous Mid 7. 524 349 14 5 

Night Bottom 8. 680 371 86 17 

Solar/Gas GIWH 

Condensing 

Natural 9. 307 323 NA
1
 NA

1
 

LPG 10. 318 318 452 452 

GIWH Standard 
Natural 11. 345 362 NA

1
 NA

1
 

LPG 12. 357 357 508 508 

Gas 

Instantaneous 

Type: Gas:      

Condensing 
Natural 13. 641 674 NA

1
 NA

1
 

NZLPG 14. 663 663 790 790 

Standard 
Natural 15. 720 757 NA

1
 NA

1
 

NZLPG 16. 744 744 886 886 
1
Reticulated natural gas is not available in the south island of New Zealand 
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Figure 6.7: Water heating CO2 emissions summary 

 

6.7 Analysis 

A further detailed analysis of the half hourly electricity consumption data was carried out 

in order to better understand the results of the modelling. 

The half hourly emission factors for 2007 and 2011 are presented in Figure 6.8. Also 

shown is the daily water heating energy delivery varying with the change in incoming water 

temperature for the North Island. The increase in emissions per unit generated occurs in general 

towards the middle of the year when the water heating load is also greatest. This demonstrates 

the importance of using dynamic emission factors when calculating CO2 emissions for heating 

and cooling appliances where the load will be varying with the season. 
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Figure 6.8: Electricity generation emission factors and delivered energy 

 

As previously identified in the results, in 2007 night rate tariff electricity resulted in 

slightly higher emissions compared to a continuous tariff. However, in 2011 night operation 

resulted in significantly less CO2 being emitted than continuous operation. The electricity 

produced in 2007 was split into carbon emitting and zero-emission generating sources. The 

average generation of each type for each hour of the day is presented in Figure 6.9. In this year 

carbon-emitting generation does reduce outside of peak periods. However, zero emission 

generation reduces by far more. This resulted, on average, in higher emissions per unit generated 

during off-peak than in peak times for that particular year.  
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Figure 6.9: 2007 average hourly electricity generation by type and hour of day 

 

A variety of emissions are presented for 2007 and 2011 in Figure 6.10 and Figure 6.11 

respectively. These are the emissions associated with energy delivered across the consumers 

boundary and do not include the on-site energy conversion efficiencies. 

a) The daily energy delivered assuming the average annual incoming water 

temperature in the North Island. 

b) The yearly average of the North Island dynamic electricity emission factor for each 

hour of the day. 

c) The year’s average electricity emission factor for the North Island 

d) The year’s average emission factor for New Zealand 

e) The year’s average emission factor for New Zealand assuming electricity generated 

for the aluminium smelter had not been deducted from the analysis. 

f) The year’s natural gas emission factor. 
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Figure 6.10: 2007 (“dry” year) average hour CO2 emissions 
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Figure 6.11: 2011 (‘wet” year) average hour CO2 emissions  
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The alignment between the load and dynamic emission factor is clearly shown. It needs to 

be remembered that in electric storage water heaters the load is not exactly aligned to the 

consumption of electricity. In the load applied here, the initial water draws at 0700 and 0705 see 

sufficient cold water entering the storage vessel to cool the thermostat and result in the electric 

element being energised. 

The difference in the average dynamic emission factors between the “dry” year of 2007, 

and the “wet” year 2011, is shown in these graphs. The increase in emission factors during off-

peak periods of 2007 is reversed during 2011 where emissions are clearly less during off-peak 

periods. It can be seen, particularly in 2007, that the applied load is not well aligned with the 

average emissions for the island. The use of the average emission factor for the country as a 

whole would significantly under-represent the CO2 emissions for residential water heaters in the 

North Island with the reverse being true for the South Island. The respective under and over-

representations would only be exacerbated by the use of emission factors which included 

electricity generation destined for use by the major aluminium smelter. 

6.8 Modelling uncertainty 

The modelled results are intended to present a like-for-like comparison of different water 

heating technologies in years with representative weather conditions and a fixed water use 

pattern. The performance models of each technology are derived from experimental tests carried 

out at part of this research and published performance data for heat loss of thermal storage 

vessels where used. The solar collector is represented by a theoretical model only which does not 

represent the performance of any particular physical collector. A nominal uncertainty in the 

measurement of solar thermal collector performance of 5% is applied. The uncertainties in 

performance of the individual technologies when subject to those particular conditions are 

estimated in Table 6.5. From Chapter 4 it is expected that the differences in energy consumption 

due to changing water use patterns would be far greater than the modelling uncertainty of a 

particular technology. 
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Table 6.5: Estimated modelling uncertainty by technology 

 

Type Uncertainty 

% 

Electric 1.7 

ASEHP 6.2 

Solar collector 5.0 (nominal) 

Solar / Electric 5.3 

Solar / Gas 6.1 

GIWH 3.5 

 

6.9 Conclusions 

The importance of using dynamic CO2 emission factors for appliances with seasonally and 

time of day varying loads has been demonstrated where electricity generation mix varies. 

The average CO2 emission from electricity generation in New Zealand over the two 

studied years is 0.052 kg-CO2/MJ. If this averaged figure is used in place of the detailed 

TRNSYS analysis, as is often done currently, the CO2 emissions from electric storage water 

heating for the North and South Islands would be 582 kg and 684 kg respectively.  This 

represents an understatement of CO2 emissions for the North Island of between 20% and 90% 

and approximately a 70 times overstatement of CO2 emissions for South Island residential water 

heating. This clearly demonstrates the benefit of the novel dynamic analysis carried out 

compared to previously employed methods of calculating residential water heating emissions. 

6.10 Future work 

The creation of a typical emissions year for localised areas would assist in presenting to 

consumers their likely emissions footprint from a range of water heating technologies. 
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 Integrated control system for renewable Chapter 7:

water heaters with GIWH auxiliaries 

 

7.1 Preface 

This Chapter presents the model of a hybrid water heater that combines an ASEHP and 

GIWH. From Chapter 3 we have a method and experimental results that allows us to 

characterise the performance of an ASEHP given any set of ambient air and water temperatures. 

In Chapter 5 we developed a novel method to allow the steady state performance of a GIWH to 

be characterised under varying water flow rate and temperature conditions. Chapter 6 has 

equipped us with the data to calculate dynamically by half hour period of a study year, the 

carbon dioxide emissions of any type of water heating device. With these building blocks we are 

now in a position to model a hybrid water heater and determine the CO2 emissions and running 

costs under various control system strategies. 

There are some changes in the model setup and modelling approach compared to earlier 

Chapters. As research progressed other methods became apparent and have been incorporated in 

this later work. These changes are outlined below.  

 Applied water heating load 7.1.1

The water heating load developed by Bourke and Bansal [156] in Chapter 3 is replaced for 

the energy consumption modelling of this chapter. This change was made to align with a similar 

water flow schedule published in EN13203-2 [55]. Tapping cycle 3 of this standard (see Figure 

7.6)  is the same as load profile ‘L’ of European commission regulation 814/2013 [56] which is 

prescribed for all types of water heaters and is being phased in as a requirement between 2015 

and 2018. The modifications to cycle 3 for this chapter are: 



Chapter 7: Integrated control system  

 

 

128 

a) Incoming water temperature is varied each hour of the year from typical year data 

supplied with TRNSYS in place of a fixed 10°C prescribed by the standard. (see 

Section 7.1.2 below) 

b) Shower and bathing loads delivered at 40°C. 

c) All other loads are delivered at 55°C. This is considered the maximum temperature 

allowed to meet legislative requirements in New Zealand and falls within the 

allowable outlet temperature range of EN13203-2. 

When considering these changes, it is important to note that if the model was configured 

with the fixed incoming water temperature of 10°C then the daily energy delivery would be the 

same as that specified in the original standard. 

 Cold incoming water temperature 7.1.2

In earlier work the cold incoming water temperatures used in the TRNSYS model were 

sourced from AS/NZS 4234 [18] which defined a fixed value for each month of the year. In this 

chapter the typical year water temperatures distributed with TRNSYS have been used. Other 

researchers should note that the files distributed with TRNSYS for Auckland have the typical 

water temperatures shifted by six months to coincide with northern hemisphere seasons. The 

files were edited to align correctly with Auckland seasons. 

 GIWH component: start-up energy consumption 7.1.3

Chapter 5 addresses only the steady state performance of GIWHs. In the literature review 

of Chapter 2, Section 2.2.2.2, a number of methods are described of accounting for the 

additional energy absorbed by the heat exchanger during operation and dispersed to atmosphere 

once operation ceases. In the TRNSYS model used for this chapter the start-up energy 

consumption is addressed through use of a single-node capacitance lump. A detailed description 

of this model is contained in Appendix B. A model of a stand-alone GIWH using this approach 

produced a calculated energy consumption within 1% of that experimentally measured for a 55 

kW condensing appliance. 
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 Steady-state energy consumption 7.1.4

Equation 7.1 (Chapter 5 - Equation 5.5) was selected to model the gas consumption (Ṙgas) 

of the GIWH as incoming water temperature ( Twi), water flow rate ( ṁ) and fluid temperature 

rise vary. The coefficients (ki) are obtained from regression of experimental data.  

Ṙgas = k + k1. Q̇f + k2. Twi + k3. ṁ +
k4

(Tset − Twi)2
 7.1 

 

 Carbon dioxide emissions associated with electricity consumption 7.1.5

Dynamic emissions electricity data developed and employed in Chapter 6 was not 

available for the range of locations used in this Chapter. Therefore, to facilitate a comparison, 

and despite the limitations identified earlier, average values of electricity CO2 emissions were 

used for the nine cities modelled. Auckland, the U.S. and Chinese cities were modelled with 

emission factors applicable to each region. Cities in other countries were modelled with available 

country-wide averages. 
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7.2 Abstract 

A hybrid residential water heating system combining an air-source electric heat pump 

water heater with a gas instantaneous water heater provides opportunities to switch between 

energy sources and minimise running cost or carbon dioxide emissions while ensuring supply of 

hot water to the consumer. Depending on the size of the space heating load, domestic hot water 

can account for as much as 40% of residential energy use so savings can have a significant 

effect. A novel control strategy using sensors commonly incorporated in the two water heating 

devices is developed for such a hybrid water heater. The individual components are first tested 

experimentally as stand-alone devices and their performance characterised across a range of 

conditions. They are then combined along with the proposed control system in a TRNSYS model 

and performance compared to other common residential water heaters in the United States, 

China, Europe, Japan and New Zealand. The hybrid water heater produces the lowest operating 

cost and emissions in most locations. The main advantage of the hybrid water heater lies in the 

ability to aggressively reduce the size of the heat pump storage vessel and the associated thermal 

losses while ensuring a continuous hot water supply. 

7.3 Introduction 

An insulated storage vessel heated by an immersed resistance element is a common 

residential water heating device worldwide. They are the most common water heating device in 

New Zealand where they are used in about 75% of dwellings [5, 11] with gas instantaneous 

water heaters (GIWH) making up most of the balance. In more recent times small numbers of 

air-source electric heat pump water heaters (ASEHP) have been sold. While these have low 

carbon dioxide emissions they also have very low power output compared to gas instantaneous 

systems particularly as ambient air temperatures reduce. There would appear to be scope for 

combining ASEHP water heaters with auxiliary heating supplied by a GIWH. This would ensure 

a continuous supply of hot water to a dwelling while allowing maximum advantage to be taken 

environmentally friendly electricity generation when available. A schematic of how this might be 

arranged is shown in Figure 7.1. This system incorporates a flow diversion valve (6) to bypass 

water around the GIWH (1) when water from the thermal storage vessel (4) is sufficiently hot for 

use. A control arrangement (1) is needed to switch off the heat pump (3) when the running cost 

or primary CO2 emissions become greater than those of the GIWH. 
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Figure 7.1: Hybrid ASEHP /GIWH 

(1) control system; (2) GIWH; (3) ASEHP; (4) thermal storage vessel; (5) cold water inlet; (6) 

flow diversion valve; (7) thermostatic mixing valve; (8) hot outlet; (Ta) ambient temperature 

sensor; (T4-T9) water temperature sensors 

 

 

While there are a small number of these types of hybrid water heater (HWH) available 

commercially in some markets [112, 113] there is little information available in the open 

literature about the control systems employed or any detailed analysis of the savings that might 

be possible. A control system that could estimate the real-time running costs or carbon dioxide 

emissions of the ASEHP and compare them to those of the associated GIWH were it to be called 

on to run at that particular time would be ideal. With residential water heating accounting for 15 

– 40% of energy use in homes [4-7] there may be significant scope to reduce the energy 

consumption and carbon dioxide emissions in residential dwellings through the pairing of these 

devices with a suitable control system. 
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A number of studies have investigated the performance of gas as an auxiliary energy 

source for other types of water heaters. Manufacturers or suppliers in Australia commonly 

combine GIWHs with solar preheaters either in series [34] or with a flow diversion valve 

installed similar to that shown in Figure 7.1. Scarpa et al. [117] developed a model and 

determined the primary energy savings ratio of a direct expansion solar assisted heat pump water 

heater with an auxiliary gas burner compared to a stand-alone GIWH. A variety of solar 

radiation values were applied to the studied system with fixed average primary energy 

conversion ratios based on published European data for gas together with global average 

conversion efficiency for electricity generation from fossil fuel. A water heating load of 

approximately 1000 MJ/month was used. Li et al. [115] investigated the optimizing of a 

commercial building hybrid hydronic heating system comprising a heat pump water heater using 

waste water as the heat source combined with gas boilers by varying the circulation flow rate in 

the system. An intelligent control system for a hybrid commercial heating system was 

investigated by Mokhtar et al. [118] that consisted of ground source heat pumps combined with 

gas boilers. 

The CO2 emissions from electricity production, (and hence those of an ASEHP), will vary 

with the mix of electricity generation technology employed at any time. The electricity to fluid 

energy conversion efficiency, (and hence both CO2 emissions and running cost), will thus vary 

with the COP of the ASEHP. 

CO2 emissions from the combustion of a unit of natural gas are essentially fixed. The gas 

to fluid energy conversion efficiency of a GIWH, (and hence CO2 emissions and running cost), 

unlike the ASEHP, is largely independent of ambient temperature while operating. Operating 

performance is influenced largely by incoming water temperature and the required rate of fluid 

energy rise [153]. 

In stand-by mode the GIWH will lose energy from its heat exchanger to the surroundings. 

The longer the idle time between operations, and, the lower the ambient temperature, the more 

energy will be lost to the environment and require replenishment during the next use. Water 

draws having a larger energy rise requirement will tend to be more efficient than small draws, as 

the energy absorbed by the heat exchanger is a lesser proportion of the total energy requirement 

[7].  
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To consider a potential control system the factors which influence the running cost and 

CO2 emissions of both the ASEHP and GIWH must be considered. The performance testing of 

these devices is usually carried out under controlled laboratory conditions. The ability for them 

to monitor their own real-world performance, without modifications that would be cost 

prohibitive, needs to be understood. 

The HWW system should allow energy losses from heated water to atmosphere to be 

minimised. Incorporating an auxiliary GIWH means the storage vessel of the ASEHP water 

heater does not need to be sized to deliver short term peak loads. Compared to a stand-alone 

ASEHP or electric resistance water heater, a much smaller storage vessel can be used. This will 

reduce the energy lost from the stored water to the surroundings. 

The research outlined in this Chapter will fill a number of gaps in the current literature. 

Development of a novel control system will be detailed. This uses the existing sensors of 

currently available water heaters to optimise the performance of a HWH. The operating cost and 

CO2 emissions of this hybrid system will be compared to that of other commonly available water 

heaters through a combination of experimental testing and computer modelling. Results will be 

compared across cities worldwide with varying climates, CO2 emissions from electricity 

generation and energy costs. 

7.4 Control system development 

The sensible cut-off point for the heat pump component of the HWH is when either 

running cost or carbon emissions of the heat pump, exceed those of the GIWH component, were 

it to operate at that time. This is shown in Equations 7.2 and 7.3 respectively. 

$EL

COP
 ≥  

$gas

ηGIWH
 7.2 

 

εEL

COP
 ≥  

εgas

ηGIWH
 7.3 
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In order to apply these relationships in a control system the COP of the ASEHP and the gas 

to fluid conversion efficiency (ηgas) of the GIWH must be able to be evaluated by the control 

system. 

 ASEHP COP evaluation 7.4.1

The performance of air-source heat pump water heaters (ASEHP) has been shown in 

studies to be proportional to ambient air temperature, humidity and inversely proportional to 

condenser water temperature. For a stand-alone heat pump separated from the storage vessel 

with an external heat exchanger the COP can be represented by Equation 7.4 [20, 60]. 

COP =  c1 + c2(Twi
− Ta) + c3(Twi

− Ta)
2

+ c4(Twet − Tdp) 7.4 

 

An inspection of coefficient c4 for a range of stand-alone ASEHP water heaters shows an 

absolute value in the range 10
-1

~10
-4

. This suggests that the fourth term of Equation 7.4 is only 

significant when the difference between wet-bulb and dew point temperatures is high, which 

occurs when relative humidity is very low. 

ASEHP water heaters have fitted as standard ambient temperature and incoming water 

temperature sensors. If these could be used to approximate COP, no additional cost other than 

programming would be required. To fit a relative humidity sensor to an ASEHP to allow the full 

calculation of Equation 7.4 by the device would incur significant additional expense. If a relative 

humidity sensor is not fitted, how accurate is the COP calculation if we eliminate the fourth term 

of Equation 7.4 (as shown in Equation 7.5), from the regression calculation of the coefficients?  

In particular, how is the calculated accuracy affected at low ambient temperatures where 

operation might be expected to stop due to low COP? 

COP =  c5 + c6(Twi
− Ta) + c7(Twi

− Ta)
2
 7.5 

 

7.4.1.1 ASEHP experimental performance measurement 

The performance of the ASEHP used in this study was measured experimentally to 

AS/NZS 5125 [20] as shown in Figure 7.2. The electrical input (E) and hot water energy output 
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of the heat pump is continually monitored through a flow meter (W) and thermocouples (Twi and 

Two) while the storage vessel is heated from cold four times. Table 7.1 lists the different ambient 

temperature and humidity applied during each run. A regression analysis is then undertaken on 

the data to produce the coefficients required for Equations 7.4 and 7.5. 

 

Table 7.1: ASEHP test conditions 

Test Ta 

(
o
C) 

Relative Humidity 

(%) 

1 <10 80-90 

2 18-20 60-70 

3 30-35 30-40 

4 30-35 55-65 

 

 

Figure 7.2: Characterising COP performance of ASEHP in environmental chamber 
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7.4.1.2 Comparison of experimental and calculated COP values 

These coefficients were used to perform a calculation of COP over the range of 

experimental ambient air and condenser water temperatures. The calculated and experimental 

COPs are compared in Figure 7.3  for lower values coinciding with low ambient and high 

incoming condenser water temperatures. This is where the ASEHP performance is most likely to 

drop below that of the GIWH and be turned off by the control system. Figure 7.3 indicates that at 

least at lower values the COP calculated by Equation 7.5 is of similar accuracy to that of 

Equation 7.4. The increase in uncertainty from eliminating this term over the entire operating 

range may be too great for the purposes of applying government subsidies or marketing product 

to consumers. It would however, appear to be sufficiently accurate to determine whether to run 

the heat pump component of a HWH. Using the ASEHP standard air and incoming water 

temperature sensors to estimate real-time COP would appear to be viable without the need for 

humidity sensing. Equation 7.5 is therefore adopted as part of the control system model in this 

Chapter.  

 

Figure 7.3: Experimentally measured vs. calculated COP; with and without relative humidity  
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   Equation 7.5: incl. RH term  R²=0.9762

   Equation 7.6: No RH term    R²=0.9733
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7.4.1.3 Thermal storage vessel heat loss adjustment 

In order for the control system to better compare current performance of each water 

heating device, the COP of the ASEHP needs to be degraded to account for the heat lost from the 

water in the thermal storage vessel. Two approaches are investigated. 

a) Average daily standing heat loss 

The energy required to supply the standard medium size water load specified by AS/NZS 

4234 [18] for New Zealand is approximately 13050 MJ/annum. The heat lost from the reference 

storage vessel when modelled in TRNSYS is 15.7% of this energy input. The control system 

could simply downgrade the COPs by this average daily standing heat loss as shown in Equation 

7.6. This may tend to overstate the heat loss and cause the control system to suspend operation of 

the ASEHP unnecessarily. 

COP ≅  0.843 ∗ {c1 + c2(Twi
− Ta) + c3(Twi

− Ta)
2

} 
7.6 

 

b) Dynamic heat loss approximation 

An alternative approximation is for the control system to scale the experimentally 

measured standing heat loss for the storage cylinder according to the currently measured average 

stored water temperature and ambient temperature conditions. The ASEHP used in this research 

contained as standard an ambient temperature sensor together with an array of six temperature 

sensors equally spaced down the side of the thermal storage pressure vessel as shown by T4-T9 of 

Figure 7.1. These could be used to support a dynamic heat loss approximation by the control 

system without any additional material cost. 

The maximum permitted standing heat loss for the 50 litre cylinder used in the HWH 

model is 0.615 W/K when tested to AS/NZS 4692 [163]. Adopting this approach into the control 

system gives the standing heat loss (SHL) estimate of Equation 7.7.   

𝑆HL ≅ (T̅tank − Ta) ∗  0.615 (W) 
7.7 
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A net COP for the device can then be calculated in accordance with Equation 7.8. 

COP ≅  
Output

Power
 =

(COP ∗ Power) − SHL

Power
= COP −

SHL

Power
 7.8 

Power (ĖA) has been characterised experimentally in earlier studies [20, 60] for an ASEHP 

in a similar manner to COP as represented by Equation 7.9. 

ĖA =  p1 + (p2 ∗ Twi) + (p3 ∗ Twi
2 ) + (p4 ∗ Ta) (W) 7.9 

Combining Equation 7.5 with Equations 7.7, 7.8 and 7.8 gives the general expression of 

COP for an ASEHP including storage losses for any given set of ambient air, stored water and 

incoming condenser water temperature shown by Equation 7.10. This Equation is used in the 

TRNSYS models of this Chapter. 

COP ≅  {c5 + c6(Twi − Ta) + c7(Twi − Ta)2} − {
0.615 ∗ (T̅tank − Ta)

{ p1 + (p2 ∗ Twi) + (p3 ∗ Twi
2 ) + (p4 ∗ Ta)}

} 7.10 

  

 GIWH efficiency evaluation 7.4.2

To compare the best operating mode, ASEHP or GIWH, at any time, the control system 

must estimate the energy efficiency of the GIWH for the next draw. 

The gas to fluid energy conversion efficiency will vary with incoming fluid temperature, 

the required fluid energy increase and the amount of energy absorbed by the metal of the GIWH 

heat exchanger (QHX) in raising its temperature and not passed to the fluid stream. The amount of 

energy absorbed depends on the heat capacity (mass) of the heat exchanger and the energy lost to 

the environment since the GIWH was last used. This energy loss is influenced by the time 

elapsed since the last operation, the surface area of the heat exchanger, and, by the surrounding 

air temperature. If this heat exchanger energy requirement is thus fixed for a water draw at a 

given time, the gas to fluid energy conversion ratio (ηDi) becomes strongly dependent on the 

fluid energy rise required for the draw (Qf). This is illustrated from earlier work [123] shown in 

Table 7.2. Here it can be seen that the largest draws (2, 5 and 23) have high energy conversion 

ratios. Draws following very short idle times (6) where little energy has been lost to the 

surroundings are also very efficient. 

To evaluate or predict the gas to fluid conversion, each of the three parameters on the right 

side of Equation 7.11 must be approximated by the control system.  
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ηDi =
QHX + Qf

Rgas
 

 
7.11 

7.4.2.1 Energy absorption of the heat exchanger, QHX 

The heat exchanger energy absorption during operation, and loss in standby, is modelled as 

a single node of water with a maximum temperature equal to the water delivery temperature. 

(See Appendix B for details). The control system in the model estimates the current temperature 

of the node, by applying separate heat transfer coefficients for heating during operation and 

temperature loss during stand-by. The ambient temperature measured by the temperature sensor 

of the control system is used in this calculation. The current energy absorption capacity (QHX) is 

then calculated from the current temperature by Equation 7.12. 

QHX =  mnode. Cp. (Tset − THX)  7.12 

7.4.2.1 Fluid energy rise required by next water draw, Qf 

To have a control system calculate the likely efficiency of a future draw requires it to 

predict the fluid energy requirement of that draw. This could perhaps be done from past water 

draw history by a learning algorithm within the control system but this is considered to be 

beyond the scope of the current research. In this Chapter the energy requirement for the next 

draw is estimated from the average mass of water delivered for the 24 draws of tapping cycle 3, 

(m̅), together with the current temperature rise required. This is measured by the control system 

from the lower temperature sensor (T4) of the thermal storage vessel. 

Q̅f =  m̅. Cp(Tset − T4)  7.13 

7.4.2.1 Gas Energy consumption, Rgas 

From earlier work [153] the steady state gas rate energy required to heat a fluid stream can 

be approximated by Equation 7.14. This relationship uses the required fluid energy input rate, 

together with the incoming water temperature.  

Ṙgas = k + k1. Q̇f + k2. Tin + k3. ṁ +
k4

(Tset − Tin)2
  7.14 

Again, the average flow rate of tapping cycle 3 (m̅̇) is used to predict the fluid energy 

requirement at the current water temperature delivered from the thermal storage vessel.  

Ṙgas = k + k1. (m̅̇. Cp(Tset − T4)) + k2. T1 + k3. m̅̇ +
k4

(Tset − T4)2
  7.15 
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Table 7.2: Gas to fluid energy conversion with draw size and spacing  

Draw Start time Draw 

Duration 

Idle time 

before draw 

Target draw 

energy 

Gas-fluid energy 

conversion ratio 

  (hh.ss) (s) (s) (MJ)   

1 07.00 71 34143 0.38 0.50 

2 07.05 291 230 5.04 0.93 

3 07.30 54 1209 0.38 0.80 

4 07.45 57 846 0.38 0.81 

5 08.05 453 1144 12.98 0.96 

6 08.25 57 748 0.38 1.00 

7 08.30 60 243 0.38 0.88 

8 08.45 59 841 0.38 0.82 

9 09.00 59 842 0.38 0.82 

10 09.30 59 1742 0.38 0.79 

11 10.30 60 3542 0.38 0.73 

12 11.30 61 3540 0.38 0.71 

13 11.45 57 840 0.38 0.80 

14 12.45 104 3543 1.13 0.82 

15 14.30 62 6197 0.38 0.67 

16 15.30 60 3539 0.38 0.70 

17 16.30 60 3541 0.38 0.71 

18 18.00 61 5340 0.38 0.67 

19 18.15 60 839 0.38 0.74 

20 18.30 58 841 0.38 0.72 

21 19.00 57 1742 0.38 0.76 

22 20.30 208 1744 2.65 0.89 

23 21.00 451 1593 12.98 0.95 

24 21.30 57 1350 0.38 0.93 

 

The coefficients of Equation 7.15 are determined from a regression of experimental data. 

Performance is mapped using the experimental arrangement shown in Figure 7.4. Several tests 

runs are conducted at a variety of flow rates. Water is pumped (5) from a thermal storage vessel 

(2) through the GIWH (1). Energy output is measured with a water meter (4) and thermocouples 

(6-7). Energy input is monitored with a gas meter (3) and associated temperature (8) and 

pressure (9) transducers. The connections to the storage vessel are arranged to ensure little 
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stratification occurs. This ensures that the stored water being delivered to the GIWH increases in 

temperature slowly which allows the performance degradation to be recorded. 

 

Figure 7.4: Characterising thermal efficiency performance of GIWH 

The gas to fluid conversion efficiency can be predicted by the model for the average water 

draw flow rate, if initiated at the current time, as shown in Equation 7.16. 

ηgas =
m̅̇. Cp(Tset − T4)

Ṙgas

  
7.16 

It is assumed that energy conversion rates, for gas-to-fluid, and, gas to heat exchanger 

metal, are the same. The current GIWH operating efficiency factor can therefore be estimated by 

Equation 7.17. 

ηGIWH =
ηgas. Q̅f

QHX + Q̅f

  
7.17 

The control system is now able to evaluate Equation 7.2 or 7.3 as required and determine 

whether to suspend ASEHP operation. 

7.5 TRNSYS model 

A TRNSYS [19] model was established and a schematic of this is shown in Figure 7.5. The 

Equations developed above are indicated on the figure as appropriate. The carbon dioxide 

emission factors for electricity generation were taken from published data [213, 217-220] for the 

most recently available years (2009-2012) and where appropriate a transmission and distribution 
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loss of 7.5% applied [175, 221, 222]. Electricity and natural gas tariffs were obtained from 

published information [223-228] and converted to US$. A summary of this is presented in Table 

7.4. A water heating load for a 3-4 person household was taken from EN13203-2 [55] with the 

incoming mains water temperature for each city drawn from the data included with TRNSYS.  

The load consists of 24 water draws each day with 3 large showering or bathing draws at 40°C 

with the balance of the water taken at 55°C as shown in Figure 7.6.  

Four water heating systems were modelled. 

a) Reference electric resistance storage water heater (ESWH) of 180 litres as described by 

AS/NZS 4234 [18]. 

b) Commonly available ASEHP with a 310 litre storage vessel was chosen for both 

experimental testing and subsequent TRNSYS modelling. Although the tank is quite 

large the thermostat is placed about 1/3 up the cylinder to ensure water entering the 

heat pump condenser is generally cold to improve the performance. This means the 

potential hot water delivery from this ASEHP will be similar to the ESWH. 

c) 55kW condensing GIWH was experimentally tested and modelled. Steady state 

performance was determined using the procedure explained in Section 7.4.2.1 and heat 

loss modelled from data gathered by testing to EN13203-2. 

d) The HWH was modelled using the performance data of the ASEHP in b) and the 

GIWH of c) above. This was combined in the model with a 50 litre thermal storage 

vessel giving a system of similar physical dimensions to the stand-alone ASEHP water 

heater. 

The storage vessel thermostats of the HWH, ASEHP and ESWH were all modelled with a 

set point of 60°C. This is the minimum temperature required for legionella disinfection by 

Australian [229] and New Zealand [216] standards. 

Initial modelling showed the control system working as expected. Two issues were 

evident. Firstly the ASEHP component of the HWH model was cycling on and off several 

hundred times each day. In order to become the preferred energy source again after switching 

off, only a very small drop in the condenser incoming water temperature was needed. This 

occurred through heat loss from the thermal storage vessel. An ASEHP would have a much 

reduced operating life in the field were it to start hundreds of times each day. A differential was 
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therefore added to the control system that required the cost or emissions of the heat pump to drop 

about 5% before operation would resume. This reduced the number of starts to around 15 each 

day. 

A range of cities were selected for modelling including Auckland, Beijing, Frankfurt, 

London, Montgomery(AL), Nagoya, New York, Seattle and Shanghai. The objective was to 

compare water heater types across a wide range of climatic conditions and relative gas and 

electricity tariffs, and, CO2 emissions from electricity generation. Auckland has a temperate 

climate with very low electricity CO2 emissions and high energy prices. In the US there is 

considerable variation across the country in energy tariffs, electricity generating emissions and 

climate. Both Beijing and Shanghai have extremely high emissions from electricity generation 

and Shanghai has a distinct night/day electricity pricing structure. Frankfurt has the highest 

electricity prices of all the cities modelled. 

7.6 Modelling uncertainty 

In a similar manner to Chapter 6 the modelled results are for constant load and typical 

weather conditions and not intended to model the energy use of any particular individual 

installation in an actual year. The results are intended to provide a comparison of the 

technologies and to evaluate the potential savings of different control system strategies. When 

modelled under these constraints the estimated uncertainty of each system is shown in Table 7.3. 

Table 7.3: Modelling uncertainty by technology type 

 

Type Uncertainty 

% 

Electric 1.7 

ASEHP 6.2 

GIWH 3.5 

Hybrid ASEHP/GIWH 7.1 

 

  



 

 

 

Figure 7.5: Schematic of hybrid water heater TRNSYS model 
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Table 7.4: Tariff and emission data for selected cities 

Country City FX rate Energy tariff CO2 emissions 

    US$1 = US$/MJ kg-CO2/MJ 

      Elect Nat Gas Elect Nat Gas 

US Seattle 1 0.0267 0.0113 0.112 0.06 

 
Montgomery  0.0336 0.0106 0.181 

 
New York  0.0578 0.0111 0.083 

Germany Frankfurt € 0.74 0.0989 0.0264 0.143 

UK London ₤ 0.63  0.0614 0.0205 0.115 

Japan Nagoya ¥ 100 0.0614 0.0367 0.129 

China Beijing RMB 6.12 0.0222 0.0085 0.248 

 
Shanghai 

 0.0278
1
 

0.0108 0.217 
  0.0139

2
 

NZ Auckland NZ$1.22 0.0699 0.0306 0.062 

Shanghai: 
1
0600-2200;  

2
2200-0600[225] 

 

 

Figure 7.6: Daily water heating load applied 
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7.7 Results and discussion 

Incoming water temperature varies considerably between the studied cities resulting in the 

total heated water energy varying accordingly. The results are therefore normalised by unit of 

water heating energy delivered. The ESWH produced far higher emissions and operating costs 

than the other technologies with the exception of Auckland where it produced marginally lower 

emissions than the GIWH. Operating cost and CO2 emissions of the HWH are presented relative 

to the stand-alone ASEHP and GIWHs in Figure 7.7 and Figure 7.8 for each city. The HWH 

produced both lower operating costs and emissions than the stand-alone ASEHP water heater in 

every city. Compared to the GIWH, the HWH operated with lower emissions other than in 

Beijing and Shanghai where there are very high emissions from electricity generation. In 

London, Frankfurt and marginally New York, the GIWH provided lower running cost with the 

HWH again performing best in the balance of the locations. 

In Seattle, Nagoya and Auckland negligible differences were observed between the 

minimum cost and minimum emission optimisation of the control system. This was investigated 

further for Nagoya as shown in Figure 7.9. In the mid-winter period shown when ASEHP 

performance might be expected to be at a minimum, the ASEHP performance remains better 

than the GIWH for both cost and emissions at all times. The GIWH briefly operates only twice a 

day during the latter parts of the 8am and 9pm peak loads. The observed lack of difference 

between the cost and emissions control strategy is therefore due to the continual preference for 

ASEHP operation under either optimisation method. Even though the ASEHP technology 

remains more efficient, the use of the smaller storage vessel, (and associated lower energy 

losses), combined with minimal peak use of the GIWH, allows the HWH to operate at better 

overall performance than the stand-alone ASEHP water heater and its much higher thermal 

storage losses in these three locations. Figure 7.1 shows the energy lost by the HWH to 

atmosphere from both the thermal storage vessel and the heat exchanger of the GIWH when in 

stand-by mode HWH compared to the ASEHP. This illustrates the advantage given by the 

smaller storage vessel. 

The extreme of operation of the control system is seen in New York. Here the relative 

tariffs and emissions saw the appliance operate almost solely as GIWH when optimised for 

minimum cost and largely as an ASEHP water heater when emissions were targeted. In most 

other cities optimising the HWH for minimum cost also delivered a reduction in emissions 

compared to the ASEHP. 
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Figure 7.7: Hybrid annual running cost compared to ASEHP and GIWH 

 

Figure 7.8: HWH annual CO2 emissions compared to ASEHP and GIWH 
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Figure 7.9: Nagoya HWH component relative costs and emissions 

 

Figure 7.10: Energy lost to atmosphere by HWH compared to ASEHP water heater 
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7.8 Conclusions 

A control system for a HWH comprising an air-source electric heat pump and gas 

instantaneous water heater has been developed and modelled across a range of locations.  

On average for the cities investigate the HWH saves US$52 or 17% per annum in running 

costs or US$101 or 11% in carbon dioxide emissions. 

While the selection of the best water heating technology requires analysis of tariffs, 

primary emissions and performance, a HWH can in many instances provide both low cost and 

low emissions without the need for the consumer to select a preferred optimisation. The 

exception is where there are very high emissions from electricity generation where a condensing 

GIWH provides lowest emissions. 

7.9 Future work 

Further savings may be possible through the use a learning control system which would 

allow better prediction of the best operating mode knowing the time and length of energy draws. 

Interfacing the HWH control system with real-time emissions for electricity generation, energy 

tariffs and short term weather forecast data should allow further reductions in operating costs and 

emissions. These provide opportunities for future work. 
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 Hydraulic integration of GIWH with Chapter 8:

renewable energy water heaters 

 

8.1 Preface 

In Chapter 7 the energy use and carbon dioxide emissions of a hybrid water heater with an 

integrated control system were examined. In this chapter alternative internal hydraulic 

configurations of the gas auxiliary are investigated that offer potentially improved integration 

with a renewable energy water heater to further reduce energy use and emissions. 

8.2 Abstract 

Renewable energy water heaters usually require an auxiliary energy source to ensure hot 

water is available at times when the renewable energy source is insufficient. Gas instantaneous 

water heaters connected in series with the thermal energy store of a renewable water heater are 

an attractive option as they can allow a continuous supply of hot water. Additionally, they do not 

degrade the heat transfer of the renewable energy source by adding energy to the thermal store. 

In many countries gas auxiliaries will produce lower carbon emissions that electric elements 

supplied by electricity generated from fossil fuels. The ability of condensing gas instantaneous 

water heaters to recovery the latent heat of water vapour from combusted gas can be limited by 

the elevated incoming water temperature from the renewable energy store. Using experimental 

measurement and TRNSYS modelling this chapter investigates options for improving the gas to 

fluid energy conversion of condensing gas auxiliaries combined with renewable energy water 

heaters.  

A novel hydraulic arrangement is proposed. It has a neutral effect on total installed cost 

and gives a 4% energy saving for a medium sized household. Control of water temperature at 

point of use is also available.  
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8.3 Introduction 

Domestic hot water (DHW) accounts for between 15% and 40 % of energy used in a 

residence [4-7]. Supplying DHW from renewable energy sources has long been seen as an area 

where significant energy, cost and greenhouse gas reductions might be possible. There are now 

many renewable water heating (RWH) technologies commercially available including solar 

thermal, wood and pellet boilers, air and ground-source heat pumps, biomass and others. A 

common feature of most renewable energy sources is that energy delivery is dependent on 

uncontrollable environmental conditions. For example solar radiation may be poor on cloudy 

days. A greater limitation with all renewable energy sources is that the energy delivery is not 

able to be matched to load. The time of day is often unmatched with renewable energy available 

when no water heating load exists. When hot water is drawn the energy consumption rate is far 

greater than the available renewable energy supply. To allow matching of availability with load, 

a thermal storage vessel is used. To ensure heated water available to a consumer where there is 

an absence of renewable energy, auxiliary water heating is almost always provided. Common 

methods include an electric resistance element within the thermal storage vessel or a gas 

instantaneous water heater (GIWH) connected via a flow diversion valve with the outlet of the 

storage vessel as shown in Figure 8.1. Where water of usable temperature is delivered from the 

thermal storage vessel the flow diversion valve by-passes the GIWH to avoid unnecessary gas 

use. 

 

Figure 8.1: RWH with gas auxiliary 

(1) Renewable energy source; (2) thermal storage vessel; (3) flow diversion valve; (4) tempering 

valve; (5) cold incoming water; (6) tempered domestic hot water delivery; (7) GIWH  
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In-series GIWHs as auxiliary energy sources have several advantages over electric 

resistance elements located in the thermal energy store. With an in-tank resistance element, 

because the energy input rate is low, some prediction of future energy requirements is required. 

In order for the consumer not to run out of hot water, this prediction needs to be conservative in 

most cases. This leads to auxiliary energy input to the stored water when either there was no 

requirement for hot water or sufficient renewable energy would have been available prior to the 

next draw. Adding energy to the stored water with a resistance element also increases its 

temperature and reduces the heat transfer potential of the renewable energy source. 

8.4 Literature review 

Previous studies have examined various aspects of GIWH performance both as auxiliaries 

for RWHs and as stand-alone devices. Thur et al. [230] demonstrated the reducing efficiency 

with increased solar gain of a condensing gas boiler system installed in parallel with a variety of 

solar systems. Che et al. [43] investigated the fitting of an additional heat recovery heat 

exchanger to a standard non-condensing gas water heater.  The retrofitted condensing heat 

exchanger was used to provide domestic hot water while the main heat exchanger delivered 

space heating water. Furbo et al. [98] investigated small domestic solar water heating systems 

recommending the integration of gas fired auxiliary heating with control systems incorporated. 

Bourke et al. [231] proposed a control system for switching between gas and electrical energy 

sources in a hybrid water heater comprising an air-source electric heat pump water heater and a 

GIWH auxiliary. Scarpa et al. in two studies [117, 168] modelled and tested the performance of a 

direct expansion solar assisted heat pump water heater with a gas water heater fitted in series 

with the hot water outlet to provide auxiliary heating when required. A fixed efficiency of 87% 

was used for the auxiliary gas unit. Similarly Allen et al. [232] evaluated a solar hot water 

system with a gas boiler with an assumed fixed efficiency of 86%. Greening and Azapagic [233] 

examined the whole life cycle effects of a range of water heaters including solar thermal. It was 

concluded in part that the potential of solar thermal is reduced due to the requirement for a back-

up gas boiler. Michelsen and Madlener [234] found that adopters in residential buildings in 

Germany of gas condensing boilers with solar thermal support had a strong preference for energy 

savings. Crawford and Treloar [127] examined the net energy savings of electric and gas boosted 

solar systems in Melbourne highlighting the importance of auxiliary fuel consumption 

particularly where electricity was generated from coal.  
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Other studies relevant to the performance of gas auxiliaries with elevated incoming water 

temperatures include those investigating hydronic space heating systems where appliances 

operate for long periods with heating elevated return water once systems are in equilibrium. An 

early model for gas boiler performance [37] proposed the polynomial fit for gas to fluid energy 

conversion shown in Equation 8.1 based on the proportion of maximum operation rate. As return 

water temperature increases, firing rate and hence gas to fluid energy conversion reduces. This 

approach was adopted for early building simulation programs [38].   A later study by Lazzarin 

and Schibuola [39] of condensing boiler performance in multi-unit residential buildings in Italy 

presented an approximation for gas to fluid energy conversion of a 26kW hydronic system based 

on the return water temperature shown by Equations 8.2 and 8.3. A model for characterising 

condensing gas to fluid conversion was presented by Hanby [40] using a sensible heat ratio 

method [41] to improve the modelling of condensing boilers. Earlier work by Hanby and Li [42] 

modelled a boiler in three parts; combustion zone, the main heat exchanger, and a second heat 

exchanger used to model the minor losses to the environment. An investigation by Che et al. [43] 

into the possibilities of retrofitting a latent heat recovery heat exchanger to a large (2.1 MW) 

hydronic heating system boiler  also demonstrates the effect of increasing incoming water 

temperature on gas to fluid conversion. The results of these studies are presented graphically in 

Figure 8.2. Also included are the experimental results from a new test method proposed by 

Bourke and Bansal [153] for a condensing GIWH auxiliary of a solar thermal water heater 

alongside Equation 8.4 used to model this performance in that study. 

 

η =  a0 + a1 (
Qf

Qf_max
) + a2 (

Qf

Qf_max
)

2

  8.1 

 

η =  86.6 + 0.9 (
70−Tr

20
)                                                  ; where 50 < Tr < 70  8.2 

 

η =  87.5 + 0.787Tr − 0.027Tr
2 + 0.00023Tr

3         ; where Tr ≤ 50 8.3 

η =  
Q̇f

k + k1. Q̇f + k2. Tin + k3. ṁ + k4(Tout − Tin)−2
 8.4 
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Figure 8.2: Gas to fluid energy conversions from previous studies 

 

8.5 Performance characteristics of condensing GIWHs 

Condensing GIWHs that extract the latent heat of vaporization from the water vapour of 

the flue gas are becoming more common as they offer the highest efficiency available. 

Consumers investing in RWH technology are likely to also wish to incorporate the highest 

efficiency auxiliary energy source and condensing gas water heaters may therefore seem 

attractive. The photograph of Figure 8.5 shows the heat exchanger arrangement of a common 

condensing GIWH. A stainless steel heat exchanger (11) sits atop one of conventional copper 

(10). The recovery of the latent heat and condensing of the flue product water vapour is intended 

to occur entirely within the stainless steel section of the heat exchanger as the condensed vapour 
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contains small amounts of dissolved combustion product which make the condensate slightly 

acidic and corrosive to copper. To allow the latent heat extraction to occur the cold incoming 

water vapour must be sufficiently below the flue gas temperature. It can be seen from Figure 8.2 

that a significant reduction in heat recovery occurs when the incoming cold water temperature 

increased from 35°C to 40°C. This creates a challenge in maximising gas to fluid energy 

conversion rates for gas auxiliaries of RWH systems as water delivered from the heat store will 

almost always be at elevated temperatures. To quantify this a TRNSYS [19] model of a solar 

water heater consisting of a 180 litre storage tank and a 2 m
2
 generic flat plate collector was run 

for Auckland, New Zealand with a 3-4 person water heating load. This consisted of 24 water 

draws each day from EN13203-2 [55] but with the local mains water temperature applied. The 

outlet water temperature from the storage vessel in the model was recorded for each of the 8760 

deliveries in the year. A water temperature less than 50°C was considered necessary to operate 

the GIWH auxiliary. The number of GIWH operations above and below 37.5°C is shown in 

Figure 8.3. Almost 50% of operations occur over the 37.5°C level where a significant reduction 

in the gas to fluid energy conversion of the condensing GIWH occurs. 

 

Figure 8.3: Annual water draws versus incoming water temperature range 
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the water stream in order to maintain a constant outlet temperature. With many products, 

particularly of Japanese origin, there is the option to precisely set the desired water delivery 

temperature at the point of use. A typical temperature controller is shown in Figure 8.4.  

 

Figure 8.4: GIWH point of use water temperature controller 

To ensure safety, in some jurisdictions the GIWH is tested and certified as a temperature 

limiting device [235]. This precise control is assisted in many GIWHs through an internal cold 

water bypass valve (8) as shown in Figure 8.5. Water temperature is sensed at both the heat 

exchanger outlet (6) and the appliance outlet (5) with gas control to the burner (7) and bypass 

valve (8) adjusting as required to ensure water is delivered at a constant and accurate 

temperature. When the GIWH is used as an auxiliary energy source for a RWH it no longer has 

the ability to limit the water temperature as there is no longer a cold water connection and a 

suitable temperature limiting device must be installed (see Figure 8.7). The loss of this ability to 

precisely control delivered water temperature may be seen as a barrier to the uptake of RWHs.  

In the open literature there is an absence of investigations into the detailed performance of 

GIWHs and how their operation might be improved. Most published research is focussed on the 

renewable water heater with the auxiliary tested or modelled only very approximately. This 

chapter aims to partially fill this gap with a study of potential options for improving the gas 

energy to fluid energy conversion through improvements to the hydraulic arrangement of the gas 

auxiliary. 
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Figure 8.5: Construction of a condensing GIWH 

 

(1) Water inlet flow sensor; (2) microprocessor control board; (3) combustion air fan; (4) ignitor 

and flame sensing devices; (5) outlet temperature sensor (6) heat exchanger outlet temperature 

sensor; (7) gas flow control valves; (8) cold water heat exchanger by-pass valve; (9) primary 

water flow control valve; (10) primary copper heat exchanger; (11) stainless steel latent heat 

exchanger; (12) condensate drain. 

 

8.6 Method 

Three arrangements of condensing GIWH are investigated in this Chapter. These are 

shown in Figure 8.6 with their associated installed plumbing arrangements in Figure 8.7. 

A Commercially available 55kW output condensing GIWH 

B Hydraulic modification of GIWH ‘A’ 

C Heat recovery heat exchanger added to GIWH ‘A’ 

GIWH ‘B’ is made by breaking the connection between the primary (PHX) and latent heat 

exchangers (LHX) of GIWH ‘A’ and reconnecting to and from the thermal energy store at this 
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junction. Effectively this makes the latent heat exchanger into an exhaust heat recovery heat 

exchanger (HRX). Incoming cold water is passed through the HRX before entering the thermal 

energy store. When hot water is drawn from the system, preheated water from the thermal store 

enters the primary heat exchanger for heating if required. As GIWH ‘B’ is connected to cold 

water unlike ‘A’ the outlet water temperature can be precisely controlled via the heat exchanger 

by-pass valve. GIWH ‘C’ consists of GIWH ‘A’ with an additional heat recovery heat exchanger 

added which is identical to the existing latent heat exchanger. Again in this arrangement 

delivered water temperature can be precisely controlled. From Figure 8.7 it can be seen that both 

the flow diversion valve (3) and the tempering valve (4) are eliminated. This will give in a 

reduced installation cost for GIWH ‘B’ and offset the increased material cost of GIWH ‘C’. 

 

Figure 8.6: Condensing GIWH variants modelled 

 

(A) Unmodified; (B) Modified; (C) Heat recovery added 

 

(1) Cold water inlet; (2) heat exchanger by-pass valve; (3) domestic hot water delivery to outlets; 

(4) primary heat exchanger; (5) latent exchanger; (6) delivery to thermal storage vessel; (7) 

preheated water from thermal storage vessel; (8) heat recovery heat exchanger. 
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Figure 8.7: Installed plumbing arrangement for GIWHs ‘A’, ‘B’ and ‘C’. 

(1) RWH; (2) thermal storage vessel; (3) flow diversion valve; (4) tempered DHW delivery; (5) 

cold water inlet 

The annual running cost and carbon dioxide emissions for each of the three water heaters 

when operating as an auxiliary energy source to a generic solar water heater will be examined. 

The performance of each of the three GIWHs will be characterised through experimental testing 

across the range of operating conditions. The resulting characteristic equations will be 

incorporated in a TRNSYS model with the solar thermal water heater to model the annual 

performance of each variant under typical ambient conditions. 
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8.6.1 Experimental test method 

The steady state performance of GIWH ‘A’ is measured with the test arrangement [153] 

shown in Figure 8.8. Several test runs are carried out at different flow rates. The GIWH heats an 

un-stratified storage vessel (2) which results in steadily increasing water temperature delivered 

back to the GIWH. The heat exchanger output is monitored through temperature differential (4-

3) and flow (7) and compared to energy input calculated from the gas meter (9) and associated 

temperature (8) and pressure (9) measurements. High purity propane of known energy content is 

used as a gas supply. 

 

Figure 8.8: GIWH steady state gas to fluid energy test rig 

(1) GIWH under test (2) fully mixed pre-heated water store; (3) inlet water temperature; (4)outlet 

water temperature; (5) circulating pump; (6) water flow rate control valve; (7) circulating pump; 

(8) gas temperature; (9) gas volume meter; (10) pressure. 

 

The experimental rig shown in Figure 8.9 was devised as test GIWH ‘B’ (1) so the 

performance of the primary and latent heat exchangers could be separately characterised. Again, 

several test runs are conducted at different flow rates to characterise performance across the 

operating range. A low input GIWH (3) simulating the presence of a RWH is connected to a 

thermal storage vessel (2). Water is pumped (5) via a flow control valve (6) and a water meter 

(7) to the cold inlet of the GIWH (13). From here water passes through the latent heat exchanger 

and exits the GIWH (14). This preheated water enters the “renewable” heat store (2). 

“Renewable” pre-heated water re-enters the GIWH (15) and passes through the primary heat 
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exchanger before exiting (16). The heated water passes to the top of a water storage vessel (12) 

which is connected in series with a second storage vessel (11). Energy used by the GIWH is 

metered (9) and corrected for temperature (8) and pressure (10). The “renewable” water store (2) 

slowly begins heating and plumbing is arranged to this vessel to prevent stratification as far as 

possible. Over time this gives a steadily increasing preheated water temperature delivered to the 

GIWH (15) which allows the performance of both heat exchangers to be evaluated against 

changing preheated water temperature through monitoring the differential in the latent heat 

exchanger (14-13) and primary heat exchanger (16-15) separately. The performance of the 

primary heat exchanger is influenced by the temperature of the water entering from the storage 

vessel. The greater this pre-heated water temperature the lower the performance of the main heat 

exchanger and more energy becomes available for extraction by the latent heat exchanger. This 

interaction makes the subsequent analysis and characterization somewhat complex and is 

discussed in Section 8.6.2. 

 

Figure 8.9: Test rig to separately characterise GIWH primary and latent heat exchangers 
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8.6.2 Preliminary analysis of experimental results 

The experimental test results for GIWHs ‘A’ and ‘B’ for a flow rate of approximately 7.5 

litres per minute and 60°C water delivery temperature are shown in Figure 8.10. It should be 

noted that during testing the delivery from the thermal storage vessel (2 of Figure 8.9) jumped 

from 31°C to 35°C in a very short time frame making the results in this section somewhat 

unreliable and this is indicated by the dotted line in the graph. It can be seen from Figure 8.10 

that the GIWH ‘B’ maintained higher gas to fluid conversion rates than ‘A’ with a significant 

drop delayed until the incoming water temperature reached 48°C. This demonstrates an 

apparently significant performance benefit from the ‘B’ during operating cycles with incoming 

water at higher temperature. However, the reduction in performance of the renewable part of the 

system from higher water temperatures entering the thermal store needs to be considered, as this 

will degrade the heat exchange potential of the solar collector.  

 

 

Figure 8.10: Gas to fluid energy conversion for GIWHs ‘A’ and ‘B’ 

75

80

85

90

95

100

20 25 30 35 40 45 50

G
a
s 

to
 f

lu
id

 e
n

er
g
y
 c

o
n

v
er

si
o
n

 (
%

) 

GIWH incoming water temperature (°C) 

'B'

'A'



Chapter 8: Hydraulic integration 

 

 

164 

8.6.3 Development of a performance model 

The experimental data was further analysed to produce characteristic equations of 

performance for use in TRNSYS models. 

The energy balance on GIWH ‘A’ is presented in Figure 8.11 when tested using the 

method shown in Figure 8.8. In this test the heat exchanger input and output temperatures are 

monitored using a single pair of thermocouples.  When water heater ‘B’ is tested using the 

arrangement of Figure 8.9, the energy balance can be modified to that shown in Figure 8.12. 

Here the temperature rises across the primary and latent heat exchangers are measured with 

separate thermocouple pairs. The energy balance for GIWH ‘C’ is shown in Figure 8.15. 

 

 

Figure 8.11: Energy balance on GIWH 'A' with single node heat exchanger 

From previous research [153], the gas input at thermal equilibrium (where 
dQHX

dt
= 0) can 

be modelled by Equation 8.5 where the coefficients kp, are obtained from a regression analysis 

of the experimental data. The heat exchanger is modelled as a single node of fixed mass having a 

maximum temperature equal to the set temperature of the GIWH. In the model, when operating, 

the increase in fluid energy is reduced until the heat exchanger temperature reaches the set 
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temperature by the value of Q̇HX_conv. This is calculated from a fixed heat transfer coefficient 

scaled by the differential between the GIWH set temperature and the current heat exchanger 

temperature. When not operating, the heat exchanger loses energy in a two stage process. An 

initial heat transfer coefficient is applied in the period immediately following operation when the 

GIWH combustion fan continues to operate to purge the heat exchanger. A lower value of heat 

transfer is then applied. Both are scaled by the difference between current heat exchanger and 

ambient temperatures. The various heat transfer coefficients and masses for the model were 

obtained from earlier work [123]. 

Ṙgas = kp
0

+ kp
1

. Tin + kp
2
(Q̇

FLUID_HX_out
− Q̇

FLUID_HX_in
) + kp

3
. ṁ + kp

4
. (Tset − Tin)−2 kJ/h 8.5 

 

 

Figure 8.12: Energy balance in GIWH 'B' 
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The analysis of GIWH ‘B’ involves separate calculations for the primary and latent heat 

exchangers. The gas input to the primary heat exchanger is again modelled using Equation 8.5. 

This is compared to the experimental results in Figure 8.13. There is a close correlation across 

the full input range. This allows R′̇ gas to be calculated as shown in Equation 8.6.  

R′̇ gas  =  Ṙgas −  (Q̇FLUID_PHX_OUT − Q̇FLUID_PHX_IN) kJ/h 8.6 

The gas to fluid energy transfer in the latent heat exchanger could be expected to;  

a) Increase when higher rates of energy exit the primary heat exchanger(Ṙ′gas); 

b) Increase with an increase in temperature of combustion product leaving the primary 

heat exchanger; 

c) Increase with increasing fluid flow rate through the latent heat exchanger; and,  

d) Decrease with increasing fluid temperature entering the latent heat exchanger. 

The temperature of the combustion product exiting the primary heat exchanger is not 

known. By substitution, the inverse of the gas to fluid energy conversion ratio of the primary 

heat exchanger is used. It is reasoned that where low gas to fluid energy conversions are 

occurring in the primary heat exchanger then combustion product exit temperatures are likely to 

be higher. This is shown in Equation 8.7. The experimental data gathered lacked sufficient range 

of cold incoming water temperatures so this was omitted from the final regression analysis of the 

experimental data to Equation 8.8. The close correlation between the experimental and 

calculated results is shown in Figure 8.14. The rate of change of primary and latent heat 

exchanger internal energy is handled in a similar fashion to the model of GIWH ‘A’ with an 

equivalent mass proportioned approximately between the two heat exchangers. 

(Q̇
FLUID_HX_out

− Q̇
FLUID_HX_in

) = kl0 + kl1. R′̇ gas + kl2.
Ṙgas

Q̇
f_PHX

+ kl3. Tin
−1 + kl

4
. ṁ kJ/h 8.7 

 

(Q̇FLUID_HX_out − Q̇FLUID_HX_in) = kl0 + kl1. R′̇ gas + kl2.
Ṙgas

Q̇f_PHX

+ kl3. ṁ kJ/h 8.8 
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An alternative model for ‘A’ can be expressed from the test of ‘B’ as shown by the dashed 

line in Figure 8.12. Here the latent heat exchanger fluid output is connected directly to the 

primary heat exchanger input in the model without first passing to the thermal energy store. As 

an additional calibration check of the model developed for ‘B’, this model was run in TRNSYS 

and produced an annual energy consumption of within 1% of that of Figure 8.11. The model for 

GIWH ‘C’ was constructed in a similar fashion to that for ‘B’ with the heat recovery heat 

exchanger a duplicate of the latent heat exchanger (See Figure 8.15). 

 

Figure 8.13: Measured vs. calculated PHX gas input for GIWH ‘C’ 

 

Figure 8.14: Measured vs. calculated LHX energy transfer to fluid for GIWH ‘C’ 
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Figure 8.15: Energy balance on GIWH 'C' 

 

 

8.7 Modelling uncertainty 

The estimated modelling uncertainties are shown in Table 8.1. As in Chapter 6 a nominal 

uncertainty of 5% is assigned to the generic solar collector used in the TRNSYS model. The 

theoretical uncertainty is very much larger than the difference in the calculated annual energy 

consumptions of the various configurations. The components of the TRNSYS model were 

configured using characteristic equations derived by experiment. As each system was tested 

using the same experimental method and equipment the comparisons of energy consumptions 

across the systems is expected to be valid. 
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Table 8.1: Modelling uncertainty by technology type 

 

Type Uncertainty 

% 

GIWH 3.5 

Hybrid Solar/GIWH 6.1 

 

8.8 Results 

The results of the TRNSYS modelling are presented in Table 8.2 for the three water heater 

configurations ‘A’, ‘B’ and ‘C’ operating as auxiliaries to the solar thermal system. Also shown 

for comparison is GIWH ‘A’ operating as a stand-alone gas water heater. 

Water heater ‘B’ has a slightly improved gas to fluid energy conversion ratio when 

compared to the unmodified water heater ‘A’. However in ‘B’, because the water entering from 

the thermal storage vessel must be brought to the set temperature by the primary heat exchanger 

alone, the gas input requirement is higher. This increased energy input is well-recovered by the 

latent heat exchanger into the fluid stream passing to the thermal storage vessel. However this 

elevates the water temperature entering the thermal store which degrades the heat exchange 

capability of the solar collector by about 3%. 

Configuration ‘C’ has an increase in gas to fluid energy conversion of approximately 7% 

over ‘A’. With the inclusion of a heat recovery heat exchanger in ‘C’ the gas input is 4% lower 

than that of ‘A’. An apparent anomaly is the increase in solar fraction in configuration ‘C’. This 

is caused by the lower total energy input rather than an increase in solar energy harvesting. The 

solar energy gain is slightly less in ‘C’ than ‘A’ as the average water temperature entering the 

thermal storage vessel is increased through heat recovery albeit not as much as in ‘B’. 

Overall arrangement ‘B’ has a 4% increase in operating cost and carbon dioxide emissions 

compared to ‘A’ while configuration ‘C’ gives a 4% saving.  
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Table 8.2: TRNSYS modelling results 

      

Stand-alone 

condensing 

GIWH 

Solar thermal water heater with 

condensing GIWH auxiliary 

      'A' 'B' 'C' 

Delivered Energy   MJ 8252 8363 8376 8367 

              

Total Gas Used   MJ 10611 4920 5151 4732 

Total Electricity Used   MJ 296 579 571 575 

Gas to fluid energy Total MJ 8252 3426 3662 3519 

  PHX MJ - 2887 3107 2760 

  LHX MJ - 539 - 524 

  HRX MJ - - 555 235 

Solar to fluid energy   MJ - 5797 5624 5724 

              

GIWH electricity   MJ 296 291 291 291 

Solar circulating pump 

electricity 
  MJ - 288 280 284 

              

Gas to fluid energy conversion   - 0.78 0.70 0.71 0.74 

Purchased energy to fluid ratio   - 0.76 1.52 1.46 1.58 

              

Solar fraction   - - 0.513 0.496 0.519 

              

Annual CO2 emissions   kg 655 331 344 320 

Annual Running cost   $ 751 362 378 348 

              

CO2 emissions per unit of 

delivered energy 
  

kg-

CO2/MJ 
0.079 0.040 0.041 0.038 

Running cost per unit of 

delivered energy 
  $/MJ 0.091 0.043 0.045 0.042 
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8.9 Conclusions 

Various hydraulic configurations for GIWHs used as auxiliary heating sources for a solar 

water heater have been experimentally tested and subsequently modelled. The addition of an 

additional heat recovery heat exchanger to a condensing GIWH resulted in a 4% saving in 

energy use and associated carbon dioxide emissions. 

When compared to current practice, this hydraulic arrangement will reduce the installation 

costs of a gas auxiliary which should offset the expense of an additional heat exchanger. The 

user also retains the ability control water delivery temperature which is currently lost from 

GIWHs when used as auxiliaries for RWHs. 

8.10 Future work 

The optimising of primary, latent and heat recovery heat exchanger sizes for this 

application may result in further cost and energy savings for this arrangement of GIWH 
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Chapter 9: Concluding remarks 

9.1 Introduction 

This thesis presents one of the first in-depth examinations of the use of in-series gas 

instantaneous water heaters as auxiliary energy sources for renewable energy water heaters. 

Experiments were carried out on a range of commercially available GIWHs and ASEHPs in 

order to characterise performance across the expected range of operating conditions. Test 

methods were constrained to ‘black box’ examinations without internal measurements of the 

water heaters under test. New methods were devised to allow characterisation to be carried out 

for GIWHs. An analysis of the carbon dioxide emissions of the New Zealand electricity 

generation and natural gas production and distribution systems was conducted to provide inputs 

to the research. The experimentally determined performance characteristics were then used in 

TRNSYS models to produce annual energy consumptions and carbon dioxide emission levels. A 

variety of control system and hydraulic integration methods were examined to seek reductions in 

energy use and emissions. 

9.2 Major findings 

9.2.1 GIWH test methods 

A review of GIWH test methods was carried out in Chapter 3. This was supplemented with 

experimental testing to compare the major international standard test methods. The current test 

method for testing GIWHs in Australia and New Zealand appears to overstate energy use due to 

the requirement for 19 starts each day from completely cold. The European standard EN13203-2 

appears to be the most comprehensive test method. For a single water flow profile, the relative 

difference in performance between water heaters could be expected to be representative. 

However, the water profiles of EN13203-2 feature a large number of widely spread draws which 

may not represent the relative performance differences between appliances for other water flow 

profiles.  
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9.2.2 Water use profile 

A range of ASEHP water heaters was compared for performance over two different water 

use regimes. Characteristic performance was established by experimental tests followed by 

TRNSYS modelling of each water use profile. The first profile has widely spread draws, each 

with relatively low energy. The second features distinct morning and evening peaks.  The 

difference in energy use of individual models between the two water flow regimes was greater 

than the performance variation between different models tested to a single flow profile. 

9.2.3 GIWH performance with elevated incoming water temperature 

The ratio of gas energy conversion to fluid energy for a GIWH reduces as incoming water 

temperature increases at a fixed flow rate. An alternative expression of this would be that the gas 

to fluid energy conversion ratio reduces as absolute gas energy input reduces. Current test 

standards do not adequately account for this. It was established that the gas use calculated by the 

current test standard for Australia and New Zealand may be understated for a gas boosted solar 

water heater by as much as 15% due to this factor. As gas use is permitted to supply up to 50% 

of the energy in such a system this is an important finding which should be investigated further. 

9.2.4 CO2 emissions of electricity generation in New Zealand 

Data input files with CO2 emissions for a year of half hourly electricity consumption were 

created for use in TRNSYS. Two years were analysed, one with relatively less rainfall than 

average and one relatively more. Separated data files were created for each of the North and 

South Islands. 

The CO2 emissions of electricity generated in New Zealand vary considerably between the 

North and South Islands. The selection of water heating technologies by geographic location is 

shown to be appropriate. Data currently published for consumers is often a whole-country 

average. 

In the relatively dry year selected for the study, CO2 emissions per unit of electricity 

produced actually increased in the off-peak overnight period as the thermal power stations 

provide a higher proportion of the supply. The reverse was the case for the relatively high 

rainfall year examined. 
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The developed model excluded all electricity consumed by a large aluminium smelter 

which is geographically remote and supplied by a large, nearby, and similarly remote 

hydroelectric power station. This consumption is approximately 13% of total electricity 

production in New Zealand and its exclusion from the model creates a significant increase in 

emissions of other users. This arrangement is justified, in part, by the emissions from the 

smelting of aluminium which approaches that of as combined-cycle electricity generation. 

The emissions from geothermal power generation in New Zealand are growing 

significantly in both relative and absolute terms. Geothermal power is reasonably termed 

“renewable”. The term “renewable” is often seen as analogous to no greenhouse gas emissions 

which is not the case for geothermal production. The use of the term “zero-emission” may be 

preferable to “renewable” when categorising methods of electricity generation. 

9.2.5 CO2 emissions of natural gas extraction and distribution in New Zealand 

CO2 emissions for combustion of natural gas were determined for two different years. It is 

apparent that the extraction, production and distribution losses are not currently scalable to total 

gas use. Far more gas was flared for example, in a year with lower total gas consumption. This 

de-coupling of losses from consumption results in a nearly 5% increase in the CO2 emission 

factor between the two periods investigated. 

9.2.6 Integration of GIWHs with RWHs 

Currently there is little integration between GIWH auxiliaries and RWHs. Gas auxiliaries 

are usually designed as stand-alone water heaters. They are positioned in-series with the outlet of 

a RWH thermal storage vessel to increase delivered water temperature to an acceptable level. 

The test and modelling methods developed for this Thesis were used to investigate improved 

methods of integration. 

9.2.6.1 Control system integration 

An integrated control system was designed and modelled for a hybrid ASEHP water heater 

with a gas auxiliary. The control system used only standard sensors already supplied with such 

water heaters. The concept of the system is to be user-selectable between cost and emission 

optimisations. On average for the nine cities modelled worldwide, cost savings of 17% and 

emission reductions of 11% were achieved. 
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9.2.6.2 Hydraulic integration 

Two design concepts for condensing GIWHs were investigated and compared to an 

unmodified product. The design intent is for the latent heat of the combustion gas water vapour 

to continue to be extracted as the temperature of the water entering the GIWH from the RWH 

thermal storage vessel increases. A secondary feature is for the user to maintain the ability to 

adjust the supplied water temperature at point of use. This is common to stand-alone GIWHs but 

currently lost when they are incorporated as auxiliaries with RWHs. The use of a heat recovery 

heat exchanger incorporated within the GIWH was able to achieve these design intents and save 

approximately 4% in running cost and CO2 emissions. Reductions in the installation cost should 

offset that of the additional heat exchanger. 

9.3 Novel elements 

9.3.1 GIWH experimental test and performance characterisation methods 

This thesis proposed and trialled two novel experimental test methods that provide for 

subsequent characterisation of a GIWH performance across a range of conditions. Both test 

methods produce data for regression analysis. The regression analysis itself is novel in that it 

relies upon the unique ability of a GIWH to supply a near constant, known and selected water 

delivery temperature. Knowing with a high degree of accuracy the temperature that water will be 

delivered from the GIWH allows the rise in fluid energy to be calculated in a model. The 

experimental fluid energy rise data can therefore be regressed and included as an input to the 

GIWH characteristic performance equation. This is one of the major performance parameters and 

its use results in excellent prediction of the gas energy consumption. 

9.3.1.1 Test method for characterising GIWHs as a single node 

A test method novel for GIWHs was developed and detailed in Chapter 5. 

9.3.1.2 Test method to characterise condensing GIWH performance 

A novel test method was developed that allows performance of the primary and latent heat 

exchangers of condensing GIWHs to be measured separately. Details can be found in Chapter 8. 
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9.3.2 Control system to optimise performance with standard sensors 

A control system concept was proposed to allow performance of a hybrid water heater 

incorporating an ASEHP with a GIWH auxiliary. The system uses only standard sensors 

currently supplied with such appliances. 

9.3.3 Hydraulic integration of GIWH with RWH 

A new design concept for a GIWH auxiliary was presented that maintained the ability to 

condense the latent heat of vaporisation of the water of the combusted gas when incoming water 

temperature rose above the level at which this energy recovery would normally reduce 

substantially. The concept includes the ability for the user to control water temperature precisely 

at the point of use in common with current stand-alone GIWHs. 

9.3.4 Use of TRNSYS for dynamic CO2 emission modelling  

TRNSYS was applied in a new manner with the use of half hourly CO2 electricity emission 

data files to dynamically determine the CO2 emissions of residential water heaters rather than the 

use of a fixed emission factor. 

9.3.5 CO2 emission model for New Zealand electricity production 

A new model was proposed for CO2 emissions of electricity generated in New Zealand 

which omitted the electricity produced for a large and remote aluminium smelter supplied from a 

relatively near-by hydroelectric power station. The large size of the power consumer and its use 

of a similarly large amount of zero-emission electricity generation resulted in a significant 

increase in emissions for electricity consumption of other users. 

9.4 Implications 

9.4.1 Water heater test standards 

Current water heater test standards and methods of translating the resulting test data into 

product comparisons appear to work well for storage water heaters with internal electric 

resistance elements. The heat transfer from the very high surface temperature of the element is 

not affected in any major way by the range of surrounding fluid temperature. For almost all other 

water heater types current test standards have limitations when used to compare water heater 

types or different water flow profiles. 



Chapter 9: Concluding remarks 

 

 

178 

9.4.1.1 GIWH test standards 

Current test and modelling methods for GIWHs do not provide characterisations that allow 

for accurate calculations of energy use when they are incorporated in RWHs.  

9.4.1.1 ASEHP water heater test standards 

Current methods may not be able to be used by consumers to select the best product for 

their needs where energy consumption is a determining factor. 

9.4.2 Water heater test standards and consumer product selection 

Current water heater test standards do not lead to robust means of comparing appliances 

when used in an individual consumer’s application. It would seem ideal if a series of 

international standards could be created that would be widely adopted that provided for the 

characterisation of water heater types across a broad range of conditions. It would then be 

relatively easy through distributable TRNSYS files or other similar software packages for 

consumers to input what they believe their own water use pattern to be, and, having selected 

their geographic location, compare their energy consumption across a range of water heater 

types. 

9.4.3 CO2 emissions of New Zealand gas industry 

The current apparent inability of the New Zealand natural gas industry to scale the CO2 

emissions of gas production with the volume of gas supplied may make the industry less 

competitive as more emphasis is placed in this area. This is particularly the case as electricity 

emissions reduce with the retirement of coal burning thermal power stations. 

9.4.4 Product emission calculators 

As consumers become more aware of and concerned with their carbon dioxide emissions, 

the availability and use of product selectors that use much more locally relevant emission factors 

may be appropriate. 
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9.4.5 Aluminium smelting in New Zealand 

When the CO2 emissions of electricity consumption are investigated with and without the 

presence of the large aluminium smelting company it provides another dimension when 

considering the benefits of continuing to smelt aluminium in New Zealand. 

9.5 Future work 

9.5.1 Design of GIWH auxiliary specifically for use with GIWHs 

The investigations of this research have revealed some potentially attractive options for 

GIWHs designed specifically to be used as in-series auxiliaries for RWHs. Opportunities include 

smaller condensing water heaters, better heat retention within the combustion chamber between 

operations and the full integration of control system with the renewable water heater. This could 

include reduction in stand-by power consumption of the GIWH which becomes a more 

significant area of focus as total energy use reduces. 

9.5.2 Integrating real-time emission, weather and load prediction 

Some interesting options are available to integrate real time electricity emission data into 

control systems. All electricity generation data is now collected in a real time so it should be 

technically possible to make this available to the water heater control system. Options for doing 

so would include signalling on the mains voltage power line itself or via web interface. Weather 

forecasts are becoming more reliable within the 24 hour cycle time for residential water heating. 

Opportunities exist to incorporate this into the control system of a hybrid water heater. 

Algorithms to predict the future water use profile of individual consumer installations is another 

possible area of investigation. 

9.5.3 Optimising electric resistance hybrid water heaters for New Zealand 

In the New Zealand context electric resistance element heated storage water heaters are 

very nearly zero-emission water heating devices. They are also low in cost compared to other 

water heating types considered as low emission. There are interesting avenues of investigation 

for these types of water heater both with control system and possible incorporation with GIWH 

auxiliaries. 

 





 

181 

Appendix A:  ASEHP experimental testing 

 

A.1 Introduction 

This appendix describes the use of the environmental testing chamber located in the 

Thermal Engineering laboratory operated by the Energy and Fuels Research Unit, within the 

Department of Mechanical Engineering, The University of Auckland Faculty of Engineering. 

The test methods detailed were used for the environmental chamber when it was located in 

Symonds St and adjustment of set-points may be required with the relocation to the Newmarket 

campus. 

The procedures described are to supplement those contained with AS/NZS 5125 [20]. They 

are specifically relevant to the testing of split type products where the water is circulated from a 

remote thermal storage vessel to the heat pump condenser using a circulating pump. For 

ASEHPs with condensers integral with the thermal storage vessel other arrangements will be 

required and the standard should be referred to. 

A.2 Test conditions 

AS/NZS 5125 is a test method which produces data that can be subjected to a regression 

analysis in order to provide the coefficients of characteristic equations for COP and input power 

as shown by Equations A.1 and A.2. In different parts of this study coefficients regressed from 

both condenser inlet temperature (Twi) and average condenser water temperature (T̅w) have been 

used without any apparent variation in result. The use of Twi simplifies subsequent TRNSYS 

modelling slightly as it avoids the need for a dummy output to establish initial average condenser 

water temperature conditions. The process described here assumes the use of Twi. 

COP =  c0 + c1(Twi − Ta) + c2(Twi − Ta)2 − c3(Twet − Tdp) A.1 

Power = p0 + p1Twi + p2Twi
2 + p3Ta A.2 
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Four test runs are carried out to characterise performance over a range of ambient 

temperature and humidity conditions. The ranges specified by the AS/NZS5125 are shown in 

Table A.1 . These test are designed to produce characteristic equations suitable for TRNSYS 

modelling under conditions described in AS/NZS 4234 [18]. Ultimately the range selected 

should include sufficient breadth to encompass the conditions under which the product will be 

modelled. Beginning with thermal storage water temperatures closer to 0°C and using a lower 

ambient temperature for Test run 1 will provide data to produce characteristic equations that are 

better suited to colder locations. 

Table A.1: AS/NZS 5125 test conditions 

Test Ambient Temp Relative Humidity 
Thermal Storage Vessel Water 

Temperature 

   
 

Start Stop 

  
o
C % 

o
C 

o
C 

1 <10 80 - 90 <10 max (60) 

2 18 - 20 60 - 70 <15  

3 30 - 35 30 - 40 <25  

4 30 - 35 55 - 65 <25  

 

A.3 Limit conditions 

A reasonably wide variation in ambient air temperature and humidity is permitted under 

the standard. The notes to Table 2.1 and Table 2.2 of the Standard should be referenced. 

A.4 Environmental chamber control set points 

Sampling period: must be less than 10 seconds to comply with the standard 

Logging interval: 30 seconds was selected 

The ambient air temperature and relative humidity set points selected in the control system 

are shown in Table A.2. 

 

 



Appendix A: ASEHP experimental testing 

 

 

183 

Table A.2: Control system set points 

Test Ambient Temperature Relative humidity 

 °C % 

1 6 82 

2 18.25 65 

3 32 35 

4 31 60 

There was a differential between control system temperature and the air intake area of the 

heat pump of up to 2.5 K. For ambient temperature measurements a thermocouple was placed at 

the air inlet of the ASEHP evaporator. 

A.5 Control system configuration 

A.5.1 Temperature and humidity control 

The ASEHP effectively acts as a dehumidifier and chiller to the chamber. Stability within 

the chamber was therefore best maintained by operating only the heating and humidifying 

functions. When dehumidifying and chilling function were allowed to operate in trials this 

caused rapid changes in environmental conditions. 

The test chamber was not able by itself to maintain environmental conditions required for the 

testing:  

 Towards the end of Test 1 the ambient temperature increased as heat extraction 

from the ASEHP degraded and the insulation of the chamber was insufficient to 

prevent some energy ingress. 

 In test runs 2, 3 and 4 additional heating was provided within the chamber. 

 In test 3 the dehumidifiers of the chamber were run initially to bring the room 

down to the required humidity level before being switched off at the 

commencement of the test. 

A.5.2 Thermal storage vessel water temperature 

As there are some transient conditions on start-up it is best to try to start with the water in 

the storage cylinder at least 5 K, and preferably 10 K below the test condition. This gives 
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operation a chance to stabilize and minor adjustments made to set points before the water reaches 

the official temperature start point. 

A.5.3 Power supply and transducer connections 

Power Transducer: 2000W transducer – a k factor of 422 to convert recorded value to W. 

Power Supply: the left rear and right power point sets are connected to transducers having 

a range of 0-1000W.  

The left front power point set is connected to a transducer with a 2000 W range. 

All sets of power points run through a single 10 Amp fuse. For this reason equipment not 

requiring recording (heaters and dehumidifiers) should be connected to power points outside the 

chamber 

A.6 Data extraction and saving 

Download & save humidity log from ‘maxtract’ software as a separate operation to the 

other data. Save the data from each of LHS, RHS and AUX locations. 

The atmospheric pressure needs to be recorded with a barometer for wet bulb and dew 

point calculations later. 

A.7 ASEHP set-up 

Initially there was difficulty getting the ASEHP to run for extended periods due to its 

control system operation. This was overcome by bypassing the control system and providing for 

manual switching of the evaporator fan, water circulating pump and refrigerant compressor. The 

refrigerant compressor on the product tested had a thermal overload cut-out to provide protection 

which remained in the circuit. A thermocouple was placed on the refrigerant delivery line to 

monitor the temperature to ensure it did not become excessive. 

The water circulating pump on the product tested had a tendency to entrain air and cavitate 

which would cause water circulation to stop. This was overcome by ensuring a reasonable water 

pressure was maintained at all times. 
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A.8  Suggested improvements to experimental method 

The major challenge was stability of environmental and operating conditions at the start of 

each test run. The data obtained during the first several degrees of change in the thermal storage 

vessel temperature was often unusable as the system stabilised. To rectify this for split ASEHP 

water heaters the arrangement shown in Figure A.1 is proposed. For split type systems (unlike 

those where the condenser is integrated with the thermal storage vessel) there is no requirement 

for the thermal storage vessel to be located within the controlled environment. In this 

arrangement a second vessel of chilled water (4) is used initially to allow the ASEHP operation 

and environmental conditions to stabilise before switching to the other storage vessel (2) and 

data recording commence. 

 



 

 

 

Figure A.1: Proposed test arrangement for split-type ASEHP 

 (1) ASEHP under test; (2) chilled water insulated storage vessel; (3) high capacity belt or shaft driven pump to ensure mixed tank; (4) chilled water 

insulated storage vessel used until operating conditions stabilise; (5) water chiller; (6) circulating pump; (7) isolating valve; (8) water meter; (9) 

electricity supply measuring transducer. 
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A.9 Test report for Rheem 511310 ASEHP 

A.9.1 Product Specification 

Date testing completed 5 October 2009 

Manufacturer Rheem 

Model 551310 

Type Split 

Refrigerant R134a 

Compressor Siam (Mitsubishi) RE247VHSMT 

Water flow rate through condenser 3.8167 l/min 

24 hour heat loss of storage tank (estimated) 10.8 MJ 

A.9.2 Regressed performance characteristic coefficients  

 

COP Power Input (W) 

constant 3.9950 constant 632.29 

Twi − Ta -0.073463 Twi 1.2400 

(Twi − Ta)2 0.00063605 Twi
2  0.20504 

Twet − Tdp 0.00031643 Ta 7.5800 

 

A.9.3 Renewable energy credit modelled performance 

 

Location ORER Zone 1 [165] 

Stratified thermal storage vessel 28.7 

Fully mixed thermal storage vessel 28.1 

Published figure [157] 28 

 
 

Table A.3: Test actual average conditions 

Test 
Dry Bulb 
o
C 

Relative Humidity 

% 

1 8.7 81.1 

2 18.8 65.2 

3 32.4 34.4 

4 31.8 58.9 
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Figure A.2: COP versus average condenser water temperature 

 

 

Figure A.3: Measured power input versus average condenser water temperature 
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Figure A.4: Measured power input verses average condenser water temperature 

 

 

Figure A.5: Experimentally measured versus calculated COP 
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Figure A.6: Experimentally measured versus calculated electrical power input 
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Table A.4: test point data for Rheem 551310 

Test 
Test 

Point 
Tw-Ta (Tw-Ta)

2
 Twet-Tdp 

COP 

Measured 

COP 

Calc.  
Twi Twi

2
 Ta 

Power 

Measured 

Power 

Calc. 

            
 

1 1 1.64 2.71 1.59 3.74 3.88 

 

9.29 86.22 7.64 737 719 

 

2 4.10 16.77 1.61 3.62 3.71 

 

11.28 127.19 7.18 759 727 

 

3 6.14 37.69 1.68 3.50 3.57 

 

13.07 170.79 6.93 765 736 

 

4 8.21 67.41 1.69 3.36 3.44 

 

15.03 226.00 6.82 770 749 

 

5 10.15 102.97 1.60 3.20 3.32 

 

17.04 290.50 6.90 778 765 

 

6 12.02 144.55 1.61 3.07 3.20 

 

19.09 364.46 7.07 791 784 

 

7 13.79 190.09 1.68 2.99 3.10 

 

21.02 442.04 7.24 810 804 

 

8 15.61 243.76 1.65 2.92 3.00 

 

22.99 528.48 7.38 836 825 

 

9 17.46 304.79 1.60 2.81 2.91 

 

24.98 623.83 7.52 869 848 

 

10 19.35 374.47 1.60 2.68 2.81 

 

27.06 732.48 7.71 907 875 

 

11 21.18 448.55 1.56 2.56 2.72 

 

29.15 849.67 7.97 938 903 

 

12 22.96 527.05 1.56 2.47 2.64 

 

31.25 976.54 8.29 966 934 

 

13 24.77 613.65 1.62 2.39 2.57 

 

33.42 1116.85 8.65 995 968 

 

14 26.39 696.57 1.55 2.33 2.50 

 

35.37 1251.21 8.98 1022 1001 

 

15 28.13 791.04 1.55 2.25 2.43 

 

37.44 1401.48 9.31 1060 1037 

 

16 29.94 896.36 0.53 2.19 2.37 

 

39.49 1559.70 9.55 1093 1073 

 

17 31.98 1022.94 1.54 2.20 2.30 

 

41.62 1732.64 9.64 1125 1112 

 

18 33.86 1146.23 1.51 2.26 2.24 

 

43.53 1894.91 9.67 1145 1148 

 

19 35.71 1275.21 1.61 2.31 2.18 

 

45.50 2070.01 9.79 1167 1187 

 

20 37.62 1414.99 1.59 2.25 2.13 

 

47.63 2268.21 10.01 1203 1232 



 

 

 

 

 

21 39.49 1559.81 1.51 2.18 2.09 

 

49.79 2478.69 10.29 1248 1280 

 

22 41.25 1701.34 0.49 2.11 2.05 

 

51.88 2691.09 10.63 1292 1329 

 

23 43.45 1887.75 1.50 2.02 2.00 

 

54.57 2977.50 11.12 1351 1395 

2 24 -3.31 10.95 2.78 4.21 4.25 

 

15.90 252.70 19.21 824 849 

 

25 -1.65 2.71 2.83 4.18 4.12 

 

17.78 316.02 19.42 854 866 

 

26 0.39 0.15 2.77 4.06 3.97 

 

19.75 390.12 19.36 871 884 

 

27 2.58 6.66 2.78 3.94 3.81 

 

21.78 474.26 19.20 890 902 

 

28 4.68 21.86 1.8 3.82 3.67 

 

23.70 561.68 19.02 911 921 

 

29 6.90 47.60 2.8 3.70 3.52 

 

25.79 665.25 18.89 935 944 

 

30 9.08 82.43 2.87 3.57 3.38 

 

27.89 777.84 18.81 958 969 

 

31 11.18 125.10 2.79 3.44 3.25 

 

29.96 897.48 18.77 983 996 

 

32 13.38 179.04 2.78 3.31 3.13 

 

32.09 1029.68 18.71 1010 1025 

 

33 15.51 240.63 2.76 3.19 3.01 

 

34.20 1169.37 18.68 1037 1056 

 

34 17.73 314.49 2.74 3.05 2.89 

 

36.38 1323.32 18.64 1066 1090 

 

35 19.86 394.47 2.7 2.94 2.79 

 

38.47 1480.02 18.61 1097 1125 

 

36 21.97 482.71 2.66 2.82 2.69 

 

40.56 1645.05 18.59 1133 1161 

 

37 24.22 586.57 2.7 2.70 2.59 

 

42.78 1830.42 18.56 1173 1201 

 

38 26.37 695.63 2.56 2.60 2.50 

 

44.91 2016.75 18.53 1210 1242 

 

39 28.53 814.24 2.51 2.50 2.42 

 

47.03 2211.63 18.49 1251 1284 

 

40 30.79 947.95 2.43 2.40 2.34 

 

49.25 2425.44 18.46 1302 1331 

 

41 32.94 1084.78 2.52 2.29 2.27 

 

51.38 2639.46 18.44 1357 1377 

 

42 35.07 1230.16 2.58 2.20 2.20 

 

53.55 2867.20 18.47 1418 1427 

 

43 36.99 1367.95 2.73 2.13 2.15 

 

55.56 3087.14 18.58 1470 1475 

 

44 39.07 1526.70 2.82 2.06 2.10 

 

57.87 3348.95 18.80 1525 1533 



 

 

3 44 -13.50 182.15 6.06 4.94 5.10 

 

18.16 329.96 31.66 919 962 

 

45 -12.07 145.59 6.17 4.88 4.98 

 

19.90 396.10 31.97 950 981 

 

46 -10.10 102.01 6.12 4.75 4.80 

 

21.96 482.15 32.06 976 1001 

 

47 -8.02 64.28 6.14 4.62 4.63 

 

24.08 579.91 32.10 1000 1024 

 

48 -5.94 35.33 6.15 4.48 4.46 

 

26.25 689.05 32.19 1028 1050 

 

49 -3.87 14.94 6.15 4.33 4.29 

 

28.43 808.39 32.30 1059 1078 

 

50 -1.74 3.02 6.13 4.14 4.13 

 

30.63 937.89 32.36 1096 1108 

 

51 0.40 0.16 6.12 3.96 3.97 

 

32.80 1076.09 32.41 1137 1139 

 

52 2.46 6.04 6.13 3.79 3.82 

 

34.89 1217.35 32.43 1179 1171 

 

53 4.49 20.13 6.12 3.65 3.68 

 

36.94 1364.23 32.45 1215 1204 

 

54 6.54 42.73 6.19 3.52 3.54 

 

39.06 1525.52 32.52 1254 1240 

 

55 8.63 74.47 5.08 3.38 3.41 

 

41.25 1701.81 32.62 1295 1280 

 

56 10.68 114.11 6.07 3.26 3.28 

 

43.39 1882.80 32.71 1338 1320 

 

57 12.89 166.13 6.05 3.13 3.16 

 

45.65 2084.00 32.76 1380 1365 

 

58 14.93 222.91 6.18 3.02 3.04 

 

47.73 2278.62 32.80 1421 1407 

 

59 17.03 289.89 6.12 2.91 2.93 

 

49.90 2490.44 32.88 1465 1454 

 

60 19.02 361.83 6.27 2.80 2.83 

 

51.98 2702.21 32.96 1513 1501 

 

61 21.16 447.95 6.17 2.68 2.73 

 

54.21 2939.12 33.05 1567 1553 

 

62 23.33 544.34 6.07 2.58 2.63 

 

56.47 3189.06 33.14 1623 1607 

4 63 -12.55 157.55 2.52 5.03 5.02 

 

19.31 372.75 31.86 951 974 

 

64 -10.89 118.53 2.51 4.88 4.87 

 

21.12 445.88 32.00 976 992 

 

65 -8.64 74.63 2.5 4.70 4.68 

 

23.36 545.81 32.00 1011 1016 

 

66 -6.59 43.36 2.58 4.54 4.51 

 

25.44 647.21 32.03 1036 1039 

 

67 -4.54 20.59 2.49 4.38 4.34 

 

27.50 756.38 32.04 1067 1064 



 

 

 

 

 

68 -2.55 6.52 2.49 4.23 4.19 

 

29.50 870.04 32.05 1098 1090 

 

69 -0.36 0.13 2.49 4.06 4.02 

 

31.68 1003.87 32.05 1130 1120 

 

70 1.87 3.49 2.49 3.89 3.86 

 

33.90 1149.32 32.03 1166 1153 

 

71 4.15 17.19 2.48 3.73 3.70 

 

36.15 1306.55 32.00 1205 1188 

 

72 6.32 39.99 2.47 3.58 3.56 

 

38.29 1466.01 31.96 1246 1223 

 

73 8.50 72.19 2.48 3.44 3.42 

 

40.38 1630.87 31.89 1285 1258 

 

74 10.67 113.87 2.48 3.30 3.28 

 

42.49 1805.40 31.82 1324 1296 

 

75 12.90 166.31 2.49 3.17 3.15 

 

44.67 1995.23 31.77 1363 1338 

 

76 15.05 226.44 2.48 3.05 3.03 

 

46.79 2189.54 31.74 1402 1380 

 

77 17.42 303.33 2.47 2.93 2.91 

 

49.10 2410.83 31.68 1444 1428 

 

78 19.60 384.23 2.47 2.81 2.80 

 

51.21 2622.26 31.61 1489 1473 

 

79 21.80 475.22 2.57 2.68 2.70 

 

53.35 2845.78 31.55 1539 1521 

 

80 24.13 582.23 2.47 2.56 2.59 

 

55.62 3093.64 31.49 1593 1574 

 

81 26.40 696.84 2.56 2.45 2.50 

 

57.85 3346.71 31.45 1648 1629 

             

  

0.00031643 0.00063605 -0.073463 3.9950 

  

7.5800 0.2050 1.2400 632.2906 
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 Modelling GIWH Performance Appendix B: 

    Introduction B.1

The performance of a range of GIWHs has been experimentally tested using a variety of 

methods over the course of this research project. The appliance is treated throughout the study as 

a ‘black box’. No analysis is undertaken of the detailed internal construction or performance of 

the appliance. This reduces the testing time and cost if these methods were adopted for real-

world use. This Appendix describes the methods used to model the experimental performance in 

TRNSYS using the 55kW condensing GIWH as an example. 

The three main performance parameters that need to be included in a model that will 

mirror real-world performance with reasonable accuracy are: 

1. Gas energy transferred to the fluid stream while the appliance is operating. 

2. Gas energy transferred to the thermal store of the appliance heat exchanger during 

operation. 

3. Thermal energy transfer from the appliance thermal store to the surrounding ambient 

air while the appliance is not operating. 

 The approximations used in determining these parameters and the application of them in a 

TRNSYS model are described in this Appendix together with those for the minor electrical 

energy input. TRNSYS uses hours and kJ as units for time and energy transfer when setting up 

component parameters. This explains the reference to these slightly unusual units of measure in 

places in this Appendix. 

 GIWH energy balance B.2

This is described by Figure B.1., Figure B.2 and Equation B.1 When a GIWH operates the 

gas energy input to the appliance is consumed in one of five ways: 

a) When it enters the water fluid stream passing through the appliance and raises the 

temperature of that fluid stream. (Q̇HX_OUT − Q̇FLUID_COLD) 
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b) When leaving through the appliance exhaust (flue) as energy contained within CO2, 

water vapour or excess air. (Q̇FLUE) 

c) By raising the temperature of the appliance itself, particularly the heat exchanger. 

(
dQHX

dt
) 

d) Being transferred by convection from the appliance to the surrounding air. 

(Q̇HX_conv). 

e) In a high-efficiency condensing appliance, it also leaves within water condensed from 

the products of combustion and drained from the appliance to waste. (Q̇cndst_lhx) 

 

Figure B.1: GIWH operating energy balance 
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Figure B.2: GIWH stand-by energy balance 

ṘGAS + Q̇FLUID_COLD + ĖE = Q̇HX_conv + Q̇FLUE + Q̇LHX_cndst + Q̇FLUID_HX_OUT +
dQHX

dt
  B.1 

 

GIWH operating performance is measured experimentally by recording the gas (Ṙgas) and 

electrical energy inputs and the rise in fluid stream energy. (Q̇FLUID_HX_OUT + Q̇FLUID_COLD) The 

measurement methods are described in Appendix C. The conversion of gas energy to fluid 

stream energy is described by Equation B.2. 

 

Ṙgas = (Q̇FLUID_HX_OUT − Q̇FLUID_COLD) + Q̇HX_conv + Q̇FLUE + Q̇LHX_cndst +
dQHX

dt
 B.2 

 

Once the appliance has reached steady state there is no change in internal energy (i.e. 

dQHX

dt
= 0)  and a gas to fluid energy transfer factor calculated from steady state performance will 

account for convection, combustion product and condensate energy transfers. 

η =
(Q̇FLUID_HX_OUT − Q̇FLUID_COLD)

Ṙgas

 B.3 

 

⟹ (1 − η)Ṙgas = Q̇HX_conv + Q̇FLUE + Q̇LHX_cndst B.4 
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 Until the appliance reaches thermal equilibrium the modelling is more complex as the rate 

of change of internal energy is high and cannot easily be directly measured experimentally. Once 

in standby mode, the rate of internal energy loss must be modelled and direct measurements 

again become challenging. 

 Steady state energy transfers to fluid stream B.3

In Chapter 7 Equation B.5 (Equation 5.5 of Chapter 5) was used to model steady-state 

energy efficiency. The resulting gas energy to fluid stream conversion factors are shown in 

Figure B.3 across a range of incoming water temperatures and fluid flow rates for a water 

delivery temperature of 60°C. 

ṘGAS = k + k1(Q̇FLUID_HX_OUT − Q̇FLUID_COLD) + k2. Tin + k3. ṁ + k4(Tout − T𝑖𝑛)−2 B.5 

 

Figure B.3: Model of steady state gas-to-fluid energy conversion factor 
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 Energy transfers to thermal store while operating B.4

When a GIWH begins operation part of the energy input raises the temperature of the 

metal of the heat exchanger of the appliance. In the TRNSYS model used for Chapter 7 this is 

modelled as a single node of stored energy. There are two main parameters that need to be 

determined to model the rise in energy stored in the heat exchanger when the GIWH is operating. 

The first is the maximum energy content of the heat exchanger and the second is the rate at 

which energy is added. 

 Maximum energy content of the heat exchanger B.4.1

The data from the tests carried out to EN13203.3 in Chapter 4 was analysed in order to 

make an approximation of the maximum energy capacity. This test consists of a series of draws 

of varying flow rate, duration, and stand-by period. The test equipment and methods are detailed 

in Appendix C. 

The resulting test data is shown in Table B.1. To deliver 389873 J of energy to the fluid 

stream in the first draw (column 8 of Table B.1) required a consumption of 749622 J of gas 

energy (column 9). 

The steady state efficiency was then approximated by examining the finals periods of the 

large draws 5 and 23 where the GIWH would be expected to be operating close to thermal 

equilibrium. These averaged a gas to fluid energy conversion of 96.75%. As described in Section 

B.2, this efficiency figure accounts for the energy passing out the flue, from the drained 

condensate and convection from the appliance to the surrounding ambient air. The 389873 J of 

energy delivered to the fluid stream during draw 1 would require 402969 J of energy at steady 

state (column 11). The energy passing to the heat exchanger is therefore taken as the difference 

between the actual and steady-state values, 346653 J (column 12). 

The heat exchanger is to be modelled as a single mass of water in TRNSYS with a 

maximum temperature equivalent to the set water delivery temperature. In Chapter 7 this is 

60°C. Before the first draw is undertaken the complete system is flushed with cold water from 

the chiller tank (see Appendix C). The heat exchanger is assumed to begin at approximately 

13°C from the water temperature delivered at the start of the first draw. The mass used in the 

model is calculated as 1.76kg from these values for a set temperature of 60°C in Equation B.6. It 

is important to note that this is an approximation only. The heat capacity of the actual GIWH 

will be a combination of the masses of copper, stainless steel and water. Some of the metal will 
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be heated to near gas flame tip temperature reducing to water temperature at the inner wall of the 

heat exchanger tubes. In addition the water in the heat exchanger is heated above the set 

temperature to allow for the cold water mixing that occurs after the heat exchanger before exiting 

the appliance. The approximation of the heat exchanger as a single mass of water is made in 

order to continue treating the appliance as a “black box” without making any internal 

measurements. 

Q̇f = mCp(Tset − Ta) B.6 

⟹ m =  
Q̇f

Cp(Tset − THX)
 

⟹ m =  
346653

4186(60 − 13)
= 1.76 kg 



 

 

 

Table B.1: EN13203-2 experimental test results for 55kW condensing GIWH 

1 2 3 4 5 6 7 8 9 10 11 12 

Draw Start 

time 

Draw 

Duration 

Idle time 

before 

draw 

T̅a 
before 

draw 

Type of delivery Target Draw 

Energy 

Actual 

Experimental 

Energy 

Delivered in 

water 

Gas Energy 

Consumed 

Draw 

Efficiency 

Steady state 

Energy 

consumption at  

η=96.75% 

Capacitance:               

Actual - 

steady state 

requirement 

 (hh.mm) (s) (s) (°C)  (J) (J) (J) (%) (J) (J) 

1 07.00 70.5 34143 21.1 Small 378000 389873 749622 52 402969 346653 

2 07.05 291 230 21.5 Shower 5040000 5043875 5422920 93 5213307 209613 

3 07.30 54 1209 21.7 Small 378000 379659 469373 81 392412 76961 

4 07.45 56.5 846 22.9 Small 378000 375282 459041 82 387888 71153 

5 08.05 452.5 1144 22.8 Bath 12978000 12972703 13472264 96 13408479 63785 

6 08.25 57 748 22.9 Small 378000 376883 374455 101 389543 0 

7 08.30 59.5 243 23.2 Small 378000 381757 431555 88 394581 36974 

8 08.45 58.5 841 23.5 Small 378000 381166 465081 82 393970 71112 

9 09.00 58.5 842 22.9 Small 378000 376383 459133 82 389027 70107 

10 09.30 58.5 1742 23.1 Small 378000 375569 472265 80 388185 84080 

11 10.30 60 3542 22.7 Floor Cleaning 378000 379330 518131 73 392073 126059 

12 11.30 60.5 3540 22.2 Small 378000 383175 531646 72 396046 135600 

13 11.45 57 840 22.3 Small 378000 376184 468742 80 388820 79922 

14 12.45 103.5 3543 22.1 Dish Washing 1134000 1135476 1373432 83 1173619 199813 

15 14.30 61.5 6197 21.8 Small 378000 382463 559799 68 395310 164489 

16 15.30 59.5 3539 21.2 Small 378000 378864 533214 71 391590 141623 

17 16.30 60 3541 20.9 Small 378000 383270 535381 72 396144 139236 

18 18.00 61 5340 20.7 Small 378000 384107 560265 69 397010 163255 

19 18.15 59.5 839 21.3 Household Cleaning 378000 406972 504321 81 420643 83678 

20 18.30 58 841 20.7 Household Cleaning 378000 409541 521658 79 423298 98360 

21 19.00 56.5 1742 20.9 Small 378000 380410 496447 77 393189 103258 

22 20.30 207.5 1744 21.1 Dish Washing 2646000 2634367 2950897 89 2722860 228037 

23 21.00 450.5 1593 21.8 Bath 12978000 12978878 13582162 96 13414861 167301 

24 21.30 56.5 1350 22 Small 378000 379304 404433 94 392045 12388 
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 Rate of energy addition to the heat exchanger B.4.2

The second parameter required is the rate at which energy is added to the metal of the heat 

exchanger. In treating the appliance as a “black box” the actual temperature change of the heat 

exchanger is not directly measured. The energy absorbed by the heat exchanger with time is 

assumed to follow an inverted exponential curve shown by Equation B.7. This is shown in 

Figure B.4 alongside the experimental water outlet temperatures for draws 1 and 2. A value of k 

= 0.07 gives a reasonable approximation of the time taken by the experimental draws to reach a 

relatively stable outlet temperature of 60°C. This allows the modelled node to be used to model 

the water delivery temperature in addition to the heat exchanger energy store. 

THX = Tset(1 − e−kt) (°C) B.7 

   

 

Figure B.4: Modelled versus experimental results for EN13203-2 draw 1 and draw 2  
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An energy input must be applied to the node in TRNSYS while the GIWH is operating to 

cause the 1.76 kg of water to increase its energy content in this fashion. The energy input rate 

will be the heat capacity multiplied by the rate of change of temperature with respect to time as 

shown in Equation B.8. 

Q̇f = m. CP.
dTHX

dt
 (W) B.8 

Differentiating Equation B.7 gives the rate of change of the heat exchanger temperature 

with time as shown by Equation B.9 

dTHX

dt
= k. Tset. e−kt (K.s

-1
) B.9 

Combining Equation B.8 and B.7 yields the relationship shown by Equation B.10. 

Q̇f = m. CP. k. Tset . e−kt (W) B.10 

This relationship for energy input contains some challenges to apply in a TRNSYS model. 

There is no event timing component distributed as standard with TRNSYS so the time (t) would 

need a special component in order for it to be calculated from the start of an operational cycle. 

The energy input also does not reflect the existing energy state of the heat exchanger in the 

model. To solve both of these requires the energy input to be expressed with reference to the 

current temperature of the capacitance lump (THX).  Re-arranging Equation B.7 gives; 

t =  −
1

k
. ln (1 −

THX

Tset
) (s) B.11 

Substituting Equation B.11 into B.10 and simplifying ⟹ 

Q̇f = m. CP. k. (Tset −  THX) (W) B.12 

For the 55kW condensing water heater tested, this equated to an energy input of 

approximately 1850 kJ.h
-1

 for each 1K of temperature difference between the set temperature 

and current node temperature (THX). 
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  Energy transfers from the heat exchanger thermal store B.5

In a similar fashion to energy addition to the heat exchanger while operating, when idle 

energy is lost from the heat exchanger to the surrounding environment at the rate as shown by 

Equation B.13.  

Q̇HX_conv = m. Cp.
dT

dt
= −m. h. A. (THX − TA)     B.13 

As described earlier, the energy transfer to ambient air from the thermal store during 

operation is determined as part of the sum of the energy losses so must not be included during 

operation.  

An approximation does need to be made for the overall heat transfer coefficient when the 

appliance is not operating. Again as no internal measurements are taken the heat exchanger 

outlet water temperatures are used to determine the nature of the heat loss. Figure B.5 shows the 

average outlet water temperature (from column 5 of Table B.1) for each set of similar length 

draws is relative to the time since the previous draw finished. This generally shows the 

anticipated exponential decay. An iterative process was used in an attempt to determine a heat 

loss coefficient to calibrate the model with the experimental results. This process had mixed 

results. As can be seen from Table B.1 the water draws vary in size and time since previous 

draw. With a single heat loss coefficient and single node it was not possible to model the 

performance of the GIWH sufficiently closely to the experimental data. In operation the 

combustion fan of the GIWH continues to operate at relatively high speed for a short time after 

water flow ceases. This must result in energy transfer to atmosphere at a much higher rate during 

this phase of operation and can be seen from the large temperature drop between the first and 

second points plotted on Figure B.5. An additional parameter pair was added to the model to 

give a higher heat transfer during this period of operation until the heat exchanger node had 

fallen to a pre-determined energy level. A further iterative process was then used to determine 

both the heat transfer coefficients and the energy level at which the model switches from the 

higher to lower heat loss regimes. 
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Figure B.5: Heat exchanger outlet water temperature stand-by degradation with time 

 

 

The results of are shown in Table B.2. In general the model performs acceptably with the 

energy consumption of each draw within 5% of the experimental result with the overall energy 

consumption around 1% different. It can be seen however that where a short draw follows very 

shortly after a long draw as in the case of draws 6, and 24, the model significantly overestimates 

the gas consumption required. When water flow ceases, the heat exchanger in the actual 

appliance will be at an average temperature far higher than the water passing through the internal 

tubes. In the short term the energy in the metal of the heat exchanger will pass into the water as 

well as to the surrounding atmosphere. This is also evident in the delivered water temperature 

overshooting the set temperature in the early part of the water delivery. If the water heater is 

started after only a very brief pause the model does not account for this retained energy and for 

short draws this creates a significant error in the modelling of that individual draw. In a water 

draw schedule with reasonable variety the error in the small individual draws is not significant 

overall. However this approach to modelling should be used with caution if a schedule was to 

consist of a large number of small and closely spaced draws. To devise a model that would 

account for this would be considerably more complex and may require some measurement 

within the appliance itself which falls outside the aims of the “black box” approach of this study. 
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Table B.2: Modelled energy consumption 

Draw 
Start 

time 

Draw 

Duration 

Idle 

time 

before 

draw 

Tout_

min 
Type of delivery 

Gas 

Energy 

Modelled 

Gas 

Energy 

Diff 

  

(s) (s) (°C) 

 

(J) (J) (%) 

1 07.00 71 34143 13 Small 783498 821741 4.9 

2 07.05 291 230 43 Shower 5732812 5625915 -1.9 

3 07.30 54 1209 33 Small 500241 481096 -3.8 

4 07.45 57 846 36 Small 490699 493119 0.5 

5 08.05 453 1144 34 Bath 14188822 14431581 1.7 

6 08.25 57 748 40 Small 422713 490012 15.9 

7 08.30 60 243 42 Small 464872 485106 4.4 

8 08.45 59 841 36 Small 499728 499750 0.0 

9 09.00 59 842 36 Small 493038 488248 -1.0 

10 09.30 59 1742 30 Small 504925 518652 2.7 

11 10.30 60 3542 24 Floor Cleaning 551173 566336 2.8 

12 11.30 61 3540 23 Small 564436 575673 2.0 

13 11.45 57 840 34 Small 500400 492422 -1.6 

14 12.45 104 3543 24 Dish Washing 1452769 1424311 -2.0 

15 14.30 62 6197 22 Small 592717 611306 3.1 

16 15.30 60 3539 23 Small 564929 566064 0.2 

17 16.30 60 3541 23 Small 566901 573645 1.2 

18 18.00 61 5340 21 Small 591623 609655 3.0 

19 18.15 60 839 35 Household Cleaning 537440 530121 -1.4 

20 18.30 58 841 35 Household Cleaning 555016 514857 -7.2 

21 19.00 57 1742 28 Small 526535 520690 -1.1 

22 20.30 208 1744 22 Dish Washing 3122729 3083185 -1.3 

23 21.00 451 1593 32 Bath 14292370 14421141 0.9 

24 21.30 57 1350 35 Small 436798 504439 15.5 

     

Total 48937186 49329065 0.8 
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 TRNSYS model configuration B.6

Components are configured in TRNSYS generally using FORTRAN. The set-up in the 

model of the main GIWH components is described in this section. Equations are shown in this 

section verbatim with their program entry which does not provide for the use of subscripts. 

 Determining if the GIWH is operating B.6.1

The GIWH will operate when water is flowing through the appliance and the gas input rate 

exceeds the minimum burner operating threshold. For the 55kW condensing GIWH tested the 

minimum gas input rate is 10,000 kJ/h. Applying an approximate gas energy conversion factor of 

0.9 gives a minimum fluid energy rise requirement of 9000 kJ/h for the appliance to operate. 

A binary Off/On (0/1) switch is programmed as shown in Equation B.14 and applied to a 

number of the intermediate and output steps of the applicable TRNSYS equations to ensure  

outputs are non-zero only when the appliance would be operating. 

GIWH_ON  =  gt ((ṁ ∗ 4.186 ∗ (Tset − Tin)), 9000) (0 or 1) B.14 

 

    TRNSYS Type 59 lumped capacitance component B.6.2

    Node volume / mass adjustment B.6.2.1

The minimum allowable volume of this TRNSYS component is 0.01 m
3
. It can be seen 

from Equation B.6 that to model the heat exchanger as a mass of water we need to have a single 

node of about 0.00176 m
3
. To accommodate this requirement, all energy inputs and outputs to 

the component were scaled by a factor of 10
3
. The results obtained were then scaled back to 

correct values before being used elsewhere in the model. Equation B.15 shows the energy input 

to the node (Q_main) when the GIWH is operating, as 1850 kJ.h
-1

.K
-1

 multiplied by the current 

temperature difference between the node, Tmain, and the GIWH set temperature, Tset (60°C). 

The calculated energy input is then scaled by 10
3
 in Equation B.16 for input to the component. 

Qmain = 1850*(Tset-Tmain) (kJ.h
-1

) B.15 

Qmain_scaled=GIWH_ON*((1000*Qmain)+(0.001*(Tmain-Ta)) (kJ.h
-1

) B.16 
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 Convection loss during operation B.6.2.2

The TRNSYS Type 59 Lumped capacitance component model allows a minimum overall 

heat transfer loss coefficient of 0.001 kJ.h
-1

m
-2

K
-1

. This includes during operation where the 

convection heat transfer to surroundings is already incorporated within the applied gas to fluid 

energy conversion factor. To allow the model to run, this minimum heat transfer coefficient is 

applied during operation and the equivalent energy is input to the component to ensure the 

correct energy balance. 

The component is normalised to a surface area of 1m
2
 giving a loss coefficient dimension 

of kJ.h
-1

K
-1

. However, energy input to the component is at a simple rate, kJ.h
-1

. The current 

difference between node and ambient temperatures needs to be applied to the portion of the 

energy input that is balancing the applied minimum loss coefficient. This is seen in the tail of 

Equation B.16. It should be noted that owing to the difference in magnitudes between the energy 

input and loss coefficient during operation, this part of the energy balance is in no way material 

to the accuracy of the model. While it is applied only for completeness in this case, it could be 

significant in other applications of this approach. 

 Convection loss during stand-by B.6.2.3

As described in Section B.3, a two-step approach to heat loss during stand-by was adopted. 

This allows for the higher rate of heat transfer during the initial post-heating period when the 

combustion fan continues to operate. The application of this to the component is shown in the 

following code. The heat transfer from the node is denoted ‘loss_out’. 

Note that the losses during the post-heating period (loss_high) and stand-by (loss_low), 15 

and 5 kJ.h
-1

K
-1

 respectively, have been scaled by 10
3
 to account for the node volume/mass 

adjustment described in the Section B.6.2.1. 

 

Tswitch = 50      !Node temp division between high and 

       !low heat loss values 

high_loss=15      !heat loss coefficient during post-heating 

low_loss=5      !heat loss coefficient during stand-by 
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loss_high = high_loss* (ge(Tmain,Tswitch))  !Returns 15 if node temp ≥50°C 

loss_low = low_loss*( lt(Tmain,Tswitch))  !Returns 5 if node temp <50  

loss = 1000*(loss_high+loss_low)   !Returns current loss scaled by 10
3
 

loss_out=max(0.001,(1000*(1-GIWH_ON)*loss))  !Returns 0.001 when GIWH operating 

!Returns scaled loss if GIWH operating 

    Calculation of total gas energy consumption B.6.3

The following code describes the calculation of gas energy input. The outlet water 

temperature is assumed to be equivalent to the current node temperature. The energy used to 

raise the fluid stream to this temperature is calculated and added to the energy applied in raising 

the temperature of the heat exchanger node. 

Qf=GIWH_ON*mhot*4.186*(Tmain-Tin)  !Energy added to fluid stream 

       !Assumes outlet fluid temp. = node temp 

k0=120.50      !Regression coefficients by experiment 

k1=1.0862 

k2=91.863 

k3=-1.5441 

k4=-24359 

Rgas=GIWH_ON*(k0+(k1* Qf)+(k2*tin)+(k3*mhot)+(k4/((Tset-Tin)**2))) 

       !Equation B.5    

       !Returns energy output based  

       !on current energy input Qf 

 

Rgas_total = Qf + Qmain    !Energy used in raising temperature of 

!fluid stream + heat exchanger +  
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    Electricity consumption B.6.4

The electricity consumption is calculated from the experimental measurements during 

stand-by and operating phases shown in Equation B.17. The average standby power was 

measured at 8.82 W. The average operating electrical power used was 23.18W. The operating 

power does vary with fluid stream energy as the combustion fan adjusts speed to ensure the 

correct gas to air mix is maintained. However, the total electricity used, (approximately 1.75%), 

is a low contributor of to the overall energy consumption. The operating electrical energy is in 

turn a low proportion of the total electricity used (about 10%). The error in the total energy 

consumption caused by the use of average operating power was determined as about 0.04% of 

the total energy consumption of the appliance. For this reason, a more accurate regression of 

experimental electrical operating power use, at various fluid energy inputs, was not carried out 

for application in the model. 

EE = (8.82+(GIWH_ON*23.18))*3.6  B.17 
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Appendix C:  GIWH experimental test methods 

C.1 Introduction 

This appendix describes in some detail, some aspects of test methods used to measure 

GIWH performance not covered elsewhere in this thesis. 

C.2 EN13203-2 test arrangement 

The test rig used for the tests of Chapter 3 is shown in Figure C.1. This Standard requires 

water entering the GIWH to be 10 + 2 °C. This was achieved by supplying water from an 

insulated storage vessel (2). Water was maintained at this temperature by a chiller (3). A 

thermostat (4) switched a circulating pump as required to pass water through the chiller. A 

supply and return loop to the inlet of the GIWH under test was used to ensure 10°C water was 

provided for the entire period of each draw. A circulating pump (7) was turned on just prior to 

each water draw to purge the water supply line. The different flow rates required by the various 

water draw types were achieved by a series of adjustable water flow rate valves and on/off 

solenoids. A water meter (10) recorded water flow rates and a gas meter (11) gas volume with 

correction factors to standard pressure and temperature conditions calculated from an adjacent 

pressure transducer and temperature thermocouple respectively. 

C.3 Gas energy content 

C.3.1 Reticulated natural gas 

Some initial tests were conducted for this research using reticulated natural gas. No gas 

chromatograph was available onsite to analyse gas composition and energy. The gas 

transmission company publishes [169] a daily average of the gas energy value at a range of 

offtake points from the transmission system. Typical hourly average data is shown in Figure C.2 

for a random one week period. The chromatograph accuracy is required by contracts to be better 

than +/- 0.25% to reference calibration gas tested monthly. The distance between the closest 

offtake point and the test laboratory is approximately 10km. The time taken for gas to pass from 

the offtake point to the laboratory is not known. If the average gas energy content for the 7 days 

prior to the test is used then an accuracy of approximately +/- 0.7% could be expected. 
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Figure C.1: EN13203-2 GIWH test rig 

 

(1) GIWH; (2) chilled water storage vessel; (3) chiller unit; (4) thermostat; (5) water inlet; (6) 

water outlet; (7) circulating pump; (8) water solenoid; (9) adjustable flow rate valve; (10) water 

meter; (11) gas meter; (12) ambient temperature sensor; (P) pressure transducer; (T) temperature 

sensing thermocouple. 
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Figure C.2: Reticulated natural gas energy content variation by hour 

 

C.3.2 Bottled propane gas 

Most of the tests of this thesis were conducted using high purity propane gas. The 

composition is shown in the laboratory report is shown in Table C.1. High purity propane was 

very expensive at about $1/MJ. 

The condensing water heaters appeared to operate with slightly higher gas energy to fluid 

energy conversion rations on propane than reticulated natural gas. Care should be taken when 

comparing results obtained with one gas type with those obtained with another. An advantage of 

the propane compared to natural gas was a smaller gas meter with higher frequency volume 

signal could be used due to the greater energy density. The disadvantage with this property is 

that each signal increment was a larger value of energy. 

Table C.1: Propane content and energy composition 

Composition Propane 99.976 + 0.004 % by weight 

 Iso-butane 0.0178 + 0.002 % by weight 

Energy content  95.64 + 0.24 MJ/m
3
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C.4 Gas metering 

Gas was metered for this study with either a diaphragm gas meter or a wet meter. There 

were several challenges with the gas metering. A meter with small signal increments per unit 

volume was difficult to find. A Sinogawa W-NK-5 wet gas meter was used for most of the 

measurements in the study. This had about the best signal definition obtainable at the time of 

selection with one increment equivalent to 0.96 kJ propane or 0.39 kJ reticulated natural gas. The 

smallest draw of EN13203 used about 430 kJ so this resolution was sufficient.  

The W-NK-5 meter was not large enough to run GIWHs at full energy input but was well-

ranged for propane. The next larger size of this meter had a factor of 10 reduction in digital 

output increment. 

A gas saturator was not available. The wet gas meter should be used with thoroughly 

saturated natural gas. The error induced in gas volume metering by partially saturated gas is 

estimated at 1% [52] and is included in the error analysis of Appendix D. 

C.5 Opportunities for improvement 

C.5.1 Chilled water supply 

Maintaining the water supply within limits was challenging. The circulating pump to the 

chiller transferred significant energy to the fluid stream. The test set-up would be significantly 

improved with a belt or shaft driven circulating pump with an electric motor remote from the 

impellor. 

A similar albeit larger pump would be useful connected from top to bottom of the chilled 

storage vessel to ensure complete mixing of the water occurred and eliminate any thermal 

stratification. 

C.5.1 Humidity 

Barros et al. [236] detailed increases in gas to fluid energy conversion ratios with rising 

ambient air humidity of up to 8% for condensing gas water heaters at low loads. At higher loads 

small reductions in energy conversion ratios were sometimes experienced with increasing 

humidity. BS EN 15417 [237] suggests a reduction of 0.08% in the measured gas to fluid energy 

conversion ratio for each 1g water vapour per kg ambient air above a reference point of 10g/kg. 
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This Standard is for condensing boilers and water heaters above 70kW. None of the Standards 

examined in this research for smaller appliances include any reference condition requirements 

for humidity. Experience of testing higher efficiency condensing water heaters in this study 

suggests that as appliances approach gas to fluid energy conversion ratios close to unit, small 

errors in measurement can cause large percentage errors in results. Future research should 

consider establishing and maintaining some reference condition for humidity where possible 

especially where appliances are to be compared with one another or experimental testing will be 

conducted over a long timeframe. 

C.5.2 Gas meter selection 

A dry gas meter with high resolution digital output, rangeability and maximum capacity 

would be beneficial. This would eliminate the volume metering error caused by partially 

saturated gas. This error could also be reduced significantly with the use of a gas saturator. 

Future research might consider the Itron S-flow Delta rotary meter. This meter has a pair of 

three lobe twisted impellors. This ensures at constant gas flow rate shaft rotation is constant 

through a full revolution and allows a high frequency signal to be generated. Although signal 

increments are slightly higher than the Sinogawa, at about 1.9 and 4.7 per kJ for natural gas and 

propane respectively, the ability to meter the gas dry eliminates a source of error. The effect of 

humidifying the gas supply could also be expected to create some unquantified uncertainty in 

measurements for condensing GIWHs given the effect of ambient air humidity discussed in 

C.5.1. 

C.5.3 Water pressure  

Water pressure control was provided from mains water supply through a standard 

residential type diaphragm pressure reducing valve. Maintaining consistent water pressure and 

hence flow rate in a laboratory sharing a water supply with other functions was challenging at 

times. Ideally a dedicated header tank would allow for a consistent flow rate to be available for 

experimental testing. 
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 Experimental errors Appendix D: 

 

 Introduction D.1

The experimental errors of this study are detailed in this appendix. Errors from collections 

of measurements are derived from the general formula given by Equation 9.1 with variables x, y, 

z, evaluated at typical operating conditions. Temperature dependent values for specific heat of 

water were used throughout so this is neglected in the error calculations. All errors are stated at a 

95% confidence level. The use of the wet gas meter without a gas saturator upstream is discussed 

in Appendix C. 

𝜎𝑓
2 = 𝜎𝑥

2. (
𝛿𝑓

𝛿𝑥
)

2

+  𝜎𝑦
2. (

𝛿𝑓

𝛿𝑦
)

2

+  𝜎𝑧
2. (

𝛿𝑓

𝛿𝑧
)

2

+ ⋯. 9.1 

 

 

 Experimental measurement errors D.2

Parameter Error 

% 

Instrument Type and model 

Water flow rate +/- 0.35 Rosemount 8732E magnetic flowmeter 

Wet gas meter (wet gas) +/- 0.30 Sinogawa W-NK5 

Wet gas meter (partially wet gas)
1
 +/- 1.30 Sinogawa W-NK5 

Dry gas meter +/- 0.12 American Meter DTM 

Temperature +/- 0.22 T-type thermocouple (special calibration) 

Gas pressure +/- 0.50 Endress + Hauser Cerebar T PMC131 

Gas energy content +/- 0.25 BOC Laboratory Chromatograph 

Electrical energy content +/- 0.50 Class 0.5 (various models) 

1A gas saturator was not used upstream of the wet gas meter 
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 Typical GIWH operating conditions D.3

Water flow (minimum) 180 kg/h 

Gas flow (minimum) 0.44 m
3
/h 

Water temperature inlet 10 °C 

Water temperature outlet 60 °C 

Gas energy content 95640 kJ/m
3
 

Gas temperature 20 °C 

Gas metering gauge pressure 2.7 kPa 

Atmospheric pressure 101.325 kPa 

 

 Typical ASEHP operating conditions D.4

Water flow 180 kg/h 

Water temperature (in) 35 °C 

Water temperature (out) 45 °C 

Electrical energy 1000 W 

 

 Errors in determinations by experiment D.5

Parameter GIWH 

% 

ASEHP 

% 

Fluid energy rise 0.47 0.47 

Electrical energy input 1.00 1.00 

Gas energy input  1.50 - 

Gas energy to fluid energy conversion 1.57 - 

COP - 0.69 
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 Errors in determinations by TRNSYS modelling D.6

The following errors resulted from the difference between the characteristic equations with 

coefficients derived from regressions of experimental data and the original experimental data. 

This represents the error that might be expected in a test in a narrow range of operating 

conditions and water draw sizes. Errors would be expected to be less than this over a range of 

operating conditions where the best fit of the performance equation to the data will balance some 

of the positive and negative variations. A model of the GIWH to EN13203-2 for example, gives 

an energy use within +/- 1.5% of the equivalent experimental data. 

 GIWH 

% 

ASEHP 

% 

Annual energy consumption 3.5 6.2 

COP - 5.9 

Electrical consumption - 1.7 
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 Electricity Authority data extraction Appendix E: 

 

 Introduction E.1

The Electricity Authority of New Zealand maintains a centralised dataset of half hourly 

electricity generation data for each production site. It is available on compact disc at 

http://www.ea.govt.nz. The electricity authority is extremely responsive and helpful with queries 

about this data and the data extraction process. 

 Unzipping files E.2

 

The CD contains two zipped folders both of which must be extracted to a suitable location 

1. Centralised dataset 

2. Source 

 

 Extracting half hourly generation data for all producers E.3

 

Launch the Gnash.exe program. 

Type the following command: 

“dump GEN~ for YYYY to <filename>.csv" (or .txt) 

This will extract all generation data to a file for the year specified. The data will include 

columns other than generation data (bid, price etc.) which must be manually deleted. 

For larger electricity generation sites with multiple generating units the generation data 

contains a column for each of the individual generation units and a column with the sum of all 

generating units. These need to be identified and dealt with accordingly. 

 

http://www.ea.govt.nz/
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Data for individual generating sites can be extracted by substituting ~ for the individual 

site code. 

 

 Extracting Tiwai Point aluminium smelter consumption data E.4

 

Launch the Gnash.exe program. 

Type the following command: 

“dump TY for YYYY to <filename>.csv” (or .txt) 

 

 Extracting inter-island high voltage direct current (HVDC) transfer data E.5

Launch the Gnash.exe program. 

Type the following command: 

“Dump HVDC.X.Z to <filename>.csv” (or .txt) 

Where X.Z is one of: 

Benmore.North being the power dispatched to the North Island from the South Island at 

Benmore in Canterbury 

Benmore.South being the power received by the South Island from the North Island at 

Benmore in Canterbury 

Haywards.North 

 

being the power received by the North Island from the South Island at 

Haywards in Lower Hutt 

Haywards.South being the power dispatched to the South Island from the North Island at 

Haywards in Lower Hutt 

 

Due to timing, metering accuracy and other reasons, the interisland data usually has a 

discrepancy between what is despatched from one island and the power received in the other. In 

this thesis the average of despatch and receipt at any given time has been used in calculations. 
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 TRNSYS model components Appendix F: 

 

The main components used in the TRNSYS models created for this study and their basic 

set-ups are shown in Table F.1. Air-source heat pump water heaters and gas instantaneous water 

heaters are modelled using the characteristic equations of performance developed in the thesis. 

These equations were not compiled into TRNSYS Type components for the study. 

 



 

 

 

Table F.1: TRNSYS model major components 

 

Component TRNSYS 

Type 

Description Parameter Parameter Value Inputs Input source 

     

       Electric 

Reference 

Tank 

4c Stratified, Uniform loss Nodes 20 Weather Type 15 

  

Node height 0.716 m Tcold Type 11f 

   

Element 1 power 7200 kJ/h 

  

   

Element 1 On 65 °C 

  

   

Element 1 Deadband 10 °C 

  

   

Tstat 1 Node 18 

  

   

Element 2 power N/A 

  

   

Element 2 On N/A 

  

   

Element 2 Deadband N/A 

  

   

Tstat 2 Node N/A 

  

   

Tank loss coefficient 2.315 kJ/h.m².K 

  

       

       Flow Diverter 11f Mode 4 / temperature 

controlled diverter 

Valve Mode 4 Tcold .txt file 

  

No. Oscillations 7 Flow rate TRNSYS equation 

     

Thot heat source output 

              

GIWH Equation Based on regressed 

experimental data plus 

lumped capacitance 

- - Weather Type 15 

    

Tcold Type 11f 

    

Thex Type 59 

        

 



 

 

 

 

 

       

Heat Pump Equation Based on regressed 

experimental data 

- - Flow rate Type 2 

    
Rh Type 15 

     
Tamb Type 15 

     
Tcold Type 4 

       

       

Thermostat 2 AquastatH No. Oscillations 5 Set-point temperature 60°C 

   
Safety temperature 100°C Temperature to watch Tank node i 

              

Weather 15 
 

Defaults 
   

              

Pump 3d 
 

Defaults 
   

              

Solar 

Thermal 

Collector 

1b Quadratic efficiency, 2nd 

Order Incidence angle 

modifiers 

Defaults  Tcold Type 4 

   Inlet flowrate Type 3d 

     Tamb Type 15 

     Collector Slope 17° 

     Radiation Type 15 
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