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[bookmark: _Toc468358150]Foreword
There is a general recognition that the existing housing stock represents the largest potential for energy saving and greenhouse abatement in the residential sector. However, few studies have looked at how inefficient existing houses actually are, the extent to which their level of energy efficiency can be practically upgraded, or the cost and cost-effectiveness of doing this.

In 2009 Sustainability Victoria commenced a program of work to address these information gaps. Through the On-Ground Assessment study data was collected from a reasonably representative sample of 60 existing (pre-2005) Victorian houses and used to: determine the energy efficiency status of the houses; identify the energy efficiency upgrades which could be practically applied to the houses; and, to estimate the upgrade costs and energy bill savings which could be achieved. The results of this initial work are published as The Energy Efficiency Upgrade Potential of Existing Victorian Houses [SV 2015].

The results presented in the On-Ground Assessment study report are estimates based on modelling, using data collected from real houses and focussing on the energy efficiency upgrades which could be practically applied to the houses. The next phase of our work on the existing housing stock has been to implement energy efficiency upgrades in houses and assess the actual impacts achieved. Through the Residential Energy Efficiency Retrofit Trials we are implementing key energy efficiency retrofits[footnoteRef:1] in existing houses and monitoring the impact to assess actual costs and savings, the impact of the upgrades on the level of energy service provided, and householder perceptions and acceptance of the upgrade measures. We are also seeking to identify practical issues which need to be taken into consideration when these upgrades are implemented. [1:  To end 2015 we have trialled halogen downlight replacements, comprehensive draught sealing, pump-in cavity wall insulation, gas heating ductwork upgrades, combined gas heating ductwork and gas furnace upgrades, window film secondary glazing, pool pump replacements, heat pump clothes dryers, solar air heaters, external shading, halogen downlight replacements combined with ceiling insulation remediation, gas water heater upgrades and some comprehensive whole house retrofits.] 


In this report we present the results of our small Clothes Dryer Retrofit Trial, in which conventional electric clothes dryers were replaced with new high efficiency (8 Star) heat pump clothes dryers at four houses. As part of this study we also collected and analysed data from all recent Australian field studies of clothes dryer usage (36 clothes dryers in total) to obtain a better understanding of how clothes dryers are actually used in practice, and to help put the results from the Retrofit Trial into context.

Currently around 1.2 million Victorian households have an electric clothes dryer, and around 67,300 new electric clothes dryers are sold in Victoria each year. SV’s On-Ground Assessment study estimated that replacing conventional electric clothes dryers with heat pump clothes dryers would result in average annual energy savings of 218 kWh per year, average greenhouse savings of 239 kg CO2-e per year, and an average energy bill saving of $61.1 per year for an average payback of 26.5 years. This suggests that if all conventional electric clothes dryers were replaced with heat pump clothes dryers this would result in Victoria-wide electricity savings of 252.8 GWh per year, total energy bill savings of around $70.8 million per year, and total greenhouse gas savings of around 277.1 kt CO2-e per year.

Four households were recruited to participate in the Clothes Dryer Retrofit Trial. Householder surveys, and energy metering of the clothes dryers, before and after the retrofits were used to assess the qualitative and quantitative impacts of the retrofits. An innovative methodology was developed by Energy Efficient Strategies to estimate the load of washing dried based on the measured energy consumption of each dryer load cycle, allowing data on the size of each load of washing dried to also be obtained. 

The Clothes Dryer Retrofit Trial has shown that replacing conventional electric clothes dryers with heat pump clothes dryers can achieve significant reductions in energy consumption for drying clothes in a tumble dryer (savings of around 60%), and that for households that are heavier dryer users  this can be a cost effective upgrade measure. While the payback on the additional cost of purchasing a heat pump clothes dryer, rather than a conventional dryer, is quite long for households that have low clothes dryer usage, for households that use their clothes dryer 9 times or more per week, on average, the payback period is under 10 years. In coming years, the expected reduction in the retail price of heat pump clothes dryers, combined with likely increases in the real cost of electricity, will make upgrading to a heat pump clothes dryer a cost-effective upgrade option for an increasing number of households.

Overall, the households that participated in the Retrofit Trial were happy with the new heat pump clothes dryers, with the average satisfaction rating with their clothes dryer increasing from 3.6 on a scale of one to five before the retrofits to 4.8 afterwards. The increased satisfaction was linked to the increased efficiency of the new dryer, better condition of clothes after they were dried (less wrinkling and “not cooked”), a reduction of fibre and lint in the laundry, and a reduction in condensation in the laundry.

Analysis of the data from the Clothes Dryer Retrofit Trial and field monitoring of an additional 28 clothes dryers has shown that the average size of the load dried is much lower than the rated load capacity of the dryers used, meaning that energy consumption per load is much lower than suggested by the clothes dryer Energy Rating label. The data also shows that average clothes dryer usage in Victoria is higher than the 52 loads per year assumed on the label. This suggests that the current energy labelling test for clothes dryers should be reviewed and revised so that the energy labelling information, especially the Comparative Energy Consumption, is more representative of what is likely to occur in practice.
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[bookmark: _Toc468358152]Abbreviations and Acronyms
	ABS
	Australian Bureau of Statistics

	Approx.
	Approximately

	Av.
	Average

	c
	cents

	CEC
	Comparative Energy Consumption

	CO2-e
	Carbon dioxide equivalent

	oC
	Degrees Celsius

	Diff.
	Difference

	EES
	Energy Efficient Strategies

	Elec.
	Electricity

	Est.
	Estimated

	Ex.
	Excluding

	E3
	Equipment Energy Efficiency

	GHG
	Greenhouse gas

	K
	Kelvin. This is the standard metric unit of temperature. 1 K is equivalent to 1oC. Differences in temperature are normally expressed in Kelvin, however for simplicity in this report we generally express differences in temperature in degrees Celsius.


	kg
	Kilogram

	kt
	Kiloton (1 kt = 1,000 Tonnes)

	kW
	Kilowatt, used to measure electrical power consumption (1 kW = 1,000 Watts)


	kWh
	Kilowatt-hour, used to measure electrical energy consumption. (1 kWh = 1,000 Wh = 3.6 MJ)


	GWh
	Giga-watt hours (1 GWh = 1,000,000 kWh)

	L
	Litres

	m
	metres

	MEPS
	Minimum energy performance standards

	MJ
	Megajoule, used to measure energy consumption

	No.
	Number

	OGA
	On-Ground Assessment

	PB
	Payback period

	PJ
	Petajoule, used to measure energy consumption (1 PJ = 1,000,000,000 MJ)

	Ref
	Reference

	SV
	Sustainability Victoria

	Temp.
	Temperature

	W
	Watts, used to measure electrical power consumption

	Wh
	Watt-hour, used to measure electrical energy consumption 

	Yr(s)
	Year(s)


[bookmark: _Toc468358153]Glossary
	Clothes washer
	Also known as a washing machine.


	Dew point temperature
	This is the temperature at which the water vapour in the air would reach saturation (or 100% relative humidity), and should form a mist if kept at the same pressure.


	Humidity ratio
	This is the ratio of the mass of water vaper (in grams) per kilogram of dry air.


	Moisture content
	For clothes dryers this is the mass of water present in a load of washing expressed as a percentage of the bone dry mass of the washing. The energy labelling test for clothes dryers is based on a load of washing with a moisture content of 90%.


	Rated load
	For a clothes dryer this is the maximum dry mass (in kg) of a standard mixed test load of washing that the manufacturer declares can be dried in a single operation.


	Relative humidity
	The amount of water vapour present in a given volume of air expressed as a percentage of the amount needed for saturation at the same temperature.
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[bookmark: _Toc468358155]Background to the trial
There is a general recognition that the existing housing stock represents the largest potential for energy saving and greenhouse abatement in the residential sector. However, few studies have looked at how inefficient existing houses actually are, the extent to which their level of energy efficiency can be practically upgraded, or the cost and cost-effectiveness of doing this.

In 2009 Sustainability Victoria commenced a program of work to address these information gaps. Through the On-Ground Assessment (OGA) study data on the building shell, lighting and appliances was collected from a reasonably representative sample of 60 existing (pre-2005) stand-alone Victorian houses and used to: determine the energy efficiency status of the houses; identify the energy efficiency upgrades which could be practically applied to the houses; and, estimate the upgrade costs and energy bill savings from implementing the upgrades.

Through the OGA study we assessed the cost-effectiveness of a total of 21 different building shell, lighting and appliance upgrades which could be applied to the 60 existing houses which participated in the study. The results of this analysis are summarised in Table 1 [SV 2015] – the results have been normalised to show the estimated average annual savings and costs for the 60 houses studied. In the OGA study it was estimated that the replacement of an existing electric clothes dryer with a high efficiency heat pump clothes dryer would result in average annual energy savings of 353 MJ per year (or 98 kWh per year) across the stock of 60 houses studied, average greenhouse savings of 107 kg CO2-e per year, and average energy bill savings of $27.5 per year for a payback of 26.5 years. In those houses with clothes dryers where this upgrade was assumed to be undertaken the average annual energy savings were estimated to be 785 MJ per year (or 218 kWh per year), average greenhouse savings 239 kg CO2-e per year, and an average energy bill saving $61.1 per year for an average payback of 26.5 years.


FIGURE 1: CLOTHES DRYER OWNERSHIP IN VICTORIA[footnoteRef:2] [2:  Data for 1994 to 2002 from [ABS 2008]; Data for 2005 to 2011 from [ABS 2011]; Data for 2014 from [ABS 2014]] 
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Data on clothes dryer ownership in Victoria is presented in Figure 1. This shows that the total number of clothes dryers has increased fairly slowly over the last two decades from around 935,000 in 1994 to around 1,159,300 in 2014. However, the growth in clothes dryer numbers seems to have now plateaued and may be in decline. The penetration of clothes dryers (the percentage of all households that have one) has declined fairly steadily over the same period, from 57.3% in 1994 to 51.7% in 2014. If all of the current stock of conventional electric clothes dryers in Victoria was replaced by high efficiency heat pump clothes dryers, the results from the OGA study suggest that this would result in a Victoria-wide electricity saving of around 0.91 PJ per year (or 252.8 GWh per year), total energy bill savings of around $70.8 Million per year, and total greenhouse gas savings of around 277.1 kt CO2-e per year.

TABLE 1: AVERAGE IMPACT OF ALL UPRADE MEASURES, ACROSS THE STOCK OF 60 OGA STUDY HOUSES
	
	 
	Av. Energy Saving (MJ/Yr)
	 
	 
	 
	 

	Across stock
	% Houses Applied To
	Gas
	Elec
	Total
	Av. GHG Saving (kg/Yr)
	Av. Saving ($/Yr)
	Av. Cost ($)
	Av. Payback (Yrs)

	LF Shower Rose
	56.7%
	1,333
	69
	1,402
	95
	$57.9
	$48.8
	0.8

	Ceiling Insulation (easy)
	11.7%
	958
	32
	990
	64
	$19.3
	$78.6
	4.1

	Lighting
	93.3%
	-
	1,202
	1,202
	365
	$93.5
	$535.8
	5.7

	Draught Sealing
	98.3%
	7,809
	221
	8,030
	496
	$153.9
	$1,019.8
	6.6

	Clothes Washer
	55.0%
	135
	16
	152
	12
	$24.9
	$190.9
	7.7

	Water Heater – High Eff. Gas
	58.3%
	460
	1,004
	1,463
	330
	$58.2
	$477.3
	8.2

	Ceiling Insulation (difficult)
	33.3%
	1,630
	68
	1,698
	111
	$33.8
	$278.2
	8.2

	Heating
	80.0%
	6,239
	215
	6,454
	411
	$125.9
	$1,110.6
	8.8

	Refrigerator
	86.7%
	-
	1,202
	1,202
	365
	$93.5
	$1,103.7
	11.8

	Reduce Sub-Floor Ventilation
	21.7%
	589
	12
	601
	36
	$11.2
	$166.7
	14.9

	Seal Wall Cavity
	50.0%
	903
	24
	927
	57
	$17.6
	$270.4
	15.3

	TV
	95.0%
	-
	696
	696
	273
	$54.1
	$964.3
	17.8

	Ceiling Insulation (Top Up)
	43.3%
	853
	22
	875
	54
	$16.6
	$335.3
	20.2

	Underfloor Insulation
	40.0%
	1,803
	10
	1,813
	102
	$32.4
	$784.7
	24.3

	Dishwasher
	43.3%
	-
	112
	112
	34
	$10.4
	$258.1
	24.9

	Clothes Dryer – Heat Pump
	45.0%
	-
	353
	353
	107
	$27.5
	$727.7
	26.5

	Cooling
	40.0%
	-
	160
	160
	49
	$12.5
	$464.8
	37.3

	Wall Insulation
	95.0%
	5,283
	130
	5,412
	331
	$102.5
	$3,958.7
	38.6

	Drapes & Pelmets
	100.0%
	2,209
	54
	2,263
	139
	$42.9
	$2,035.9
	47.5

	Double Glazing
	100.0%
	2,278
	66
	2,344
	146
	$45.0
	$12,145
	270

	External Shading
	31.7%
	-
	9
	9
	3
	$0.7
	$463.6
	694

	Total (ex Double Glazing)
	30,203
	5,610
	35,813
	3,434
	$989
	$15,274
	15.4

	Total (ex Drapes)
	30,273
	5,621
	35,894
	3,441
	$991
	$25,383
	25.6


Note that energy bill savings in Table 1 are based on a gas tariff of 1.75c/MJ, and electricity tariffs of 28c/kWh (peak) and 18c/kWh (off peak). Savings for low flow (LF) shower rose, washing machine and dishwasher also include water bill savings. The upgrade measures have been costed based on commercial rates and do not include any government incentives which might be available.
The next phase of Sustainability Victoria’s work on existing houses has been to trial retrofit measures and assess the actual impacts achieved. Through the Residential Energy Efficiency Retrofit Trials we are implementing key energy efficiency retrofits[footnoteRef:3] in existing houses and monitoring the impacts to assess actual costs and savings, the impact of the upgrades on the level of energy service provided, and householder perceptions and acceptance of the upgrade measures. We are also seeking to identify practical issues which need to be taken into consideration when these upgrades are implemented. [3:  To end 2015 we have trialled halogen downlight replacements, comprehensive draught sealing, pump-in cavity wall insulation, gas heating ductwork upgrades, combined gas heating ductwork and gas furnace upgrades, window film secondary glazing, pool pump replacements, heat pump clothes dryers, solar air heaters, external shading, gas water heater upgrades, halogen downlight replacements combined with ceiling insulation remediation and some comprehensive whole house retrofits.] 


As part of the Retrofit Trials we investigated the replacement of existing conventional electric clothes dryers[footnoteRef:4] with new high efficiency heat pump clothes dryers. These became available on the market in Victoria in the late 2000s, and since this time their sales have grown steadily so that they now have just over a 5% share of the clothes dryer market [E3 2016]. The main reason for undertaking this trial is that there are over one million conventional clothes dryers in use in Victorian households, and there is considerable scope to reduce residential greenhouse gas emissions and household energy bills if these are replaced with high efficiency heat pump units, especially in households which have heavy clothes dryer usage. While the OGA study suggested that the payback for this retrofit is currently quite long (26.5 years), the cost of the heat pump units is on a downward trend[footnoteRef:5] and, combined with increasing electricity prices, this is likely to make this retrofit a much more cost effective option in future. The purchase of a heat pump clothes dryer is eligible to receive a financial incentive under the Victorian Energy Efficiency Target (VEET) Scheme[footnoteRef:6], and where accessed this will reduce the cost of purchasing a heat pump clothes dryer further. [4:  These use an electric element to heat the air which is used to dry the clothes – see Chapter 2 for further details.]  [5:  The average unit price of heat pump clothes dryers in Victoria / Tasmania has decreased from $2,615 in 2010 to $2,160 in 2014, a decrease of 17% in nominal terms. [E3 2016] Average prices seem likely to continue to decrease as both the unit sales and number of models available on the market are increasing. The trend data suggests that the average price could be as low as $1,600 within the next 5 years.]  [6:  Also known as the Energy Saver Incentive Scheme. Under this scheme the Victorian Government places an obligation on electricity and gas retailers to assist energy consumers to save energy and reduce greenhouse gas emissions by implementing a range of eligible energy efficiency activities. The lifetime greenhouse abatement from these activities is recognised through the generation of VEET certificates, which can be sold to liable retailers to generate a financial incentive for consumers. The purchase of heat pump clothes dryer will typically generate around 3 to 5 certificates, and at a certificate price of $20 this will generate an incentive of $60 to $100. For further information on the VEET Scheme refer to https://www.veet.vic.gov.au/Public/Public.aspx?id=Home ] 


As part of this study we have also collated and analysed data from the monitoring of an additional 28 conventional clothes dryers in the field: clothes dryers in 8 Melbourne houses were monitored as part of Sustainability Victoria’s Victorian Residential End-Use Metering Project (Vic-REMP)[footnoteRef:7]; clothes dryers in 7 Melbourne houses were monitored as part of Sustainability Victoria’s comprehensive retrofit trials[footnoteRef:8]; and, a total of a total of 13 clothes dryers in various locations were monitored by Energy Efficient Strategies as part of other projects, and EES has generously made their data available for this study. The analysis of this field data has helped to provide a better understanding of how clothes dryers are actually used by households. This helps to place the results of the Retrofit Trial into context, and also sheds light on the relationship between the Energy Labelling test that is currently used for clothes dryers and the real life performance of clothes dryers. [7:  This project involved electricity end-use metering in a total of 24 houses located in Melbourne from late 2010 to mid-2012. The houses were generally monitored over a 4 to 8 week period at different times of the year. Switchboard metering was used to record electricity consumption on all electrical circuits using a 10 minute logging interval, and individual plug-in meters were used to record the electricity consumption of up to 16 key appliances at a 1 minute logging interval. The operation of up to 10 key lights, and temperatures in up to 5 areas of the houses were monitored at 10 minute logging intervals using small stand-alone meters.]  [8:  These studies were undertaken over the period 2013 to 2015 and involved a total of 14 houses. In these trials a more comprehensive approach was undertaken involving a range of building shell, lighting and some appliance upgrades. Results of these trials will be provided in future publications.] 


[bookmark: _Toc468358156]How the retrofit trial was undertaken
The Clothes Dryer Retrofit Trial was undertaken in 2014, and involved the replacement of the existing conventional electric clothes dryer with a high efficiency heat pump clothes dryer in a total of four houses located in Melbourne. The Retrofit Trial involved a number of key steps:
1. EnviroGroup recruited the households to participate in the trial. Recruitment was undertaken via their website, monthly e-mail newsletter and Facebook page. The key target for recruitment was households with a conventional electric clothes dryer with a load capacity of at least 5 kg, which was used at least 2 to 3 times per week during the winter period. Households with a high level of clothes dryer use were preferred. An on-line survey was used to collect the details of households which expressed interest in the Trial and a short list was prepared from this list. Site visits were used to confirm the suitability of the households and the final list of participating households selected in consultation with Sustainability Victoria. Details of the houses which participated in the trials are provided in Chapter 3;
2. EnviroGroup installed metering equipment to monitor the operation of the clothes dryers. A plug-in power meter and data logger was used to monitor the operation of the clothes dryers at a 2-minute logging interval. A small battery operated temperature and humidity sensor and data logger was installed in the room in which the clothes dryer was located to record internal temperatures and humidity levels. The meters were generally installed in late May 2014, around 5 weeks before the clothes dryer replacement, and removed in late September 2014, about 11 weeks after the retrofits[footnoteRef:9]; [9:  House CD4 was the exception to this. Metering equipment was installed on 13 June, the retrofit undertaken on 3 August, and the metering equipment removed on 23 September.] 

3. Brief householder surveys were conducted before and after the retrofits were undertaken. These were used to collect information on the household’s use of the clothes dryer, their level of satisfaction with the performance of the clothes dryer, and any noticeable impacts of the clothes dryer retrofits;
4. The existing clothes dryers were replaced with a new high efficiency heat pump clothes dryer around the end of June. In all cases the replacement clothes dryer had a 7 kg load capacity and an 8 Star energy rating;
5. All surveys, data and images collected during the Clothes Dryer Retrofit Trial were provided to Sustainability Victoria. Sustainability Victoria engaged Energy Efficient Strategies to analyse the data to help identify the impacts of the clothes dryer retrofits, including estimating the energy savings which could be achieved over a one-year period. EES also analysed the data from the 28 additional clothes dryers for which field monitoring data was available. This was supplemented by analysis undertaken by Sustainability Victoria. The results of the analysis are presented in this report, and a detailed description of the methodology used by EES is provided in Appendix A2.

[bookmark: _Toc468358157]Overview of the report
In Chapter 2 we provide an overview of the energy consumption of clothes dryers. We also present the results of Energy Efficient Strategies’ analysis of the field data collected from clothes dryers located in 32 households – the four Retrofit Trial houses plus the additional 28 houses. This provides an insight into the usage of clothes dryers, in terms of the number of loads dried per year and the annual energy consumption of clothes dryers.

In Chapter 3 we provide the results of the Clothes Dryer Retrofit Trial and in Chapter 4 we present our summary and conclusions.

More detailed data and analysis is presented in the Appendices. Appendix A1 provides an overview of the market for clothes dryers in Victoria / Tasmania over the period 1993 to 2014. Appendix A2 describes the analysis methodology that Energy Efficient Strategies has used for the Retrofit Trial data. Appendix A3 presents the detailed results from the householder surveys. Appendix A4 presents the monitoring results for the individual households.



[bookmark: _Toc468358158]2. Energy consumption of electric clothes dryers
[bookmark: _Toc468358159]Introduction
Following washing, wet clothes and other items can either be dried on a clothes line or clothes ‘horse’[footnoteRef:10], dried in a rotary (or tumble) clothes dryer, or dried by a combination of the two approaches. A bit over half of Victorian households (1.2 million) currently use a rotary clothes dryer to dry at least some of their washing [ABS 2014], and around 67,300 new electric clothes dryers[footnoteRef:11] are sold each year [E3 2016]. [10:  If the clothes line or clothes horse are located outside this will not use any energy. If the drying is undertaken inside the house and relies on internal heating to dry the clothes, this will increase the energy consumption of the heater to some small extent.]  [11:  Gas clothes dryers are also available but only account for a fairly small proportion of the market. These use a gas burner and heat exchanger to heat the air that is used to dry the clothes, but in other respects operate in a similar fashion to a conventional electric clothes dryer.] 


A typical load of washing[footnoteRef:12] contains around 2.1 to 2.7 litres of water, and this water needs to be removed to dry the clothes. The amount of water in the washing depends on the size of the load washed and the spin efficiency of the washing machine used – in general the higher the spin speed the drier the clothes will be when they are removed from the washing machine. The water content will be even lower if the washing has been partially dried on a clothes line before being placed in the clothes dryer. Drying requires the water to be evaporated and then carried away from the clothes. [ETS 2016] Rotary clothes dryers achieve this by heating air and blowing this heated air through the clothes as they are tumbled inside a rotating drum. A schematic diagram of a conventional vented rotary clothes dryer is shown in Figure 2. [12:  This would have a dry weight of around 3 kg. Moisture content of the wet washing is typically 70% to 90% of the dry weight, or 2.1 to 2.7 kg (or litres) of water.] 


FIGURE 2: SCHEMATIC DIAGRAM OF A CONVENTIONAL VENTED ROTARY CLOTHES DRYER
Rotating drum
Room air
Lint filter
Warm moist air
Air circulation fan
Belt drive
Electric motor
Paddles
Electric heating element
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The key elements of a conventional electric clothes dryer are [ETS 2016]:
A horizontal metal drum which is driven by the main electric motor via a belt. The drum contains ‘paddles’ that help to tumble the clothes, and has holes in the back that allow heated air to be blown through the tumbling clothes. The paddles lift the wet clothes until they reach the top of the drum, where they fall back through the heated air. In domestic dryers the drum usually rotates in one direction for around half a minute or so, stops, then rotates in the other direction. This helps to stop the washing bunching up and becoming tangled;
A fan, driven by the electric motor. This draws in fresh air through an air intake, usually located to the front of the machine, and blows the air across an electric heating element and through the rotating drum. The operation of the electric element is controlled by a thermostat, to stop the dryer overheating and “cooking” the clothes. Most dryers have several temperature settings;
Once the air has passed through the drum it passes through a lint filter that catches the fluff and dust that is driven off the clothes being dried. This filter needs to be cleaned regularly to ensure the dryer operates efficiently and safely;
In a simple vented clothes dryer the air then passes out of the machine through a vent. In some machines this just vents the warm moist air into the laundry, and in some machines a ducting kit is used to vent the exhaust to outside the house. In condenser dryers the exhaust air is passed through a heat exchanger, where the moisture is condensed from the exhaust air and either stored in a tank for later removal or drained away. The drier air then passes back into the clothes dryer to be re-heated. The heat exchanger is usually cooled by the laundry air, although in combined washer-dryers it is cooled by water[footnoteRef:13]. The energy consumption of condenser dryers can be higher than for vented dryers. The air that is recirculated through the condenser dryer may not be as dry as the fresh air drawn from the laundry, meaning that it can take longer to dry the clothes and more energy can be used[footnoteRef:14]. [13:  https://en.wikipedia.org/wiki/Clothes_dryer#Condenser_dryers ]  [14:  https://en.wikipedia.org/wiki/Clothes_dryer#Condenser_dryers] 


The main difference between a heat pump clothes dryer and a conventional electric clothes dryer is that in the heat pump dryer the heat is produced via a “heat pump” cycle[footnoteRef:15] rather than by an electric resistance element. The heat pump operates in a similar fashion to a reverse-cycle air conditioner run on a heating cycle. The heat is produced in the ‘condenser’ of the heat pump and the air is heated as it passes over a heat exchanger before being blown through the rotating drum. The warm moist air driven off the clothes then passes over the ‘evaporator’ of the heat pump where it condenses the moisture in the air and also recovers heat from both the exhaust air and the moisture, and transfers it back to the condenser via a refrigeration cycle. The condensed moisture is stored in a tank for later removal or run into a drain, and the dry air is then re-heated by the condenser. The heat pump clothes dryers therefore run a closed cycle and do not vent warm moist air into the laundry. [15:  Heat pumps are used in refrigerative air conditioners, refrigerators and freezers, heat pump water heaters and heat pump clothes dryers. For a good overview of how the heat pump cycle works see: https://en.wikipedia.org/wiki/Heat_pump ] 


In a heat pump clothes dryer the electricity is not used to produce heat directly via an electric element, but drives the electric motor that powers the compressor and drives the heat pump cycle. Due to this, and the heat recovery from the warm moist air driven off the clothes, heat pump clothes dryers use substantially less energy than conventional dryers.

In a theoretical sense the amount of energy required to remove 1 kg (or 1 litre) of water from a load of wet washing is around 0.72 kWh (2.6 MJ). This is the energy required to raise the temperature of the water in the washing to 100oC plus the energy required to vaporise the water[footnoteRef:16]. The average conventional electric clothes dryer uses around 1.1 kWh of energy to remove 1 kg of water [E3 2016], or around 52% more energy than the theoretical requirement. This is because energy is also required to heat the clothes and the internal metal parts of the clothes dryer, turn the drum that tumbles the clothes and power the fan, and there will be some heat losses through the walls of the clothes dryer and through warm air being expelled from the dryer (vented and conventional condenser dryers). [16:  For this calculation it is assumed that the temperature of the water is 20oC, the same temperature used in the Energy Labelling test standard for clothes dryers.] 


Heat pump clothes dryers use much less energy to remove the water from the load being dried. The average conventional clothes dryer sold in 2014 used 1.06 kWh to remove 1 kg of water from a load being dried, while the average heat pump clothes dryer used only 0.45 kWh, or 57.5% less energy [E3 2016].

[bookmark: _Toc468358160]Clothes dryer Energy Rating Label
In Australia and New Zealand clothes dryers are required to display an Energy Rating label when they are sold (see Figure 3). The label uses a star rating at the top of the label to allow consumers to compare the energy efficiency of different models with the same load capacity, and has a Comparative Energy Consumption (CEC) figure which shows the estimated annual energy consumption of the clothes dryer (in kWh per year). The higher the Star Rating the higher the efficiency of the clothes dryer, and the lower the CEC will be for a given rated load capacity. Most conventional clothes dryers have a 1 to 3 Star Rating, and most heat pump clothes dryers have a Star Rating in the range of 6 to 8 Stars, although there are a few 9 and 10 Star models are available.

FIGURE 3: CLOTHES DRYER ENERGY RATING LABEL
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The clothes dryer Energy Rating label is based on testing undertaken to Australian and New Zealand Standard AS/NZS 2442.1:1996 (R 2016) Performance of household electric appliances – Rotary clothes dryers, Part 1: Energy Consumption and Performance. Under this test standard the energy consumption of the clothes dryer is measured when it dries a load of mixed washing[footnoteRef:17] that is equivalent to the rated load capacity[footnoteRef:18] of the clothes dryer. The initial moisture content of the wet load of washing to be dried is 90% of the bone dry mass of washing, and this is required to be dried until the moisture content is only 6% of the bone dry mass[footnoteRef:19]. The ambient test conditions[footnoteRef:20] and the test procedure to be used are set out in the standard. [17:  This includes sheets, towels, table clothes, shirts, T-shirts, pillow cases, under shorts, wash clothes and handkerchiefs, with the make-up of the load specified in the standard and dependent on the load capacity of the machine.]  [18:  This is the maximum (dry) mass of a standard mixed test load of washing that the manufacturer declares can be dried in a single operation.]  [19:  This corresponds to the typical moisture content of clothes and other laundry items when stored in a home.]  [20:  Air temperature is 20oC plus or minus 2oC; Humidity is 60% plus or minus 5%; cold water temperature for washing clothes is 20oC plus or minus 2oC.] 


The CEC of the clothes dryer is calculated from the tested energy consumption per load dried multiplied by 52 load cycles dried per year, and multiplied by a field use factor – this is set at 1.0 for autosensing dryers and 1.1 for timer dryers[footnoteRef:21]. A dryer is awarded a bare 1 Star rating if it the CEC is 53 times the rated load capacity of the dryer in kilograms (e.g. 265 kWh per year for a 5 kg dryer). An extra star is awarded for each 15% reduction in the CEC of the clothes dryer (e.g. a 5 kg dryer that just gets a 2 Star rating would have a CEC of 225 kWh). [EES 2015] This suggests that an 8 Star heat pump clothes dryer should use around 62% less energy than a 2 Star conventional clothes dryer. [21:  Autosensing dryers have a sensor that switches off the dryer when the clothes have reached a certain level of dryness. Timer dryers operate for a time period set by the user.] 


Historical data on the average characteristics of both conventional and heat pump clothes dryers sold in Victoria / Tasmania back to 1993, based on their Energy Rating labels, is provided in Appendix A1. In 2014 the key performance characteristics of the clothes dryers sold were [E3 2016]:
An average load capacity of 5.4 kg for conventional clothes dryers and 7.6 kg for heat pump clothes dryers;
An average Star Rating of 1.90 Stars for conventional clothes dryers and 7.44 Stars for heat pump clothes dryers;
An average CEC of 245 kWh per year for conventional clothes dryers and 143 kWh per year for heat pump clothes dryers; and
An average specific energy of 1.06 kWh per kg of water removed for conventional clothes dryers and 0.45 kWh per kg of water removed for heat pump clothes dryers.

[bookmark: _Toc468358161]Field measurements of clothes dryer usage and energy consumption
[bookmark: _Toc468358162]Analysis of field measurements
To get a better understanding of how clothes dryers are currently used by households, EES compiled data from all known recent Australian studies that have monitored the operation of clothes dryers in the field. This included data from 25 clothes dryers in Victorian households (23 from SV[footnoteRef:22] plus two others provided by EES), and data from 11 additional clothes dryers in households located in NSW (9) and Queensland (2). This data was supplemented by data from a trial conducted by Pacific Power in NSW in 1994 which monitored 146 clothes dryers over a full year of operation[footnoteRef:23]. [EES 2016] [22:  8 clothes dryers were monitored as part of the Clothes Dryer Retrofit Trial, the 4 existing conventional dryers and the 4 replacement heat pump clothes dryers. An additional 8 clothes dryers were monitored as part of SV’s Vic-REMP project, and 7 as part of SV’s Comprehensive Retrofit Trials.]  [23:  The study was undertaken by BRANZ for Pacific Power: UC0170/2 Energy Used in Australian Appliances – Analysis of 1993/94 RES Appliance Energy Use Data, M. Camilleri, N. Isaacs, A. Pollard, J. Jowett, 12 May 2000.] 




The data available from the recent field studies was analysed by EES to identify the total number dryer load cycles over the period monitored, as well as the average number of load cycles per day, the average time taken per load cycle (in minutes), and the average energy consumption per load cycle (in Watt-hours or Wh). The number of dryer load cycles per year was calculated based on average usage over the monitoring period. These values were not adjusted to take into account any changes in the way in which the dryer was used over the year[footnoteRef:24]. Most of the Victorian clothes dryers were only monitored during the winter months. Taking seasonal usage patterns into account would, therefore, lower the annual estimate of load cycles to some extent.  [24:  Clothes dryer usage is generally higher during winter months than summer months. A fuller discussion of this issue is provided in Appendix A.2 – see the section on “Seasonal variation in clothes dryer use”, as well as further discussion below.] 


The results of the EES analysis are provided in Table 2. Averages are provided for a range of different scenarios based on the data available: all dryers analysed; all conventional dryers analysed; all Victorian dryers analysed; and all conventional Victorian dryers analysed. The most relevant results are those for all conventional Victorian dryers, as dryer usage is expected to be higher in Victoria compared to NSW and Queensland, and this also removes the double counting associated with the Retrofit Trial households (CD1 to CD4)[footnoteRef:25]. Note the very high variability (high standard deviation) for all of the dryer parameters monitored across the sample of houses, which shows that there is a very high diversity in clothes dryer usage across the households. [25:  These households were selected on the basis that they had above average occupancy and above average clothes dryer usage, so including both the existing and replacement clothes dryers in the analysis skews the results even more. Also, eliminating the heat pump clothes dryers from the analysis means that the energy consumption is more representative of the existing stock of clothes dryers.] 


TABLE 2: SUMMARY OF DATA ON CLOTHES DRYER USAGE FROM ALL AVAILABLE SITES[footnoteRef:26] [26:  Houses SVCD1 to SVCD4 are the Clothes Dryer Retrofit Trial houses; A denotes the initial clothes dryer and B the heat pump clothes dryer. Houses SVA1 to SVB13 are the Vic-REMP project houses. House SVCR1 to SVCR9 are the Comprehensive Retrofit Trial houses. All other houses, from EESCD01 onwards are houses where EES has collected clothes dryer data as part of other studies.] 

	House Code
	Dryer Code
	State
	Av time per cycle
(Minutes)
	Av Energy per cycle
(Wh)
	Monitoring period
(Days)
	Av No. of Cycles per day
	Est No. of Cycles per year

	SVCD1
	CD1A
	VIC
	62.8
	1,566
	36
	1.43
	522

	SVCD2
	CD2A
	VIC
	37.1
	618
	50
	0.32
	117

	SVCD3
	CD3A
	VIC
	91.2
	1,508
	39
	2.30
	840

	SVCD4
	CD4A
	VIC
	80.8
	2,372
	46
	2.15
	784

	SVCD1
	CD1B
	VIC
	62.3
	614
	85
	1.60
	582

	SVCD2
	CD2B
	VIC
	26.5
	282
	68
	0.22
	81

	SVCD3
	CD3B
	VIC
	64.5
	581
	85
	3.23
	1,178

	SVCD4
	CD4B
	VIC
	67.0
	596
	53
	3.12
	1,140

	SVA1
	A2
	VIC
	62.9
	1,459
	56
	0.41
	150

	SVA6
	A9
	VIC
	38.5
	906
	62
	0.68
	247

	SVA8
	A9
	VIC
	82.0
	2,062
	60
	0.18
	67

	SVA10
	A8
	VIC
	129.5
	2,012
	53
	0.04
	14

	SVB6
	A12
	VIC
	59.9
	1,544
	64
	0.72
	262

	House Code
	Dryer Code
	State
	Av time per cycle
(Minutes)
	Av Energy per cycle
(Wh)
	Monitoring period
(Days)
	Av No. of Cycles per day
	Est No. of Cycles per year

	SVB7
	A7
	VIC
	36.9
	910
	32
	4.41
	1,608

	SVB10
	A14
	VIC
	24.9
	639
	54
	0.37
	135

	SVB13
	A15
	VIC
	48.2
	1,382
	54
	0.39
	142

	SVCR1
	A3
	VIC
	116.4
	3,031
	71
	0.62
	226

	SVCR2
	A4
	VIC
	49.6
	1,215
	70
	1.09
	396

	SVCR3
	A3
	VIC
	49.2
	1,229
	69
	0.86
	312

	SVCR5
	A4
	VIC
	82.6
	2,556
	80
	0.18
	64

	SVCR7
	CD
	VIC
	59.3
	1,066
	118
	0.65
	238

	SVCR8
	CD
	VIC
	41.7
	873
	123
	0.11
	42

	SVCR9
	CD
	VIC
	85.1
	1,554
	112
	0.47
	173

	EESCD01
	CD01
	VIC
	21.6
	462
	45
	0.51
	186

	REMP3
	CD
	VIC
	51.8
	1,070
	423
	0.57
	207

	EESCD02
	CD02
	QLD
	57.2
	1,243
	230
	0.38
	138

	EESCD03
	CD03
	QLD
	86.4
	1,140
	254
	0.49
	180

	EESN03
	A20
	NSW
	149
	2,803
	257
	0.45
	163

	EESN08
	A5
	NSW
	91.4
	1,857
	324
	0.73
	266

	EESN16
	A14
	NSW
	81.8
	1,851
	261
	0.04
	15

	EESN18
	A22
	NSW
	111
	2,228
	261
	0.69
	251

	EESN23
	A16
	NSW
	61.4
	715
	330
	0.53
	194

	EESN27
	A18
	NSW
	72.2
	893
	250
	0.15
	54

	EESN29
	A17
	NSW
	81.1
	1,429
	260
	0.44
	162

	EESN30
	A14
	NSW
	100.3
	1,693
	337
	0.61
	224

	EESN99
	A15
	NSW
	79.0
	1,167
	229
	0.23
	83

	Av - All
	 
	 
	69.5
	1,365
	139.0
	0.87
	318

	Standard Deviation - All
	28.9
	678.8
	111.1
	0.99
	362

	Av - All conventional
	 
	71.3
	1,470
	147.2
	0.73
	264

	Standard Deviation - All conventional
	29.6
	643.2
	115.3
	0.85
	309

	All - Vic
	 
	 
	61.7
	1,293
	66.0
	1.09
	396

	Standard Deviation - All Vic
	26.8
	701.4
	75.3
	1.14
	414

	All - Vic conventional
	 
	62.5
	1,430
	81.8
	0.88
	321

	Standard Deviation - All Vic conventional
	28.2
	668.5
	82.2
	1.01
	368





The estimated average usage parameters for the conventional Victorian clothes dryers are:
321 load cycles per year (264 if dryers in NSW/Qld are included);
average energy consumption per load cycle of 1,430 Wh (1,470 Wh if dryers in NSW/Qld are included);
average annual energy consumption of 458 kWh per year (389 kWh per if dryers in NSW/Qld are included).

Data on the monitoring period was available for all clothes dryers, and data on the number of house occupants was available for all households except the two located in Queensland (EESCD02 and CD03). When likely seasonal usage patterns are taken into account by applying the seasonal adjustment factor developed by EES (see Appendix A2), the estimated average usage parameters for the conventional Victorian clothes dryers monitored in the field trials becomes:
266 load cycles per year (232 if dryers in NSW/Qld are included);
average energy consumption per load cycle of 1,430 Wh (1,470 Wh if dryers in NSW/Qld are included);
average annual energy consumption of 381 kWh per year (342 kWh per year if dryers in NSW/Qld are included).
[bookmark: _Toc468358163]Average clothes dryer usage
The average occupancy of the Victorian houses monitored in the field trials was 3.7 people. If we assume a linear relationship between clothes dryer usage and the number of house occupants, this suggests that for the average Victorian household (2.5 people) average clothes dryer usage is around 180 load cycles per year, and average annual energy consumption is around 257 kWh per year. However, the relationship between clothes dryer usage and the average number of load cycles per year may not be linear. To explore this relationship further we have plotted the seasonally adjusted estimate of load cycles per year against the number of people in the households for the dryers located in both Victoria and NSW (see Figure 4).

FIGURE 4: CLOTHES DRYER USAGE FOR VICTORIAN HOUSEHOLDS
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As expected, Figure 4 shows that clothes dryer usage tends to increase with household size, although there is considerable variation in annual usage, even for households with the same number of occupants. If the outlier houses are removed (SVB7, very high use, and SVCR1, 7 people) the line of best fit for the data points suggests a power relationship between household size and annual usage[footnoteRef:27]. For the average Victorian household (2.5 people), this suggests an annual usage of only 84 load cycles per year, or an energy consumption of 120 kWh per year. [27:  Loads dried per year = 22.976 x (No of people)1.4204. Note that due to the small sample size and high level of diversity the correlation of the line of best fit is not very strong. A much larger data set would be required to obtain a more robust relationship.] 


A number of other data sources shed some light on the usage of clothes dryers in Victoria. Yarra Valley Water has undertaken recent metering studies of water use in 100 households located in their distribution area, in both winter 2010 [YVW 2011] and summer 2012 [YVW 2012]. These studies produced data on how weekly washing machine usage varied with household size[footnoteRef:28], and this was used to identify the relationship between household size and average annual washing machine use. Figure 5 shows average annual washing machine use as estimated by the Yarra Valley Water studies – WM(winter) and WM(summer) - plotted against household size, and compared to the line of best fit (CD(power)) for the clothes dryer data derived from the data in Figure 4. [28:  In the winter study average weekly usage was estimated to be equal to 2.62 x ln(x) + 1.87; in the summer study average weekly usage was estimated to be equal to 2.762 x ln(x) + 2.0898, where x is equal to the number of house occupants. [YVW 2011, YVW 2012]] 


Washing machine usage should set an upper limit on the usage of the clothes dryer. While in some cases one load of washing might be split into a number of smaller loads for drying, clothes dryer usage is expected to be much lower during summer months than in winter, so annual clothes dryer usage is expected to be lower than washing machine usage. The Yarra Valley Water studies suggest that the average Victorian household (2.5 people) washes 217 to 222 loads of clothes per year. The studies suggest that the number of loads washed increases as household size increases, but that the rate of increase is slower as household size increases. This is in contrast to the line of best fit for the Victorian clothes dryer data, which suggests that clothes dryer use increases at a faster rate as household size increases. In practice it is likely that the shape of this usage curve for clothes dryers would be similar to the shape of the curves produced by the Yarra Valley Water studies.

Data on both clothes dryer use and clothes washer (or washing machine) use was available for 14 of the Victorian clothes dryer houses monitored by Sustainability Victoria. Analysis of this data suggests that clothes dryer usage is around 60% of clothes washer usage, and a curve corresponding to this has also been shown on Figure 5 (CD (% of CW).

FIGURE 5: VARIATION OF CLOTHES WASHER AND CLOTHES DRYER USAGE WITH HOUSEHOLD SIZE
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The available data from both clothes dryer and clothes washer monitoring suggests that for the average Victorian household (2.5 people) the clothes dryer is likely to be used between 84 to 132 times per year, and average energy consumption between 120 and 189 kWh per year. A much larger sample of measurements from field studies is required to obtain a more accurate estimate of the average. However, it is also clear that there is great diversity in clothes dryer usage, even between households with the same number of occupants, with some households displaying very low usage and some displaying very high usage.

The Victorian Government has undertaken a number of large surveys (around 2,000 households) in 1996, 2001 and 2007 which obtained information on energy and water consumption of Victorian households and appliance ownership and use, including the reported usage of clothes dryers. The results of these three studies are summarised in Table 3 [DHS 2008]. The data suggests that average clothes dryer usage has been fairly consistent across the three surveys, and that average annual use is around 91 load cycles per year, which is within the range estimated from the various field studies.


TABLE 3: REPORTED USAGE OF CLOTHES DRYERS[footnoteRef:29] [29:  Data from [DHS 2008]. Based on a response sample of 1,080 households in 1996, 1,085 in 2001 and 1,056 in 2007. Warmer months were December to April, and colder months May to November.] 

	
	Warmer months
	 
	Colder months
	 

	Frequency of use
	1996
	2001
	2007
	1996
	2001
	2007

	At least 1 time per day
	2%
	2%
	3%
	14%
	13%
	14%

	4 to 6 times per week
	2%
	2%
	1%
	15%
	13%
	8%

	1 to 3 times per week
	8%
	11%
	9%
	37%
	40%
	38%

	1 time every 2 or 3 weeks
	6%
	7%
	6%
	11%
	10%
	15%

	1 time per month
	9%
	8%
	6%
	7%
	11%
	9%

	Less often
	58%
	51%
	11%
	17%
	11%
	8%

	Not used
	 
	12%
	61%
	 
	1%
	7%

	Can't say
	14%
	7%
	3%
	 
	1%
	1%

	Av times per month
	2.5
	2.6
	3.1
	11.5
	11.3
	10.3

	Estimated annual usage 
	 
	 
	 
	93.0
	92.1
	87.6



[bookmark: _Toc468358164]Average energy use and load dried per cycle
The average energy consumption per load cycle for the conventional clothes dryers analysed was 1,430 Wh for the conventional Victorian dryers (or 1,470 Wh for all conventional dryers), much lower than would be expected from the annual energy consumption data provided on the clothes dryer Energy Rating Label. For example, the average CEC of conventional electric clothes dryers sold in 2006 in Victoria / Tasmania was 214 kWh for 52 load cycles per year, or an average energy consumption of 4,115 Wh per load cycle. This suggests that for many households the CEC figure provided on the Energy Rating label will not provide an accurate estimate of the annual energy consumption for their situation[footnoteRef:30]. [30:  Actual energy consumption per load is only around 36% of rated energy consumption per load.] 


The much lower energy use per load cycle obtained from the field study measurements corresponds to a very low clothes dryer loading, of between 1 kg to 1.5 kg for a conventional 5 kg dryer. This suggests that the energy consumption per cycle in actual use is much lower than the value assumed for the Energy Rating Label (which is measured at rated load capacity) because the average load dried in practice is much smaller than the rated load capacity[footnoteRef:31]. [EES 2016] [31:  This issue was investigated in much greater detail for the four dryers examined in the Clothes Dryer Retrofit Trial. See Chapter 3.] 

[bookmark: _Toc468358165]Seasonal and daily variation in clothes dryer usage
The data from the various field studies analysed, including the Pacific Power data[footnoteRef:32], has also provided insights into how clothes dryer use varies throughout the year and throughout the day. Details on how the average power consumption of the clothes dryers varied by month[footnoteRef:33], and how their average power consumption varied throughout the day (daily load profile) are shown in Figures 6 and 7 respectively, for each major source of data analysed[footnoteRef:34] (See Appendix A2 for more detail). It should be noted that the Victorian summer data is based on only one or two houses. The sample of houses used may not be representative of the range of normal users. The heavy users included in this study will have a significant influence on the averages. [EES 2016] [32:  This data is aggregated from 146 dryers measured over a year in NSW in 1994. The average usage recorded in this study is lower than for the more recent studies, although the reason for this is unclear. [EES 2016]]  [33:  The average daily power consumption is the average daily energy consumption (in Watt-hours) divided by 24.]  [34:  In addition to the data for the clothes dryers included in Table 2, this includes data from the 1994 Pacific Power study undertaken in NSW.] 


Based on the analysis of the monthly data EES concluded that the seasonal profile of clothes dryer use approximates a sine curve with a relative maximum of 1 in July and a minimum of 0.5 in January. [EES 2016]

[bookmark: _Ref451426145]FIGURE 6: MONTLY AVERAGE POWER CONSUMPTION BY CLOTHES DRYERS
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Figure 7 shows the average daily load profile of the clothes dryers that were monitored, or the way in which the average power consumption[footnoteRef:35] varies throughout the day. The average daily load profile for the Victorian clothes dryers is similar in shape to the average daily load profile of the NSW/Qld clothes dryers, although the average power consumption is higher. This reflects the likely higher use of clothes dryers in Victoria. The majority of clothes dryer use occurs between 8:00 am and 10:00 pm, with peak usage for the Victorian clothes dryers occurring between 5:00 pm and 7:00 pm. [35:  This average is based on all days in the year, including those days on which the clothes dryers were not used.] 


[bookmark: _Ref451426893]FIGURE 7: AVERAGE DAILY LOAD PROFILE OF CLOTHES DRYERS
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[bookmark: _Toc468358166]3. Results of the clothes dryer Retrofit Trial
[bookmark: _Toc468358167]Housing Sample
Details of the four households that participated in the Clothes Dryer Retrofit Trial are provided in Table 4. The households were fairly large, with 4 or 5 people per household and an average occupancy of 4.5 people. All existing clothes dryers were conventional electric dryers, with an Energy Rating of 2 Stars, where this was known[footnoteRef:36]. The load capacity varied from 3.5 to 6 kg, with the average load capacity being 4.7 kg, and the ages of the dryers varied from 6 to 25 years, with the average age being 15.3 years. All existing dryers were replaced with an 8 Star heat pump clothes dryers with a load capacity of 7 kg. [36:  It was not possible to identify the Energy Rating of the two older dryers (CD2 and CD4).] 


The clothes dryers were monitored for a period of around four months, generally starting around the end of May (mid-June for CD4) and ending in late September, with the retrofits undertaken around the end of June in most cases.


TABLE 4: DETAILS OF THE HOUSES WHICH PARTICIPATED IN THE CLOTHES DRYER RETROFIT TRIAL
	
House Code
	Household Composition
	Existing Dryer
	Age of Dryer (Yrs)
	New Dryer
	Monitoring period
	 

	
	
	
	
	
	Start Date
	Retrofit Date
	End Date

	CD1
	2A + 2C
	Miele T7744C, 2 Star, 6 kg, condensing dryer
	6
	8 Star, 7 kg, heat pump
	25/05/14
	29/06/14
	22/09/14

	CD2
	2A + 2C
	Simpson Maxidry 10S, 3.5 kg, vented to room
	25
	8 Star, 7 kg, heat pump
	27/05/14
	17/07/14
	22/09/14

	CD3
	2A + 3C
	Fisher & Paykel Aero, 2 Star, 4.5 kg, vented to outside
	10
	8 Star, 7 kg, heat pump
	23/05/14
	30/06/14
	22/09/14

	CD4
	2A + 3C
	Hoover Apollo 100, 5 kg, vented to room
	20
	8 Star, 7 kg, heat pump
	14/06/14
	1/08/14
	22/09/14

	Average
	2A + 2.5C
	 
	15.3
	 
	 
	 
	 




[bookmark: _Toc468358168]Householder perceptions
The households which participated in the Retrofit Trial were asked a series of questions before and after the retrofits were undertaken to obtain information on their satisfaction with the performance of their clothes dryer, as well as to identify any changes which occurred in the way they used their clothes dryer after the retrofit. The detailed responses to these questions are provided in Appendix A3.
[bookmark: _Toc468358169]General satisfaction with the clothes dryer
Householders were asked to rate their level of satisfaction with the operation of their clothes dryer based on a ranking of 1 (very dissatisfied) to 5 (very satisfied). Figure 8 shows the responses from the households both before and after the retrofits. The average satisfaction rating increased from 3.6 before the retrofits to 4.8 afterwards. The largest increase in satisfaction occurred for houses CD2 and CD4, the houses with the oldest clothes dryers. Houses CD1 and CD3 were very satisfied with their existing clothes dryer and there was no increase in the general satisfaction rating after the heat pump clothes dryer was installed. However, the more detailed householder comments (see below) suggest that even in these households the occupants did notice some improvements after the retrofit.
The increase in householder satisfaction with the new heat pump clothes dryer was linked to a range of factors, including the increased efficiency of the dryer, better condition of clothes after they are dried (e.g. “not cooked”), a reduction in condensation in the laundry[footnoteRef:37], and a reduction of fibre and lint in the laundry. [37:  Only house CD4 seems to have had an issue with condensation. House CD1 had a condensing dryer that removed moisture from the dryer exhaust air, and at house CD3 the dryer exhaust was vented outside. At CD2 these was some condensation at times, but the occupants noted that this was not a major issue as the dryer was located in a large area.] 


FIGURE 8: SATISFACTION WITH CLOTHES DRYER, BEFORE AND AFTER RETROFIT
[image: ]


Householder comments regarding satisfaction with their clothes dryer
Before – 2 Star Energy Rating is not good, but dries clothes well.
After – Does a better job with drying and better condition of clothes after dried. [CD1]

Before – Very happy. It does what it is supposed to do.
After – Amazing machine – holds a lot. Works best if clothes are sorted by fabrics. [CD3]

Before – Fibre blows through filters and around room. Makes a mess. Also, condensation is a big problem with the current dryer.
After – Works a treat. Efficient. Good job without cooking the clothes. [CD4]






Issues







[bookmark: _Toc468358170]Changes to the use of the clothes dryer
As part of the pre-retrofit householder survey occupants were asked about their typical weekly usage of the clothes dryers at different times of the year. The survey results are presented in Table 5, and compared with actual measured usage during May to August (winter) and during September[footnoteRef:38] (spring). In general, the usage reported by the householders during both winter and spring months was somewhat lower than the usage measured in practice. This may have been because householders were reporting the number of days each week they use the dryer, rather than the number of times per week, with dryers often used multiple times on the days that they were used. The exception to this was house CD2, which had a much lower level of clothes dryer usage than the other households. [38:  Note that the dryers were only monitored for about 3 weeks during spring, so actual average usage over the entire spring period may be different to that shown.] 

TABLE 5: REPORTED WEEKLY USEAGE OF CLOTHES DRYERS
	House No
	Reported average weekly usage
	Measured average weekly usage
	Comments

	
	Summer
	Winter
	Autumn / Spring
	May to Aug
	 Sep
	

	CD1
	7
	7
	7
	10.4
	12.2
	Due to not having a clothes line

	CD2
	1
	3.5
	2
	2.1
	NA*
	Summer - emergency only. Autumn -  1 to 2; Spring 2 to 3

	CD3
	0.2
	7
	 NA
	21.8
	18.8
	Summer - a couple of times during the entire summer; Winter - at least once a day and sometimes more. Autumn/Spring - Unsure, depends on the weather.

	CD4
	0.5
	4.5
	2.5
	19.4
	16.1
	Summer - Less than 1.

	 Av
	2.2
	5.5
	3.8
	13.4
	15.7
	 


* Monitoring for this house was only undertaken for 2 days during September.


Householders were asked to comment on whether or not they had changed the way that they used the clothes dryer after the retrofit (See Appendix A3 for detailed responses). The occupants at houses CD1 and CD4 reported that they used the dryer more after the retrofit, and the occupants at the other houses reported no change to the frequency of use after the retrofits. At CD2 the occupants reported using the delay function in the heat pump clothes dryer to make use of cheaper off-peak electricity tariffs.
[bookmark: _Toc468358171]Other benefits and issues
Householders were asked to comment on any other benefits of the new heat pump clothes dryers, and also if the new dryers had caused any issues. The responses are provided in the breakout box below. The benefits included clothes that were less wrinkled, less “burning” of the clothes, less humidity in the laundry, better drying and less noise. The main issues reported were that it was not possible to mount the heat pump clothes dryer on a wall, due to its greater weight compared to the conventional dryers, and the water tray. The heat pump clothes dryers condense the moisture out of the warm moist air driven off the clothes and capture this in a storage tank. This tank needs to be emptied from time-to-time, although a drain kit is available to empty the tank automatically. 


Householder comments on other benefits and issues of the new clothes dryers
Benefits – Clothes are less wrinkled than the old dryer, less noise, better job drying clothes. [CD1]

Benefits – Quieter, less humidity, more energy efficient, bigger.
Issues – Can’t be wall mounted. [CD2]

Benefits – Less of a bother, less clothes burn, can close the laundry. Like the reminder when finished.
Issues – Water tray. [CD3]












[bookmark: _Toc468358172]Condensation issues
As part of the Retrofit Trial, the condensation issue was investigated in more detail. Only households CD2 and CD4 reported any problems with condensation before the retrofits. The existing dryer at CD1 was a condensing dryer that removed moisture from the air before it was expelled, and the dryer at CD3 was vented to the outside and not into the laundry.
As the heat pump clothes dryers condense the moisture from the warm moist air that is driven off the clothes being dried, it was expected that humidity levels in the laundry would be lower, and therefore any problems with condensation would be lower, after the retrofits. In addition to the householder surveys, a meter was installed in the laundry at each house to monitor the ambient air temperature and relatively humidity level at 10-minute logging intervals, and this data was analysed by EES to investigate the impact of the dryer retrofits on indoor humidity and moisture levels. The methodology used for this analysis is set out in more detail in Appendix A2.

Relative humidity is strongly affected by the ambient air temperature, and therefore was of low value in this analysis, as clothes dryers tend to heat the air in the laundry when operating, changing the relative humidity even if the moisture content of the air remains constant. EES used the additional humidity parameters of humidity ratio (grams of water vapour per kilogram of dry air) and dew point temperature (oC) to assist with their analysis. These parameters are more useful for assessing humidity impacts as they do not vary significantly with changes in the ambient air temperature [EES 2016].

A typical cycle of clothes dryer operation is shown in Figure 9 – this includes the power consumption of the dryer (purple), the air temperature in the laundry (red), the relative humidity (dark blue), the humidity ratio (green) and the dew point temperature (light blue). It can be seen that the ambient air temperature rises slightly during and after dryer use. As a result, the relative humidity typically stays steady or falls slightly, but the humidity ratio and dew point temperature rise slightly, indicating some increased moisture load in the laundry air.


[bookmark: _Ref451361992]FIGURE 9: TEMPERATURE AND HUMIDITY IMPACTS AROUND DRYER OPERATION, HOUSE CD4A
[image: ]


The approach used by EES for their analysis was to examine a one hour window well before the start of the dryer operation and compare this to a one hour window well after the start of the dryer operation. This allowed a quantitative assessment of changes in temperature and humidity as a result of the dryer operation for a particular load cycle to be made. The exercise was repeated for all load cycles, and the results of this analysis are provided in Table 6. Houses CD1, CD3 and CD4 were quite heavy dryer users and often there were multiple dryer cycles during the same morning or afternoon period. Where a cycle had occurred in the previous three hours, this data was excluded from the analysis.



[bookmark: _Ref451421695]TABLE 6: SUMMARY OF AMBIENT CONDITIONS AND IMPACT OF DRYER OPRATION FOR EACH HOUSE
	
Dryer
	Laundry air condition before drying cycle
	Change in condition of laundry air after drying cycle

	
	Temp before (°C)
	Relative humidity before
(%)
	Humidity Ratio before (g/kg)
	Dew Point before (°C)
	Temp change (°C)
	Relative humidity change (%)
	Humidity Ratio change (g/kg)
	Dew point change (°C)

	CD1A
	20.6
	60.3
	9.2
	12.6
	1.6
	-1.7
	0.7
	1.1

	CD1B
	20.7
	54.2
	8.3
	11.0
	0.8
	-0.1
	0.4
	0.7

	CD2A
	17.9
	65.6
	8.4
	11.3
	1.6
	-3.3
	0.4
	0.7

	CD2B
	18.9
	57.7
	7.8
	10.2
	0.0
	0.8
	0.1
	0.2

	CD3A
	18.3
	64.7
	8.5
	11.5
	0.7
	-0.7
	0.3
	0.5

	CD3B
	18.4
	57.2
	7.6
	9.7
	1.1
	-0.8
	0.4
	0.8

	CD4A
	15.6
	71.3
	7.9
	10.4
	1.4
	-2.2
	0.5
	0.9

	CD4B
	15.8
	66.7
	7.5
	9.6
	1.2
	-0.8
	0.5
	0.9


Note: Conditions before are determined for 1 hour, starting 2 hours before the start of dryer operation, and the conditions after are for 1 hour, starting 2 hours after the start of dryer operation. The change is based on the condition (temperature, relative humidity, humidity ratio and dew point temperature) after the drying cycle minus the condition before.


This data suggests that the dryer operation has some impact on ambient air temperature and moisture content in the laundry air, although this impact is fairly modest and fairly short lived. In houses CD1 (existing dryer a condenser dryer) and CD2 (existing dryer vented into the laundry) the new heat pump dryer appeared to have a lower impact when compared to the old dryer. In houses CD3 (existing dryer vented outside) and CD4 (existing dryer vented into the laundry), the new dryer appeared to have a comparable impact on indoor humidity to the old dryer [EES 2016][footnoteRef:39]. [39:  The report author replaced an existing vented conventional electric clothes dryer with a heat pump clothes dryer in 2016, and can report that this eliminates the condensation on internal windows in the laundry and adjacent rooms that would normally occur on cold days.] 


FIGURE 10: LAUNDRY TEMPERATURE THROUGHOUT THE MONITORING PERIOD IN EACH HOUSE
[image: ]

The new heat pump dryer, which is the condensing type, still appears to have some impact on room humidity in all houses. The absolute water vapour in the air (in terms of Humidity Ratio and Dew Point Temperature), and the ambient temperature in the laundry, was higher in house CD1 and lower in house CD4 [EES 2016].

The temperature data collected in the laundry over the monitoring period (see Figure 10) suggests that in all houses the laundry space is subject to some space conditioning, as temperatures are generally comparable to those found in living areas. House CD1 is a warmer than average house while house CD4 is a cooler than average house. The lower temperatures at house CD4 may partly explain the condensation issues experienced at this house.

[bookmark: _Toc468358173]Impact of the clothes dryer retrofits
[bookmark: _Toc468358174]Introduction
A key aim of the Retrofit Trial was to obtain data on the energy savings achieved when conventional electric clothes dryers are replaced with a high efficiency heat pump clothes dryers. In addition to this the data collected during the trial has allowed us to explore the impact of the dryer retrofits on:
the average energy consumption per load cycle;
the average power consumption of the dryers when operating;
the length of the drying cycle;
the average number of loads of washing dried per day;
the average load (or dry weight in kg) of washing dried during each load cycle; and,
the average total load (or dry weight in kg) of washing dried per day.

The rated performance for each of the clothes dryers, based on their Energy Labelling test, is provided in Table 7.  The new heat pump clothes dryers had a larger load capacity (7 kg) compared to the existing dryers (3.5 to 6 kg, average of 4.6 kg). The Comparative Energy Consumption (52 cycles at rated load)[footnoteRef:40] and energy consumption per (rated) load cycle of the new dryers was substantially lower than for the existing conventional dryers. The data suggests that when drying their rated load, the heat pump clothes dryers should provide an energy saving of around 54% compared to the existing dryers. [40:  Note that for the older dryers (CD2A and CD4A) the original CEC was based on using the machine 150 times per year. This was adjusted for this table to show the annual energy consumption if used 52 times per year, as used on the Energy Rating label since 2000.] 


The Energy Labelling test for clothes dryers assumes that the dryers are loaded to their rated capacity, and that the moisture content of the damp washing before drying is 90%. In practice the clothes dryers are unlikely to be always (or even often) loaded this way, and this created some challenges for EES when analysing the data collected during the Retrofit Trial [EES 2016]: 
The main issue is that the load of washing to be dried each time will be different, because each load is essentially a random collection of washed items that need to be treated by the dryer. Dryers are likely to be loaded at somewhat less than their rated capacity, as a general rule;
The initial moisture content of the washing to be dried will be dictated to some extent by the spin performance of the clothes washer being used, and the spin settings selected. Based on the typical spin performance of modern clothes washers, the moisture content of a load of washing taken directly from the machine is likely to be around 70%, rather than the 90% assumed in the Energy Labelling test;
The energy consumption of the dryer is also influenced by how the householder uses the dryer. Some householders put each full washer load, or a proportion of the load, directly into the dryer to be dried. Other users may partly or fully dry some or most items on a clothes line or internal clothes horse first, using the clothes dryer to finish off any damp items. Some householders will use a mixture of these approaches. This adds further to the variability of the real loads dried.


TABLE 7: ENERGY LABELLING DATA FOR CLOTHES DRYERS
	Dryer Code
	Status
	Capacity
(kg)
	CEC
(kWh/yr)
	Energy use per rated load cycle
(Wh)
	Energy use per kg dried
(Wh/kg)

	CD1A
	Old
	6
	263
	5,060
	843

	CD1B
	New
	7
	109
	2,096
	299

	CD2A
	Old
	3.5
	196
	3,770
	1,077

	CD2B
	New
	7
	109
	2,096
	299

	CD3A
	Old
	4
	212
	4,080
	1,020

	CD3B
	New
	7
	109
	2,096
	299

	CD4A
	Old
	5
	274
	5,270
	1,054

	CD4B
	New
	7
	109
	2,096
	299

	Av old
	
	4.6
	236
	4,545
	998.6

	Av new
	
	7.0
	109
	2,100
	299.0


Note: The old dryers at CD2 and CD4 were manufactured before 2000 and so used the old Energy Labelling algorithm, which assumed 150 load cycles per year for calculating the CEC. For these dryers the CEC data has been adjusted so that it is based on 52 cycles per year and can be compared to the more modern dryers.

The analysis methodology used by EES to assess the impact of the clothes dryer retrofits is set out in Appendix A2. A summary of the results of this analysis is provided in Table 8. The key impacts of the retrofits when the pre-retrofit period and post-retrofit monitoring period are compared are:
The average number of loads dried per day increased from 1.55 to 2.04;
The average time taken per load cycle decreased from 69.3 minutes to 54.1 minutes;
The average energy consumption per load cycle decreased from 1,554 Wh to 481 Wh;
The average size of the load dried decreased slightly from 1.58 kg to 1.46 kg, even though the average capacity of the clothes dryers increased after the retrofits. As expected, the size of the loads actually dried is much less than the rated capacity of the clothes dryers – only 34% of rated load capacity before the retrofits and 21% of rated load capacity after the retrofits;
The average daily operating time of the clothes dryer increased from 122.9 minutes to 129.7 minutes. This is mainly due to the increase in the number of loads dried each day, partly offset by the shorter cycle time of the heat pump clothes dryers;
The average energy consumption per day for clothes drying decreased from 2,794 Wh per day to 1,158 Wh per day;
The average total load of washing dried each day increased from 2.92 kg to 3.57 kg.

A more detailed discussion of each of these issues is provided below.


TABLE 8: SUMMARY OF KEY PARAMETERS FROM CLOTHES DRYER MONITORING
	Dryer Code
	Loads dried per day
	Av. time per load cycle
(minutes)
	Av. energy use per load cycle
(Wh)
	Average size of load dried
(kg)
	Average daily operating time
(min/day)
	Average daily energy use
(Wh/day)
	Average daily load dried
(kg/day)

	CD1A
	1.43
	62.4
	1,551
	1.67
	89.2
	2,217
	2.40

	CD1B
	1.60
	62.0
	601
	1.83
	99.2
	959
	2.93

	CD2A
	0.32
	39.8
	711
	0.55
	12.8
	228
	0.18

	CD2B
	0.22
	23.7
	181
	0.48
	5.3
	40
	0.11

	CD3A
	2.30
	92.8
	1,538
	1.72
	213.5
	3,539
	3.96

	CD3B
	3.23
	63.9
	570
	1.73
	206.1
	1,840
	5.60

	CD4A
	2.15
	82.0
	2,417
	2.39
	176.0
	5,191
	5.14

	CD4B
	3.12
	66.6
	573
	1.80
	208.2
	1,791
	5.62

	Av old
	1.55
	69.3
	1,554
	1.58
	122.9
	2,794
	2.92

	Av new
	2.04
	54.1
	481
	1.46
	129.7
	1,158
	3.57

	Change
	31.8%
	-21.9%
	-69.0%
	-7.7%
	5.6%
	-58.6%
	22.1%




Energy Consumption
It is clear from Table 8 that there has been a significant reduction in energy consumption after the clothes dryer retrofits. The average energy consumption per load dried has decreased from 1,554 Wh to 481 Wh, a reduction of 69.0%. Some of this reduction in energy consumption is due to the reduction in the average size of the loads dried after the retrofit, but most is due to the greatly increased efficiency of the heat pump technology used in the new dryers. The average daily energy consumption for clothes drying across the four houses has decreased from 2,794 Wh per day to 1,158 Wh per day, a reduction of 58.6%. This is lower than expected from the reduction in energy use per load cycle, due to the increase in the average daily load of washing dried.

The actual energy consumption per load dried (see Table 8) is substantially lower than the energy consumption per load derived from the labelling test (see Table 7), for all clothes dryers. The reason for this is that the actual load dried is, in all cases, substantially less than the rated capacity of the clothes dryers. On average, the existing clothes dryers were loaded to only 34.2% of their rated capacity. After the retrofits, the heat pump clothes dryers were loaded to only 20.9% of their rated capacity. This partly reflects the larger rated capacity of the new heat pump dryers, and also the slight reduction in the average size of the load dried after the retrofits.

In Table 9 we compare the measured energy performance of the clothes dryers in the field with their energy performance measured in the Energy Labelling test, based on energy consumption per kg of load dried. For most of the clothes dryers the actual energy required to dry a kilogram of clothes is higher than would be expected from the Energy Labelling test. This is expected. Due to the non-linear relationship between energy consumption and load dried, the energy intensity of the clothes dryers increases as the size of the load dried decreases. When the moisture content of the clothes put into the dryers is taken into account this means that we would expect the actual energy per kg to be higher than the rated energy per kg when then load is less than about 40% of the rated capacity, and lower than the rated energy per kg when the load is more than about 40% of the rated capacity[footnoteRef:41].  [41:  See Appendix A2: Analysis Methodology for more discussion of this issue.] 


In addition to obtaining information on the average energy use per load cycle, the data collected has been used to compare the distribution of the energy used per load cycle both before and after the retrofits. Figure 11 shows the percentage of loads dried that fall within a certain (250 Wh) energy consumption bin. The data has been aggregated for all conventional dryers (before) and all heat pump dryers (after)[footnoteRef:42]. The distribution for the heat pump clothes dryers is much narrower than for the existing conventional clothes dryers, and concentrated at the lower end of the energy consumption scale. The distributions for both dryers reflect the distribution in the size of the loads dried (see Figure 17 below), and the energy performance characteristics of both dryer types.  [42:  Energy consumption distributions for each household are provided in Appendix A4.] 


TABLE 9: ACTUAL ENERGY PERFORMANCE OF DRYERS VS ENERGY RATING LABEL
	Dryer Code
	Actual av. energy per kg dried (Wh/kg)
	Label energy per kg dried (Wh/kg)
	Actual as % of label energy
	Average load dried (kg)
	Rated load (kg)
	Average load dried as % rated load

	CD1A
	929
	843
	110.1%
	1.67
	6
	27.8%

	CD1B
	328
	299
	109.7%
	1.83
	7
	26.1%

	CD2A
	1,293
	1,077
	120.0%
	0.55
	3.5
	15.7%

	CD2B
	377
	299
	125.9%
	0.48
	7
	6.9%

	CD3A
	894
	1,020
	87.7%
	1.72
	4
	43.0%

	CD3B
	329
	299
	110.0%
	1.73
	7
	24.7%

	CD4A
	1,011
	1,054
	95.9%
	2.39
	5
	47.8%

	CD4B
	318
	299
	106.3%
	1.80
	7
	25.7%

	Av old
	1,031.7
	998.6
	103.3%
	1.58
	4.63
	34.2%

	Av new
	338.3
	299.5
	113.0%
	1.46
	7.00
	20.9%

	Change
	-67.2%
	-70.0%
	9.4%
	-7.7%
	51.4%
	-39.0%



FIGURE 11: DISTRIBUTION OF ENERGY USE PER LOAD CYCLE, BEFORE AND AFTER RETROFIT
[image: ]
Power consumption
Conventional electric clothes dryers use an electric resistance element to produce heated air, while heat pump clothes dryers use a ‘heat pump’ to extract heat from the warm-moist air driven off the clothes, as well as from the room air, and use this to heat the input air for the dryer. Typically this heat pump requires only around 0.35 to 0.4 units of electricity to produce one unit of heat. Due to this, the heat pump dryers have a much lower electrical power consumption than the conventional dryers, as is clearly shown for house CD4 in Figure 12[footnoteRef:43]. The average power consumption of the dryers when operating, both before and after the retrofits, is shown in Figure 13 for all four houses.  The overall average has decreased from 1,316 Watts to 503 Watts, a reduction of 61.8%. [43:  Similar graphs for all houses are provided in Appendix A4. The blue columns are for before the retrofits and the orange ones afterwards.] 


FIGURE 12: AVERAGE POWER CONSUMPTION OF DRYER OVER MONITORING PERIOD, CD4[footnoteRef:44] [44:  This graph shows the average power consumption of the dryer when operating on each day of the monitoring period for house CD4. The blue columns are for before the retrofit and the orange ones for after the retrofit.] 

[image: ]

FIGURE 13: AVERAGE POWER CONSUMPTION OF DRYERS WHEN OPERATING[footnoteRef:45] [45:  The average power consumption is based on those times when the clothes dryer is operating and the power consumption is greater than 35 Watts, e.g. excluding the cool down cycle of the clothes dryer.] 

[image: ]

The lower power consumption of the heat pump dryers is the key reason for their lower energy consumption. It also has implications for the overall power consumption of a household, and the timing of this power consumption. Many Victorian households now have rooftop photovoltaic (PV or solar) panels installed. These generate electricity during daylight hours, with some electricity consumed inside the home and any generation that is excess to requirements exported to the electricity grid. Using lower power appliances such as heat pump clothes dryers during the day[footnoteRef:46] instead of a conventional electrical dryer will mean that less solar generated electricity is used in the home and more is exported to the grid. [46:  In the four houses studied most of the electricity consumption of the dryers occurred during daylight hours (see Figure 16 below).] 


FIGURE 14: TYPICAL POWER CONSUMPTION PROFILE OF DRYING CYCLE, CD4A
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FIGURE 15: TYPICAL POWER CONSUMPTION PROFILE OF DRYING CYCLE, HEAT PUMP DRYER
[image: ]


Figures 14 (conventional dryer) and 15 (heat pump dryer) show the typical power consumption (or load) profile of a clothes dryer during a drying cycle [EES, 2016]. It is evident that the electrical power consumption of the heat pump clothes dryer is much lower than the electrical power consumption of the conventional dryer over the whole drying cycle. In many of the Retrofit Trial houses the dryers were used multiple times per day, and so the power consumption of the clothes dryer has an impact on the daily power consumption (or load) profile of the household throughout the day. Figure 16 compares the average daily load profile of the clothes dryers in all houses both before and after the retrofits, based on those days the dryer was used. It is clear that in these houses the existing conventional clothes dryers made quite a significant contribution to the daily load profile of the household, with significant peaks (around 400 Watts) evident in the morning (around 8:30 am), mid-morning (around 11:00 am) and late afternoon (around 5:00 pm to 6:00 pm). The use of the heat pump clothes dryers significantly reduced the size of these peaks.

FIGURE 16: AVERAGE DAILY LOAD PROFILE OF CLOTHES DRYERS ON DAYS USED, ALL HOUSES
[image: ]

[bookmark: _Toc468358175]Size of load of washing dried
In general, the clothes dryers seem to have been used more heavily after the retrofits compared to before. The number of loads dried per day increased from 1.55 to 2.04, an increase of 31.8%, and the average total load of washing dried each day increased from 2.92 kg to 3.57 kg, an increase of 22.1%. The increase in the total load of washing dried each day was lower than might be expected, because the average size of the loads dried decreased from 1.58 kg to 1.46 kg. The average number of loads dried each day and the average load of washing dried each day increased in all houses after the retrofit except CD2. In this house both the number of daily loads and the total load dried each day decreased after the retrofits. The observed increase in the use of the clothes dryers after the retrofits is consistent with comments made by the householders in surveys conducted after the retrofits. 

A key finding of the analysis undertaken by EES is that the average size of the load of washing dried was much less than the rated load capacity of the clothes dryers. Across all of the houses the average size of the load dried was only 1.58 kg before the retrofits (34.2% of average load capacity) and 1.46 kg afterwards (20.9% of rated load capacity). The distribution of the load sizes dried is shown in Figure 17, based on 0.25 kg bins. This shows the distribution before and after the retrofits, as well as the distribution for all loads dried during the Trial. The before and after distributions are quite similar, with a peak at around 0.75 to 1.0 kg, and then a longer tail which has decreased nearly zero by the time it reaches 6.0 kg.


FIGURE 17: DISTRIBUTION OF LOAD SIZES DRIED, BEFORE AND AFTER RETROFIT
[image: ]


A cumulative frequency distribution for all loads dried is shown in Figure 18. Just under half (48.9%) of all loads dried are under 1.5 kg, around 70% under 2.25 kg, and around 90% under 3.25 kg. Only 6.5% of all loads dried were greater than 4.0 kg, with most of these being in the 4.0 to 6.0 kg range.

FIGURE 18: CUMULATIVE FREQUENCY DISTRIBUTION OF ALL LOADS DRIED
[image: ]


The data obtained on the average size of loads dried during the Retrofit Trial is consistent with field measurements of the average load size in clothes washers cited in a recent Discussion Paper for the E3 Program [E3 2011]. A 2007 study undertaken for Electrolux Australia in 400 households[footnoteRef:47] found an average load size of 3.2 kg. The study found that the size of the load washed did not change significantly as the rated load capacity of the clothes washer changed, except for small capacity machines. Data collected from over 4,000 Fisher and Paykel washing machines[footnoteRef:48] with a load sensing capability found that the average load size washed was just under 3 kg, and also that the average load washed did not change significantly across different sized machines. [E3 2011] [47:  The study was undertaken by AC Neilson. The size of the first two loads of washing were measured and the households then kept a diary for the remaining two weeks of the study. [E3 2011]]  [48:  The software in these machines records the size of each load washed and stores this internally. This data was downloaded as part of routine field servicing over the period 2007 to 2009, and covered around 700,000 load cycles. [E3 2011]] 


It is expected that the average load of washing dried is smaller than the average load washed (around 3 kg), because loads of washing are often separated before drying, and some may be dried on the line or internal clothes horse. The results from the Clothes Dryer Retrofit Trial suggest that the average load of washing dried is around half of the average load washed.
[bookmark: _Toc468358176]Length of the drying cycle
The average length of the drying cycle decreased from 69.3 minutes before the retrofits to 54.1 minutes after the retrofit, a decrease of 21.9%. This partly reflects the reduction in the average load size dried after the retrofits. It may also be due to an increased heating capacity and an a better drying efficiency of the heat pump clothes dryer, although no data is available on the effective heat output of the heat pump dryers.

Figure 19 shows the distribution of the drying cycle time for the loads dried both before and after the retrofits, based on 20 minute bins. The distributions are quite similar, although there were significantly more short drying cycles (< 40 minutes) for the heat pump clothes dryers compared to the conventional dryers before the retrofit, and a greater number of longer drying cycles (> 40 minutes) before the retrofits.

FIGURE 19: DISTRIBUTION OF DRYING CYCLE TIMES, BEFORE AND AFTER RETROFIT
[image: ]


[bookmark: _Toc468358177]Economics of retrofitting
The Retrofit Trial was undertaken over a four month period from late May to late September 2014, with the clothes dryer retrofits generally undertaken around the end of June. One aim of the study was to estimate the annual energy savings which could be achieved from the replacement of a conventional electric clothes dryer with a heat pump clothes dryer, and to get a better understanding of the economics of this retrofit in practice.

The raw monitoring results from the Retrofit Trial are summarised in Table 8 above, and show that there has been a significant energy saving. As clothes dryer usage displays a certain level of seasonality – generally greater in winter than in summer months - EES undertook further analysis of this data to estimate the annual energy savings likely to be achieved for each household. The methodology used is set out in Appendix A2, and the key assumptions used are set out in Table 10 – it assumes the same usage pattern for the dryers before and after retrofit, with the loads per day and amount of washing dried per day based on the average of the figures in Table 8 before and after the retrofit. The results of the analysis are provided in Table 11, based on the assumed seasonal usage characteristics determined by EES[footnoteRef:49]. [49:  EES prepared estimates based on both an assumed seasonal usage of the clothes dryers, and also based on the assumption that the usage throughout the year was the same as during the 4 month retrofit trial. This latter approach results in estimated savings that are around 33% larger than for the estimate based on seasonal usage.] 



TABLE 10: ASSUMPTINS USED TO ESTIMATE ANNUAL ENERGY SAVINGS
	House Code
	Status
	Rated Capacity
	Reference load (kg/day)
	Reference loads per day
	Av load size
(kg)
	Energy per load
(kWh)

	CD1A
	Old
	6
	2.6
	1.5
	1.73
	1.52

	CD1B
	New
	7
	2.6
	1.5
	1.73
	0.55

	CD2A
	Old
	3.5
	0.13
	0.25
	0.52
	0.60

	CD2B
	New
	7
	0.13
	0.25
	0.52
	0.17

	CD3A
	Old
	4
	4.9
	2.8
	1.75
	1.78

	CD3B
	New
	7
	4.9
	2.8
	1.75
	0.55

	CD4A
	Old
	5
	5.4
	2.6
	2.08
	2.20

	CD4B
	New
	7
	5.4
	2.6
	2.08
	0.65




TABLE 11: COSTS, SAVINGS AND PAYBACKS FROM THE CLOTHS DRYER RETROFITS
	House Code
	Ref. loads per week
	Energy (kWh per year) - seasonal
	Estimated annual savings
	Full cost
	Differential cost

	
	
	Before
	After
	Energy (kWh/yr)
	Energy bill
($/yr)
	GHG (kg/yr)
	Cost ($)
	PB (Yrs)
	Cost ($)
	PB (Yrs)

	CD1
	10.5
	625
	224
	401
	$110.3
	529
	$2,000
	18.1
	$1,536
	13.9

	CD2
	1.8
	41
	12
	29
	$8.0
	38
	$2,000
	250.8
	$1,536
	192.6

	CD3
	19.6
	1,370
	422
	948
	$260.7
	1,251
	$2,000
	7.7
	$1,536
	5.9

	CD4
	18.2
	1,572
	460
	1,112
	$305.8
	1,468
	$2,000
	6.5
	$1,536
	5.0

	Av
	12.5
	902
	280
	623
	$171.2
	822
	$2,000
	11.7
	$1,536
	9.0




For the four households that participated in the Clothes Dryer Retrofit Trial the estimated average energy saving was 623 kWh per year (a saving of 69.0%), although with a significant variation across the households due to the variation in clothes dryer use. Households CD3 and CD4 showed very high usage and so had the largest savings. Household CD2 had by far the lowest level of clothes dryer usage and therefore the lowest energy saving. The average energy bill saving was $171.2 per year, and the average greenhouse saving was 822 kg per year and, as with the energy saving there, was considerable variability across the households.

The heat pump clothes dryer used in this trial had a retail price of $2,000, giving a stock average payback of 11.7 years across the four houses. However, most existing clothes dryers are only likely to be replaced when they are at, or close to, their end of life, and so the cost faced by households is only the differential (or additional) cost of purchasing the heat pump clothes dryer compared to a standard clothes dryer. Based on the current average price of a conventional clothes dryer[footnoteRef:50] we estimate this additional cost to be $1,536, giving a stock average payback period of 9.0 years. [50:  Based on [E3 2016] the average price of a conventional clothes dryer was $464.] 


The market data presented in Appendix A1 suggests that, in nominal terms, the average price of heat pump clothes dryers will decline over coming years and the average price of conventional clothes dryers will continue to increase slowly. In 2020, we estimate that the average price difference will be around $1,100[footnoteRef:51] which, for the houses involved in the Retrofit Trial, would reduce the average payback to 6.4 years if energy prices remained the same. The financial incentive available through the Energy Saver Incentive scheme would reduce this payback further. [51:  We estimate the average price of heat pump clothes dryers will be $1,600 and the average price of conventional clothes dryers will be around $500.] 


The average energy saving achieved in this Retrofit Trial is significantly higher than the average saving estimated in the On Ground Assessment study [SV 2015]. In this case the average energy saving was estimated to be 218 kWh per year, average energy bill saving $61.0 per year, and average payback of 26.5 years. There are a number of factors which might explain this difference:
The average occupancy of the Retrofit Trial houses (4.5 people) was higher than the for the OGA study houses that had conventional clothes dryers (3.2 people);
The usage of the clothes dryer in three of the Retrofit Trial houses (CD1, CD3 and CD4) seems to be well above average, especially houses CD3 and CD4;

If we adjust the results in Table 11 for an average household occupancy of 2.5 people, and assume a linear relationship between occupancy and clothes dryer usage, this suggests an annual energy saving of 346 kWh per year, annual greenhouse gas savings of 457 kg per year, and annual energy bill savings of $95.1 per year, giving a payback on the differential cost of 16.2 years. However, as this was a small retrofit trial this is not necessarily a good guide as to what would be achieved in the average Victorian household.

The analysis of clothes dryers presented in Chapter 2 shows that there is great variability in clothes dryer usage across households, even in households with the same number of people. Given the difficulties estimating the energy saving for the average Victorian household, we have prepared energy (& energy bill) saving estimates based on the average number of dryer uses per week throughout the year, and used this to estimate the payback based on the differential cost of a new heat pump dryer. The Retrofit Trial suggests that around 1 kWh (1,045 Wh) of electricity is saved for each load of washing dried[footnoteRef:52]. We have modelled two different scenarios: [52:  For this exercise we assume that the average energy use per load for the conventional dryers is 1,525 Wh per year and for the heat pump clothes dryers is 480 Wh per year.] 

The payback based on current electricity tariffs[footnoteRef:53] and the current average differential cost ($1,536); [53:  An electricity tariff of 27.5c/kW has been used.] 

The likely payback in 2020, assuming that the differential cost is lower ($1,100)[footnoteRef:54] due to the decreasing price of heat pump clothes dryers, but that the electricity tariffs remains the same; [54:  Based on projecting the average price trends in [E3 2016] we estimate the average cost of the heat pump clothes dryers in 2020 will be $1,600 and the average cost of a conventional clothes dryer will be around $500.] 


The results suggest that the payback becomes much more favourable once the average dryer usage is around 9 times per week or greater. This is more likely to be the case for larger households (4 people or more), although could be the case for smaller households that did not have access to an external clothes line (e.g. who live in an apartment) and use the clothes dryer for drying all clothes washed.

If, as was observed for some houses in the Retrofit Trial, households increase their clothes dryer usage after the conventional clothes dryer is replaced, this will reduce the energy saving and increase the payback period.

FIGURE 20: PAYBACK ON DIFFERENTIAL COST VS AVERAGE NUMBER OF LOAD DRIED PER WEEK
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[bookmark: _Toc468358178]Impact of retrofit on clothes dryer use
As part of the study we investigated whether the clothes dryer retrofits had an impact on the way in which the households used their clothes dryer. In particular, we investigated whether or not there was a rebound effect associated with the replacement of a conventional clothes dryer (2 Star) with a high efficiency heat pump clothes dryer (8 Star). This is sometimes called the take-back effect. Some economists argue that energy efficiency measures result in lower energy savings than expected (anywhere between 10 to 50% less), because consumers choose to take some of the energy savings as a higher level of energy service. For example the Productivity Commission’s report on its inquiry into energy efficiency [PC 2005] states that “energy efficiency makes energy appear cheaper relative to other items as less money is required to purchase the same energy services. Consequently, the household will tend to use more energy”. In the context of the clothes dryer retrofits the presence of such an economic rebound would mean that householders chose to use the dryer more because the cost of drying a load of washing was lower when the heat pump clothes dryer was used.

In general, the clothes dryers seem to have been used more heavily after the retrofits compared to before. The average number of loads dried each day and the average load of washing dried each day increased in all houses after the retrofit except CD2.The number of loads dried per day increased from 1.55 to 2.04, an increase of 31.8%, and the average total load of washing dried each day increased from 2.92 kg to 3.57 kg, an increase of 22.1%. The increase in the total load of washing dried each day was lower than might be expected, because the average size of the loads dried decreased from 1.58 kg to 1.46 kg. The observed increase in clothes dryer usage is consistent with a rebound of around 15%, although it is not known to what extent this increased use was the result of changes in weather conditions after the retrofits (e.g. more cold weather and rain), or householders choosing to use the dryer more as it’s running costs were lower. 

[bookmark: _Toc468358179]Energy Rating labels and clothes dryers
In 1998, a review of the available data for clothes dryers was undertaken in the lead up to the Energy Rating label and labelling algorithm changes that were implemented in 2000[footnoteRef:55]. At the time, the most significant data set available on the use of clothes dryers in the field was an end use metering study undertaken by Pacific Power in the 1990s. This covered 300 NSW homes for a period of 1 year and recorded data at the switchboard (total house power) as well as data for up to 8 individual appliances at 30 min intervals, including clothes dryers. Data was collected for a total of 146 conventional clothes dryers. The main report of this study lists average dryer energy consumption as 123 kWh per year. In 2000 the Australian Greenhouse Office commissioned BRANZ[footnoteRef:56] to undertake a more detailed analysis of the raw data from the Pacific Power study. The BRANZ study estimated an average power consumption for clothes dryers of 13 Watts[footnoteRef:57], which is equivalent to an average annual energy consumption for clothes dryers of 114 kWh per year. Given that this was the most comprehensive data set available, the basis of the calculation of the Comparative Energy Consumption (CEC) on the clothes dryer Energy Rating Label was reduced from 150 load cycles per year down to 52 load cycles per year at rated capacity. In 2000 the sales weighed CEC for dryers sold was 229 kWh per year, or about double the annual value suggested by the Pacific Power data (equivalent to 26 Watts). [EES 2016] [55:  In 2000 the design of the Energy Rating label was changed for all appliances, and the algorithms that were used to assign the Star Ratings were changed (re-scaled) so that appliances were generally assigned a lower star rating for the same level of energy performance.]  [56:  Building Research Advisory Council of New Zealand.]  [57:  This is the average power consumption of the clothes dryers throughout the day for an entire year.] 


Since that time, low cost portable energy meters have become available and Sustainability Victoria has been one of the more active organisations collecting field data for a range of appliances and equipment, including clothes dryers. The data compiled for this project covers all known end use data for clothes dryers in Australia. This suggests that the average power use for dryers is around 36.3 Watts (this excludes data from the Pacific Power study). However, this sample has a higher average occupancy that the average Victorian household (2.5 people) and includes a number of households that are known to be heavier dryer users, including three of the households that participated in SV’s Retrofit Trial. [EES 2016]

Figure 21 [EES 2016] provides a comparison of the recently collected data with the data from the Pacific Power study over two different periods, October to May and June to September. The data suggests that current clothes dryer use and energy consumption is likely to be higher than that recorded in the Pacific Power study, and that a revision of the algorithms that underpin the clothes dryer Energy Rating label may be warranted.

Analysis for this project has revealed that average load of washing dried is generally very low, with the four Retrofit Trial houses that were examined in detail showing an average load of around 1.5 kg per load cycle, and that the vast majority of the loads dried were under 3.25 kg. This finding is supported by an analysis of all data available from recent end use metering studies. This suggests that the energy labelling test for clothes dryers should be based on a combination of part load tests as well as a full load test. The results of this testing would be used to determine the Energy Rating and CEC, with the part load results weighted more heavily than the full load test results. This would give an energy consumption that is more in line with how clothes dryers are actually used. [EES 2016]



FIGURE 21: COMPILED VALUES FOR DRYER USE IN AUSTRALIA FROM THE AVAILABLE DATA
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While recent metering data from 36 clothes dryers has been compiled for this study, the high level of diversity in clothes dryer usage observed across the households studied means that there is still uncertainty in key clothes dryer usage parameters. The E3 Program is currently working towards adopting an IEC[footnoteRef:58] test method to use as the basis of the clothes dryer energy labelling. The collection of further information on clothes dryer usage would help to inform the development of revised labelling algorithms to ensure that the labels provide consumers with a reasonably accurate idea of how different clothes dryers will perform in practice [EES 2016]: [58:  International Electrotechnical Commission] 

Information on the usage of clothes dryers throughout the year[footnoteRef:59], for different household sizes. This is needed to have a better understanding of what average clothes dryer usage is, and this would be used to review the current assumption of 52 load cycles per year; [59:  Ideally clothes dryers would be monitored over a full year, or at least a 6 month period, so it was possible to identify the seasonal impacts on clothes dryer usage.] 

Information on the average load of washing dried, and the frequency distribution of loads dried. Ideally this information would be collected for dryers with a range of different load capacities. This would assist identifying the part load and full loads that would be dried as part of the testing, as well as the weighting that would be applied to different clothes dryer loadings;
Information on the moisture content of the loads dried. Currently this is assumed to be 90%, but in practice it is more likely to be closer to 70%, and may be even lower.



[bookmark: _Toc468358180]4. Summary and Conclusions
[bookmark: _Toc468358181]Summary
Through the Clothes Dryer Retrofit Trial Sustainability Victoria investigated the replacement of conventional electric clothes dryers with new high efficiency (8 Star) heat pump clothes dryers. As part of this study, with the assistance of EES, we also collected and analysed data from all recent Australian field studies of clothes dryer usage (36 clothes dryers in total) to obtain a better understanding of how clothes dryers are actually used in practice, and to help put the results from the Retrofit Trial into context.

Currently around 1.2 million Victorian households have an electric clothes dryer, and around 67,300 new electric clothes dryers are sold each year. The replacement of existing conventional electric clothes dryers with heat pump clothes dryers was one retrofit measure that was modelled as part of SV’s On-Ground Assessment study. It was estimated that this replacement would result in average annual energy savings of 218 kWh per year, average greenhouse savings of 239 kg CO2-e per year, and an average energy bill saving of $61.1 per year for an average payback of 26.5 years. This suggests that if all conventional electric clothes dryers were replaced with heat pump clothes dryers this would result in Victoria-wide electricity savings of 252.8 GWh per year, total energy bill savings of around $70.8 million per year, and total greenhouse gas savings of around 277.1 kt CO2-e per year.

Four households were recruited to participate in the Clothes Dryer Retrofit Trial. Metering equipment was installed to measure the electricity consumption of the clothes dryers, and temperature and humidity meters were also installed in the laundry to help assess the impact of clothes dryer use on internal humidity levels, and therefore condensation. EES, the consultant that was engaged to undertake the main data analysis for the study, developed an innovative methodology to estimate the load of washing dried based on the measured energy consumption of each dryer load cycle, allowing data on the size of each load of washing dried to be obtained. Householder surveys were undertaken before and after the retrofits to collect information on the household’s use of the clothes dryer, their level of satisfaction with the performance of the dryer, and on any noticeable impacts of the dryer replacement.

The existing conventional clothes dryers had an Energy Rating of 2 Stars (where known). Their age ranged from 6 to 25 years, with an average age of 15.3 years, and their rated load capacity ranged from 3.5 to 6 kg, with an average of 4.6 kg. The replacement heat pump clothes dryer had an 8 Star rating and a rated load capacity of 7 kg. It had a Comparative Energy Consumption of 109 kWh per year, compared to an average CEC of 236 kWh per year for the existing dryers. The households had either 4 or 5 occupants, and the average occupancy was 4.5 people. The clothes dryers were generally monitored from late May to late September, with the replacement of the existing clothes dryer taking place near the end of June.

Analysis of the data from all 36 clothes dryers for which data was available – 25 in Victoria, 9 in NSW and 2 in Queensland – estimated an annual average usage of 232 load cycles per year, an average energy consumption per load dried of 1,470 Wh, and an average annual electricity consumption of 342 kWh per year, based on an assumed seasonal usage profile (higher usage during the cooler months). For just those conventional clothes dryers located in Victoria the corresponding figures were 266 load cycles per year, 1,430 Wh per load cycle, and 381 kWh per year. The energy consumption per load dried for these households was much lower than the energy consumption per load for a conventional electric clothes dryer when drying its rated load of washing (around 4,500 Wh). While no detailed analysis was undertaken for these households, this suggests that the actual load of washing dried was only around 1 to 1.5 kg, substantially lower than the rated capacity of the clothes dryers.

The average occupancy of all households monitored in Victoria was 3.7 people. If we assume a linear relationship between clothes dryer usage and the number of occupants, this suggests that for the average Victorian household (2.5 people) clothes dryer usage is around 180 load cycles per year, and average energy consumption of around 257 kWh per year. The clothes dryer data, and data on clothes washers available from recent Yarra Valley Water studies, was used to explore the relationship between household size and annual clothes dryer usage. This analysis suggested that average usage in Victorian households was likely to be in the range to 84 to 132 load cycles per year, and average energy consumption between 120 and 189 kWh per year. However, the analysis showed that there was a very high level of diversity in clothes dryer usage between households, even amongst households with the same number of occupants. 

Both the seasonal usage profile of clothes dryers throughout the year and the usage profile of clothes dryers throughout the day was investigated, based on the data from the 36 clothes dryers. This suggests that the seasonal usage profile approximates a sine curve with a relative maximum of 1 in July and a minimum of 0.5 in January. The clothes dryers were usually used during the day from 8:00 am to 10:00 pm, with peak usage generally occurring from 5:00 pm to 7:00 pm.

More detailed analysis was undertaken of the data from the four houses that had the clothes dryer retrofits. The Retrofit Trial showed that significant energy savings could be achieved by replacing the conventional electric clothes dryers with heat pump clothes dryers. Based on the data collected during the monitoring period, the average energy use per load cycle dried decreased from 1,554 Wh before the retrofit to 481 Wh afterwards, a 69% reduction. This reduced energy consumption was mainly due to the more efficient heat pump technology, although some was due to a slightly lower average load of washing dried after the retrofit (1.46 kg compared to 1.58 kg). The average number of loads dried per day increased after the retrofits (from 1.55 to 2.04 loads per day, a 31.8% increase), and the average total load of washing dried per day also increased (from 2.92 to 3.57 kg per day, a 22.1% increase). This increased usage of the clothes dryer after the retrofits meant that the overall energy saving from use of the heat pump clothes dryer was 58.6% (2,794 Wh per day reduced to 1,158 Wh per day).

One reason for the much lower energy consumption of the heat pump clothes dryers was their much lower power consumption – the average power consumption when operating was reduced from 1,316 Watts before the retrofit to 503 Watts after the retrofit, a reduction of 61.8%. The lower power consumption of the heat pump clothes dryers meant a significant reduction in household power consumption during the day, on those days on which the clothes dryer was used.

The detailed analysis undertaken for the Retrofit Trial houses confirmed that the load of washing dried was much lower than the rated load capacity of the clothes dryers. The average load dried was 1.58 kg prior to the retrofits and 1.46 kg after the retrofits, even though the average rated capacity of the clothes dryers increased from 4.6 kg to 7 kg. The frequency distributions showing the range in the size of the loads dried were similar before and after the retrofit, and were skewed heavily towards smaller load sizes. Just under half (48.9%) of all loads dried were under 1.5 kg, around 70% under 2.25 kg, and around 90% under 3.25 kg. Only 6.5% of all loads dried were greater than 4.0 kg, with most of these being in the range of 4.0 to 6.0 kg.

Overall, the households that participated in the Retrofit Trial were happy with the new heat pump clothes dryers, with the average satisfaction rating with their clothes dryer increasing from 3.6 on a scale of one to five before the retrofits to 4.8 afterwards. The increased satisfaction was linked to the increased efficiency of the new dryer, better condition of clothes after they were dried (less wrinkling and “not cooked”), a reduction of fibre and lint in the laundry, and a reduction in condensation in the laundry. The analysis of the temperature and humidity data collected from the laundry also showed a slight reduction in humidity levels after the retrofit. The main issues noted by householders were that the heat pump dryers were heavier than the conventional dryers they replaced and could not be wall mounted, and that the tank used to collect the condensed water needed to be emptied from time-to-time, although drain kits are available that allow this water to be drained automatically.
The data obtained during the Retrofit Trial monitoring period was further analysed to estimate the likely annual energy savings that could be achieved from the retrofits. This analysis assumed that clothes dryer usage was the same before and after the retrofits, and took into account the likely seasonal variation in clothes dryer usage. The estimated average annual energy saving across the four houses was 623 kWh per year, average energy bill saving $171.2 per year, and average greenhouse saving 822 kg CO2-e per year. Based on the full cost of the heat pump clothes dryer ($2,000) the stock average payback across the four houses was estimated to be 11.7 years. However, most households are only likely to replace their existing clothes dryer at, or near, the end of life of their existing dryer. In this case the additional cost of purchasing a heat pump clothes dryer compared to a conventional clothes dryer is currently around $1,536, reducing the average payback to 9 years. (For the two households with very high clothes dryer usage (CD3 & CD4) the payback was under 6 years.)

Based on recent price trends, the cost of heat pump clothes dryers is expected to decrease relative to conventional clothes dryers. In 2020 this could see the differential cost reduced to around $1,100, which would reduce the average payback period to around 6.4 years across the four houses if energy prices remained the same. Further increases in the real cost of electricity over this time would reduce the payback even further.

The annual energy savings would be reduced, and the payback increased if, as was observed in three of the Retrofit Trial households, clothes dryer usage increased after the heat pump clothes dryer was installed. The results from the Trial suggest that a “rebound” of up to 15% might apply to the clothes dryer retrofits, although this was based on only a small sample of houses, and some of the observed change in usage may have been weather related.

The average savings achieved through the Clothes Dryer Retrofit Trial are significantly higher than the average saving estimated in the On Ground Assessment study. This is likely to be because the average occupancy in the Retrofit Trial (4.5 people) was higher than for the OGA study houses with clothes dryers (3.2 people), and because clothes dryer usage in three of the Retrofit Trial houses was well above average.

The analysis of the data collected from field studies of 36 clothes dryers suggested that there is great variability in clothes dryer usage across households, making it difficult to establish average usage patterns. Given this, we have modelled the annual energy savings for replacing a conventional clothes dryer with an 8 Star heat pump clothes dryer based on the average load (around 1.5 kg) for a wide range of clothes dryer usage. The results suggest that the payback becomes much more favourable once average dryer usage is around 9 times per week or greater. This is more likely to be the case for larger households (4 people or more), although could be the case for smaller households that did not have access to an external clothes line (e.g. who live in an apartment) and use the clothes dryer for all clothes washed.

The detailed data obtained from the Retrofit Trial and the data obtained from the other 36 clothes dryers suggest that the test method used for clothes dryer energy labelling should be reviewed and revised so that it aligns more closely with how people actually use clothes dryers:
Average clothes dryer usage in Victoria (likely to be 84 to 132 loads dried per year, but could be as high as 180 loads per year) is much higher than the 52 loads assumed for calculating the Comparative Energy Consumption for the clothes dryer label;
The average load dried by households (around 1.5 kg) is substantially lower than the rated capacity of most clothes dryers available on the market today, meaning that the energy consumption per load is much lower than the energy consumption for drying the rated load. In addition to this most households dry a range of different sized loads, suggesting that the energy performance test for dryers should be based on testing at full load and a range of part loads, and the results weighted accordingly to give the overall result.

Further field studies of clothes dryer usage would be required to obtain more detailed and more accurate information than was possible from the current small Retrofit Trial and compiling data from monitoring an additional 28 clothes dryers. Ideally further data would be collected over a full year of dryer operation, from a range of household sizes and clothes dryer capacities, and would collect data on the moisture content of the loads dried and the actual load of washing dried.

[bookmark: _Toc468358182][bookmark: _GoBack]Conclusions
The Clothes Dryer Retrofit Trial has shown that replacing conventional electric clothes dryers can achieve significant reductions in energy consumption for drying clothes in a tumble dryer (savings of around 60%), and that for households which are heavier clothes dryer users  this can be a cost effective upgrade measure. While the payback on the additional cost of purchasing a heat pump clothes dryer, rather than a conventional dryer, is quite long for households that have low clothes dryer usage, for households that use their clothes dryer 9 times or more per week, on average, the paybacks are quite reasonable. In coming years, the expected reduction in the retail price of heat pump clothes dryers combined with likely increase in the real cost of electricity, will make upgrading to a heat pump clothes dryer a cost-effective option for an increasing number of households.

Analysis of the data from the Clothes Dryer Retrofit Trial and field monitoring of an additional 28 clothes dryers has shown that the average size of the load dried is much lower than the rated load capacity of the dryers used, meaning that energy consumption per load is much lower than suggested by the Energy Rating label. The data also shows that average clothes dryer usage is higher than the 52 loads per year assumed on the label. The data suggests that the current energy labelling test should be reviewed and revised so that the energy labelling information, especially the Comparative Energy Consumption, is more representative of what is likely to occur in practice.
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[bookmark: _Toc468358184]APPENDICES
[bookmark: _Toc468358185]A1: The Victorian Clothes Dryer Market
[bookmark: _Toc468358186]Introduction
Detailed data on the market for clothes dryers in Victoria is available from both the Australian Bureau of Statistics, ABS4602 Environmental Issues: Energy Use and Conservation report series, and from the Greening Whitegoods[footnoteRef:60] series of reports published by the national Equipment Energy Efficiency (E3) Program that make use of Gfk sales data. We have used data from these sources to provide an overview of the market for clothes dryers in Victoria over the last two decades. [60:  These reports have used GfK appliance sales data to provide a detailed analysis of the characteristics of clothes dryers sold in Australia between 1993 and 2014. Data is provided for individual states and also at the national level – note that in the GfK data Tasmania is combined with Victoria. The most recent report in this series is: Whitegoods Efficiency Trends – A Report into the Energy Efficiency Trends of Major Household Appliances in Australia from 1993 to 2014. Detailed Output Tables [E3 2016].] 


[bookmark: _Toc468358187]The clothes dryer market
Data on clothes dryer ownership in Victoria is presented in Figure A1. This shows that the number of clothes dryers has increased fairly slowly over the last two decades from around 935,000 in 1994 to around 1,159,300 in 2014. However, the growth in clothes dryer numbers seems to have now plateaued and may be in decline. The penetration of clothes dryers (the percentage of all households that have one) has declined fairly steadily over the same period, from 57.3% in 1994 to 51.7% in 2014.

FIGURE A1: CLOTHES DRYER OWNERSHIP IN VICTORIA[footnoteRef:61] [61:  Data for 1994 to 2002 from [ABS 2008]; Data for 2005 to 2011 from [ABS 2011]; Data for 2014 from [ABS 2014]] 

[image: ]


Data on the annual retail sales of clothes dryers in Victoria and Tasmania combined is shown in Figure A2. Sales have increased steadily from 1993 to be around 74,000 units today, or around 67,300 in Victoria[footnoteRef:62]. The sale of heat pump clothes dryers (shown in orange) was first recorded in Victoria/Tasmania by Gfk in 2010 (525 units), and since this time sales have grown fairly strongly so that in 2014 estimated annual sales are 3,800 units, or a market share of 5.4%. [62:  The GfK data combines Tasmania with Victoria. Based on population share, around 91% of the total sales would be in Victoria. Note that prior to 2001 the GfK sales data covered only about 75% of the market, and the market coverage of the data increased over the period 2001 to 2004. This suggests that in 1994 sales were actually around 45,000 units. The annual average over the period 2010 to 2014 was 73,676 units per year. [E3 2016]] 


The decline in the penetration of clothes dryers and the stabilising of the total number of dryers installed in Victorian houses since around 2008 seems to be at odds with the high level of clothes dryer sales in recent years. Clothes dryer sales are for both the replacement market – an existing clothes dryer is replaced with a new one – and the new market, either for a newly built dwelling or an existing household that decides to install a clothes dryer for the first time. Between 2008 and 2014 the total number of occupied households in Victoria grew by 9.1% while the total number of clothes dryers installed grew by only 3.1%, resulting in the penetration of clothes dryers dropping by 3 percentage points (54.7% to 51.7%) [ABS 2014, ABS 2011]. This suggests that the sales of clothes dryers into the new market is being outpaced by the number of new dwellings being constructed in Victoria during this period. The reducing penetration of clothes dryers and stabilisation in stock numbers may also reflect a consumer response to higher electricity prices. The retail price index for electricity in Melbourne increased by 88% between 2006-07 and 2013-14[footnoteRef:63], and this may have dissuaded some consumers from purchasing a clothes dryer. [63:  State of the Energy Market 2014, Australian Energy Regulator, 2014.] 


FIGURE A2: RETAIL SALES OF CLOTHES DRYERS IN VICTORIA / TASMANIA
[image: ]
Source: [E3 2016]

The Gfk data shows that over the period 1993 to 2014 the Victorian / Tasmanian share of the national clothes dryer market was 24.1%, which is around the Victorian/Tasmanian share of the national population. However, Victoria / Tasmania’s average share of the national sales of heat pump clothes dryers since they came onto the market has been higher, at 33.1% [E3 2016][footnoteRef:64]. This may reflect the colder and wetter winter weather experienced in Victoria / Tasmania compared to most other states, and may also be partly due to the incentive for heat pump clothes dryers available through the VEET Scheme in Victoria. [64:  Note that the Victorian share of the national market for clothes dryers in general, and for heat pump clothes dryers has been quite steady around the average. For the overall clothes dryer category it has varied from 22.2% to 26.0%, and for the heat pump clothes dryer category it has varied from 32.0% to 35.3%. [E3 2016]] 


The average sale price of clothes dryers (in nominal dollars[footnoteRef:65]) over the period 1994 to 2014 is shown in Figure A3, separated into conventional clothes dryers (blue) and heat pump clothes dryers (orange). The average nominal price of conventional clothes dryers has displayed slow, steady growth, increasing from $347 in 1993 to $464 in 2014. The average price of heat pump clothes dryers is much higher, although is showing a fairly steep downward trend. The average nominal price in 2010 was $2,615 and in 2014 was $2,160, a reduction of 17%[footnoteRef:66]. [E3 2016] A continuation of this trend would see the average nominal price of heat pump clothes dryers drop to around $1,600 within five years. The average additional cost of buying a heat pump clothes dryer is currently quite high, $1,696, although if current price trends continue in five years this will be around $1,100. [65:  This is the price in the year it was recorded. The prices have not been adjusted to take inflation into account. ]  [66:  If inflation was taken into account, the reduction in the real price of the heat pump clothes dryers would be larger than 17%.] 


FIGURE A3: AVERAGE UNIT (NOMINAL) PRICE OF CLOTHES DRYERS IN VICTORIA / TASMANIA
[image: ]
Source: [E3 2016]


[bookmark: _Toc468358188]Technical characteristics of clothes dryers
The Gfk data analysed for the Greening Whitegoods report [E3 2016] provides insights into how the technical characteristics of the new clothes dryers sold in Victoria / Tasmania has changed over the last two decades. These characteristics have implications for clothes dryer energy consumption, particularly the load capacity and the specific energy consumption of the clothes dryers.

The average load capacity of new clothes dryers sold in Victoria / Tasmania from 1993 to 2014 is shown in Figure A4, separated into conventional clothes dryers (blue) and heat pump clothes dryers (orange). The average load capacity of the conventional clothes dryers remained fairly stable at around 4.5 kg between 1994 and 2006, but has increased steadily since then so that it is now 5.4 kg. The average load capacity of the heat pump clothes dryers is higher than for the conventional dryers, and is also increasing:- from 6.2 kg in 2010 to 7.6 kg in 2014. In general, the larger the load capacity the higher the energy consumption of a clothes dryer will be, although the energy consumption also depends on the size of the load dried, how dry the clothes are when they are placed in the dryer, and on the specific energy of the clothes dryer.

Data on the average specific energy of the conventional (blue) and heat pump (orange) clothes dryers sold between 1993 and 2014 in Victoria / Tasmania is provided in Figure A4. The specific energy is the amount of energy (in kWh) required to dry one kilogram of clothes under the Energy Labelling test. The average specific energy of the conventional clothes dryers sold remained fairly constant over the period 1993 to 2006 – varied between 1.07 and 1.13 kWh/kg, with average of 1.10 kWh/kg – but has declined slowly since then and is now around 1.06 kWh/kg. The specific energy of the heat pump clothes dryers sold was much lower than for the conventional clothes dryers, and is declining at a faster rate. The average specific energy was 0.53 kWh/kg in 2010 and 0.45 kWh/kg in 2014, or 57.5% lower than the average conventional clothes dryer.

FIGURE A4: AVERAGE LOAD CAPACITY OF CLOTHES DRYERS SOLD IN VICTORIA / TASMANIA
[image: ]
Source: [E3 2016]


FIGURE A5: AVERAGE SPECIFIC ENERGY OF CLOTHES DRYERS SOLD IN VICTORIA / TASMANIA
[image: ]
Source: [E3 2016]


The Energy labelling test for clothes dryers is used to calculate the Comparative Energy Consumption (CEC) of clothes dryers. This is the annual electricity consumption (in kWh) when the machine is used to dry 52 full loads of clothes. The average CEC for conventional (blue) and heat pump (orange) clothes dryers sold in Victoria / Tasmania from 1993 to 2014 is shown in Figure A6. The average CEC for conventional clothes dryers declined from 241 kWh per year in 1993 to 214 kWh per year in 2006, but has since increased and is now 245 kWh. This increase since 2006 reflects the increase in the average load capacity of the conventional clothes dryers since this time, offset to some extent by the slight reduction in their specific energy. Consistent with their much lower specific energy, the average CEC of heat pump clothes dryers is much lower than for the conventional clothes dryers. It is now 143 kWh per year (41.6% lower than for conventional dryers) and has remained fairly constant for the last four years. As with the conventional clothes dryers this reflects an increasing average load capacity which has been offset by a reducing average specific energy.

FIGURE A6: AVERAGE COMPARATIVE ENERGY CONSUMPTION OF CLOTHES DRYERS SOLD IN VICTORIA / TASMANIA
[image: ]
Source: [E3 2016]


In Australia clothes dryers are required to display an Energy Rating Label when they are sold. This label provides an Energy Rating from 1 to 10 stars at the top of the label, and also provides the Comparative Energy Consumption in a box in the middle of the label. The Energy Ratings allow consumers to make a quick comparison of the energy efficiency of the different models. The average Energy (or Star) Ratings of conventional (blue) and heat pump (orange) clothes dryers sold in Victoria / Tasmania between 1993 and 2014 are shown in Figure A6. The average rating of the conventional clothes dryers has increased slowly, from 1.23 Stars in 1993 to 1.90 Stars in 2014. The average ratings of the heat pump clothes dryers are much higher, and are increasing at a faster rate than for the conventional clothes dryers, from 6.53 Stars in 2014 to 7.44 Stars in 2014. The highest rated heat pump clothes dryer on the market at the moment receives a 10 Star rating. 

FIGURE A6: AVERAGE ENERGY RATING OF CLOTHES DRYERS SOLD IN VICTORIA / TASMANIA
[image: ]
Source: [E3 2016]

[bookmark: _Toc468358189]A2: Analysis methodology
[bookmark: _Toc468358190]Introduction
This appendix sets out the methodology used by Energy Efficient Strategies to analyse the data collected during the Clothes Dryer Retrofit Trial. It is based directly on the report prepared by Lloyd Harrington [EES 2016] which documents the data analysis methodology and key findings, with some minor edits.

During the Retrofit Trial small plug-in meters and data loggers were used to record the electricity consumption of the clothes dryers based on a 2 minute logging interval. A small stand-alone battery operated temperature and humidity sensor and data logger was used to collect data on the temperature and relative humidity in the laundry, based on a 10 minute logging interval. 

[bookmark: _Toc468358191]Analysis of temperature and humidity data
Raw electricity consumption data for each of the old and new replacement clothes dryers was recorded at 2 minute intervals over the monitoring period. This data was imported into an EES database to allow several types of analysis. Initially the raw data was analysed and re-exported as 10 minute interval data so that it exactly matched the temperature and humidity data logging frequency, to allow parallel analysis of both the energy and temperature/humidity data sets. The database was also used to calculate clothes dryer power consumption by time-of-day and by month, to assist with the analysis of the impact of the retrofits on clothes dryer energy use.

The two datasets (electrical power and temperature/humidity) were placed in an Excel spreadsheet, with separate sheets used for each household covering both the pre- and post-retrofit monitoring period. With the aid of Excel add-in software called MoistAirTab (by Chemicalogic in the USA), the temperature and relative humidity data was used to calculate the humidity ratio (in g per kg of dry air) and the dew point temperature in degrees Celsius (oC). These humidity parameters are more useful than relative humidity recorded by the metering equipment as they are unaffected by ambient air temperature. For the calculation, standard air pressure was assumed (1.019 bar). The normal changes in air pressure expected at sea level only has a very small impact on the humidity calculations.

A flag was added to the spreadsheet records to show whether the clothes dryer was on or off during a particular period. The flag threshold was set to be 100W for all dryers (see the more detailed discussion below on the energy analysis approach). At the start of each dryer cycle, all of the ambient parameters (temperature, relative humidity, humidity ratio and dew point temperature) were calculated for a period of 1 hour, starting 2 hours before the start of the drying cycle. The same parameters were also calculated for a period of 1 hour starting 2 hours after the star of the drying cycle. The spreadsheet allows the start time and size of the time window before and after each dryer cycle to be set by the user. A period of 2 hours after starting was selected, as charts of data around a dryer cycle appeared to show that conditions changed gradually over the first hour or so of dryer operation. This approach allows a robust quantitative comparison of ambient conditions before and during/after the dryer operation.

Another flag was set to indicate whether the clothes dryer had been operated in the previous three hours. Where this value is not zero, a previous dryer operation has recently occurred and is therefore likely to have affected the initial ambient conditions. For analysis purposes, dryer cycles where the dryer had been operating in the previous 3 hours were excluded from the before and after analysis for each dryer (values were still calculated, they were just excluded from the averages). Compiling this data for all dryer cycles allowed a quantitative analysis of the impact on the dryer operation on the indoor ambient temperature and humidity.



It should be noted that the Retrofit Trial data was collected over winter months and these houses had some form of central heating, which seemed to have some impact in the laundry, to various extents. There are some cases where a dryer run occurred first thing in the morning, coinciding with the starting of the space conditioning equipment. In these cases, the change in ambient conditions may not be attributable to the dryer alone.

[bookmark: _Toc468358192]Analysis of the impact of the clothes dryer retrofit
In order to undertake a more sophisticated analysis, the raw (2 minute) electrical power consumption data was included in the spreadsheet for each clothes dryer at each household. This provides a more accurate assessment of the drying cycle time and also allowed short breaks between dryer cycles to be identified. 

As per the temperature and humidity analysis, a flag was used in the spreadsheet to indicate whether the dryer was on or off. This flag was set to be 100W for all dryers. A review of all the monitored dryers (see figures in the main part of the report) found that 100W provided a clear identification of the cycle end (including cool down period where present), but excluded any anti-crease operations and any standby power associated with end-of-cycle mode. A threshold just above off power could have been used, but this would not have allowed identification of short breaks between consecutive cycles and it also results in long cycle times, which are not directly associated with drying. These aspects of dryer operation were of little interest for this project. Of primary interest was identifying the energy used to dry clothes for each cycle, to allow the load dried to be estimated.

To assess the clothes dryer usage for each household, the average drying cycle time, average energy use per cycle and the estimated size of the load dried (in kg) was calculated (using the methodology set out below). This allows a direct comparison of data between the old and new clothes dryers. Key characteristics for all dryer cycles for all dryers were compiled on associated worksheets, as follows:
· Sheets CD1 to CD4 – 10 minute and 2 minute data for each clothes dryer (not split into old and new dryers);
· Sheet Cycles – a list of all drying cycles identified for all dryers, including the dryer code, date, time, cycle length, cycle energy, day month and an estimate of the load size dried in kg;
· Sheet T and H – contain the data on temperature and humidity and the associated analysis and summary for each household;
· Sheet Analysis – contains daily data on loads dried per day, minutes per load, energy per load (active drying energy) and energy per day (includes anti-crease, end of cycle and standby) for each site;
· Sheet Control – allows temperature, humidity and related parameters to be plotted for any dryer event for any dryer;
· Sheet Model – includes key parameters that were used to derive generic dryer modelling parameters for a range of dryer models included in the project and listed by Choice;
· Sheet TOD – includes a compilation of all time of day data available; and
· Sheet Monthly av – includes a compilation of all monthly average power data available.

[bookmark: _Toc468358193]Impact of part load on dryer efficiency
In order to calculate the approximate equivalent load of clothes dried (in kg) for each load cycle that was analysed, a range of data reviewed for this project. A typical “generic” clothes dryer drying cycle is illustrated in Figure A7. This shows that there is a linear relationship between energy consumption and moisture removal initially, but that this relationship becomes non-linear once moisture content falls below about 25%. From this time on, the energy required to remove each additional unit of moisture increases. This is typical of most clothes dryers, although the exact shape of the curve does vary by model. Note that this dryer (a modern European condenser dryer) reduces the heater power as the load comes closer to the final moisture content. This appears to slightly improve the overall efficiency of the drying operation.

[bookmark: _Ref451182599]FIGURE A7: PERFORMANCE CURVE FOR A TYPICAL DRYER WITH RESISTANCE HEATING
[image: ]


Most householders are expected to use only a fraction of the clothes dryer’s rated load capacity during normal use[footnoteRef:67]. The shape of a typical clothes dryer performance curve means that the overall energy intensity, expressed as kWh of energy consumed per kg of moisture removed, is likely to be higher at part load when compared to rated capacity. In order to investigate this further, the data from Figure A7 was used to calculate the dryer energy intensity as a function of rated capacity; the results are shown in Figure A8. In this case the dryer energy intensity is relatively constant down to around 80% of its rated load capacity and increases after this, so that at 30% rated load capacity it has increased by around 20%. However, this only illustrates the effect on a single dryer. [67:  Analysis for this project has confirmed that typical loads are less than 35% of rated load capacity.] 


[bookmark: _Ref451183204]FIGURE A8: IMPACT OF STARTING LOAD ON DRYER ENERGY INTENSITY
[image: ]

In February 2016, Choice published performance data on a range of clothes dryers that they tested over the previous few years. This included conventional electric dryers as well as a number of heat pump dryers. The Choice data is interesting because they only test the dryers at a single load size (3.5 kg) irrespective of the rated load capacity of the dryer. Choice use IEC[footnoteRef:68] load items and the load moisture content as per AS/NZS2442.1 (90% bone dry mass). In order to examine this data to see whether it was of use to this project, a plot of the Choice data (in terms of % of rated capacity that 3.5 kg represents) and the apparent change in energy intensity from the Choice data (energy intensity at part load over the energy intensity at full load). Note that the energy intensity at rated load capacity included the field use factor for timer dryers, and this has not been corrected for this analysis. The overall result of this analysis is illustrated in Figure A9. This data suggests that there is quite a significant variation in the energy intensity with load size. [68:  International Electrotechnical Commission] 


The four models below the “low” line seem to have an energy intensity that is unaffected by part loading. These are a mixture of conventional and heat pump dryers. It is unclear whether these values are real or an artefact of using totally different (and unrelated) data sets to derive these relationships. Ideally, this type of analysis should be undertaken using test data on the same dryer at full and part load and controlled and corrected for test parameters such as final moisture content. Discussions with Choice have indicated that quite a few of the units they tested reached a bone dry moisture content of less than 2%, which may explain some of the higher readings. This analysis suggests that there is some inconsistency in the data, rather than an error with the assumed product behaviour at part load. The medium curve shown is comparable to previous curves generated by EES for dryers based on a range of laboratory data, so this has been selected for initial analysis for this project.

[bookmark: _Ref451183868]FIGURE A9: ENERGY INTENSITY OF CLOTHES DRYERS - CHOICE DATA AT 3.5 KG LOAD VS RATED LOAD CAPACITY
[image: ]


It is then possible to convert these curves into a series of equations that allow the energy consumption of a given dryer to be estimated at different loading levels as a function of the energy at rated capacity. This is illustrated in Figure A10. In effect, the possible differences in part load performance create an uncertainty band of 10% at very low load levels.


[bookmark: _Ref451184911]FIGURE A10: CLOTHES DRYER ENERGY AS A PROPORTION OF ENERGY AT RATED LOAD CAPACITY AS A FUNCTION OF INITIAL LOAD
[image: ]


From the initial analysis, a function (depicted as the Medium line in Figure A10) was developed to show the relationship between the energy consumption of a clothes dryer, expressed as a percentage of the full load energy consumption, and the size of the load dried, expressed as a percentage of the rated load capacity. This function should provide a reasonable estimate of the load dried down to about 30% of rated capacity. However, for loads smaller than this, the results may become inaccurate. Initial analysis showed that a large proportion of the loads dried in the Retrofit Trial were very small (as expected – most were less than 30% of rated load), and using the Medium function shown in Figure A10 above suggests a negative load dried in many of these cases, due to the large fixed energy component at no load given by the function. In reality, the additional energy consumption at part load will also fall as the load to be dried approaches zero.

An alternative approach is to use a linear function that assumes that the energy consumption is directly proportional to the load dried (i.e. the blue line in Figure A10). This function can be used to develop a formula that estimates the size of the load dried (in kg) if the energy consumption of a drying cycle is known (expressed as a percentage of the energy consumption at the rated load capacity) and the rated load capacity are known:



Load dried kg (linear) = 


However, this formula is known to underestimate the likely load dried as it assumes a constant efficiency, equal to rated load efficiency, at all load levels. To address this issue an alternative formula was developed that passes through the origin at 0% and 100% of rated load, but broadly reflects that reduced efficiency at part load. This is depicted as Mod(1) in Figure A10 (red line). The following equation sets out the function for Mod(1) to estimate the energy consumed by a dryer for a given initial load:


Energyload% =  Energyrated × (1.44 × Load% - 0.44 × (Load%)2)

Where Energyload% is the energy used by the clothes dryer to dry a given Load%, expressed as a percentage of rated capacity.

This formula can be rearranged to allow the Load% (which is an unknown as it was not measured as part of the Retrofit Trial) to be estimated from the measured energy consumption of a drying cycle (which has been calculated using the monitoring data):



Load% = 


The Energy labelling test standard for clothes dryers assumes that the initial moisture content of the load is 90% of bone dry mass. Analysis of the clothes washer market over many years suggests that the stock average spin performance is around 70%[footnoteRef:69], so this suggests that the mass of clothes actually dried should be increased by 90/70 (= 1.29) to take account of the likely moisture content in the load in actual households. This allows any given load dried by each dryer to be estimated in terms of the mass of clothes dried, where the energy consumed by a load cycle is known. With all adjustments, the load dried for any given cycle energy would be given by the following formula: [69:  Practical spin performance in the field is an area where there is poor data and this is worthy of some research. ] 




Load dried kg (Mod1) = 


This formula has been used to estimate load size for each dryer cycle measured as part of the Retrofit Trial. Load size for the linear model is also available (with a 1.29 adjustment factor) – this gives a higher estimate of load dried than Mod(1). This equation allows the load dried to be estimated for every cycle identified. A few cycles appear to be greater than rated capacity – these may be particularly wet clothes or there may be two cycles that are adjacent to each other with a very short break between.

[bookmark: _Toc468358194]Seasonal variation in clothes dryer use
One problem facing this type of analysis is the lack of data on the seasonal variation in clothes dryer use. Most of SV’s clothes dryer data has been compiled for relatively short periods during a year, and almost all were over winter months when clothes dryer usage, and therefore energy consumption, are expected to be higher. To estimate the likely annual energy consumption of a clothes dryer, and therefore the annual energy savings if replaced by a high efficiency model, it is necessary to understand the way in which clothes dryer usage changes throughout the year. The largest dataset available for clothes dryer usage in Australia is data from a study undertaken by Pacific Power in 1994. This study monitored 146 dryers in NSW over a full year of operation. The average power consumption[footnoteRef:70] by month is shown in Figure A11. This suggests that winter usage was about double the summer usage in Sydney in the 1990s. [70:  This is the total energy consumption for the month (in Wh) divided by the number of hours in the month, to give average power consumption in Watts.] 



[bookmark: _Ref451258594]FIGURE A11: AVERAGE POWER CONSUMPTION BY MONTH FOR NSW DRYERS – PACIFIC POWER STUDY
[image: ]


Review of clothes dryer data collected from another 12 more sites recently in Sydney[footnoteRef:71] also suggests that winter use is higher than summer use, but the variation is more erratic and dependent on weather. However, winter use is approximately double the average summer use for Sydney. [71:  Note that only 9 of the 12 data sets have been included in this analysis. The other three sites had either no usage over the period monitored or there were significant issues with the data. The estimated annual energy consumption for these three sites is 1, 19 and 350 kWh per year (around 0.1W, 2.2W and 40W equivalent).] 


FIGURE A12: SEASONAL VARIATION IN DRYER USE IN NSW
Se[image: ]


The available Victorian data covers a significant number of households (about 25 sites), but these are mostly relatively short duration and mostly over the autumn/winter/spring period. Only one house (REMP3 in 2010) has been measured over the January to March period, and two houses in November and December (one of these is REMP3). Examining all of these sites in aggregate does suggest there is some seasonal impact on dryer use in Victoria. The best estimate is that the seasonal use in winter is about double that of summer, which is broadly consistent with the NSW/QLD data. While the heavy users included in the Retrofit Trial project will pull the average up significantly for June and July, these are counterbalanced to some extent by the numerous other measurements over the same months. The lower energy intensity of the new heat pump dryers in August and September will pull that seasonal value down somewhat as the analysis has been done on average power. One question is whether the heavy dryer users recruited for this project exhibit as much seasonal variation in dryer use as an average user. Heavy users in Sydney seem to exhibit lower seasonal variation, but there is still some seasonal variation. Weather in Sydney may be more variable and less seasonal than in Melbourne (the overall average is generally less seasonal and more erratic in Sydney), which may be different to the level of seasonality that may be present in Victoria.

FIGURE A13: SEASONAL VARIATION IN CLOTHES DRYER USE IN VICTORIA
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All available monthly data is shown in Figure A14.

[bookmark: _Ref451357893]FIGURE A14: SEASONAL VARIATION IN DRYER USE FOR ALL AVAILABLE SITES
[image: ]


For the estimation of annual energy consumption, a seasonal profile using a sine curve is assumed with a value of 1 in winter and 0.5 in summer. This is depicted in Figure A15. Given the seasonal aspect of usage is somewhat uncertain, two annual consumption figures have been used in the analysis: one seasonal on the basis of Figure A15, and one that assumes constant use all year.

[bookmark: _Ref451357998]FIGURE A15: ASSUMED SEASONAL PROFILE FOR CLOTHES DRYER USE IN VICTORIA
[image: ]





[bookmark: _Toc468358195]A3: Detailed householder survey results
[bookmark: _Toc468358196]Introduction
Surveys were conducted before and after the clothes dryer retrofits were undertaken to identify any changes in householder satisfaction with the operation of their clothes dryers, as well as to identify any changes which occurred to the way in which they used their dryer after the retrofits. The detailed results for each household which participated in the study are provided below.

[bookmark: _Toc468358197]Usage of the clothes dryer
Prior to the retrofits the households were asked approximately how many times per week they would use the clothes dryer during the summer, winter autumn/spring months. The responses are provided in Table A1, along with the usage that was measured during the retrofit trial.


TABLE A1: REPORTED WEEKLY USEAGE OF CLOTHES DRYERS
	House No
	Reported average weekly usage
	Measured average weekly usage
	Comments

	
	Summer
	Winter
	Autumn / Spring
	May to Aug
	 Sep
	

	CD1
	7
	7
	7
	10.4
	12.2
	Due to not having a clothes line

	CD2
	1
	3.5
	2
	2.1
	NA*
	Summer - emergency only. Autumn -  1 to 2; Spring 2 to 3

	CD3
	0.2
	7
	 na
	21.8
	18.8
	Summer - a couple of times during the entire summer; Winter - at least once a day and sometimes more. Autumn/Spring - Unsure, depends on the weather.

	CD4
	0.5
	4.5
	2.5
	19.4
	16.1
	Summer - Less than 1.

	 Av
	2.2
	5.5
	3.8
	
	
	 


* Monitoring for this house was only undertaken for 2 days during September.



[bookmark: _Toc468358198]General satisfaction with the clothes dryer
Householders were asked to comment on their level of satisfaction with the operation of their clothes dryer based on a ranking from 1 (very dissatisfied) to 5 (very satisfied). The householder ratings, as well as their more detailed comments are provided in Table A2.

TABLE A2: HOUSEHOLDER RATING OF SATISFACTION WITH THE CLOTHES DRYER
	House No
	Before
	After
	Difference
	Comments

	CD1
	5
	5
	0
	Before - 2 Star Energy Rating (is) not good, but dries clothes well. When we bought it all were 2 Stars.
After - Does a better job with drying and better condition of clothes after dried.

	CD2
	3
	4
	1
	Before - Had dryer for 15 to 20 years. Dries the clothes. Unsure of energy efficiency.
After - Unable to fault it.

	CD3
	5
	5
	0
	Before - Very happy. It does what it is supposed to do.
After - Amazing machine - holds a lot. Works best if clothes are sorted by fabrics.

	CD4
	1.5
	5
	3.5
	Before - (1 to 2) Fibre blows through filters and around room. Makes a mess. Also, condensation is a big problem with the current dryer.
After - Works a treat. Efficient. Good job without cooking the clothes.

	Av
	3.6
	4.8
	1.1
	 




Householders were asked to comment on any issues with their existing clothes dryers, including condensation. The responses are provided in Table A3 below.


TABLE A3: CONDENSATION ISSUES WITH THE EXISTING CLOTHES DRYER
	House No
	Comments

	CD1
	No issues. The dryer collects the condensation.

	CD2
	Sometimes there is condensation but not much due to the dryer being in a large area.

	CD3
	No, as it is directly vented to the outside.

	CD4
	Yes, condensation in winter.





[bookmark: _Toc468358199]Impacts of the clothes dryer retrofit
Householders were asked a number of questions to obtain information on if they had noticed any changes after the existing clothes dryers were replaced with the heat pump clothes dryers.


TABLE A4: CHANGES TO THE WAY IN WHICH THE CLOTHES DRYER IS USED
	House No
	Comments

	CD1
	Use it more often as don't have a clothes line.

	CD2
	Utilising the delay function, to make use of off-peak electricity tariffs.

	CD3
	No, just over load it. 

	CD4
	No changes. Use more.




TABLE A5: BENEFITS OR ISSUES RESULTING FROM THE CLOTHES DRYER REPLACEMENT
	House No
	Comments

	CD1
	Benefits - Clothes are less wrinkled than the old dryer, less noise, better job drying clothes.

	CD2
	Benefits - Quieter, less humidity, more energy efficient, bigger.
Issues - Can't be wall mounted.

	CD3
	Benefits - Less of a bother, less clothes burn, can close the laundry. Like the reminder when finished.
Issues - Water tray.

	CD4
	Benefits - Better organised.







[bookmark: _Toc468358200]A4: Monitoring results for each house
Below we provide a summary of the data collected from the metering equipment which was installed for each of the houses which participated in the Clothes Dryer Retrofit Trial. This includes details of the existing and replacement clothes dryer, details of the monitoring period, the number of loads dried per day, the load of washing dried per load, and the energy use by the clothes dryer per load dried.

A number of graphs are provided to help give greater insights into the operation of the clothes dryers both before and after the retrofits:
A frequency distribution of the load of washing dried (in kg), both before (blue line) and after (orange line) the retrofit. This shows the percentage of the total number of loads dried over the monitoring period that fit within a certain weight range, based on 0.25 kg bins;
The daily electricity consumption of the clothes dryer over the entire monitoring period. The energy consumption before the retrofit is shown by the blue columns, and the energy consumption after the retrofit is shown by the orange columns;
A frequency distribution of the energy consumption per load of washing dried (in Wh), both before and after the retrofit. This shows the percentage of the total number of loads dried over the monitoring period that fit within a certain energy consumption range, based on 250 Wh bins;
A typical load profile of the existing conventional clothes dryer during one drying cycle. This shows how the power consumption of the clothes dryer (in Watts) changes over the drying cycle;
The average power consumption of the clothes dryers (in Watts) when operating both before (blue columns) and after (orange columns) the retrofits;
The average daily load profile of the clothes dryer both before (blue line) and after (orange line) the retrofits, on those days the clothes dryer was used. This shows how the average power consumption of the clothes dryer varied over the day, based on a 2-minute sampling interval;
A frequency distribution of the drying cycle (or program) time (in minutes) both before and after the retrofits.




[bookmark: _Toc468358201]House CD1

Existing dryer: 			Miele T7744C, 2 Star, 6 kg condensing dryer, 6 years old
New dryer: 			8 Star, 7 kg, heat pump clothes dryer
Monitoring period: 		25/5/14 to 22/9/14; retrofit undertaken on 29/6/14
Av loads dried per day: 	1.43 before retrofit; 1.60 after retrofit
Av size of load dried: 		1.67 kg before retrofit; 1.83 kg after retrofit
Av energy use per load cycle: 	1,551 Wh before retrofit; 601 Wh after retrofit
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[bookmark: _Toc468358202]House CD2

Existing dryer: 			Simpson Maxidry 10S, 3.5 kg, vented dryer, 25 years old
New dryer: 			8 Star, 7 kg, heat pump clothes dryer
Monitoring period: 		27/5/14 to 22/9/14; retrofit undertaken on 17/7/14
Av loads dried per day: 	0.32 before retrofit; 0.22 after retrofit
Av size of load dried: 		0.55 kg before retrofit; 0.48 kg after retrofit
Av energy use per load cycle: 	771 Wh before retrofit; 181 Wh after retrofit
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[bookmark: _Toc468358203]House CD3

Existing dryer: 			Fisher & Paykel Aero, 2 Star, 4.5 kg vented dryer, 10 years old
New dryer: 			8 Star, 7 kg, heat pump clothes dryer
Monitoring period: 		23/5/14 to 22/9/14; retrofit undertaken on 30/6/14
Av loads dried per day: 	2.30 before retrofit; 3.23 after retrofit
Av size of load dried: 		1.72 kg before retrofit; 1.73 kg after retrofit
Av energy use per load cycle: 	1,538 Wh before retrofit; 570 Wh after retrofit
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Note that dryer CD3A appears to have 2 power levels present (1,000W and 1,850W). The higher power was only used occasionally and may be associated with a hot temperature setting.
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[bookmark: _Toc468358204]House CD4

Existing dryer: 			Hoover Apollo 100, 5 kg vented dryer, 20 years old
New dryer: 			8 Star, 7 kg, heat pump clothes dryer
Monitoring period: 		14/6/14 to 22/9/14; retrofit undertaken on 1/8/14
Av loads dried per day: 	2.15 before retrofit; 3.12 after retrofit
Av size of load dried: 		2.39 kg before retrofit; 1.80 kg after retrofit
Av energy use per load cycle: 	2,417 Wh before retrofit; 573 Wh after retrofit
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