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Sit down before fact as a little child, 

be prepared to give up every conceived notion, 

follow humbly wherever and whatever abysses nature leads, 

or you will learn nothing. 

 

(Thomas Huxley) 
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Abstract 
 
Tumble dryers are becoming more and more common in ordinary households 
as a complement to the washing machine. Tumble dryers offer a fast drying 
cycle independent of weather conditions, and they only require a small space. 
They do, however, considering the large number of units, use large amounts of 
electricity. The main objective of this thesis is to identify means of reducing the 
electricity use for the domestic tumble-drying of clothes. This involves the 
investigation of the condensing tumble dryer in order to point out possible 
energy efficiency improvements. The purpose of the energy label, which 
indicates the energy efficiency of the tumble dryer, is also studied to see 
whether it matches the actual laundry habits. Finally, suggestions for technical 
development of the tumble dryer are made in line with today’s consumer 
behaviour.  
 
The performance of the condensing tumble dryer has been studied using a 
design of experiments to create a statistical model in Paper I. This model was 
used to find the best settings for the power supply to the heater, the internal 
airflow and the external airflow in order to reach a high specific moisture 
extraction rate (SMER) and a low leakage ratio. A low external airflow in 
combination with a high power supply to the heater result in the highest 
SMER. In order to reach the lowest values for the leakage ratio, a low internal 
airflow should be applied together with a high external airflow. The use of a 
statistical model gave valuable information on the performance of the existing 
tumble dryer. To improve the energy efficiency of the dryer further, the amount 
of leakage and its location were investigated in Paper IV. By studying energy 
and mass balances by performing experiments, pressure measurements and 
modelling, the effects of leakage on the process were evaluated. As the location 
of the leakage is very important with regard to the energy efficiency, the worst-
case scenario, i.e., when leakage is located between the heater and the drum, is 
used as a starting point in the study. It was confirmed that there is a large 
leakage of air between the heater and the drum leading to a significant loss of 
energy recovery.  
 
The drying loads used by consumers are getting smaller, often smaller than 3 kg 
(dry load), while the maximum capacity of the dryers are increasing to up to 7 
or 8 kg. For Paper II, tests were made using different loads in order to 
investigate whether the energy label serves its purpose, today’s standard being 
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set at the dryers’ maximum capacity. The results of this study show that the 
energy efficiency when drying a small load is significantly lower as compared to 
drying a large load. In order to encourage a production of tumble dryers with 
higher energy efficiency for small loads – as the dryer is most frequently used 
for those – the standards of the energy label should be revised. Today, 
manufacturers do not benefit by improving the performance for partial loads.  
 
A mathematical model over a venting tumble dryer was established in Paper III 
with the aim of testing different control strategies to improve the energy 
efficiency of the tumble dryer for partial loads. The ideas behind the different 
strategies were to minimise the heat losses during the drying process and to 
increase the residence time for the air in the drum, thereby increasing the 
moisture content of the air leaving the drum. By using such a control strategy, it 
is possible to reach an improvement of SMER by approximately 4% when 
drying small loads. In order to attain larger improvements, however, more 
extensive product development will be necessary.  
 
Finally, the results of this thesis point at the necessity of including not only the 
technical development of the tumble dryer, but also the policy tools involved 
and the consumers’ habits in order to reduce the electricity used for drying 
clothes in households.  
	  

Key words: drying, domestic, energy efficiency, textile, energy labelling standard 
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Summary in Swedish 
 
Torktumlare blir en allt vanligare produkt i hushållet som ett komplement till 
tvättmaskinen. Den erbjuder ett snabbt sätt att få kläderna torra oberoende av 
väderförhållanden samtidigt som torktumlaren kräver ett litet utrymme. På 
grund av det stora antalet torktumlare används stora mängder el för att torka 
kläder. Det huvudsakliga målet med denna avhandling är att visa på möjligheter 
att minska elanvändningen för att torka kläder i hushållen. Detta innefattar en 
studie av torktumlarens funktion och egenskaper för att peka på sätt att 
förbättra dess energieffektivitet. Effekterna med den energimärkning som finns 
idag, vilken visar på torktumlarens energieffektivitet, har också studerats med 
avseende på konsumenternas verkliga tvättvanor. Slutligen har förslag till 
teknisk utveckling med fokus på konsumentens användning av torktumlaren 
tagits fram.  
 
Torktumlarens funktion och egenskaper har studerats med hjälp av en statistisk 
modell framtagen via en försöksplanering i Paper I. Den statistiska modellen 
användes för att ta fram de bästa inställningarna för tillförd effekt till elementet, 
internt och externt luftflöde i syfte att uppnå ett högt SMER (Specific Moisture 
Extraction Rate) och ett lågt läckage av fuktig luft till omgivningen. Ett lågt 
externt luftflöde och en hög tillförd effekt till elementet ger det högsta värdet 
på SMER. För att nå det lägsta värdet för läckaget behövs ett lågt internt 
luftflöde samtidigt som det externa luftflödet är högt. Genom att använda en 
statistisk modell är det möjligt att få värdefull information om de olika 
parametrarnas inverkan på energieffektivitet och läckage. För att öka 
energieffektiviteten hos den befintliga kondenstumlaren har läckaget av fuktig 
luft ut från det interna systemet studerats avseende storlek och placering i Paper 
IV. Genom att studera mass- och energibalanser från experiment, 
tryckmätningar och via strömningsmodellering har konsekvenserna av läckaget 
värderats. Då läckaget har visat sig vara viktigt för energieffektiviteten har det 
värsta scenariot använts som utgångspunkt i studien, vilket är då det läcker ut 
mellan element och trumma. I studien kunde fastställas att det finns ett 
betydande läckage mellan element och trumma vilket leder till en betydande 
försämring i effektivitet.   
 
Storleken på de laster som konsumenter torkar i torktumlare minskar, ofta till 
laster mindre än 3 kg torr last, samtidigt som den maximala kapaciteten hos 
torktumlare tenderar att öka ända upp mot 7 till 8 kg torr last. I Paper II har 
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tester genomförts med olika laststorlekar för att studera hur väl syftet med 
dagens energimärkning uppfylls då dess standardlast är satt till maskinernas 
maxkapacitet. Resultaten från studien visar att energieffektiviteten är betydligt 
sämre vid torkning av små laster jämfört med torkning av stora laster. För att 
uppmuntra till en produktion av torktumlare som har en högre 
energieffektivitet vid små laster, såsom torktumlaren främst används, bör 
standarden för energimärkningen revideras. I dag har inte producenten någon 
fördel av att lägga ner utvecklingsarbete på energieffektivisering av små laster.  
 
En matematisk modell över en avluftare togs fram i Paper III med målet att 
testa olika styrningar för att öka energieffektiviteten vid torkning av små laster. 
Tanken bakom de två styrningarna som testades med hjälp av modellen var att 
minska värmeförluster under torkningen samt att öka torkluftens uppehållstid i 
trumman och därigenom öka fuktinnehållet i luften som lämnar trumman. 
Genom att använda en sådan styrning påvisade modellen en förbättring av 
SMER på cirka 4% vid torkning av små laster. För att uppnå större 
förbättringar är det nödvändigt med en mer omfattande produktutveckling.  
 
Avslutningsvis pekar resultaten i denna avhandling på behovet att förutom den 
tekniska utvecklingen även inkludera både konsumenters vanor samt de 
styrmedel som finns i form av energimärkning för att kunna nå en minskad 
elanvändning för torkning av kläder i hushåll.  
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Preface 
 
This thesis is the result of an industrially driven research in the field of tumble 
dryer development. It started out with a master thesis that was carried out in 
cooperation with Asko Appliances AB during the last year of my studies at 
Karlstad University in 2002. In January 2005, I began my PhD studies in 
Environmental and Energy Systems. Up until my licentiate thesis was 
completed, Asko Appliances AB financed my work.  
 
The first projects, performed together with Asko Appliances AB, mainly 
focused on improving the condensing tumble dryers’ energy efficiency in order 
to obtain a better energy label, going from a C label to a B label. The control 
system of the dryer has been a development issue too, as it is important both 
for the maintenance of the textiles, and for interrupting the drying process at 
the right time. Today, Asko Appliances AB delivers condensing tumble dryers 
with a B label, and they are about to introduce a heat pump dryer.  
 
This fine cooperation with a manufacturer of tumble dryers has been 
encouraging for me, and it has been very rewarding as regards the aims of this 
thesis. Hopefully, the results of my research will be useful and implemented in 
further developments and improvements of domestic tumble dryers.  
 
 
 

Karlstad, August 2011 
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1 Introduction 
 
Tumble dryers are becoming increasingly common in households as a 
complement to the washing machine. The fast drying cycle that works 
independently of weather conditions, the fact that it requires only small space, 
and the textiles not becoming contaminated by air pollution or insects, which 
may cause a problem when drying textiles on lines out of doors represent the 
advantages of this appliance. Considering the large number of units, they do, 
however, use large amounts of electricity. According to a report from the 
Swedish Energy Agency (2004), tumble dryers account for approximately 8% of 
the electricity use in Swedish households.  
 
The energy labels placed on domestic appliances, running from A to G 
depending on the energy efficiency, are intended for encouraging a 
development of more energy efficient products. The energy labelling system has 
shown to be favourable to technical development. A few years ago, all dryers 
were marked with a C label. Today, there are conventional tumble dryers 
marked with a B label, and heat pump equipped dryers marked with an A label, 
available on the market. The purpose of the energy label is also to act as a guide 
for consumers who are planning to purchase a new product. Choosing a more 
energy efficient dryer means reducing the cost of electricity during usage.  
 
Today, the manufacturers of tumble dryers strive towards technical 
development that reduces the electricity use with a view to obtaining a better 
energy label. The development includes improvements of the drying process 
for textiles as well as improvements of the entire system of the dryer. New 
techniques and better control systems for the dryer are ways of making energy 
efficiency improvements. On the market today, there are mainly three different 
types of tumble dryers for domestic use: the venting tumble dryer, the 
condensing tumble dryer and the heat pump tumble dryer. These dryers have 
different advantages depending on where they are used. The venting tumble 
dryer is advantageous to use in warm climates as the warm air is led out of the 
laundry room. The condensing tumble dryers are often used in countries with 
colder climate as all energy supplied to the dryer can be used for heating the 
room. Today, the development of heat pump dryers is at the forefront due to 
their low use of electricity, which is requested by consumers.  
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The largest environmental impact of the dryer occurs during the use phase 
(European Commission, 2010a). The way the dryer is used by the consumer 
plays an important role for the final electricity use. When selling dryers, the 
manufacturers provide information on the most energy efficient filling grade. 
Most consumers consider the dryer full when it is only half filled according to 
the maximum capacity of the dryer (Psiroukis, 2010). To use the least possible 
amount of energy would be that the consumer uses the dryer in the same 
manner as was recommended by the manufacturer, who presently optimises the 
dryer’s performance for its maximum capacity.  
 
The purpose of this thesis is to highlight the interactions between the laundry 
habits, the technical development and the energy labelling system. Establishing 
good interactions between these driving forces increases the opportunity for 
reducing the electricity use in households.  
 
This leads to the objective of this thesis, which is to point out possible 
improvements of the interactions between the laundry habits, the technical 
development and the energy labelling system. Suggestions of improvement have 
been worked out from a technical point of view, where the energy efficiency of 
the tumble dryer has been the main focus. Plainly expressed, the aims of this 
work are: 
 

♦ to investigate how the energy efficiency and leakage ratio of water 
vapour of the condensing tumble dryer are affected by changing various 
parameters in the drying process;  

♦ to investigate how well the energy labelling system in Europe matches its 
purpose from a consumer’s point of view; 

♦ to suggest a way of improving the energy efficiency of the tumble dryer 
when used according to today’s consumer behaviour; and 

♦ to study the amount and location of gas leakage out of the internal 
system and how it affects the performance of the condensing tumble 
dryer.  
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2 Energy Use for Drying Clothes  
 
Household behaviour and consumption patterns have a profound impact on 
the environment. Projections show that this impact probably will increase, due 
to economic growth, growth in the world population, urbanisation and a 
changing lifestyle. The average increase in total residential use in the OECD 
countries is expected to be 1.4% per year from 2003 to 2030 (OECD, 2011).  
 
To dry the clothes out of doors on lines has been the way of drying clothes for 
centuries. However, nowadays an increasing number of households dry their 
clothes artificially in drying cabinets or tumble dryers. In European countries, 
4.9 million tumble dryers were sold for domestic use in 2005. A total number of 
40 million tumble dryers are estimated to be in use in European households 
(Bush et al., 2007). The figures imply that tumble dryers are used for an average 
of 8 years before they are replaced. Since 1990, the clothes drying energy use in 
22 IEA member countries1 has risen by 32.7% to 77.1 TWh in 2000 
(International Energy Agency, 2003). In the US, the clothes dryers accounted 
for 5.8% of the total electricity use in households in 2001 (IEA, 2011). With 
these figures in mind, it is understandable that even a small improvement of the 
energy efficiency of tumble dryers would make a large difference in the total 
energy consumption. As approximately 60% of the electricity produced in the 
OECD countries in 2006 originated from fossil fuels (ÅF Energi och 
Miljöfakta, 2011), the reduction of the electricity use is of importance 
considering the emissions of carbon dioxide. By replacing the entire stock of 
tumble dryers in European households with heat pump dryers, which use 
approximately half the amount of energy compared with conventional tumble 
dryers, it would be possible to save up to 15 TWh per year. This corresponds to 
annual savings of more than six million tons of carbon dioxide (Bush et al., 
2007). Even if all consumers would buy the most energy efficient dryer 
available, it would still take approximately eight years to replace all dryers and 
attain this efficiency improvement.  
 
Even though the washing machine and the tumble dryer are appliances used 
and assumed to be a part of an ordinary household, the majority of the world’s 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Australia, Austria, Belgium, Canada, Denmark, Finland, France, Germany, Greece, Ireland, Italy, 
Japan, Luxembourg, the Netherlands, New Zealand, Norway, Portugal, Spain, Sweden, Switzerland, 
the United Kingdom and the United States.  
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population still does not have access to washing machines. According to a 
presentation by Rosling (2011), only two of the totally seven billion people in 
the world have access to a washing machine. Rosling claimed that 
approximately one billion people use up half of the energy resources that 
originate from fossil fuels. An increasing number of people also want the same 
standards and appliances that the one billion already have, which will require 
energy efficiency improvements, changed habits and production of green 
energy.  
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3 Driving Forces towards Energy Efficient Tumble-Drying  
 
In order to attain a reduced energy use for drying clothes in households there 
are several driving forces to consider. One of these is our laundry habit, which 
highly affects the energy use. After all, the most significant environmental 
impact of the dryer is the energy consumption during the use phase (European 
Commission, 2010a). The energy use for laundry largely depends on the filling 
grades of the machines and the frequency of washing. Both the filling grade and 
the frequency have changed over the years. From washing large loads once a 
month or once a week, it now seems to be common to run four washing cycles 
or more each week (Lindén et. al., 2006). Today, most washing cycles are run 
with loads of 2 to 3.5 kg (Shove, 2003), even though the capacity of the 
washing machine often is 6 kg or more (PricewaterhouseCooper, 2009). During 
the last decades, the number of different fractions and materials that require 
different care procedures when washed and dried has increased. In addition, the 
reason for washing has changed from removing dirt to giving the clothes a 
fresh appearance. All this points at smaller loads washed more often.  
 
There is an ongoing technical development in the area of tumble dryers performed 
by the manufacturers in order to reduce dryer energy use. Both new design and 
new strategies for controlling the process have been developed. The heat pump 
equipped tumble dryer has gained an upswing with its low energy use, although 
the price for this type of dryer is higher than for a conventional dryer. As an 
increasing number of manufacturers starts to produce these types of dryers, the 
price will most probably fall. During the last decades, there has been a focus on 
developing dryness sensors and automatic programs that interrupt the drying 
process to avoid overly dried clothes. It is not only the development of tumble 
dryers that will affect the energy use for drying. The moisture content in the 
load after a finished washing program has decreased due to the increasing spin 
speed of the washing machine. The less the moisture content of the clothes is 
before they are inserted in the dryer, the less electricity will be used for the 
drying cycle. Since 1977 the moisture content after a finished washing program 
has decreased from 80% to 45% (Asko Appliances AB, 2011). 
 
The energy label that can be seen on tumble dryers sold today has two primary 
purposes: firstly, to inform consumers of the product that uses the least energy, 
thereby having the least environmental impact, and, secondly, to encourage 
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producers to develop more energy efficient products. The energy labelling 
system was introduced in Europe in the early 1990s and includes a large 
number of household appliances. The appliances are labelled with letters from 
A to G, where A represents the highest energy efficiency. Since the 
introduction of the energy labelling system, the amount of energy efficient 
appliances sold on the market has increased significantly.  
 
In the following chapters, three driving forces – the laundry habits, the 
technical development and the energy labelling system – will be presented.  
 
 

3.1 Laundry Habits 
 
How and why we wash have effects on the energy use for laundering. Habits 
have changed over the years and they will probably continue to change 
according to our culture. The use phase has the largest impact on the 
environment making it an important focus of attention. In order to gain more 
knowledge on how tumble dryers are used, laundry as a system is of interest. 
Shove (2003) expresses it as follows: “the washing machine sets the scene for 
the rest; it is around this device that the commercial interests of appliance and 
detergent manufacturers and of textile and fashion industries spin”. As the 
drying process depends on the washing procedure, an insight in the washing 
behaviour is necessary.  
 
 

3.1.1  The Histor i ca l  Perspec t ive   
 
Until the washing machine was introduced, washing in ordinary households was 
carried out by hand. Even though the amount of textiles that were used and 
thus washed was much lesser than it is today, it was a time consuming and hard 
work. Large washing loads were often attended to at the same time, as the 
procedure was extensive. Laundry was often carried out in washhouses where 
the women would gather to do the washing once a week or once a month. It 
was also common to give the laundry away to a laundress. (Henriksson, 2000)  
 
The most frequently used materials those days were natural fibres, such as 
wool, linen, and cotton (Shove, 2003). Wool, often used for outer clothing, was 
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more likely to be brushed or wiped instead of scrubbed in water. Flax was 
probably the first fibre out of which textile fabrics were made in the western 
hemisphere (Hatch, 1993). The procedure for washing linen typically involved 
several washing stages, such as, leaching (with an ash leach), brushing or 
beating, rinsing, blueing and bleaching (through exposure to sunlight in the 
fields) and treatment with starches before being mangled or ironed before they 
were finally put away (Shove, 2003, and references therein). Cotton, however, is 
a textile that was easier to wash. Although it absorbs large quantities of oil, and 
solid dirt particles easily become lodged in the convolutions of the fibre, the 
cotton fibre readily releases oily and particulate soil in laundry solution. When 
the cotton fibre is wet, its tenacity is greater, which means that no special care 
must be taken in the laundry process (Hatch, 1993). 
 
The reason for washing has also changed over the years. In the middle ages, 
clothing was considered as a protective second skin. The clothing closest to the 
body was to prevent impurities to reach the body, and it should also absorb any 
bodily fluids. This notion of the clothes makes it obvious that underwear were 
items for washing, while washing the skin beneath them was not considered to 
be as important. In the mid-sixteenth century, in France, collars and cuffs were 
worn visibly and therefore needed to be cleaned more frequently to look 
proper. Laundry during this time period is increasingly being represented as an 
exercise in restoring clothes after having been contaminated by the wearer. 
Moving on to the late nineteenth century, increasing knowledge about microbes 
and bacteria impacted the laundry habits. The recommendation was now to boil 
underwear for at least 10 minutes. (Shove, 2003) 
 
The earliest design of a machine to handle laundry was patented in the US in 
the mid 1840s. The machine consisted of a washbasin with a wringer fixed on 
top of it. The wringer had two rollers that were pressed closely together. A large 
amount of water was squeezed out of the clothes when the rollers were cranked 
by hand. The first electric-powered washing machine was introduced in the 
early 1900s (Washing Machine Wizard, 2011). The automatic washing machine 
that takes care of washing, rinsing and spinning was invented in the US in the 
late 1930s and produced in Europe during the 1950s (Henriksson, 2000). From 
1950 onwards, many technological advances were made. The washing machines 
and the wash cycles were developed to meet new fabrics and a greater range of 
wash conditions. Up until today, the development has focused on programs for 
different washing cycles, reducing water consumption, more efficient 
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detergents, better washing performance and reduced electricity use. Today, a 
new washing machine with a capacity of eight kg dry load uses as little as 66 
litres of water in one washing cycle. The energy used amounts to 1.04 kWh 
(Asko Appliances AB, 2010).  
 

 
Figure 1. Washing machine sold during the 1950s to 1960s. (Asko Appliances AB, 2011) 
 
The early washing machines, as the one shown in Figure 1, did not have the 
same ability to mechanically remove water as today’s machines have. The 
earliest form of mechanical dewatering was the wringer described above, often 
connected to the washing machine. As cotton and linen, being the most 
commonly used textiles, are difficult to dry due to the water absorbed within 
the fibres, the drying process was a problem. The washing loads were often 
large, consisting of the whole wash for the week (including bed sheets), and 
they needed to be dried at the same time. Weather conditions, insects and air 
pollutions limited the option of hanging the clothes outside, and hanging the 
clothes inside would result in a high humidity inside the house. This is still a 
problem in many places – Figure 2 shows a picture of clothes spread out on the 
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ground in India in 2008. The problems involved in drying called for an 
improved way of removing water mechanically. As the construction of washing 
machines changed over to drums that could rotate around the horizontal axis in 
combination with the development of support legs to the drum that were 
capable of damping out vibration, the maximum spin speeds increased (Watts, 
1991). Since 1977 the spinning efficiency has improved from leaving a moisture 
content in the clothes of 80% to a moisture content of 45% in 1999 (Asko 
Appliances AB, 2011). This reduction in moisture content had a large positive 
impact on the drying time.  
 

 
Figure 2. Textiles spread out on the ground to dry in the sun next to the river Ganges in 
Varanasi, India, 2008. 
 
Parallel to the development of the washing machine, the development of dryers 
was not far behind, as the drying procedure often caused a problem in the 
household. Pochons invented the earliest known type of tumble dryer in France 
in 1800. He invented the Ventilator, which consisted of a metal drum pierced 
with holes and equipped with a handle. The clothes were inserted inside the 
drum, which was placed over an open fire. When cranking the handle the drum 
rotated. The clothes either dried slowly or burned (Binggeli, 2003). In 1892 
George Sampson patented a clothes dryer. In this dryer the drum with the 
clothes was heated in a stove and not over the open fire, which was a 
significant improvement. Electric dryers were produced and sold from 1915 
onwards; the purchase price, however, was high. In 1938 an American company 
produced clothes dryers developed by J. Ross Moore at an acceptable price. 
These were produced both as electric and gas models. The models were 
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marketed under the name “June Day”. During the 1940s and 1950s more 
brands of dryers were produced, which accordingly lowered the price. At this 
point, the tumble dryer resembles the one we are familiar with today. Timers, 
temperature controls and cool down cycles were introduced, as well as the 
dryness sensor to turn the dryer off when the textiles are dry. Most models had 
a dimension of 30 inches (750mm), in order to fit large loads. The development 
of dryers from this point onwards has revolved around improving the programs 
of the dryer, the dryness sensor, the time display and the energy efficiency. In 
the 1980s it became possible to delay the start of the dryer, which was useful 
when the electricity and energy rates were less expensive during night-time or 
off-peak hours (Washing Machine Wizard, 2011). 
 
 

3.1.2  Trends in Modern Households   
 
The washing machine significantly lightened the workload of households, 
although it took several years before it was a common feature in ordinary 
households. With the introduction of washing machines to an affordable price 
during the late 1950s and 1960s, an increasing amount of households obtained 
washing machines. In 1958 around 38% of the Swedish population had access 
to an automatic washing machine. In 1968 this figure was 80%. Since the 1970s 
no dramatic changes in washing behaviour have taken place (Henriksson, 2000). 
One difference between hand washing and using a washing machine is the 
washing machine providing a batch wash, which may contravene the handicraft 
of laundry traditionally performed according to cleanliness, economy, precision 
and care. When washing by hand, it is easier to separate different items and care 
for them separately. During the 20th century a large number of manufactured 
fibres were introduced. A manufactured fibre is described as “any fibre derived 
by a process of manufacture from any substance, which, at any point in the 
manufacturing process, is not a fibre” (Hatch, 1993). Today there are more than 
18 types of manufactured fibres in the US marketplace. Nylon, rayon, polyester, 
acrylic and spandex are some examples of these fibres. All these materials have 
different features that must be taken into consideration when care procedures 
are chosen. They are, for instance, often sensitive to high washing 
temperatures. This has led to increased textile labelling regarding the material of 
the item and its care instructions (Hatch, 1993). A wide range of washing 
programs was developed to meet the need for different care procedures for the 
laundry consisting of a large number of materials. Nowadays, however, it is rare 
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to use more than three different programs in ordinary households (Shove, 
2003).  
 
An increasing number of different fabrics in combination with the increasing 
number of specialised equipment and gear for different activities pointed at 
smaller loads being washed at shorter intervals than earlier (Shove, 2003). The 
total amount of clothing per person has increased over the years and a study 
from the Netherlands reveals that an average piece of clothing is worn for 
about 13 days per year, i.e., 44 days during its use-life excluding second-hand 
use (Shove 2003, and references therein). Over the years the number of laundry 
cycles washed each year in American households has risen from 156 with loads 
of 3.6 kg in 1950 to 392 loads of 3.4 kg today, corresponding to an average total 
load of 1332 kg laundry per year and household. In the UK, the number of 
washing cycles is 274 with an average load of 2 kg (Shove, 2003). The total 
amount of laundry for a household in Sweden has increased from 290 kg in 
1930 to 700 kg in 1980. In Denmark the washing load increased from 540 kg in 
1967 to 860 kg in 1985 (Henriksson, 2000, and references therein). The 
increasing access to washing machines and the fact that more households own 
their own appliances might be contributing factors to why the amount of 
laundry is increasing. It has become easy to wash whenever there is need for it.  
 
Often today, clothes are not primarily washed due to soiling but rather to keep 
up a fresh appearance. There have been changes in what is considered dirty. 
The norm seems to be to wear the items for one day and then wash them 
(Shove, 2003). Respondents from a study by Lindén et al. (2006) state that for 
some a shirt is always put in the laundry bin after one day of use regardless of 
whether or not unpleasant smells or stains are present. It is not common to use 
airing instead of washing and more than 60% declared that they never or almost 
never did (Lindén et al., 2006). There are examples of the washing machine 
being used rather than finding space and time to hang and sort the items. No 
public campaign has focused on the need of washing, or on how often clothes 
should be washed (Gram-Hanssen, 2008). This trend can also been discerned 
by the range of programs of the washing machine that focus more on 
refreshing the garments instead of cleaning them from dirt (Shove, 2003). 
 
As the tumble dryer was introduced into households, it offered an additional 
means of drying rather than replacing the traditional ways of drying textiles. 
Different types of clothes could now be dried in separate ways depending on 



	   12	  

personal preferences. Some used the tumble dryer for all their clothes, while 
others used it for specific garments. Cotton and linen could, for example, be 
placed outside to dry while the children’s clothing could be dried in the tumble 
dryer. Sheets and towels could be partially dried on the line outside and brought 
in for a final finish in the machine (Shove, 2003). Some used the dryer only for 
beddings and towels because it softens them, while drying the remainder on a 
line. Different individuals give quite different explanations regarding their use 
of the dryer, which can be recognised as variations belonging to a common 
social practice of laundering. Those who do not have a tumble dryer either state 
that having no dryer does not present a problem or that the dryer is a waste of 
energy and money (Gram-Hanssen, 2008). 
 
Using a full machine both for washing and drying is often presented as a way to 
lower the energy use of the process. Several studies where users are asked about 
their habits show that most people state that they only wash when the machine 
is full or almost full (Lindén et al., 2006; OECD, 2011; Gram-Hanssen, 2008). 
At the same time, the washing machine is reported to run four or more times a 
week in a majority of households (Lindén et al., 2006). According to a survey in 
Australia, the impression of having a full machine occurred when it was stuffed 
with approximately half the maximum capacity of the dryer (Psiroukis, 2010). 
This was also confirmed by PricewaterhouseCoopers (2009).  
 
To sum up, our laundry habits points to a development moving from the 
traditional large washing loads once a week or less often to more frequent 
washing of smaller loads with separate care instructions and colours that cannot 
be washed together. As an increasing number of households have their own 
appliances, there is also a matter of convenience to wash separate garments at 
need and not when the laundry basket is full. Today large efforts are being 
made regarding the development of more environmentally friendly washing 
machines that use less amounts of energy and water, and we have also 
witnessed a development with increasing spin speeds to reduce the amount of 
remaining water in the textiles. This, in turn, will shorten the drying time. The 
usage of tumble dryers differs largely between different households as it is used 
as a complement to the washing machine.  
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3.2 Technical Development  
 
The technical development is important in order to reduce the electricity use 
associated with drying textiles in households. Even small improvements for one 
drying cycle will result in large energy savings considering all dryers that are in 
use. Part of the recent research made on tumble dryers involves the 
performance of the dryer and improvements of the mass transfer of water from 
the textiles in the dryer. Such work has been presented by Bassily & Colver, 
2003a, 2003b; Yadav & Moon, 2008; Deans, 2001; and Conde, 1997. A 
different way of obtaining a more energy efficient dryer is to implement a new 
dryer system design. Bansal et al. (2001) and Lambert et al. (1991) evaluated the 
effect of recirculation of different amounts of drying air on the energy 
efficiency. Rezk & Forsberg (2010) modelled changes in the internal duct 
system of a heat pump dryer. Program development has been concentrated on 
avoiding overly dried clothes at the end of a drying cycle; one control method is 
presented by Ng & Deng (2008). Piccagli et al. (2009) presented a different 
control strategy during the drying cycle as one way of reducing the energy use 
for tumble-drying. In the literature, studies can be found where new technique 
is implemented in the tumble dryer, for example, the use of heat pump systems 
(Braun et al., 2002) and the use of surface tension elements for enhanced 
dehumidification in the heat exchanger in the condensing tumble dryer 
(Cochran et al., 2009).  
 
In this chapter, a further description of the most common tumble dryers and 
their function is found. The chapter called “The drying process” describes the 
mass and heat transfer when drying and “The drying cycle” describes the 
progress from wet load to the final dried load. Finally, the mass and heat 
balances over the dryer are presented. Using this background it is possible to 
discern ways of improving dryer efficiency.  
 
 

3.2.1  Different  types  o f  dryers  
 
Venting tumble dryers were the first kind of tumble dryers. The venting tumble 
dryer is the most common dryer with a relatively simple construction. Room air 
is led into the dryer and heated in an electric heater. The hot air is then led into 
the drum where it encounters the wet textiles and gains moisture as the 
temperature drops. The humid air is led out of the dryer and out of the laundry 
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room. The fan transporting the air is often placed after the drum as depicted in 
Figure 3. 

 
Figure 3. The venting dryer and its components. 
 
One of the benefits of the venting tumble dryer is the simple construction, 
which makes it a less expensive product, and most of the supplied energy is 
transported out from the laundry room as well as the water vapour leaving the 
clothes. This type of dryer is therefore common in countries with a warm and 
humid climate, where all excess heat needs to be evacuated from the laundry 
room.  
 
The condensing tumble dryer is in addition to the heater, the drum and the internal 
fan, also equipped with a heat exchanger where the humid air leaving the drum 
is cooled using room air in order to condense the water vapour in the internal 
airflow. The air leaving the heat exchanger is recirculated back to the heater 
creating a closed (or semi-closed, due to leakage) internal system as shown in 
Figure 4. The room air, which cools the heat exchanger, is led into the dryer by 
an external fan.  
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Figure 4. The condensing tumble dryer and its components. 
 
The condensing tumble dryer is often preferred where the excess heat can be 
utilised for heating the laundry room. A further advantage with this type of 
dryer is the possibility to install the dryer anywhere, as long as there is 
electricity. There is no need for plumbing or air ducts. The water that is 
removed from the textiles ends up in a tank, which is emptied by hand. As 
room air is used as a cooling medium, this air must not be too hot, since this 
would significantly reduce the dryer’s efficiency due to poor condensation of 
water vapour. This is one reason why this type of dryer is rarely found in 
warmer countries.  
 
In the heat pump dryer, as compared to the condensing dryer, the heat exchanger 
and the electric heater are replaced with the evaporator and the condenser of a 
heat pump circuit, as shown in Figure 5. The drying air is cooled in the 
evaporator and heated in the condenser. The purpose of the sub-cooler is to 
keep the temperature in the heat pump circuit at an appropriate level in order 
to ensure its efficiency.  
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Figure 5. The heat pump tumble dryer with its components. 
 
The heat pump tumble dryer has the same advantages as the condensing dryer. 
What is outstanding with this type of dryer is the low electricity use. The heat 
pump dryer uses only about half of the electricity used by a traditional 
condensing dryer (Bush et al., 2007). It is not a new invention to use heat pump 
technology in tumble dryers. There are patents from as early as the 1940s where 
the drying gas is led over an evaporator and condenser coils of a refrigerating 
device (Smith, 1947).  
 
 

3.2.2  Air as the dry ing medium 
 
Air is used as a drying medium in ordinary tumble dryers. The air normally 
contains a certain amount of water vapour. In order to use the air as a drying 
medium, the air needs to have an ability to gain moisture. The humidity can be 
expressed in two ways, either as relative humidity or as specific humidity. The 
fundamental equations presented can be found in Pakowski & Mujumdar 
(2007). The relative humidity, φ [%], is defined as the ratio of the partial vapour 
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pressure, pv [Pa], to the saturated vapour pressure in the air at the same 
temperature, psat [Pa], 
 

 

€ 

φ =
pv
psat

. (1) 

 
The relative humidity describes the amount of water the air can take up. The 
lower the relative humidity of the air encountering the wet textiles, the larger 
the driving force for drying would be. In the tumble dryer it is important to 
reach a low relative humidity at the drum inlet. The specific humidity, Y 
[kg/kg], or the amount of water in the air can be described by  
 

 

€ 

Y = 0.622
φ psat

p −φ psat
, (2) 

 
where p [Pa] is the atmospheric pressure. The change in specific humidity over 
the drum describes the water loss from the textiles.  
 
The enthalpy, h [kJ/kg], is used for describing the effects of the specific 
humidity and temperature, T [°C], on the energy content of the air. To express 
the enthalpy of the humid air, the latent heat of water vapour is also included. 
The reference temperature, T0, is set at 0 °C for which the latent heat, hfg0°C 
[kJ/kg], is read. The enthalpy for humid air is determined by the sum of the 
enthalpy of dry air and the enthalpy of water vapour in the air by 
 
 

€ 

h = CAT +Y CVT + hfg0°C( ), (3) 

 
where CA [kJ/kg°C] is the specific heat capacity for dry air and CV [kJ/kg°C] is 
the specific heat capacity for water vapour. The drying process in the tumble 
dryer can be followed using an enthalpy-humidity chart. This chart shows the 
relation between temperature, enthalpy, and specific and relative humidity. In 
Figure 6, the ideal air path for a condensing tumble dryer is shown in an 
enthalpy-humidity chart.  
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Figure 6. Water/ air mixture with an ideal air path for a condensing tumble dryer, indicated 
as A-B-C in the enthalpy humidity chart. 
 
The heating of the air from A to B will occur at a constant specific humidity. 
The heated air with low relative humidity encounters the wet material in the 
drum at B where it is humidified and close to isenthalpically cooled to point C, 
the wet bulb temperature. Between point C and point A the air is dehumidified 
in a heat exchanger. The specific humidity is reduced whereas the relative 
humidity remains at approximately 100% in an ideal process. The process in a 
heat pump dryer is similar to that in a condensing tumble dryer. In the venting 
tumble dryer, there is no connection between C and A. The inlet air can be 
identified at A, starting with heating of the air, and the exhaust air at C.  
 
The process in Figure 6 describes an ideal process. In reality, there are heat 
losses over the drum resulting in a reduction of the enthalpy between B and C. 
Leakage into the internal system will also affect the location of A, B and C. If 
air of different temperatures or humidity is mixed, a new point is achieved in 
the enthalpy-humidity chart. The air mixture in the condenser most likely 
deviates from the wet bulb temperature.  
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3.2.3  The dry ing process  
 
The drying process in the dryer is controlled by the ability of the air to gain 
moisture, the moisture content of the textiles and the transport of water to the 
surface of the textiles. As the air encounters the textile surface, two processes 
occur simultaneously to dry the textiles: heat transfer from the air to the drying 
surface and mass transfer from the drying surface to the surrounding air. The 
energy transfer between a surface and a fluid moving over the surface is 
traditionally described by convection: 
 

 

€ 

dQ
dt

= h At TA −Tt( ) , (4) 

 
where dQ/dt [W] is the rate of heat transfer, 

€ 

h At  [W/K] is the product of the 
average heat transfer coefficient and the textile surface area. This product will 
depend on the surface geometry and the flow conditions. Increasing the contact 
area between the textiles and the drying air, i.e., the effective area, is one way of 
improving the drying process. Tt is the temperature of the material surface and 
TA is the air temperature. The temperature on the surface equals the wet bulb 
temperature of the air when unbound water is evaporated (Bejan et al., 2004). 
The mass transfer from the textiles to the air, mev [kg/s], as a result of the heat 
transfer, is described by 
 

 

€ 

˙ m ev = h m At pt − pA( ) , (5) 

 
where the parameter 

€ 

h m At  [kg/sPa] is the product of a mass transfer coefficient 
and the effective textile area. This product describes the transport of moisture 
from the textiles and depends on the contact between the textiles and the 
drying air. The driving force is a vapour pressure difference between the drying 
air and the textile surface. As long as the surface is covered with water, the 
surface pressure, pt [Pa], equals the saturation pressure. The larger the 
difference is between the vapour pressures, the larger the evaporation rate. As 
the surface of the textiles is not covered with water, pt will drop below the 
saturation pressure, psat [Pa]. It can be determined from 
 

 

€ 

pt Xt ,Tt( ) = psat Tt( )a Xt( ) , (6) 
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where the water activity, a, is described by sorption isotherms depending on the 
moisture content of the textiles, Xt [kg/kg] (Lambert et al., 1991). As long as 
the textile surface is covered with water, the water activity equals unity. When 
the moisture content decreases so does the water activity. The remaining 
moisture content in the textiles during the drying process is described by 
 

 

€ 

Xt =
mi − ˙ m evdt∫

mt

, (7) 

 
where mi [kg] is the initial amount of water in the textiles and mt [kg] is the 
amount of dry textiles.  
 
The textiles are considered dry when the amount of water added to the washing 
machine has been removed. Normally the textiles are conditioned in room air, 
which means that they contain a certain amount of water depending on the 
humidity and temperature of the room air. When a textile is exposed to air 
containing moisture, it will eventually reach the equilibrium moisture content 
(EMC). According to Carr et al. (2007) the EMC of cotton is 5.67% (db) and 
the EMC of wool is 10.80% (db) at an air temperature of 21 °C and a relative 
air humidity of 30%.  
 
To increase the mass transfer rate during the drying process, the limiting factors 
in drying need to be identified. The Biot number is often used as a measure 
describing whether the limiting transport is internal or external (Incropera & 
DeWitt, 2002). The heat transfer Biot number, Bi, is defined as 
 

 

€ 

Bi =
hhL
kS

, (8) 

 
where hh [W/m2K] is the convective heat transfer coefficient, L [m] is defined 
as half the thickness of the material, and kS [W/mK] is the thermal conductivity 
of the solid. There is a similar number for mass transfer, Bim: 
 

 

€ 

Bim =
hmL
DAS

, (9) 

 
where hm [m/s] is the convective mass transfer coefficient and DAS [m2/s] is the 
diffusion coefficient. If Bi <0.1, the internal resistance to heat transfer is 
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negligible. This means that the resistance to conduction within the solid is 
much less than the resistance to convection across the fluid boundary layer. 
The heat transfer rate is therefore externally controlled; the main resistance of 
heat transfer is located on the gas side. The same line of argument is valid for 
the Biot number for mass transfer, which is the ratio of the internal species 
transfer resistance to the boundary layer species transfer resistance. The Biot 
number for mass transfer is usually much larger than for heat transfer. For 
porous materials with large pores and for small particles, however, the 
condition that Bim <0.1 is often fulfilled (Marinos-Kouris & Maroulis, 2007). In 
the tumble dryer, where relatively thin layers of textiles are dried, the Biot 
numbers are often low. This implies that the temperature and concentration 
differences in the textiles are low, and that the limiting factors for both heat and 
mass transfer are external.  
 
 

3.2.4  The dry ing cyc l e  
 
The tumble dryer is a batch dryer, which means that the wet load is inserted in 
the beginning of the drying cycle and removed when dry. During a complete 
drying cycle, including a short heating of the load, separate drying periods can 
be detected as shown in Figure 7.  
 

 
Figure 7. Rate-of-drying-curve, constant drying conditions including a heating period, after 
Mujumdar, 2007. 
 

R
at

e 
of

 d
ry

in
g 

Time 

Constant drying 
rate period 

Falling drying 
rate period 



	   22	  

The drying periods can be recognised using the outlet temperature from the 
drum shown in Figure 8. First there is a heating period during which the textiles 
and the dryer are heated. Thereafter a constant drying rate period is detected 
where the difference over time in the temperature leaving the dryer is small. 
The energy transferred to the dryer is used for evaporating the water 
disregarding heat losses. A steady-state has been reached with a constant drying 
rate as shown in Figure 7. After a while, however, the temperature of the 
outgoing air rises due to dryer material, meaning that the falling drying rate 
period has been reached. During this period the rate of drying is descending as 
the water is transported within the textile to the surface before it is evaporated. 
As a result the temperature will rise. Most tumble dryers today are equipped 
with an automatic system detecting when the textiles have reached the desired 
moisture content, which signals the heater to switch off and start a cooling 
period.  
 

Figure 8. The temperature of the outlet air from the drum during a drying cycle in a 
condensing tumble dryer. Different drying periods are indicated.  
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3.2.5  Energy and mass balances  
 
The mass and energy balances over the different tumble dryers are presented 
below. For the venting tumble dryer the mass balance is expressed in [kg] and 
described as:  
 
 

€ 

mi = mo +mr , (10) 
 
where mi is the inlet water amount, mo is the water leaving the textiles through 
the drying air, and mr is the moisture remaining in the textiles. The moisture 
content of the inlet air is neglected in the mass balance. The differences 
between the balance for the venting dryer and the condensing tumble dryer is 
due to the leakage of water vapour to the surroundings, ml, and the condensate 
leaving the heat exchanger, mc, as 
 
 

€ 

mi = mc +ml +mr, (11) 
 
The mass balance for the heat pump dryer is similar to the one that applies for 
the condensing tumble dryer. The energy input and output in the venting 
tumble dryer are depicted in Figure 9.  

 
Figure 9. Energy inputs and outputs of the venting tumble dryer. 
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The energy balance expressed in [kJ] over the venting tumble dryer is 
determined by:  
 
 

€ 

Qh +Qmotor =Qdl −Qwl +Qo −Qi +Qhl , (12) 
 
where Qh+Qmotor is the electricity supplied to the heater and the motor rotating 
the fan and the drum, Qdl-Qwl is the energy difference between the drying load 
after and before the drying cycle, Qo-Qi is the energy difference between outlet 
and inlet drying gas, and Qhl represents the heat loss to the surroundings. The 
energy flows over the condensing tumble dryer are shown in Figure 10. 
 

 
Figure 10. Energy inputs and outputs of the condensing tumble dryer. 
 
The energy balance over the condensing tumble dryer is determined by:  
 
 

€ 

Qh +Qmotor =Qdl −Qwl +Qeo −Qei +Qhl +Qleakage +Qc , (13) 
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The difference compared with the energy balance over the venting tumble dryer 
concerns the external airflow, Qeo-Qei, the leakage of drying gas from the 
internal system, Qleakage, and the condensate collected in a separate container, 
Qc. Finally, the energy flows in the heat pump dryer is shown in Figure 11 and 
the energy balance is determined by: 
 
 

€ 

QHP +Qmotor =Qdl −Qwl +QSCo −QSCi +Qhl +Qleakage +Qc . (14) 

 
As this type of dryer is not equipped with a heater, this term is replaced by the 
electricity supply to the compressor of the heat pump, QHP. Furthermore, the 
only airflow into and out of the dryer is the air used for the sub-cooler, QSCo-
QSCi. As for the rest this balance resembles the one of the condensing tumble 
dryer.   

 
Figure 11. Energy inputs and outputs of the heat pump tumble dryer. 
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In order to describe the energy efficiency of the drying cycle in the tumble 
dryer, the Specific Moisture Extraction Rate (SMER) has been used. This is a 
measure of the amount of evaporated water, mev [kg], per energy unit and it is 
determined by: 
 

 

€ 

SMER =
mev

Q
, (15) 

 
where Q [kJ] stands for the electricity supplied to the dryer during the drying 
cycle. The SMER is commonly used for describing the efficiency of dryers.  
 
 

3.3 Energy Labelling  
 
Energy labelling for household 
appliances is compulsory and common 
to all countries in the EU. The purpose 
of the label is to guide the consumer to 
choose a product with low energy use in 
order to lower the costs and the 
environmental impact during use. 
Another purpose is to encourage the 
producers to develop more energy 
efficient products in order to be 
competitive on the market. In Sweden, 
the Swedish Energy Agency is the 
government agency that follows up 
compliance with the labelling directive. 
(Swedish Energy Agency, 2006)  
 
The energy efficiency of an appliance is 
presented on a scale from A to G, 
where A represents the highest energy 
efficiency. It is displayed in a label such 
as the one shown in Figure 12, where A 
has a green colour and G is shown in 
red. For washing machines, tumble 

Figure 12. Example of an energy label 
for household appliances (Renewable 
Technologies, 2011). 
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dryers and dishwashers, a similar label, from A to G, also show how well the 
machines perform their different tasks (Swedish Energy Agency, 2006).  
 
Most tumble dryers found on the 
market today are labelled with a C. 
Recently, some dryers have obtained a B 
and the dryers equipped with a heat 
pump receive an A due to their low 
electricity use. The energy efficiency is 
measured according to standards SS-EN 
61121 (Swedish Standards Institute, 
2001). The energy efficiency is specified 
according to an Energy Efficiency 
Index, EEI [kWh/kg], which shows the 
electricity use Q [kWh] per kilogram of 
dry load, mt [kg]: 
 

               

€ 

EEI =
1.14⋅ Q
mt

.                  (16) 

 
The electricity use for the process is 
multiplied with a factor 1.14 due to a 
change in initial moisture content from 
70% to 60% and changed room air 
temperature and humidity from 20 °C, 
65% to 23 °C, 55% for the test standard 
(PricewaterhouseCoopers, 2009).  
 
Tests for determining the energy label are today performed in a room equipped 
with a specific climate, i.e., 23 °C and a relative humidity of 55%. The standard 
load consists of cotton and corresponds to the maximum capacity of the dryer, 
which is often as much as 7 kg dry load conditioned in the specified test 
climate. The load is wetted in a washing machine to a moisture content of 60% 
(dry basis). After finishing a drying program, the measured electricity use, 
Qmeasured [kWh], is adjusted to any remaining moisture in the textiles according 
to:  
 

Figure 13. The Energy efficiency index 
correlated to the Energy label (Swedish 
Energy Agency, 2005). 
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€ 

Q =
Qmeasured Min,N −Mout,N( )mt

Min −Mout( )mt,N

,          (17) 

 
where Min [%] is the moisture content of the wet textiles, Mout [%] is the 
moisture content of the dried textiles, mt [kg] is the conditioned dry load of 
textiles and the calculated Q [kWh] can be used for determining the EEI in 
Equation (16). The index N stands for the nominal value used in the standards 
(Swedish Standards Institute, 2001). The values of EEI, representing each 
energy label, are shown in Figure 13 (Swedish Energy Agency, 2005). 
 
Through the introduction of the energy labelling system, the awareness of 
energy use of household appliances is increasing. According to Throne-Holst et 
al. (2007), the percentage of A-labelled washing machines on the European 
market increased from 4% in 1997 to 50% in 2001. This development depends 
on the consumers’ choice when buying new products and the manufacturers’ 
desire to produce more energy efficient products. The energy labelling of 
refrigerators-freezers, dishwashers and washing machines has been successful 
since its introduction in 1992. About 90% of the appliances sold today in the 
EU are labelled with an A (de Almeida et al., 2011).  
 
In a recent study presented by the OECD (2011), it is reported that the 
recognition of energy efficient appliance labels are high in the ten surveyed 
countries2. Nearly 80% of the respondents in the survey recognised the labels. 
The highest recognition, over 90%, was found in Australia, Korea, Canada and 
the Netherlands. In Sweden and Norway the lowest recognition was found, 
41% and 66%, respectively. The installed amount of energy-efficiency-rated 
appliances did not correlate with the recognition of the labels. The highest 
installation rate of energy-efficiency-rated appliances, 77%, was found in the 
Czech Republic despite their relatively low levels of label recognition (70%). 
The gap between the recognition of the labels and reported installation was 
highest in Korea, Canada, Australia and the Netherlands and lowest in Sweden 
and Norway (OECD, 2011). This shows that there are large differences 
between countries and that there are more factors, such as price and brand, 
involved apart from the recognition of the energy label when purchasing new 
appliances. Stø & Strandbakken (2009) present six different barriers to change 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 Ten countries representing different OECD regions took part in the survey: Australia, Canada, the 
Czech Republic, France, Italy, Korea, Mexico, the Netherlands, Norway and Sweden. Responses 
from over 1000 households were collected.  
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in relation to electricity consumption in households and among consumers: 
physical and structural barriers, political barriers, cultural-normative or social 
barriers, economic barriers, knowledge based barriers and individual-
psychological barriers.   
 
In the literature there are several suggestions regarding how to improve the 
energy labelling. There has been an increasing amount of appliances (mostly 
refrigerators) that are now labelled with an A+, A++ and A+++. For tumble 
dryers there is a problem with the distinction between the heat pump equipped 
dryer and the conventional dryer when it comes to electricity use. The label 
cannot visualise the efficiency gap of about 50% from a B (conventional 
condensing dryer) to an A (heat pump dryer), which implies a need for a new 
classification system (Nipkow & Bush, 2009). The energy label is a matter of 
self-certification by the manufacturers. According to the consumer organisation 
ANEC (2007), few of the regulatory bodies in the EU member states carry out 
tests, and therefore only a limited part of the market is tested. They also point 
out that enforcement actions are either not taken or not reported in a clear 
majority of the member states. Another point stated by the ANEC (2007) is 
that the test standards should be updated in order to reflect changes in 
consumer behaviour, i.e., to test the appliances in typical user situations.  
 
The fact that washing loads, and thereby drying loads, are getting smaller does 
not comply with the current standard tests performed with the maximum 
capacity of the dryer in order to set the energy efficiency. There are several 
studies pointing at decreasing energy efficiency for drying smaller loads in the 
tumble dryer (Bassily & Colver, 2003a, 2003b, 2005; Conde, 1997; Yadav & 
Moon, 2008). The result is an increasing maximum capacity of the dryer, which 
makes it easier to reach high energy efficiency. The performance at the drying 
load most frequently used by the consumers, however, is not improved and 
might even be worsened. In a position paper from ANEC (2010), they 
welcome an approach that makes it more difficult for big appliances and easier 
for small appliances to get high energy labelling classifications. They also 
propose a maximum limit of 6 kg dry load, as larger appliances are not really 
relevant for typical households.  
 
There is ongoing work with a new eco design label. In a working document on 
the eco design and the labelling of household tumble driers (European 
Commission, 2010a), a revised way of calculating the EEI for tumble dryers is 
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presented. The new formula is based on 160 drying cycles including low power 
modes and a combination of full and partial load (half the maximum load). 
Compared to the current directive, which is based on the electricity use per 
kilogramme of dry load irrespective of the machine capacity, the new index will 
be more severe on large dryers compared with the smaller ones (European 
Commission, 2010a). Not everyone, however, is in favour of this proposal. The 
European Committee of Domestic Equipment Manufacturers claims that the 
reference line should be based on the electricity consumed per kilogramme of 
laundry dried, as they state that it is more efficient to dry the same amount of 
laundry in a larger tumble dryer. The UK on the other hand desires a more 
stringent energy scale for larger appliances in order to discourage consumers 
from buying them (European Commission, 2010b). This is still a matter of 
discussion, and, as proposed by the European Commission (2010a), the Energy 
Labelling Directive 95/13/EC should be updated. As the heat pump dryers are 
becoming more common, a revision of the current energy label could speed up 
the market transformation towards more energy efficient dryers. The adoption 
of an eco design implementing measure could therefore be reconsidered at a 
later stage.  
 
To sum up – since the energy label was introduced, it has been a driving force 
in the technical development of the tumble dryer. The energy label is set 
according to a certain standard procedure and is a matter of self-certification by 
the manufacturers. This standard and the self-certification are questioned, and 
there is an ongoing discussion regarding suggestions for changes of the 
standard. It would be desirable with an improved control of the energy labelling 
and better compliance between the standard and the actual use of the dryer.   
 
 

3.4 Contradictions and Interactions between the Driving Forces 
 
The driving forces towards energy efficient tumble drying of clothes, i.e., 
laundry habits, technical development and energy labelling, should interact in 
order to push the development forward. A description of these driving forces is 
presented in Figure 14. Their main target is to reach a more energy efficient 
tumble-drying of clothes. Laundry habits and technical development will affect 
the amount of energy used for clothes drying. The purpose of the energy label 
aims towards both the laundry habits by providing information to the 
consumer about the most energy efficient product, and towards the technical 
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development as an incentive for product development. Both the habits and the 
technology should, however, affect the standards of the energy label, as shown 
with double arrows in Figure 14. The double arrow displayed between the 
laundry habits and the technical developments in the same figure indicates that 
they also should interact in order to reduce the energy use. New available 
technology should be introduced on the market, and the development of new 
appliances should take place in view of the laundry habits. A few 
inconsistencies, however, prevent a sustainable development as indicated by the 
broken arrows in the figure. 
 

 
 
Figure 14. Description of the interactions between driving forces towards a more energy 
efficient tumble-drying of clothes. Present inconsistencies are indicated by broken arrows. 
 
The first inconsistency that I would like to point out involves the technical 
development of the tumble dryer and the changes in laundry habits. On the 
market today there is an increasing number of tumble dryers with a maximum 
capacity of 7 kg or more (PricewaterhouseCoopers, 2009). This capacity is often 
used as a sales argument. On the one hand, a large dryer is considered to be of 
higher quality and last longer than a smaller one (Bengtsson, 2010). On the 
other hand, the trends in ordinary households point at a different development. 
Changes towards using the washing machine to “refresh” the clothes instead of 
washing them because they are dirty, means that a larger amount of textiles will 
be washed. The increasing amount of different fabrics and colours with specific 
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care instructions, however, most likely leads to smaller washing loads. With this 
point in view, there will be an increasing number of washing cycles performed 
with loads that do not make use of the best energy efficiency of the tumble 
dryer. In Figure 15, a drying load of 7 kg is shown in front of an ordinary 
household tumble dryer. With this figure in mind, it is not difficult to imagine 
that most drying cycles are run with partial loads. With respect to dryer size, the 
technical development does not interact with the laundry habits in a positive 
way. The reality is rather the contrary. 
 

 
Figure 15. A drying load of 7 kg of dry textiles in front of an ordinary tumble dryer. This is 
the dryerʼs maximum capacity, and the load for which the dryer is optimised.  
 
Manufacturers of today are concerned about the energy label, and efforts are 
made to attain a better label. Recently, a few traditional condensing tumble 
dryers achieved the B label and thereby a slight advantage on the market. This 
means that the interaction between the energy label and the technical 
development is working. The development of heat pump tumble dryers 
necessitates a more fine-tuned energy label, and a discussion has been initiated 
on revising the current energy label. 
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The second inconsistency to point out concerns the energy labelling system in 
relation to the laundry habits. Efforts to improve the performance of the dryer 
are made for the maximum load – a load rarely used in ordinary households. 
The standards of the energy label do not follow the changes in laundry habits, 
which they should. The newly suggested eco design label for tumble dryers 
involves changing the standard load towards the actual use of the machine. As 
the energy efficiency of the tumble dryer decreases when drying a small load a 
change in the standards for the energy label is important. Behavioural studies 
concerning the actual drying load would be necessary, the ones found in the 
literature regarding the load originates from the respondents perceived size of 
the load. As this is difficult to estimate, there is a risk that the loads are even 
smaller. This partial load used in the new eco design label is still large, 3.5 kg for 
a tumble dryer with a capacity of 7 kg, considering the average washing load 
mentioned earlier of 3.4 kg and 2 kg (Shove, 2003). The fulfilment of the 
purpose to guide the consumers when they buy new products depends on the 
consumer recognising the label and being aware of the benefits associated with 
choosing a more energy efficient product. The energy label could also be used 
to inform consumers of how to best use the appliance involving the benefits of 
a full machine. These are possible advantages of a new energy label that are not 
implemented today.  
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4 Summary of Papers 
 

4.1 Paper I - Modelling of Specific Moisture Extraction Rate and 
Leakage Ratio in a Condensing Tumble Dryer 

 
Due to the recycling of air in the condensing tumble dryer, a model based on 
mathematical descriptions of all heat and mass transfer processes would be a 
rather complex one. The components of the condensing dryer are densely 
placed, which makes it difficult to perform accurate measurements in the dryer, 
measurements that could be used for validating a theoretical model. This would 
point towards the use of a design of experiments, i.e., a method that provides a 
way to create a statistical model of the process using a low number of 
experiments.  
 
The aim of this study is to use a design of experiments in order to create a 
statistical model over the condensing tumble dryer. The model will be used to 
find the best settings for the power supply to the heater, the internal airflow 
and the external airflow in order to reach a high specific moisture extraction 
rate (SMER) and a low leakage ratio. The aim of the study also involves 
explaining the trends of the SMER and the leakage ratio based on the physics 
of the tumble dryer drying process.  
 
A design of experiments was used to identify significant factors and determine 
how they interact. The power supply to the heater, the internal and the external 
airflows were studied as factors affecting the performance of the dryer. 
Experiments in the tumble dryer were made in a symmetrical fashion around 
five standard reference tests. Each factor was varied between a minimum and a 
maximum value, where the maximum value was the standard value of the 
original machine. In total, 19 tests were performed including five standard 
reference tests. The software used for the study was MODDE 7.0. As the 
factors are varied in the tests, two responses were chosen to represent changes 
in performance of the dryer: the SMER (g/kJ) and the leakage of water 
expressed in a percentage of the total evaporated mass of water. All tests were 
performed with 4 kg of dry cotton (conditioned in room air at 13 °C with the 
air relative humidity at 31%) wetted to a moisture content of 60% (db).  
 
A physical SMER model was made over the drying process of the condensing 
tumble dryer. The model was a simplified one over an ideal process in the 
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tumble dryer. Relations were only determined for the constant drying rate 
period and no leakages were assumed.  
 
Considering the physics of the process, the leakage ratio will depend on the 
humidity of the internal airflow, the pressure difference between the internal 
system and the surroundings as well as on the size of the cavities. As a first 
approximation, leakage ratio depends on the humidity of the circulating air.  
 
The statistical model shows good significance. Low external airflow and high 
power supply to the heater gives the highest SMER (see Figure 16). It can also 
be seen that an increased internal airflow increases the SMER, especially at high 
power supply to the heater. This interaction can be explained by the increased 
temperature, which leads to increased moisture contents in the internal airflow. 
An increased airflow can therefore be needed to transport the moisture from 
the textiles. The external airflow and the heat supply have great effect on the 
SMER. A reduced external airflow means a reduced cooling of the heat 
exchanger. This will raise the temperature in the system and, hence, the 
moisture content in the drying air.  
 
To reach the lowest values for the leakage ratio, a low internal airflow should be 
applied together with a high external airflow (see Figure 17). The power supply 
to the heater has a minor effect on this response. The leakage ratio was affected 
the most by changes in external airflow. A correlation between the humidity of 
the internal airflow and the leakage ratio at different external airflow rates 
showed that a high external airflow (better cooling) gave lower humidity to the 
circulating air, as well as a reduced leakage.  
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Figure 16. Variations of SMER at different external airflows and power supplies to the 
heater according to the statistical model. The two surfaces represent two different internal 
airflows.  

Figure 17. Variation of the leakage ratio at different external airflows and power supplies to 
the heater according to the statistical model. The two surfaces represent two different 
internal airflows.  
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By creating a simplified physical model over the condensing tumble dryer, it is 
possible to discern a trend, albeit not sufficient for achieving accurate values. 
Trends calculated from the model correlate well with the ones from the 
statistical model. As the physical model originates from relations over the 
constant drying rate period, it can be concluded that this period has a large 
influence on the drying process in the condensing tumble dryer. The physical 
model will not, however, give information on which factor has the largest 
impact on the response.  
 
The statistical model can be used as a tool for improving the SMER and 
reducing the leakage from the dryer. The model shows interactions and 
relations that otherwise would be difficult to detect. The desired aim for 
improving the performance of the tumble dryer including both an increased 
SMER and a reduced leakage ratio seems to be difficult to achieve in the 
investigated dryer. As the SMER is high, the leakage ratio is also high.  
 
 

4.2 Paper II - Does the Energy Labelling System for Domestic Tumble 
Dryers Serve its Purpose? 

 
Tumble dryers of today are optimised for their maximum load, which is often 
6 kg dry load or more. This is not, however, a common drying load in ordinary 
households. Studies show that the average washing load lies between 2 and 
3.5 kg (dry load). As the drying load often is slightly smaller, the average drying 
load inserted in a tumble dryer lands below these figures. An increased drying 
load will improve the dryers’ energy efficiency.  
 
Today all tumble dryers sold on the market in Europe are labelled with a letter 
from A to G, where the most energy efficient dryer is labelled with an A. The 
purpose of the energy labelling is to guide the consumer in choosing a product 
with high energy efficiency in order to lower the costs and environmental 
impact during use. Another purpose is to encourage the producers to develop 
even more energy efficient products in order to be competitive on the market. 
Today, the tests that are made for this label are set at the maximum drying load, 
not at the most common drying load used by consumers.  
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The aim of this paper is to analyse whether the standard of the energy labelling 
of domestic tumble dryers serves its purpose when factual consumer behaviour 
is considered.  
 
Three different tumble dryers were tested with different drying loads in order 
to determine the changes in energy efficiency. Two condensing tumble dryers 
with a C label and one heat pump dryer, with an A label were tested with three 
different brands. In each tumble dryer, four different drying loads of cotton 
were tested ranging from 1 kg to their maximum load of 6 or 7 kg. The tests 
were performed according to the labelling standard of the Swedish Standards 
Institute (2001). To evaluate the energy efficiency, the Energy Efficiency Index 
(EEI) was used, which is a measure of the ratio of the amount of electricity 
used for one drying cycle to the dry load weight.  
 
The results from this study show that there are significant differences in energy 
efficiency between drying a large load and drying a small load (see Figure 18). 
The differences are similar for all tumble dryers tested in this study. Drying 
loads consisting of less than 3 kg dry load have significantly lower energy 
efficiencies. As the drying load in ordinary households often lie below 3 kg, the 
performance of the dryer should be improved for small loads.  

Figure 18. The Energy Efficiency Index determined from measurements from different 
drying loads in two condensing tumble dryers, Dryers I and II, and for one heat pump 
dryer, Dryer III. The levels for the different energy labels are indicated. An EEI below 0.55 
kWh/kg gives an A. If the EEI is above 1.0 kWh/kg, the label is G. The EEI for the different 
loads were determined from the same correlation as was used for the maximum capacity 
of the dryer.  
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The results also showed that the heat pump dryer, due to its high energy 
efficiency, gives a higher ratio of the energy efficiency between drying a small 
load and drying a large load as compared to the condensing tumble dryer. This 
type of dryer is sensitive to the amount of water in the drying load as the heat 
pump system collects heat from the condensed water.  
 
In order to improve the energy efficiency of small drying loads, the residence 
time of the drying air in the drum can be increased, thereby creating an 
increased effective area of the textiles. Reduced leakage, optimum drum speed 
and improved control strategy are also possible improvements to make.  
 
Considering the energy labelling system, it does serve one of it purposes, which 
is to assist the consumer to buy an energy efficient product, since the product 
with the best energy label is more energy efficient for all loads tested. The 
factual electricity use, however, will normally be higher than indicated by the 
label. The second purpose – to encourage development of dryers with higher 
energy efficiency – is only partly fulfilled, but could be improved if the standard 
was set to encourage development of dryers with high energy efficiency for 
normal loads, not for the maximum loads they were constructed for. The 
labelling system, in fact, encourages manufacturers to increase the maximum 
capacity of the dryer as this increases the energy efficiency and, hence, endows 
them with a more favourable energy label.  
 
 

4.3 Paper III - Potential Energy Savings Made by using a Specific 
Control Strategy when Tumble Drying Small Loads 

 
In ordinary households, the drying loads differ from day to day, but the 
majority are, however, significantly smaller than the dryer’s maximum capacity 
of 6 to 8 kg (dry load). As the energy efficiency of the dryer decreases with 
smaller drying loads, efforts should be made to improve the energy efficiency 
for drying small loads.  
 
The aim of the paper is to establish a mathematical model for the venting 
tumble dryer that is verified for various drying loads. The model is to be based 
on physical phenomena in order to determine the drying time and the Specific 
Moisture Extraction Rate (SMER) for the drying cycle. By using the model as a 
tool to study alternative control strategies for the tumble dryer, suggestions on 
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how the energy efficiency can be increased when drying small loads will be 
presented.  
 
The theoretical model of the drying process was drawn up from energy and 
mass balances over the venting dryer. Tests using three different cotton loads 
of 1.94 kg, 3.32 kg and 4.72 kg (bone dry) were performed to validate the 
theoretical model. The room air relative humidity and temperature, the drying 
load, the water content and the product of the moisture transfer coefficient and 
the textile area, 

€ 

h m At , were used as input in the model. The 

€ 

h m At  was 
determined from the test runs during the constant drying rate period. The 
temperature of the air leaving the heater, the temperature of the air leaving the 
drum, and the remaining moisture content were used as parameters to evaluate 
the accuracy of the model.  
 
Two different control strategies, A and B, were tested using the model, both 
related to the smallest drying load amounting to 1.94 kg. The idea behind 
strategy A was to minimise the heat losses during the drying cycle. The heat 
supply to the dryer was reduced as much as was needed in order to yield a 
drying time similar to the time for drying the largest load tested (4.72 kg). In the 
second control strategy, B, the idea was to increase the residence time for the 
air in the drum, thereby increasing the moisture content of the air leaving the 
drum. A reduction of the airflow by 20% was tested in combination with 
reduced power supply using the same time constraint as in strategy A.  
 
The results show that the model correlates remarkably well with the reference 
tests considering the textile moisture content. The temperature rise at the end 
of the model drying cycle, however, is not as large as in the reference tests. 
Temperatures from the reference test and the results from the model for a 
drying load of 1.94 kg are shown in Figure 19. The SMER for this test was 
0.769 kg/kWh.  
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Figure 19. Temperature and remaining moisture content of a model drying cycle combined 
with the test run temperature curves (1.94 kg dry load). 
 
The possibilities of reducing the electricity use for drying small loads using the 
proposed control strategies (A and B) seemed limited. The SMER was 
increased to 0.818 kg/kWh in strategy A, and to 0.822 kg/kWh in strategy B. 
This, however, is not nearly as high as when drying the largest load of 4.72 kg 
that was tested in this study, which had a SMER of 0.927 kg/kWh.   
 
According to the results from the model, the 

€ 

h m At  could be determined early in 
the constant drying rate period, and it remained valid for the entire drying 
program. However, further work should be done in order to find correlations 
between this parameter and heat supply, air flow, drum speed and drying load.  
 
According to the model, it is possible to improve the SMER by approximately 
4% when drying small loads. This can be achieved by changing the control 
strategy for the dryer, including reducing the heat supply and reducing the 
airflow. Product development, other than improved process control, will most 
likely be necessary in order to reach improvements for the small loads that will 
give the same SMER for large as well as for small loads.  
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4.4 Paper IV – Energy Losses by Air Leakage in Condensing Tumble 
Dryers  

 
In a condensing tumble dryer, there is a certain amount of leakage out from the 
internal system to the surroundings. The location and extent of this leakage can 
be difficult to determine through measurements due to the densely placed 
components and the changing areas in the dryer. If the leakage out from the 
internal airflow is located where the air is hot and dry, it implies a large energy 
loss from the dryer. This air should instead be used for drying the textiles. The 
worst-case scenario would be if all leakage out from the dryer was situated 
between the heater and the drum.  
 
As the leakage is an important parameter, and due to the difficulties involved in 
obtaining an accurate, direct measurement of leakage, this is often an assumed 
parameter. Leakage was therefore chosen to be the focus of this study. With the 
purpose of improving the energy efficiency of condensing tumble dryers, the 
aim of the paper is to analyse the amount of leakage going from and into the 
internal system of the tumble dryer by performing pressure measurements, fluid 
mechanics modelling in COMSOL, and water and energy balances. By showing 
that the energy balances for the drying cycle can be closed, the assumptions 
regarding leakage from the system are verified and potentials for energy savings 
can be estimated. As the location of the leakage is very important for the energy 
efficiency, the worst-case scenario, where leakage is located between the heater 
and the drum, is used as a starting point in this study. No drying gas should be 
allowed to leak, as this air is relatively dry and heated in the heater, ready and 
able to absorb large amounts of water vapour.  
 
Five tests were performed in the condensing tumble dryer with a load of 6 kg 
dry cotton wetted to a moisture content of 70% (dry basis) before drying. 
Temperatures between all components were measured, as well as the 
temperature under the housing of the dryer, the room air temperature, humidity 
and electric input to the dryer. The static pressure inside the internal system was 
measured between all the main components by using a U-tube manometer to 
detect locations for gauge pressure and vacuum pressure.  
 
In the COMSOL model, all leakage was assumed to be located between the 
heater and the drum. The model was used to obtain the leakage flows for a gap 
size and internal overpressure typical for the investigated dryer. The gap size 
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was estimated by measurements of up to 1 mm, and the tested gaps in the 
model were therefore chosen to be 0.5 mm, 1.0 mm and 1.5 mm.  
 
Energy and mass balances were determined over the tumble dryer, with the 
same assumption that all leakage is placed between the heater and the drum. 
The inlet leakage was assumed to be at the fan inlet, where the pressure is at its 
lowest.  
 
The results from the COMSOL model, and the results from combining the 
water balance and the energy balance, correlate remarkably well. Both indicate a 
leakage of dry air out from the internal system of approximately 7 m3/h. 
Through the model it was shown that even a small gap leads to large leakages. 
The leakage of water vapour in the investigated dryer was found to be as much 
as 32% of the total water input. The energy balance is shown in Table 1.  
 
Table 1. Energy balances from five tests in the condensing tumble dryer. Figures are 
presented in kJ. The change in sensible heat in the textiles, Qdl-Qwl, is almost equal in the 
tests at a value of 127 ± 2 kJ.  
 

Test	  

Electricity 
input 
Qh+Qmotor 

Losses over 
heat exchanger 

Qeo-Qei 

Heat 
losses 

Qhl 

Condensate 
	  

Qc 

Water vapour 
leakage 

Qleakage,v 

Room air 
leakage  
ΔQleakage,a 

No.	  1	   14815 7860 972 266 3495 1358 
No.	  2	   14880 7310 945 263 3548 1434 
No.	  3	   14920 7290 975 270 3416 1329 
No.	  4	   15130 7790 1003 272 3469 1306 
No.	  5	   15150 7810 1011 278 3338 1240 
Mean	   14979 7612 981 270 3453 1333 
St.dev.	   152 286 27 6 80 71 
 
With the assumption of the location of leakage, the balance can be well closed. 
The deviation between the inlet and outlet energy amounts to 6.6 to 11.8%. If 
leakage is assumed to take place at another location, it would mean a larger 
deviation between inlet and outlet energy in the energy balance. It was thereby 
determined that there is a large leakage of air between the heater and the drum 
that leads to significant energy losses. It was also found that heat losses account 
for approximately one fifth of the energy loss caused by leakage, implying that 
leakage is an important parameter to reduce. The energy loss associated with 
leakage is due partly to the heating of air leaking into the system and partly to a 
reduction in the heat recovered in the condenser.  
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As there is a large interest in developing heat pump dryers, it is important to 
point out that the leakage issue is even more important for these types of 
dryers. Any leakage of water vapour will affect the process negatively as the 
heat pump will use the energy from the condensation of the water vapour in 
the evaporator. Further work is required to analyse the effects of leakage in the 
heat pump dryers.  
 
 



	   45	  

5 Discussion 
 
Technical development is necessary to reduce the electricity used for drying. 
The condensing tumble dryer is a compact device; the different components 
within the dryer are densely placed in order to fit into the fixed volume of 
standard measures. It proved to be a challenge to achieve repeatable accurate 
measurements for the dryer regarding airflows, temperatures and humidity. As 
most of the air in the condensing tumble dryer is recirculated, a change in one 
parameter will have effects on the entire drying process. Therefore, it is difficult 
to come to any conclusions regarding changes in the performance without 
using a model over the dryer. To create a mathematical model over the 
condensing tumble dryer is complicated and requires measured values for 
validating the model. This was the reason why a statistical model was created 
from a design of experiments presented in Paper I. The model was used to 
establish the relation between the energy efficiency, the water vapour leakage 
and three process parameters that are relatively easy to vary: the internal and 
external airflows and the heat supply. The significance of the statistical model 
indicates that it is a suitable method for studying the performance of an existing 
dryer. The results from the statistical model, however, showed that the lowest 
leakage and the highest SMER did not occur for the same parameter settings, 
and therefore it was not possible to combine them only by changing the 
airflows and the heat supply in the studied interval. Disadvantages of using a 
statistical model are partly due to the fact that it is only valid at a certain interval 
for changes in the predetermined factors, and partly due to it being specific to 
the investigated dryer. The fact that any uncertainties from the measurements 
would be reflected in the model was another problem that had to be dealt with. 
The reference tests, at the centre point, give an indication of the reproducibility 
of the test. These must be well centred, or the measuring procedure or the 
studied parameters should be reconsidered.  
 
The energy label is used as a tool to advance the development towards more 
energy efficient tumble dryers. Energy labels are presented with every dryer 
sold on the market today. The definition of the energy label is involved in this 
thesis, due to the consequences it brings about. At present, the maximum 
capacity of the dryer is used as a standard load, and for the tumble dryers used 
in this study it amounts to 7 kg (dry load). Filling the washing machine with this 
amount of textiles, which is the first step in the laundry procedure, is nearly 
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impossible without wetting the load in advance. Two questions arise from this 
observation: how large is the average drying load in ordinary households, and 
does the energy efficiency depend on the size of the load? As discussed in 
Paper II, the average load used by consumers is significantly lower than the 
maximum load. What is interesting is that consumers believe they have filled 
the machine even though it is only half full (Psiroukis, 2010). This makes it 
difficult to influence consumers to further increase the filling grade in their 
dryers. The tests performed that are reported in Paper II show that the smaller 
the drying load, the lower the energy efficiency of the dryer. While the trends 
indicate that the average drying loads are getting smaller, the way of achieving a 
better energy label is still to increase the maximum load. To sum up these 
aspects, the energy label does have a positive impact on the technical 
development. It does not, however, comply with the actual use of the dryer. As 
the overall objective must be to reduce the electricity use during the use phase, 
the incentive for the manufacturers to provide energy efficient tumble dryers 
for smaller loads should be strong. An energy label with a proper standard may 
be such a tool. The ongoing work with the eco design label represents a chance 
to revise the standard. The proposals that exist today do not, however, reach all 
the way. The drying load proposed as the partial load, 3.5 kg, is still large for a 
tumble dryer with a maximum capacity of 7 kg. An average load of 2 to 3.4 kg 
dry load for the washing machines would indicate that the drying load is even 
smaller as not all items are suitable or preferred to tumble-dry. As the number 
of sold tumble dryers with a capacity over 6.5 kg has increased significantly 
from 2005 to 2005 this size of dryer is not unusual in households 
(PricewaterhouseCooper, 2009).  
 
As the tumble dryers are frequently used for partial loads and the energy 
efficiency for drying such loads decreases, the question is how the performance 
of the dryer can be improved for these loads. A new control strategy 
implemented in the dryer used for small loads is a relatively easy and cheap way 
of achieving improvements. In Paper III, the drying process is described using 
a mathematical model. The venting tumble dryer was chosen, as the process in 
the drum of the dryer was considered crucial. Control strategies with the 
purpose of reducing heat losses and increasing the residence time of drying gas 
in the drum resulted in an improvement of the energy efficiency by 4%; the 
length of the drying cycle, however, is extended. The main conclusion to be 
drawn from this paper is that a more extensive product development is needed 
to obtain the same energy efficiency for partial loads as for full loads. It is 
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important to increase the contact area between the textiles and the drying gas. It 
could be seen that a higher relative humidity of the outgoing air leads to a more 
energy efficient drying process. Heat losses and leakage will also produce larger 
effects on the energy efficiency for small loads as compared to large loads. As it 
seems, the tumble dryer works quite well for the large load. When drying 
smaller loads, the conditions inside of the dryer changes, and assumptions, such 
as a relative humidity close to 100% of the drying gas leaving the drum, are no 
longer obvious. It would be desirable to develop the model further by including 
a correlation for the product of the moisture transfer coefficient and the textile 
area, and to find a way of detecting the amount of drying load in the model. It 
would also be advantageous to include links between the different components 
regarding heat transfer and losses. These improvements would make the model 
more generally applicable and possibly introducible in a dryer’s control strategy. 
Despite this, the model results correlated well with the moisture content in the 
tests. I believe the energy label will resemble the consumers’ behaviour more in 
the near future; manufacturers starting to work with improvements for partial 
loads will gain an advantage on the market as compared to other manufacturers. 
 
The impact of heat losses and leakage from the internal system of the 
condensing tumble dryer has been frequently discussed during the work with 
this thesis. As a result of several tests, the leakage has been considered to be 
something that is difficult to measure directly. To measure the static pressure is 
one way of detecting whether there might be a leakage into or out of the 
internal system. The amount of leakage, however, is still difficult to determine. 
An early test in which smoke was led into the dryer revealed a leakage between 
the heater and the drum. This was the origin of Paper IV, in which the worst-
case scenario was investigated, i.e., that all leakage out of the dryer is situated 
between the heater and the drum. The results of a leakage at this location is that 
drying air, which has been heated in the heater, leaks out instead of being used 
for drying the textiles. In order to utilise as much of the supplied electricity as 
possible, there should not be any leakage of drying gas in this area. Taking this 
assumption as a starting point, mass and energy balances were drawn over the 
tumble dryer as an approach to determine the amount and the location of the 
leakage. The results showed a relatively good compliance of the energy balance 
when the leakage was placed between the heater and the drum. In order to 
further confirm the assumption, calculations were made assuming all leakage 
between fan and heat exchanger, or all leakage between the heat exchanger and 
the heater, resulting in a more deviating energy balance. With this information, 
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it seems to be a natural step to put effort into finding a way to seal this area. 
Unfortunately, this is not an easy task as the drum both rotates and is held in 
place by this extension. It must be kept in mind that these results are valid for 
this specific dryer and for the settings used in the tests. If the internal 
conditions change in the dryer, the location and amount of leakage will also be 
affected. This is not to say that the only leakage out of the internal system is 
situated between the heater and the drum; leakage at this position, however, 
should be reduced when developing the dryer further. 
 
Finally, this thesis confirms that it is not sufficient to focus only on the 
technical development of more energy efficient tumble dryers in order to 
reduce the electricity use for the drying of textiles in households. In Paper I and 
Paper IV, suggestions of technical improvements of the energy efficiency of the 
tumble dryer are presented. In addition to the indispensable technical 
development, there are two contradictions, indicated in Figure 14, that are 
considered crucial. One of them concerns the interaction between the laundry 
habits and the energy label, the other concerns the interaction between the 
laundry habits and the technical development. The results accounted for in 
Paper II confirm that the interaction between laundry habits and energy 
labelling is deficient. In order to improve the interaction, the suggestion is to 
lower the drying load in the standards for the energy label in order to match it 
with consumer behaviour. The second contradiction can partly be improved by 
using a new control strategy. As presented in Paper III, it would, however, 
require a more extensive development work to achieve improved energy 
efficiency for small loads, making them correspond to large loads.  
 
 

5.1 Future Work 
 
There are several issues regarding the efficiency and performance of the tumble 
dryer that could be worked with further. The main focus of this thesis has been 
on the condensing tumble dryer. Large efforts, however, are presently being 
made to further develop the heat pump dryer. It would be interesting to make 
use of the knowledge and methods from the present work to improve the 
energy efficiency of the heat pump dryer. For this type of dryer, other aspects 
must be taken into consideration, for example, the importance of reducing 
leakage of drying gas out of the internal system. In order to investigate the 
settings of this dryer, a statistical model could be made over the dryer, such as 
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the one accounted for in Paper I. The model presented in Paper III is currently 
used in a project run at the Department of Energy, Environmental and Building 
Technology as an integrated part of a larger model describing the performance 
of a heat pump tumble dryer.  
 
In order to design a standard for the energy label that takes into account the 
actual use of the dryer, further investigations should be made regarding the 
actual use of the dryer. There are several such studies concerning the washing 
machine, whereas only a few were found regarding the use of the tumble dryer. 
The actual load used is rarely in focus in the literature and in most studies the 
weight of the load has been estimated. It would be necessary for respondents in 
such a survey to weigh the laundry, as the weight of textiles is easy to 
overestimate due to the volume. This information would be needed as a basis 
for new standards, as well as in information campaigns directed to the public.  
 
Further work is also required regarding the efficiency improvement needed for 
drying partial loads. As the tumble dryers are currently designed for large loads, 
a different approach to the development is needed. When drying small loads, 
the drying process of the tumble dryer will deviate from the large load drying 
process. Further investigation of the drying of small loads in the heat pump 
dryer would be desirable. In this type of dryer, the heat pump circuit gains 
energy from the condensed water, which is significantly less when drying small 
loads as compared to larger loads. The less energy recovered in the condenser, 
the lower the efficiency of the heat pump circuit.  
 
An improved sealing should be tested between the heater and the drum for 
preventing the leakage of drying gas out of the internal system. It would also be 
of interest to investigate the leakage for drying different loads, as this most 
likely will affect both humidity and pressure inside the dryer.   
 
Finally, there are other ways of reducing the electricity used for tumble-drying 
clothes. One interesting option is to replace the electrical heater with a heat 
exchanger heated by district heating and simultaneously cooling down the 
condenser using cold tap water. There is an ongoing project in three Swedish 
cities involving 200 households where this is being tested (Fjärrsyn, 2011). 
Integrating the tumble dryer in the heating system of larger buildings where the 
dryer is frequently used is thermodynamically even better than using the 
compression heat pump dryer.  
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6 Conclusions 
 
Regarding the condensing tumble dryer, the settings for the external airflow will 
strongly influence the energy efficiency, as well as the leakage of water vapour 
from the system. It was not found possible to find a setting for the external 
airflow that combines minimum leakage with maximum energy efficiency for 
the investigated tumble dryer.  
 
The energy label system is a crucial driving force for manufacturers of white 
goods. Today, there is a clear trend towards an increased maximum capacity for 
tumble dryers. This process facilitates the development of increased specific 
energy efficiency per kilogramme of drying load, and thereby an improved 
energy label.  
 
The standard of today’s energy label on domestic tumble dryers does not reflect 
the actual use of the tumble dryer in terms of the drying load. This will lead to 
considerably higher electricity use for the consumer than suggested by the 
energy label, since the energy efficiency is reduced for partial loads. In most 
cases, the consumer is not aware of this discrepancy.  
 
When it comes to the venting tumble dryer it is possible to increase the energy 
efficiency for partial loads by employing a control strategy for heat supply and 
airflow that is specific for small drying loads. It is not possible, however, to 
achieve the labelled energy efficiency for small loads by using such a strategy 
alone.   
 
Concerning the condensing tumble dryer, leakage from the system occurs 
mainly between the heater and the drum. Such leakage will lead to a reduction 
in the energy efficiency of the dryer since the air leaking into the system has to 
be heated to the operating temperature of the system. It also leads to a 
reduction of the energy that can be recovered in the heat exchanger.  
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