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Abstract In a heat pump dishwasher, the whole dish-

washer with the cabinet, dishware and process water is

the heat sink, while a water tank, whose contents will

freeze, is the heat source. The aim of the experimental

concept study presented here was to evaluate a new

drying method for a heat pump dishwasher. In this

method, the drying of the dishware occurs as a fan

circulates humid air in a closed system in which the

water on the dishware evaporates inside the warm dish-

washer cabinet and then condenses on a cold surface of

the frozen water tank. The evaluation of drying perfor-

mance was based on the European standard EN50242,

which considers visible water drops left on the dishware

after a completed dishwashing cycle. The results

showed that this new closed drying method was more

energy efficient compared to an existing open drying

method and that the drying start temperature and the

drying time had a significant effect on the drying per-

formance. Its lower electricity consumption and the fact

that it does not vent humid air into the kitchen give this

heat pump dishwasher a competitive advantage over

dishwashers using an open drying method.
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Introduction

In the household appliance industry, as in many other

industries, it is crucial to have products with low elec-

tricity consumption. Buyers are aware of the positive

impact of low electricity consumption on both their

personal economy and on the environment (Jeong and

Kim 2015). Manufacturers in Europe are obliged to put

a label showing the electricity consumption on the front

of a household product. In the case of dishwashers, this

consumption must be determined in accordance with the

European standard EN50242 (EN50242 2008).

Although low electricity consumption is important to

the customer when choosing which dishwasher to buy,

parameters such as its cleaning and drying performance

are also important. These two parameters are also in-

cluded and defined in the European dishwashing stan-

dard EN50242 (EN50242 2008), but only the drying

performance is displayed on the front of the product.

There are legal requirements for minimum drying (A)

and cleaning for all dishwashers sold in the European

market. A core business concern for dishwasher manu-

facturers is to reach this minimum cleaning and the

drying performance while using the lowest possible

amount of electricity.

The washing process in a household dishwasher is

divided into four operational steps: prewashing, wash-

ing, rinsing and drying (Fig. 1). Simulations showed that
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between 80 and 90% of all electricity consumption

occurs during the heating in the washing and rinsing

steps (Bengtsson et al. 2015). The rest can be attributed

to the water circulation pump.

The heating in the washing step is needed for the

washing process with the detergent. The heating in the

rinsing step is needed to heat the machine and the

dishware to a high temperature before the drying step.

Drying of dishware in a dishwasher

Drying is an energy-intensive process, most of which

takes place with low thermal efficiency (Sai and Linga

2010). It involves heat, mass and momentum transfers.

When a porous body is drying, two processes are in-

volved (Mujumdar 1995): transportation of water inside

the material and evaporation of the water on the surface.

However, when drying dishware, which is not porous,

only one process occurs, namely evaporation of the

remained water on the surfaces. The amount of this

remaining water was reduced by adding rinse aid during

the rinsing step.

Drying dishware in a dishwasher does not involve the

transmission of heat from the environment to the dish-

ware during the drying. Instead, the heat accumulated in

the final rinse step is used to evaporate water from the

dish surfaces. Therefore, the final rinse temperature,

which is the same as the drying start temperature, is an

important factor when drying dishware (Lee and Jeong

2014). At the beginning of the drying process, 100% of

the dishware area is wet, but at the end, only a small part

of the area should be wet. For example, for a normal

dinner plate, only one or two drops should remain on the

surface by the end of the drying stage for it to be

considered dry. This is in accordance with the European

standard EN50242 (EN50242 2008). A rough calcula-

tion shows that these two drops cover only 0.13% of the

total surface area of a normal dinner plate.

Current dishwashers use variousmainmethods to dry

dishware. However, in practice, there will always be a

small part of drying which uses method b in the other

drying methods. These methods may be open or closed,

dynamic (with a fan) or static (without a fan). If there is

no fan, the air velocity around the dishware is due to

natural convection (Fig. 2).

In a static open drying method (Samsung dishwasher

DW60H9970SA n.d.), the door of the dishwasher opens

slightly to let humid air escape into the kitchen by

convection (method a in Fig. 2).

A static closed drying method (Bosch dishwasher

SHX55M06UC n.d.) involves water condensing on the

cabinet surfaces (method b in Fig. 2). The drying occurs

because the temperature of the dishware is always

higher than that of the cabinet surfaces, which are cooled

by the surroundings in the kitchen. During drying, the

humid air transported water from the dishware to the

cabinet surfaces and then drained to the bottom of the

dishwasher.

In a dynamic open drying method (ASKO n.d.), a fan

transports the humid air from the cabinet to the kitchen

(method c in Fig. 2). In the present study, this is the

reference drying method and is referred to as the

existing method.

A dynamic closed drying method was evaluated with

a parameter study in an experimental setup (Lee and

Jeong 2014) (method d in Fig. 2) which investigated the

influence of drying start temperature, airflow and drying

time. It was concluded that a higher drying start temper-

ature affects the drying most and results in better drying

performance. The definition of drying performance in

their method was by visual inspection for water on the

dishware surfaces according to a slightly modified ver-

sion of the European dishwashing standard EN50242

(EN50242 2008).

Another dynamic closed airflow process uses a con-

tainer of zeolite to adsorb water from the humid air

coming from the dishwasher cabinet (Hauer and

Fischer 2011; Santori et al. 2013) (method e in Fig. 2).

An experimental parameter study of the type of zeolite,

geometry of the container of zeolite and airflow led to

the conclusion that a high airflow results in better drying

performance (Santori et al. 2013). Here, drying perfor-

mance was defined as the amount of water adsorbed by

the zeolite.

Fig. 1 Dishwashing cycle and the four operation steps:

prewashing, washing, rinsing and drying
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In both of the openmethods (a and c in Fig. 2), humid

air exhausts from the dishwasher into the kitchen. This

humid air affects the climate in the kitchen and can

damage the kitchen interior.

A new approach to decreasing the electricity con-

sumption is to add a heat pump system and a water tank

to the dishwasher (Bengtsson and Berghel 2016;

Bengtsson et al. 2015; Bengtsson and Eikevik 2016).

The heat pump system includes a compressor, capillary

tube, a condenser inside the dishwasher cabinet and an

evaporator in a water tank. The dishwasher cabinet,

including the dishware and dishwater, acts as the heat

sink, and the water in the tank, which freezes, is the heat

source. Bengtsson et al. showed that this concept has the

potential to decrease the total electricity consumption by

24% compared to heating the dishwasher with an elec-

trical element (Bengtsson et al. 2015). At the start of the

drying step in this heat pump dishwasher, the cabinet

and the dishware are warm, while the water in the tank is

cold with a large proportion of ice. Adding a heat pump

system has only been implemented in one dishwasher

on the market. It was the V-ZUG Adora SL WP

(http://www.vzug.com/gb/en/int_novelties_heatpump_

dishwasher_2014_vzug (accessed 170228)), which

appeared on the market in 2014 with the energy label

(A+++−40%) in the EU energy labelling system, and it

had an electricity consumption of 0.48 kWh/cycle. V-

ZUG uses drying method a in Fig. 2.

The new in this study was to introduce a drying

method which is a dynamic closed method that dries

the dishware by circulating the humid air from the

cabinet against the cold surface of the water tank in a

heat pump dishwasher (Fig. 3). Condensation, which

decreases the absolute humidity of the air, occurs if the

wall temperature of the tank falls below the dew point.

Most of the cooling energy (represented by the melting

enthalpy and cooling of water in the water tank) during

the drying process comes from the ice in the water tank,

which is created during the heating with the heat pump

system. The fact that the water tank is full of ice when

the drying step starts means that it holds onto the surface

where the water in the humid air condenses to cold

during the whole drying step. One major benefit of this

closed drying is that there is no venting of humid air to

the kitchen.

The dryness of a porous product is normally defined

by weighing the product before and after the drying

process. Dishware, however, is nonporous; thus, the

definition of dryness is based on whether visible water

is left on the surface of the dishware after the drying

step, in line with the European dishwashing standard

EN50242 (EN50242 2008).

Fig. 2 Five current methods for drying dishware in a dishwasher: a static open, b static closed, c dynamic open, d dynamic closed and e

dynamic closed adsorption drying with zeolite. The thin black arrows represent condensed water in b and d
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The aim of this concept study was to investigate the

drying performance of a newmethod of drying dishware

in a heat pump dishwasher in comparison with an

existing drying method available in the market. The

effects of the amount of ice in the water tank, the drying

start temperature, airflow and drying time were evaluat-

ed with an experimental setup. The evaluation of the

drying performance was based on visual inspection of

the dishware. Evaluation of the drying performance of

the dishware by the amount of condensate from the

water tank surface was also compared to the method

using visual inspection.

Methods

An experimental setup based on an existing dishwasher

was designed and constructed. This setup was built to

handle experiments with both the new drying method

(see Fig. 3) and the existingmethod (method c in Fig. 2).

Experimental setup

The experimental setup was based on an existing dish-

washer (ASKO 90.2HWC). A heat pump system, water

tank, fan and air duct system were added (Fig. 3).

Figure 3 shows the location of the drying compo-

nents. The water tank consists of a container filled with

5.9 l of water and insulated all around with 50 mm of

mineral wool. The air duct that runs along one of the

water tank surfaces has a width of 500 mm, a length of

450 mm and a height of 5 mm. The speed of the fan was

adjustable to allow variable airflows. The mass of the

unloadedmachine was 50 kg.When loaded, it contained

3 l of water and 33 kg of dishware. The overall heat

capacity of the machine, dishware and water was calcu-

lated from measurements to be about 0.02 kWh/°C.

The heat pump system was described in detail in

earlier studies (Bengtsson and Berghel 2016;

Bengtsson et al. 2015; Bengtsson and Eikevik 2016).

A reference drying experiment using method c in Fig. 2

was performed with the same experimental setup.

K-type thermocouple probes (±0.23 °C) were used to

measure the temperature, and the signals were logged

using a Pico Logger TC-08 Thermocouple Data Logger

(±0.23 °C). The temperatures and the humidity were

placed 25 mm into the inlet, and the outlet tubes were

measured from the dishwasher. The mass of the con-

densed water was measured using an AND EK-12KA

scale (±0.1 g). The airflow was measured with a Prandtl

tube, whichwas placed in the outlet tube with the correct

distance of straight tubes before and after.

The dishwasher (ASKO 90.2HWC) in this experimen-

tal setup was designed to be loaded with 13 settings of

dishware. The type of dishware is defined by the Europe-

an dishwashing standard EN50242 (EN50242 2008). The

dishware was placed in the dishwasher according to the

manufacturer’s specifications which can be obtained from

Fig. 3 Representation of drying

dishware in a heat pump

dishwasher. Warm humid air

circulates against the cold surface

of a frozen water tank. The thin

black arrows on the water tank

represent condensed water. Air

properties were measured at the

two places marked in the ducts.

The three measurement points on

the water tank were located on the

surface, outside the water tank
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the manufacturer (ASKO 2017). The total number of

dishware are 13 soup plates, 13 dinner plates, 13 dessert

dishes, 13 saucers, 13 glass, 13 cups, 1 oval platter, 1 large

serving bowl, 1 medium serving bowl, 1 dessert bowl, 13

teaspoons, 13 dessert spoons, 13 forks, 13 knives, 1

serving fork, 1 gravy ladle and 2 serving spoons.

Drying performance (visual inspection)

A slightly modified version of the European dishwashing

standard EN50242 (EN50242 2008) was used in this

study, as set out below (Lee and Jeong 2014).

The visual inspection of the dishware is done piece

by piece in an optional order. In this study, the lower

basket was inspected first, followed by the upper basket

and the cutlery basket. The total time for the inspection

of one item should be 8 s, of which the visual inspection

should take 3 s.

Each piece was assigned 2, 1 or 0 points according to

Table 1. When all pieces had been inspected, the points

were summed. For 13 settings, which included 151

pieces, the maximum total points are 302.

In the final step, according to EN50242 (EN50242

2008), the sum of the points should be compared to the

sum of the points from a calibrated reference dishwasher

operating at the same time. The result from this refer-

ence dishwasher is the target for achieving legal require-

ments for minimum drying performance.

In the slightly modified method (Lee and Jeong

2014) of EN50242 (EN50242 2008) used in this study,

this final step was not included. Instead, an average

score of between 0 and 2 (for all 151 pieces) was used

(Lee and Jeong 2014) (Eq. (1)).

Drying performance ¼
Sum of points

151
ð1Þ

Reference test

The reference experiment with the existing dryingmeth-

od (method c in Fig. 2) was performed on the experi-

mental setup and used as a reference drying perfor-

mance. The manufacturer’s settings were used with the

drying start temperature set to 48 °C, airflow 8 m3/h and

a drying time of 75 min to reach the drying rating (A)

according to EN50242 (EN50242 2008).

Experiment test series 1

Test series 1 consisted of 16 experiments to examine the

influence of three parameters: the amount of ice in the

water tank, the drying start temperature and the airflow

(Table 2). The drying start temperature affects the per-

formance because it defines the total available accumu-

lated heat that can be used to evaporate water from the

dish surfaces (Lee and Jeong 2014). Similarly, the total

amount of ice in the water tank represents the amount of

available cooling energy to condense water against the

water tank surface. The airflow is evaluated because the

air transports the water from the dishware to the water

tank surface (Lee and Jeong 2014; Hauer and Fischer

2011; Santori et al. 2013). The range of the parameters

was based on the reference test with the existing meth-

od, namely 48 °C, 8 m3/h and 75 min.

Experiment test series 2

Test series 2 was based on the results from test series 1.

It included 24 experiments and examined the influence

of the amount of ice in the water tank and the drying

time (Table 3). The drying performance value obtained

for the existing method in the reference test was 1.58.

This value was assumed to be the limit for an approved

drying performance in test series 2. The drying start

temperature for each experiment was selected to be as

Table 1 Criteria for estimating drying performance of dishware

according to the European dishwashing standard EN50242 (Jeong

and Kim 2015)

Visual inspection of one piece Points

No water 2

One or two drops with a total wet area less than 50 mm2 1

More than two drops or a total wet area over 50 mm2 0

Table 2 Parameter test series 1 evaluating the impact of the

amount of ice in the water tank, drying start temperature and

airflow

Tested parameters

Amount of ice in the water tank 0, 0.19, 1.03 and 1.87 kg

Drying start temperature 44 and 48 °C

Airflow 8 and 12 m3/h

Drying time 75 min
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low as possible to reach a drying performance just above

1.58, which represents the drying rating (A) according

to EN50242 (EN50242 2008).

Method for performing the experiments

All the experiments were performed according to the

following protocol:

1. Fill the dishwasher with 4 l of water.

2. Start the circulation of water and the compressor

and continue for a predetermined time to achieve

the required amount of ice in the water tank.

3. Add 5 ml of rinse aid.

4. Start the circulation of water and the resistive

heating and continue until the predetermined dry-

ing start temperature was reached.

5. Turn off the circulation of water and the resistive

heater.

6. Wait 1 min until the water is pumped out of the

dishwasher.

7. Start the drying fan and continue until the

predetermined drying time is reached.

8. Wait 30 min.

9. Start the visual inspection in accordance with the

previously described procedure for determining

drying performance.

Results and discussion

All drying performances were based on visual inspec-

tion of the dishware. This is not an exact method, a point

that must be considered when evaluating the results.

However, the fact that all experiments were performed

according to the European dishwashing standard

EN50242 (EN50242 2008) by the same person, with

the same type of visual assessment, improves the reli-

ability of the results.

Figure 4 shows the drying performance from test

series 1. The drying performance of 1.58 from the

reference test with the existing method is also shown

for comparison. In three experiments with the same

drying start temperature (48 °C) and a large amount of

ice, the drying performance was better with the new

drying method. This showed that the new drying meth-

od has the potential to be more energy effective than the

existing method.

As in other studies (Lee and Jeong 2014; Santori

et al. 2013), the drying start temperature has a large

effect on the drying performance. When comparing

drying start temperatures of 44 and 48 °C, the drying

performance was higher at 48 °C. This result was ex-

pected because no heat is transmitted from the environ-

mental air to the dishware during drying (Lee and Jeong

2014). The amount of heat available during the drying

period is represented by the drying start temperature.

Changes in the airflow showed no clear impact on the

drying performance in Fig. 4. However, the airflow

affects the temperatures and the relative humidity of

the air throughout transient drying. The appearance of

the curves in Fig. 5 is shown as an example to clarified.

At the beginning of the drying step, the air which

came out of the dishwasher was saturated and it had

adsorbed as much water as possible from the dishware

at the current temperature. By the end of the drying step,

the relative humidity was lower than 60% and water

could be adsorbed from the dishware. These different

conditions require different airflows in order to optimally

dry the dishware throughout the whole drying step. The

fact that the drying performances are similar for the two

airflows in Fig. 4 could be due to a compromise between

more effective and less effective drying periods.

In the study with the drying method using zeolite

(Santori et al. 2013) (method e in Fig. 2), it was claimed

that drying performance varied with airflow. This may

occur because heat is released from the zeolite when it

adsorbs water during the drying cycle. In this study, all

the available heat is represented by the drying start

temperature; no additional heat was added during the

drying. This difference between the drying methods

may explain the different results relating to airflow.

Figure 6 shows that a longer drying time allows a

lower drying start temperature to reach the drying per-

formance of 1.58, with ice loads between 0 and 1.03 kg.

The lowest drying start temperature (46 °C) is feasible

for ice loads above 1.03 kg for 60 and 90-min drying

time. The same temperature is feasible with more than

Table 3 Parameter test series 2 evaluating the impact of the

amount of ice in the water tank and drying time

Tested parameters

Amount of ice in the

water tank

0, 0.05, 0.19, 0.61, 1.03, 1.45, 1.87 and

2.29 kg

Drying performance 1.58

Airflow 8 m3/h

Drying time 60, 75 and 90 min
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1.45 kg ice for a drying time of 75 min. Why it needs

more ice (1.45 kg) to reach the 46 °C temperature level

with 75-min drying time compared to 1.03 kg for the 60

and 90-min drying time is difficult to explain. Obvious-

ly, several opposing effects during the transient drying

occurred and affected the drying which was not fully

understood here in this brief concept study. However, it

seems that this experimental setup needs a minimum

amount of 1 kg ice to reach the lowest drying start

temperature which here was 46 °C. This minimum

amount of necessary ice will be unique for each exper-

imental setup.

Compared with the existing method (48 °C and

75 min), the new drying method allows a lower drying

start temperature of 46 °C with the same drying time if

the amount of ice is more than 1.45 kg. The 2 °C lower

drying start temperature in Fig. 6 means that the new

drying method is more effective. When increasing the

heat of the experimental setup by 2 °C, from 46 to 48 °C

using the electrical element, the measurements showed

an electricity consumption of 0.039 kWh. This means

that the new drying method decreases the electricity

consumption of 0.039 kWh comparing the existing dry-

ing method (method c in Fig. 2).

Fig. 4 Drying performance in

test series 1 with different

airflows, amounts of ice and

drying start temperatures, with an

uncertainty of ±0.01. For

comparison, the drying

performance of the existing

drying method in the reference

test is shown in the first position.

In all experiments, the drying time

was 75 min

Fig. 5 Temperatures out and into

the dishwasher and relative

humidity out of the dishwasher

(see Fig. 3). These curves are

from the experiment in test series

2 with 1.03 kg ice, 90-min drying

time, airflow of 8 m3/h and 46 °C

drying start temperature

Energy Efficiency (2017) 10:1529–1538 1535



The lack of space inside a dishwasher, together with

the demand for low costs in the household industry,

limits the design of the components. This is a general

limitation and a major challenge for a manufacturer

when developing a product such as a heat pump dish-

washer. Both the water tank, air duct and the fan will

need space. In my opinion, it is possible that a well-

optimized design of these components will fit in a final

design of a heat pump dishwasher.

The results in Fig. 6 show that a higher drying start

temperature is required when the amount of ice is lower,

between 1.03 and 0 kg. Above 1.03 kg (for 60 and 90-

min drying time) and 1.45 kg (75 min), there was

enough ice in the water tank for the whole drying step.

This can be explained by referring to the curves in Fig.

7. The curves in Fig. 7 are examples to show the behav-

iour of the ice in the water tank.

Figure 7 shows that the temperature of the upper part

of the water tank increased first, followed by the other

positions, indicating that the ice was melting from the

top to the bottom of the water tank. This was expected

because the inlet of the warm humid air from the dish-

washer cabinet was at the top of the water tank (see Fig.

3). The temperature of the lower part of the water tank

was beginning to increase towards the end of the drying

step. That indicates that almost all the ice was melted

and that the amount of ice was just sufficient to last for

the entire drying step. As long as there is some ice in the

water tank throughout the whole drying step, the drying

is effective. However, as soon as all the ice melted and

the temperature of the water tank increased, the drying

efficiency was reduced. A simple energy balance be-

tween the energy storage and airflow in and out of the

dishwasher indicates that about 1 kg ice is sufficient for

the drying process in this experimental setup.

The temperatures in Fig. 7 do not go to 0 °C because

the temperatures were measured on the outer surface of

the water tank, while the ice was inside the water tank.

However, the purpose of these temperatures was to

show the behaviour of the water tank.

Figure 8 shows the total amount of condensation

from the cold surface on the water tank when the airflow

was 8 m3/h and the drying time was 90 min, with a

different amount of ice. The results showed different

amounts of condensation from the cold surface, despite

the same drying performance of 1.58. The same trends,

with different amounts of condensation from the cold

Fig. 6 Experiments in test series 2 where the drying performance

was just above 1.58 according to visual inspection, with an uncer-

tainty of ±0.5 °C. In all experiments, the airflow was 8 m3/h

Fig. 7 Temperatures on the water

tank surface at three positions (see

Fig. 3). The curves were taken

from the experiment in test series

2 with 1.03 kg ice, 90-min drying

time, airflow of 8 m3/h and a

drying start temperature of 46 °C
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surface occurred also with other airflows and drying

times, but with different levels of condensation. This

result states that the total amount of condensation from

the cold surface cannot be used as a method of evaluat-

ing the drying of dishware in this application.

The results with 52 °C and 0.05 kg ice in Fig. 8 are

higher and not in line with the other results. One reason

could be that there was more ice in the water tank when

the drying step started. The exact amount of ice was

uncertain in this concept study; nevertheless, small differ-

ences in the amount of ice did not affect the conclusions.

The lower amount of condensate from the cold sur-

face when the amount of ice was lower is because the

new method is always a combination of two drying

methods. The new drying method (see Fig. 3) combines

water condensing on the cold surface and the static

closed drying method with water condensing on the

cabinet surfaces, method b in Fig. 2. When there is a

low amount of ice, the temperature of the water tank

increases during drying to finally reach the same tem-

perature as in the dishwashing cabinet, resulting in a

lower amount of condensate from the cold surface.

However, the same drying performance can be achieved

because some of the evaporatedwater from the dishware

condenses on the cabinet surfaces to compensate for the

decreased condensate on the water tank surface.

Experimental tests in this study have shown that the

drying method introduced in this study works efficient-

ly. However, the design of the experimental setup was

based on early assumptions and was not optimized. A

combined experimental and simulation study should be

performed in the future to increase the knowledge of

which parameters to consider and how much they affect

the drying performance.

More future studies about the effect of varying the

airflow during the drying cycle would be interesting to

examine. In all future experiments, the range of param-

eters should not be as large as in this study. The param-

eters should be in the range of, for example, 5 min for

the drying time, 1° for the drying start temperature and

1 m3/h for the airflow.

Conclusions

This concept study evaluates a new closed drying meth-

od for drying dishware in a heat pump dishwasher.

Drying performance in an experimental setup was stud-

ied by varying the parameters airflow, drying time,

amount of ice in the water tank and drying start temper-

ature. Based on these results, which are compared to an

existing open drying method, the following conclusions

can be drawn:

& The new closed drying method is more energy ef-

fective than an open drying method currently on the

market because it achieves the same drying perfor-

mance with less accumulated energy at the start of

Fig. 8 Experiments in test series

2 showing the total amount of

condensate from the cold surface

on the water tank when the drying

performance of the dishware was

just above 1.58, with an

uncertainty of ±1 g. In all

experiments, the airflow was

8 m3/h and the drying time was

90 min. The drying start

temperature for each experiment

is shown above the bar. The

amount of ice in the water tank

when drying starts is shown

below the bar
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the drying step. This decrease the electricity con-

sumption with 0.039 kWh.

& For each dishwasher design with this drying method,

there is a minimum required amount of ice needed in

the water tank to achieve the optimal drying perfor-

mance. For the experimental setup in this study, the

amount of ice required was about 1 kg.

& The drying start temperature and the drying time

affect the drying performance significantly.

& With this drying method, the amount of condensed

water on the cold surface is not a reliable way to

evaluate the dryness of dishware in the dishwasher.
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