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II. Abstract 
Dishwashers have undergone a drastic change both in design and programme 

variation since their conception. Trends in water and energy conservation, as well as 

the public perception of topics such as environment protection, have pushed for a 

dishwashing service that delivers highly efficient cleaning while remaining 

ecologically friendly. 

Over the years, different methods have been used to assess the combined effects of 

different factors that play a role in the antimicrobial efficacy of domestic dishwashers. 

However, the extent of their individual capabilities remained unknown, as no factor 

could be tested separately with the commercially available settings. 

With the aid of a dishwasher with programmable parameters, a method was 

developed that would allow for the testing of the different factors in a way that 

separates their microbicidal activities from one another as much as possible. The 

work of cleaning agents was excluded from any trials, as they are expected to only 

benefit the microbial reduction. Furthermore, the methodology used in this thesis 

work presents an opportunity to investigate the energy consumption levels of different 

steps in traditional dishwashing processes and find potential targets for future 

reduction in water and energy usage. 

The study discovered that mechanical action, water quantity and the duration of the 

main cleaning cycle induce an equal reduction of around 4 logarithmic steps, when 

tested at room temperature. The main source of energy consumption during these 

experiments was found to be the spray arm pump with values 0.06 and 1.27 Wh per 

minute for the lowest and highest setting tested, respectively. 

The temperature increases caused the largest change in both logarithmic reduction 

and energy consumption. The highest achieved logarithmic reduction occurred during 

tests with a cleaning temperature of 75 ℃, with the value being roughly doubled to 

that of the tests at room temperature. The energy consumption values also drastically 

increase to a mean of 37 Wh during the heating part of the cycle. 

Overall, this method shows potential for discovering a combination of settings that 

can reduce the general energy consumption while retaining the antimicrobial efficacy 

of current programmes. 
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1. Introduction 
Since its conception back in the late 19th century, the commercial dishwasher has 

undergone many changes in order to reach the common household appliance we 

know today. Initial attempts at a dishwasher were lacklustre as they failed to properly 

clean the loads that they were used for. Modern versions, on the other hand, boost a 

variety of features that suit the common household needs. From a quick rinse to 

cleaning of heavily soiled pots and pans, the domestic dishwasher has been 

developed with high versatility in mind, in order to adapt to the hygiene challenges it 

is expected to face. 

According to information from the Federal Statistical Office of Germany (Statistisches 

Bundesamt; (Ausstattung von Privathaushalten mit Haushaltsgeräten 2021, 2022) 

roughly 73% of German households with household appliances were equipped with a 

dishwasher as of January 2021 (Figure 1). This makes the dishwasher the fifth most 

common appliance in German homes and is expected to perform adequately at 

cleaning soiled dish items. 

1.1. History, Development and Challenges 
Josephine Cochran is credited as inventing the first efficient dishwasher with her 

design being officially unveiled in 1893 at the World’s Fair but patented as early as 

1886 (Cochran, 1886). Her design used hot water and soap and relied on water 

pressure to clean. First models spun the dishes via hand cranks but later on the 

process was machine powered and hence, automated. 

Figure 1: Equipment of households in 2021 with household appliances, given in percentage share of 
households; Source: Federal Statistical Office of Germany 
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While innovative, her dishwasher had several issues – the general public could not 

afford it, the soap was not always properly removed and the water heaters available 

at the time had a lower capacity than what the machines used. Nevertheless, 

restaurants and hotels still found it useful which prompted Cochran to found Garis-

Cochran Manufacturing Co. which later became KitchenAid ("Mothers of Invention: 

Josephine Cochrane and the Dishwasher," 2021). 

In 1924, William Howard Livens proposed a non-electric dishwasher that would be 

more suitable for domestic use (Livens, 1924). Most modern dishwashers contain key 

elements from his design, including a front door, wire rack and rotating water 

sprayers. 16 years later he improved on his design by adding a drying function. 

Despite these innovations, domestic dishwashers only started becoming more widely 

used during the financial boom after WWII in the 1950s ("How the Dishwasher Has 

Changed Our World," 2018). 

Modern dishwashers have advanced greatly since their initial inventing but now face 

different issues than their predecessors. These appliances have to provide adequate 

cleaning and have a sufficient antimicrobial effect while conserving as much water 

and energy as possible. And while dishwashing has been proven to consume less 

water than handwashing (Richter, 2010; Vivian et al., 2011), the levels of energy 

consumption are constantly being improved upon. With a variety of different washing 

cycles, domestic dishwashers are met with expectations of high efficacy at low levels 

of energy consumption and low durations of the cycles (Hook et al., 2018; 

Stamminger et al., 2019). Oftentimes, this is achieved by adding a cleaning agent to 

assist in the removal of contaminants due to it having a primarily positive influence on 

the cleanliness and microbial reduction (Brands et al., 2020). This opens the question 

whether current technological advancements in dishwashers are no longer sufficient 

to fulfil the general consumer’s needs. 

1.2. Common Dishwasher Cycles 
While the names and parameters of the dishwashing cycles vary from manufacturer 

to manufacturer, many commonalities can be found between them. As customer 

satisfaction is a priority, dishwashers have to offer a diverse range of programmes 

that can cover the user’s needs. 

• Standard/Normal cycle – used for dishes that are not heavily soiled. 
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• Auto/Sensor cycle – automatically determines the parameters of the cycle 

needed based on the dishes inside, thus conserving energy and water. 

• Express/Fast Cycle – uses larger quantities of heat and/or water to provide 

fast and efficient cleaning. 

• Heavy Duty/Intensive Cycle – meant for heavily soiled dishes, including pots 

and pans. 

• Eco Cycle – longer cycle that relies on lower temperatures to reduce energy 

consumption. 

• Glass/China Cycle – less intensive cleaning that protects fragile objects. 
Source: ("A Guide to Dishwasher Programs & Cycles," 2020) 

 

It is noteworthy that the Auto/Sensor cycle is a fairly recent addition to dishwashers 

and is a feature only in newer models. Furthermore, most dishwashers have a 

“Rinse” option, which does not aim to clean the dishes but only stop the leftover 

foods from drying onto the plates. 

1.3. Properties of the Programmable Dishwasher 
To conduct the experiments for this work, a programmable dishwasher was used. 

The specifics of the programming process are described in the “Materials and 

Methods” section of this document. However, a brief overview of the inner workings 

of the provided equipment as well as the coding language is provided here in order to 

better understand the aim and execution of the experiments. 

The programmable dishwasher was equipped with two dishracks, two spray arms, 

heating element, inlet, filtering and draining systems, detergent and rinse-aid 

containers, and sensors to determine water level and temperature. Additionally, a 

standard dish load was provided to create a more realistic environment for the 

experiments. The dishwasher was connected to a laptop via USB port. Commands 

(from here on written as <NAME_OF_COMMAND>) were put in based on PuTTY, an 

open-source application that provides a number of remote terminals with different 

types of security and encryptions available. 

Some of the more important parameters that can be programmed this way include 

the amount of water, the speed of the spray arm pump, the temperature, and the 

waiting times between command execution. This versatility also meant that certain 
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limitations for the input values were required. These limitations were pre-determined 

for each command and were not changed during the experiments. 

1.4. Contributing Factors to the Antimicrobial Effect of Dishwashers 
The Sinner’s circle (Sinner, 1960,Haus+ Heim-Verlag.) is a concept for hygienic wash 

cycles that describes the interactions between four main factors on hygienic 

performance during the laundering process. When referring to dishwashing, the same 

factors contribute to the process of removing soil and bacteria from the dishwasher 

load. These factors have been associated with the parameters that could be adapted 

via the coding in the dishwashing machine used for the thesis work. 

As seen from the Sinner’s circle (Figure 2, cited in (Stamminger et al., 2020), four 

main factors play a role in how well domestic dishwashers remove contaminants from 

the dish items. The aim of this work was to test some of the individual factors and 

provide an in-depth overview of how they can aid or hinder microbial reduction during 

the cycles with the hopes of finding a balanced solution to the challenges of modern 

domestic dishwashers. Testing was performed via custom-made codes for the 

aforementioned programmable dishwasher. The commands used to control the 

respective factors are provided in the short description of the action of each factor. 
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Figure 2: Graphical representation of four different cycles using the Sinner's Circle. Source: (Sinner 1960), cited in 
(Stamminger et al. 2020) 

1.4.1. Spray Arm Speed 

The speed with which the internal spray arms rotate and moreover, the water 

pressure, can contribute a great deal to the mechanical action on the dishes. While 

mechanical action alone cannot kill the microorganisms in the dishwasher, it helps 

remove them from the surface of the items placed within (Campaignium, 2021). 

Those organisms can then be drained out of the system with the water. This factor is 

limited both by energy consumption and by the technological limitations of the 

machine. The command <PUMP> controls the rotation speed in rounds per minute 

(rpm). 

1.4.2. Time 

The duration of a cycle has been proven to influence the antimicrobial effect as it 

increases the chance for chemical or thermal reduction of the organisms, as well as 

extraction from the contaminated surfaces via mechanical action. The limit here lies 

within the preferences of customers with regards to the length of the cycles. The 

duration is determined by the overall number of commands and their individual times. 
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A cycle can be prolonged with the use of <WAIT>, which determines a period of time 

between the executions of separate commands. While <WAIT> is active, the spray 

arms continue to spin, if <PUMP> was activated. 

1.4.3.  Temperature 

The effects of temperature are studied well, and they have been proven to affect the 

outcome of the bacterial reduction. With the increase in demand for lower energy 

consumption, however, higher temperatures during cycles are quickly becoming 

obsolete despite showcasing good results. Multiple commands exist for temperature 

control, but most notable is <HEAT_ONCE>, which increases the temperature of the 

water to a value in ℃ and then switches the heating element off. 

1.4.4. Cleaning agents 

Common cleaning agents are either classified as using no bleach or activated oxygen 

bleach (AOB) to clean dishes. While those don’t necessarily have an effect on the 

microorganisms, multiple studies showcase their advantages during cycles. As this 

study focusses on the factors controlled by the dishwasher, no cleaning agents were 

used in the tests. However, it is worth mentioning that including a detergent of any 

kind is expected only to increase the bacterial reduction of the cycle further, as 

Brands et al. (2020) have shown that not using a cleaning agent is beneficial only on 

rare occasions. Using <DETERGENT> opens the container and releases the 

cleaning agent into the inner part of the dishwasher. 

1.5. Methodology 
Standardised procedures for testing the antimicrobial efficacy of commercial 

dishwashers exist within norms such as DIN SPEC 10534 and DIN 10512 

(DIN10512:2008, 2008, Deutsches Institut für Normung; DINSPEC10534:2012, 

2012, Deutsches Institut für Normung.) which focus on hygiene requirements and 

testing in dishwashing. An important reading material in the design of the 

experiments for this work was the DIN 10512 norm which regulates the hygiene 

requirements and type testing of commercial dishwashing with one-tank dishwashers. 

Other international norms have previously been evaluated as well (Brückner et al., 

2010), but DIN 10512 norm was chosen as a guide for this work. 

The norm contains extensive examples on how the antimicrobial activity of a 

programme should be tested but certain changes were made for the sake of this 

work. Examples of such changes are the use of M. luteus as a replacement for E. 
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faecium and the use of only three biomonitors per test instead of placing a biomonitor 

on all of the plates within the dishwasher. (DIN10512:2008, 2008, Deutsches Institut 

für Normung.) 

Furthermore, Brands et al. (2020) describe a method of evaluating the factors that 

influence the microbial reduction which provides a way of testing the diverse 

parameters that current dishwashing programmes have. 

2. Aim of Work 
The purpose of this thesis work was to investigate the effect of the separate factors 

on the microbial reduction. While studies exist on the antimicrobial properties of 

varying dishwasher cycles, the access to a fully customisable dishwasher provided 

the unique advantage of being able to study the factors separately. The secondary 

goal of the experiments was to observe the energy consumption changes with the 

different factors and check for possible ways to further reduce the consumption levels 

of a cycle without sacrificing the efficacy. These goals were set after careful 

examination of current trends in both cycle and dishwasher design. 

3. Materials and Methods 
In order to properly conduct a study into the antimicrobial effects of dishwashers, 

certain preparations had to be made beforehand. This section details the preparation 

of three different culturing media, the cultivation of the bacterial strain Micrococcus 

luteus before and after the experiments, and the biomonitors required for the 

successful execution of the experiments. 

Additionally, as the experiments progressed, more batches of these materials had to 

be prepared to better suit the needs of the experiments. During the active 

experimental phase, agar plates had to be produced every week and in total two 

batches of biomonitors had to be prepared for all of the experiments that took place. 

3.1. Preparation of Culture Media 
The culture media used for this study were a bovine albumin, mucin, and starch 

mixture (BAMS), Tryptic Soy Broth (TSB)+ neutralising agent and tryptic soy agar 

(TSA).  Media were prepared before the start of experiments on microbial reduction. 

TSA was used for plating of M. luteus before and after experiments on agar plates 

and BAMS was used as soil matrix to adhere the M. luteus to the biomonitors. TSB 
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was used as an extraction liquid for the cells left on the biomonitors after the 

experiments had concluded. It also contained a neutralising agent which aimed to 

remove any remaining traces of detergent. Even though no cleaning agents were 

used in the experiments, the neutralising agent was added into the TSB as it is not 

known to impede the experiments or their results in any way. 

3.1.1. Tryptic Soy Agar Preparation 

Tryptic Soy Agar was prepared by following the instructions on the packaging (40g/l) 

but separated into two 500 ml bottles with 20 grams of powder, 500 ml of Millipore 

water and magnetic stirrers in each. The flasks were autoclaved using the 

programme for solutions. The contents of the bottles were then evenly distributed into 

petri dishes and left overnight to solidify. 

3.1.2. BAMS Soil Matrix Preparation 

The preparation of the BAMS soil matrix followed DIN10512:2008 (2008) and Brands 

et al. (2020). 0.6 grams of mucin were dissolved in 40 ml distilled water and put in a 

water bath at 50-60 ℃ with a magnetic stirrer. 0.36 grams of bovine serum albumin 

(BSA) were added to the solution and kept in the water bath until the solution was 

completely homogenous. After that, the solution was left to cool down to room 

temperature. 

Furthermore, 1.8 grams of corn starch were dissolved in 4 ml cold distilled water 

while another 16 ml distilled water were brought to a boil. The two liquids were then 

combined and placed in a water bath at 60 ℃ with a magnetic stirrer until the solution 

thickened significantly. Afterwards, the corn starch solution was left to cool down and 

then combined with the aforementioned mucin-BSA solution. 

3.1.3. TSB + Neutralising Agent Preparation 

For the preparation of this medium, 500 mL of distilled water were placed in a 1 L 

glass bottle with a magnetic stirrer. The following ingredients were then weighed and 

added to the water with constant stirring. 

• 30 grams tryptic soy broth (TSB) 

• 30 grams Polysorbate 80 (Tween 80) 

• 0.3 grams Lecithin 

• 1 gram l-Histidine 

• 5 grams Sodium thiosulphate 
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After all ingredients were properly incorporated, the glass was filled up to 1 L and 

autoclaved with the solutions programme used for the TSA preparation. After the 

autoclaving, the solution was left on the magnetic stirrer for the remainder of the day. 

3.1.4. Preparation of Bacterial Cultures 

The DIN 10512 standard showcases the use of biomonitors for tests that aim to 

investigate the antimicrobial efficacy of dishwashing programmes. While the standard 

describes the use of Enterococcus faecium, the lack of lab spaces with a Bio Safety 

Level 2 has prompted the use of a different bacterial species which has been proven 

to be a competent replacement – Micrococcus luteus (Brands et al., 2020; 

Kerschgens et al., 2016). 

Micrococcus luteus is a Gram positive, heat resistant bacterium that forms bright 

yellow colonies when grown on nutrient agar plates (Klapper et al., 2018). This 

distinctive colouration makes M. luteus easy to distinguish from other bacteria in the 

case of contaminations. It has been previously discovered within dishwashing 

machines (Zupančič et al., 2019) and also on plates within dishwasher loads (Berger 

et al., 2015). 

When preparing the bacterial cultures for the biomonitor contamination, the M. luteus 

were first plated onto one agar plate containing TSA with a sterile inoculation loop. 

After 24 hours, the colonies were replated on a fresh agar plate and left for another 

24 hours. After this time period, a third subculture was plated from that agar plate and 

left for another 24 hours on a fresh agar plate. This third subculture was used for 

contaminating the biomonitors with M. luteus. All of the aforementioned plates were 

left at 30 ℃ in a continuous climate chamber. The cell material on the plate with the 

third subculture was carefully rinsed twice with 5 ml 0.9% NaCl solution each time to 

ensure proper collection of all the cellular material. All the cell solutions were then 

pipetted into a 50 ml test tube and centrifuged for 10 minutes at 3655g. The excess 

liquid was discarded and 10 ml of the same NaCl solution were used to resuspend 

the pellet. The centrifugation and resuspension were repeated with the only 

difference being that the second resuspension was done with 10 ml of BAMS. 
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3.2. Preparation of Biomonitors 
A total of 125 stainless steel biomonitors, as described in DIN 10512 (Figure 3), were 

prepared for the experimental part of this work. Only biomonitors that have previously 

been sterilized and dried in an autoclave were fit for inoculation with 100 µL of M. 

luteus in the middle section. The soil matrix containing the microorganisms is pipetted 

onto the middle section from the side of the grain and spread evenly with sterile 

inoculation spatulas. The inoculation took place on racks that fit up to 25 biomonitors 

that were then placed in a constant climate chamber for 4 hours to dry at 22 ℃ and 

70% relative humidity. 

Once dried, the biomonitors were individually placed in sterile test tubes with metal 

caps and stored at 5 ℃ for future experiments. Due to the number of biomonitors 

prepared for the experiments, these were created over in two batches of 75 and 50 

biomonitors respectively. 

Three individual biomonitors were placed in the dishwasher for each experiment. 

These were attached to plates via specially designed metal holds that prevent 

contact between the plate and the biomonitor, while still holding it in place for the 

duration of the cycle. All three metal holds were secured to dishes on the lower dish 

rack as the upper one was reserved for cups and glasses which made adhesion of 

the biomonitors more difficult. The positions can be seen in Figure 4. 

Figure 3: Biomonitor schematic used for microbial reduction experiments; Measurements given in mm; 
Legend: 1- one side has a unilateral grain with granulation of 80 along the length of the biomonitor; Source: 
DIN10512 



 
15 

 

 

3.3. Biomonitor Cell Extraction 
After each experiment, the biomonitors were placed in individual test tubes, prepared 

specifically for extracting the remaining M. luteus from the biomonitors. These test 

tubes contained 2 grams of uniform glass beads with a diameter of 3 mm and 5 ml of 

a TSB and neutralising agent solution that served as an extraction liquid for the cells 

while removing any residues of detergents. While no detergents were used in any of 

the experiments, the presence of the neutralising agent was not expected to affect 

the microbial growth in any way. The extraction tubes were sealed with screw caps 

and sterilised with the glass beads by autoclaving. The 5 ml TSB solution could not 

be autoclaved with the glass beads and was added afterwards under sterile 

conditions. 

The extraction procedure followed Brands et al. (2020) in which the aforementioned 

tubes with the biomonitors were vortexed for 3 s at the highest speed. They were 

then transferred to a roller-mixer for 10 minutes at 80 rev/min. This was followed by a 

second vortex step, after which the biomonitors were taken out of the tubes and 

placed in a cleaning solution. 

3.4. Frozen Ballast Soil Preparation 
100 g of frozen ballast soil was placed under a glass in the upper rack prior to the 

start of each cycle. Hubbuch & Goodall (1999) estimated the standard consumer load 

Figure 4: Schematics of a lower dish rack and the cutlery holder, with the position of holder and the temperature 
loggers (TLs) marked additionally; Adapted from ("Bosch Dishwasher Parts: Bosch Dishwasher Parts Manual," 
2018) 
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in Germany to contain between 0.6 g and 74.8 g of soil. The mean amount of soil on 

the loads was determined to be 7.3 g and 12 g for households that pre-rinse their 

dishes and for those who do not, respectively. 

These findings suggest that typical dishwasher loads contain far lower soil levels than 

the ones used in the experiments containing ballast. For cleaning processes in 

washing machines, the higher amounts of soil have been proven to negatively affect 

the overall microbial reduction (Block et al., 2001; Bockmühl, 2017). It was expected 

that a similar trend would be observable in dishwasher loads. 

The ballast soil was used to mimic soiling during realistic dishwashing runs. The soil 

was prepared according to IEC 60436 (IEC60436:, 2015). The porridge for the soil 

was prepared by mixing 75 g of oat flakes with 325 g of milk and 1125 g of water and 

heating the mixture up to its boiling point. To the porridge, 1333.5 g of minced 

spinach and a mixture of 543 g of minced beef and 271.5 g of eggs were added and 

left to simmer for 10 minutes. Once the complete mixture had cooled down to about 

40 ℃, one egg yolk was added, and the soil was weighed again. If the total weight 

was below 5 kg, more water was added. Paper cups were filled with 100 g of the 

mixture each and stored at -18 ℃ until needed. 

Before the microbial reduction tests, it had to be determined if a one-hour wash at 

room temperature would produce a clean dishwasher with the addition100 g of soil. 

Figure 5 shows the aftermath of the two tests, and it was concluded that until a 

sufficient cleaning temperature is reached, ballast soil would be excluded. 
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3.5. Determination of Bacterial Load and Bacterial Reduction 
Following the extraction procedure, a decimal series dilution using 0.9% NaCl 

solution and the extraction liquid was prepared when deemed necessary. In order to 

determine the initial microbial load (IML),100 µL were pipetted and plated onto TSA 

plates for each of the appropriate dilution steps. These plates were then left at 30 ℃ 

and 50 % relative humidity for 48 hours. Afterwards, Equation 1 was used to 

calculate the initial number of colonies. This was done for both batches of 

biomonitors, as the second batch was created about a month after the first one and a 

small difference in values was expected. Counting the remaining microbial load 

(RML) after the experiments followed the same procedure with occasional changes in 

the dilution steps or the volume platted. These changes were taken into 

Figure 5: Results of pre-emptive tests with frozen ballast soil at room temperature; Source: own. 
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consideration when the calculations were done and were made clear in the Results 

section of this work. The values were then used in Equation 1. 
Equation 1: Initial/Remaining Microbial Load Calculations. 

𝐼𝐼𝐼𝐼𝐼𝐼/𝑅𝑅𝐼𝐼𝐼𝐼 =  �𝑉𝑉𝑝𝑝 × 10−𝑋𝑋�
−1

× �
∑𝐶𝐶𝑥𝑥 + ∑𝐶𝐶𝑥𝑥+1

𝑛𝑛𝑥𝑥 + (0.1 × 𝑛𝑛𝑥𝑥+1)� × 𝑉𝑉𝑡𝑡 

IML/RML = Initial Microbial Load/Resulting Microbial Load. 

Vp = plated volume. 

x =smallest dilution step counted. 

Cx/Cx+1 = number of colonies for each respective dilution step. 

nx/nx+1 = number of counted plates for each respective dilution step. 

Vt =original volume. 

 

Vt was set to be 5 mL for all calculations, as this value corresponds to the volume of 

the extraction liquid used for all biomonitors. 

Once the IML and RML were calculated, the logarithmic reduction was deduced from 

Equation 2. 
Equation 2: Logarithmic Reduction (LR) Calculations. 

𝐼𝐼𝑅𝑅 = (log10 𝐼𝐼𝐼𝐼𝐼𝐼 − log10 𝑅𝑅𝐼𝐼𝐼𝐼) 
LR = Logarithmic reduction 

IML/RML = Initial Microbial Load/Resulting Microbial Load 

 

While the logarithmic reductions were used in plots, these were not available at the 

times when the experiments were conducted. For determining the best performance 

among the tested values, the number of colonies was often used as a direct way of 

comparing two or more experiments. 

3.6. Statistical Analysis 
In order to determine whether the differences in the mean logarithmic reductions 

caused by the various factors were statistically significant (p-value < 0.05), the data 

was initially subjected to the Shapiro-Wilk test (Shapiro & Wilk, 1965) where possible. 

This test served to determine which datasets followed the Gaussian distribution and 

which strayed from it in order to undertake the correct approach to the significance 

tests. 

A two-tailed unpaired t-test or a one-way Analysis of Variance (ANOVA) were used 

depending on the number of samples available for the normally distributed datasets. 
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Some experimental data did not follow a normal distribution, or the sample size was 

too small for the Shapiro-Wilk test to be applicable. In these cases, the Mann-

Whitney (Mann & Whitney, 1947) and Mood’s Median (Divine et al., 2018) tests were 

used. Both are non-parameter significance tests that can be used on small datasets, 

with them differing in the minimum number of samples required for the successful 

analysis. 

3.7. Programme Creation and Testing 
The company E.G.O. Elektro-Gerätebau GmbH (from here on, referred to as E.G.O.) 

provided the programmable dishwasher which was used in all experiments described 

here. Custom codes were used for the entire duration of the experimental part of this 

work as very little information is available on the programming of commercial 

dishwashers done by manufacturers. Insights into the industrial standards were 

gathered via operational manuals from different companies and a conversation with 

Prof. Dr. Rainer Stamminger whose insights into typical cycle settings were the basis 

of some codes and materials provided by Dr. Britta Brands from past research into 

the topic that helped shape the duration and temperature variation of the cycles. 

Figure 6: Temperature profiles for common dishwashing programmes; Source: adapted from “Development of a 
new method to identify parameters affecting the microbial reduction in domestic dishwashers” by B. Brands, 2021, 
p.143. 
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Additionally, a document containing the list of commands and their pre-programmed 

limitations was provided by E.G.O. and a version of that list with the most frequently 

used commands can be found in Table A- 2 in Appendix B: Tables. These 

commands formed the initial boundaries of which parameters could be controlled and 

tested and were used for the experimental design. All codes are available in 

Appendix C – Codes. 

3.7.1. Codes for Temperature Calibration Tests 

The goal of the temperature control codes was to test a variety of realistic 

temperatures. The first code (Code 1) was designed to heat up once to a 

temperature of 50 ℃. After a 30-minute cooling period, the machine was designed to 

measure the temperature of the water. If it was still above 40 ℃, it would initiate a 

secondary cooling period of 10 minutes. Afterwards, a new heating period would start 

until a temperature of 70 ℃ was reached.  

For the constant temperature, the code was slightly different in structure as it used 

each individual spray arm separately and the dishwasher was programmed to 

maintain a constant temperature of 50 ℃ throughout the entire cycle. 

This set of codes also relies heavily on the <GOTO>, <LABEL> and <RETURN> 

functions which are useful for conditional changes such as checking if the 

temperature has decreased sufficiently. These functions were not used for any other 

codes and as such are not in Table A- 2. <LABEL> creates a point in the code that 

<GOTO> can search for during the cycle, skipping any code that is written between 

the two commands. <RETURN> makes the code go back to the last executed 

<GOTO> command and starts from the row beneath it. 

The codes for the adjustment temperature control tests were designed by following 

the temperature profiles in Figure 6. Both the duration of the waiting times and the 

temperature goals were determined from these graphs. The water quantities for each 

cycle were approximated from the operational manual from Bosch ("Operating 

Instructions," 2019,Robert Bosch GmbH.). 

3.7.2. Codes for Microbial Reduction Experiments 

The code for the microbial reduction experiments remained widely unchanged 

throughout all experiments, with each variable undergoing change individually rather 

than a new code being created for the individual experiments. Unlike the adjustment 

temperature test codes, no pre-rinsing or drying step was included in the code as the 
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final rinsing temperature has been shown to have a substantial effect on microbial 

reduction in low temperature cycles (Amberg, 2018). Instead, a 3-minute wait was left 

after each main washing part to allow for some of the remaining water to drip to the 

bottom of the dishwasher before the final draining could be initiated. 

Some instances of the time and temperature values required slight adaptations due 

to the limitations of the code. The first adaptation was done for the washing time 

experiments as the code allows a maximum value for <WAIT MIN> of 100. This 

meant that two consecutive <WAIT> commands had to be executed to reach the 

desired durations of 120 and 180 minutes for the 2-hour and 3-hour wash tests, 

respectively. 

Furthermore, while the manual provided by E.G.O. disclosed that the maximal value 

for <HEAT> is 90 ℃, the heating element would not turn on for any value above 80 

℃ although no error message was displayed. This meant that the final adjustment 

temperature was lowered to this upper limit temperature. 

3.8. Energy Consumption 
The secondary goal of this work was to test the energy consumption of the different 

factors that can affect antimicrobial efficacy of modern-day domestic dishwashers. 

This goal was set with regards to the rising trends of energy and water conservation 

when it comes to designing household appliances. 

In order to test the energy consumption of the different factors, a CLM 221 power 

meter was used to measure the active energy during the relevant experiments. It was 

connected to the dishwasher and set to display the kWh as indicated in the operating 

manual by the manufacturer. After recording the data for each experiment, the 

energy values were deleted in order to simplify the recordings for the next one.  

Additionally to the final values, the instantaneous energy consumption was recorded 

for the parts of each experiment where the biggest energy consumption was 

expected. This was achieved via measuring the change in energy consumption within 

one minute. These measurements were repeated three times for each experiment. 

The instantaneous consumption was used to make predictions on the energy 

consumption for the runs that did not include temperature increases. The differences 

between the resulting consumption and the calculated one was attributed to all the 

commands that were active before and after the main part of each cycle. For the 

temperature tests, the instantaneous consumption was recorded while the heating 
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element was active. The log files for the experiments from PuTTY contain information 

on the status of each of the adjustable elements of the dishwasher, including the 

heater. By plotting the information provided there, the active time of the heating 

element could be observed and a calculation about the energy consumption of the 

heater could be done. 

3.9. Experimental Design 

3.9.1. Temperature Control 

The first few programmes that were used with the dishwasher had the simple goal of 

testing the efficacy of the internal temperature sensor of the dishwasher and to aid in 

the better understanding of the coding process and its capabilities and limitations. 

This was achieved by running a set of simple custom codes that only heated and let 

the water cool down while the temperature was being measured by two temperature 

loggers (TLs). These TLs were placed and secured in the dishwasher and were 

initially designed to measure the temperature every minute. The measuring times of 

the loggers were later adjusted to the shortest possible measuring step – 10 

seconds, in order to achieve more accurate results. 

The results from both the internal log of the machine and the memory of the TLs were 

then plotted against each other in MATLAB R2021b and a comparison was created. 

For these programmes, no biomonitors were used as the code was custom-made to 

only change the temperature. As the measurements of the built-in thermometer occur 

every half a second, additional plots were created with only the matching time points 

being plotted against each other, resulting in “refined” plots. The refined plots were 

used in calculating the differences between the measured values, whereas the 

unrefined ones are available in the Appendix A: Figures. 

Two sets of experiments were used in order to check the accuracy of the internal 

thermometer. For the first set, a custom code was created with the goal of inducing a 

variety of changes to the temperature of within the dishwasher. While the 

temperature goals were set with realistic cases in mind, these experiments did not 

aim to recreate any existing cycle and as such were conducted entirely without 

biomonitors or measurements for energy consumption. The code was written with the 

intent to let the system heat up until 50 ℃, wait for the system to cool down and then 

heating up again until 70 ℃ and cool down again. The first cooling step was coupled 

with a custom if-loop to ensure that the water was cooled down at least to 40 ℃ 
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before the beginning of a second heating step. No microbial reduction or energy 

consumption was recorded for these runs as the main focus was on calibrating the 

temperature measurements. 

The second set of experiments focused on the command <HEAT KEEP_AT> which 

aims to maintain a constant temperature within the dishwasher during the cycle. This 

constant temperature is achieved by turning the heating element on or off once the 

temperature gets too low or too high, respectively. The values at which this occurs 

could not be adapted within the code and had to be empirically found. The goal was 

to investigate if the difference in temperatures was temporary, as the internal 

thermometer and the temperature loggers were in two different places within the 

machine. If the difference was due to positioning, the internal loggers should have, at 

some point during the run, reached the goal temperature. As this process is not 

something that typically occurs in household dishwashers, these experiments were 

done more with the intention of testing the capabilities of the programming. 

Once the adjustment temperatures could be determined and implemented, a series 

of experiments were conducted in which the adjustment temperatures were 

implemented instead of the standard value. The custom codes for these experiments 

were designed to mimic the conditions of four typical programmes – Eco, Intensive, 

Glass and Express. These cycles would include a variety of different temperatures for 

the main cleaning and for the final rinsing parts, which made them ideal for testing 

whether the adjustment temperatures achieved the desired results. This variety also 

allowed them to be run once without the need for a duplicate determination of the 

temperature goals. 

3.9.2. Microbial Reduction and Energy Consumption 

All experiments described in this part were performed twice, with the energy 

consumption being recorded and three biomonitors with M. luteus per run, unless 

otherwise specified. The cycles were designed so that each factor’s influence on the 

bacterial reduction could be tested individually. This means that the programme 

adapts to the results of prior experiments and those results can influence which 

values are chosen for the following runs. The best performing values were used for 

consecutive runs unless stated otherwise. Moreover, the experiments had to take into 

consideration the growing times for M. luteus. At least 48 hours had to be planned 
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between experiments that were to test different factors. All factors and the values for 

the variables can be seen in Table 1. 

Originally, all experiments were planned with the inclusion of 100 grams of frozen soil 

ballast as described in Brands et al. (2020) but early tests at room temperature 

showed that one-hour cycles at room temperature did not remove the ballast 

completely from the dishwasher and the load. To achieve comparable results, the soil 

ballast was added to the experiments once the best performing temperatures were 

experimentally tested. 

The speed of the spray arms was the first factor put to the test. The circulation pump 

was tested at five different speeds. While the lower speeds were not expected to 

produce significant reduction, the low levels of energy consumption made them an 

attractive option in case higher speed did not perform significantly better. 

Second, the position of the diverter was tested. As all the biomonitors were on the 

lower rack, the test did not include runs with only the upper spray arm. While the 

upper arm cannot single-handedly contribute much, the possibility was tested that 

both spray arms running simultaneously could provide better washing to the lower 

rack. 

The following experiments focused on the amount of water used during the cleaning 

cycle. Similar to the spray arm speed, lower values were not expected to lead to 

higher antimicrobial efficacy of the runs. The advantage here would be lower levels of 

water consumption which would make the run more beneficial for the environment. 

Even so, the upper boundary was set to 4.5 litres, which is more reflective of realistic 

programmes. 

The factors time and temperature were left for the last parts of the experiments as 

they were expected to bring about the highest degree of change in both the 

antimicrobial activity and the energy used during the programme. Furthermore, a 

limitation exists withing the coding capabilities that prevents the heating element from 

turning on unless the spray arm pump is active. This prompted the testing for both 

the speed and position and number of the spray arms used to be conducted early on 

in the experimental part. 

The duration of the experiments had to be limited to values that represent existing 

programmes as these have been adapted to match consumers’ needs. A duration of 

above three hours was deemed unreasonable as even the typical Eco programmes 
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rarely last four hours and studies showcase that most users are rarely willing to use 

cycles longer than two hours often (Hook et al., 2018; Stamminger et al., 2019). 

The values for the temperature tests were adapted from the temperature profiles 

provided by Dr. Britta Brands. The profiles showcased that 55 ℃ and 60 ℃ are used 

only in rare cases in typical cycles, which prompted their exclusion from these tests. 

Once all the factors had been tested, soil was added to test the end code. The soil 

was only added for this experiment as the soil is frozen and early tests at room 

temperature revealed insufficient cleaning. Once a final temperature was chosen, the 

soil ballast could be introduced into the tests. 

It is worth noting that these temperatures were regarded only for the main cleaning 

part. It is assumed that all traditional programmes also include a drying part which 

features a stark increase in temperature for a short amount of time towards the end 

of the cycle. These final temperatures range between 50 ℃ and 75 ℃ depending on 

the exact programme. Brands et al. (2020) showed that these final temperature 

increases can positively contribute to the microbial reduction. Under this 

presumption, the drying part was not included in the code as to provide realistic 

results for the main cleaning part of a cycle. 

The frozen soil ballast was positioned on the upper rack under a glass and the 

temperatures with the higher reductions were tested again with no alterations to the 

code. As the soil was placed on the top rack, all temperature experiments took place 

with both spray arms active regardless of the results of the second test so as to 

ensure comparable results. 
Table 1: List of factors and values tested during the microbial reduction experiments. 
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3.9.3. Challenges in Experimental Design 

The nature of the main questions of this work came with several challenges that 

translated into the experimental design as well. These challenges arose in different 

times during the thesis work and affected the way the experiments were designed. 

Due to unforeseeable circumstances, no access to a laboratory with a Bio Safety 

Level 2 could be provided for the experiments, which resulted in a change from E. 

faecium to M. luteus as the latter is safe to handle in lower safety level labs. 

While there are existing standards for testing the antimicrobial efficacy, as described 

in 1.5 Cleanliness Standards, the option to freely adapt the values of the factors 

showcased that the testing conditions can still vary greatly from manufacturer to 

manufacturer. Furthermore, the individual descriptions of the conditions used were 

not readily available. While operation manuals describe the approximate water 

consumption levels of the programmes, for example, these are not divided between 

the different parts of each cycle. This prompted the exclusion of all parts of typical 

cycles besides the main washing step. Moreover, many assumptions were made for 

values in Table 1, such as the water quantity and the spray arm speed. 

Additionally, as the experiments were planned in such a way that each result 

influenced the following experiment, the timing of experiments had to be limited and 

adapted in order to accommodate for the growing times of the bacterial strain used in 

the experiments. This dependency between experiments also meant that any errors 

in judgement would carry over. 

The programmable dishwasher also presented an unexpected challenge around 

some of the experimental results. While some studies look into microbial reduction in 

low-temperature programmes in dishwashers (Amberg, 2018), the temperature does 

not typically fall under 45 ℃. As a result, choosing appropriate dilution steps for the 

early experiments proved difficult and the effects transferred onto following 

experiments as well. 

Despite these challenges, the experiments were conducted in a manner that allows 

for comparisons with previous studies while also providing new information on the 

different factors, their effect on the microbial reduction and their energy consumption 

levels. 
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4. Results 
4.1. Calibration Tests for Changing Temperatures 

The results of the first temperature control tests showcase a clear difference between 

the recorded data for the internal thermometer and the two TLs. The refined versions 

of the plots from the first and second test are showcased in Figure 7. 

The two tests were run in close succession with no changes to the code. As a result, 

both plots highlight the general trend that the TLs record a consistently lower 

temperature than the built-in thermometer of the dishwasher. At the ends of the two 

heating steps and during the consecutive cooling, the divergence was the clearest, 

whereas during the heating, the temperatures were closest in value. This could be a 

consequence of the delayed recording of the loggers that occurred due to their 

positioning within the dishwasher which is also visible in the other steps. 

The results from the different temperatures tests prompted the idea of using 

calibrated values for future experiments which would ensure higher accuracy of the 

temperature data. The values would take into consideration the differences and 

would account for the position of the loggers. As the TLs were secured in the cutlery 

basket, they were assumed to be close enough to the dishes that were carrying the 

biomonitors and were a more reliable source for temperature data. 

Figure 7: Temperature control - different temperatures tests 1 (left) and 2 (right) - refined versions; Both plots 
feature the temperatures recorded by the internal thermometer (black line), the front (orange line) and back 
(yellow line) temperature loggers. 
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Table 2 contains the target temperatures, the means of the data points closest to 

those, and the adjustment temperatures that were used in follow-up experiments. As 

the measuring steps of the programmable thermometers were larger than those of 

the built-in one, only the overlapping data points were considered when evaluating 

the means. An error of ±1 ℃ was assumed for both devices in order to increase the 

pool of viable data points and to provide a more realistic picture. These values were 

representative of both runs and all instances in which the instruments recorded a 

value close or equal to the target.  
Table 2: Comparison between temperature goals (Tg) and measured temperatures in - built-in thermometer (Tbt) 
and temperature loggers (Ttl); Adjustment temperature (Tadj) to be used in future experiments. 

 

Additionally, the goal temperatures (Tg) were plotted against δT which describes the 

difference between the adjustment temperature and its target equivalent. The 

resulting regression line allows for calculations of any further adjustment 

temperatures with other target values. When using the equation, the coding 

Figure 8: Adjustment temperature differences against goal temperatures plot 
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limitations should be considered. As the input values can only be whole numbers, 

any fractions in the results should be rounded to the closest whole number. 

The regression line is given by Equation 3: 
Equation 3: Adjustment temperature differences calculation 

δT = (𝑝𝑝1 ± s𝑝𝑝1) × 𝑇𝑇𝑔𝑔 + (𝑝𝑝2 ± s𝑝𝑝2) = 0.1 × 𝑇𝑇𝑔𝑔 + (−1) 

δT = difference between target temperature and adjustment temperature 

Tg = goal temperature 

 

The R2 and adjusted R2 values given by MATLAB for this regression line were both 

calculated to be equal to 1. This means that the data points perfectly fit the 

regression model. Furthermore, using this fitted model would ensure the correct 

adjustment temperature is calculated for any goal temperature outside the ones 

presented in this work. 

4.2. Calibration Tests for Constant Temperatures 
From the data it was concluded that the standard deviation for the upper and lower 

temperature threshold was 2 ℃ when the goal was to have a constant temperature of 

50 ℃. This number was not adjustable via the code and as a result these deviations 

are visible also in Figure 9 which showcases the two tests that were conducted with 

the same code. The graphs also show that the differences in temperatures were 

likely not a result of the positions at which the sensors were placed as the difference 

in recorded temperature persisted throughout the entire run. 

While no changes were done to the code between the tests, the two graphs have a 

few notable differences. As the two cycles happened in quick succession, the starting 

temperature during the second run was higher and as a result the target of 50 ℃ was 

achieved slightly faster during the second test. This also influenced the last part of 

the cycle, and the last cooling time was reached far sooner the second time than it 

was during the first test. The higher starting temperature also influenced the drastic 

drop in temperature in the beginning of the second cycle once the water was pumped 

in the system. 
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The sharp decline in temperature for both graphs was due to the changing of water 

during the cycle. This was done to see how fast the system counteracts the inflow of 

colder water, as all traditional dishwasher cycles include multiple water changes 

during their run. The decline seems greater in the second cycle but that can be 

attributed to the difference in when the thermometers measured the temperature of 

the water. This is further confirmed when comparing the graphs in Figure A- 2 in the 

Appendix A: Figures where no significant difference in the temperature decreases 

during the cycle can be observed. 

Much like for the experiments with different temperature goals, there is a visible 

deviation between the values recorded by the built-in dishwasher thermometer and 

the ones placed for the tests. This is because the adjustment temperatures (Tadj) 

from Table 2 were not implemented for these cycles as the goal was to test the 

extent of the differences. 

4.3. Calibration Tests for Adjustment Temperature Values 
All four programmes were designed to resemble their respective counterparts in the 

temperature profiles of standard dishwasher programmes in Figure 6. It is worth 

noting that all resulting graphs feature stark declines in temperature when fresh water 

is introduced into the system, which is not the case for the original plots. These 

differences can be attributed to the interval at which measurements were made. 

Figure 9: Temperature control - constant temperature tests 1 (left) and 2 (right) - refined versions; Both plots 
feature the temperatures recorded by the internal thermometer (black line), the front (orange line) and back 
(yellow line) temperature loggers and the reference temperature of 50 ℃ (blue line). 



 
31 

 

While the plots have been grouped together, they have been compared to the 

original profiles individually. Much like the previous graphs, these plots also have a 

refined version and an unrefined one (Figure A- 3 and Figure A- 4), both of which are 

in Appendix A: Figures.  

As an addition to the two plots, a third plot was created that only showcased the data 

from the temperature loggers. This was done to enable an easier comparison 

between the results and their counterparts in the original temperature profiles. 

Furthermore, Table 3 presents all temperature goals, set by the code, the expected 

outcomes and the temperatures recorded by the TL, divided into cycles for easier 

understanding. 
Table 3: Adjustment temperatures for different temperature goals, divided into cycles. 

 
4.3.1. Fast cycle 

The fast cycle differed the most from the original temperature profile for a couple of 

reasons. The first major difference was the temperature goals set by the code. This 

was due to an error in the coding process where wrong thresholds were set for the 

experiment. 

The second major difference was the beginning of the cycle, which did not feature a 

sharp decrease in temperature, such as the one seen in the original profiles. It is 

assumed that the original cycle was recorded in close succession as another one, 

which resulted in a higher starting temperature. This difference is then further 
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accentuated by the difference in scale. Both heating steps commence after about 14 

minutes, but the scale creates a visual divide between the two graphs. 

Despite these shortcomings, the main goal of the experiment was achieved, as the 

temperature loggers show that the trends regarded in the first calibrating experiments 

were consistent and that the calculated adjustment temperatures could achieve 

satisfactory results. 

The fast and intensive cycles also showcase one of the biggest variations in results 

for the same target temperature of 55 ℃. Despite the fact that the theoretical 

adjustment temperature was calculated to be around 59 ℃, the wrong value of 60 ℃ 

was coded for both experiments. Moreover, during the intensive run, the end value 

according to the built-in thermometer was one degree higher – 61 ℃. The 

temperature loggers recorded values of 54 ℃ and 57 ℃ for the fast and intensive 

runs, respectively, which averages out to a value more akin to the goal temperature. 

4.3.2. Intensive 

The intensive cycle featured the largest amount of coded temperatures.  

The differences between the original and resulting intensive cycles were minimal. 

The adjustment values achieved the goal well enough to continue being implemented 

for future experiments and the only major differences were the aforementioned 

declines in temperature at the points where fresh water was pumped into the 

machine. Figure 10 further supports the idea that the measuring interval played a role 

in the occurrence of such a decrease in temperature within the data, as the drop is 

significantly less noticeable for the TLs which have a 10-second measuring interval. 

As already stated, the main problem with the adjustment temperatures here lies 

within the 55 ℃ target. However, a secondary noteworthy result is the 2-degree 

deviation between the front and back temperature loggers when it comes to the last 

target temperature of the run. This is the only such case in all experiments, but it 

could be grounds for expanding the acceptable data range for other experiments. 

4.3.3. Eco 

The eco cycle also shares a lot of similarities with the original counterpart, specifically 

with regards to the cooling processes. Additionally, the data for the experiment could 

not be extracted from the back temperature logger due to an error from the software 

which limits the available information on the efficacy of the adjustment temperatures. 

With that in mind, while the first goal temperature of 50 ℃ could not be properly 
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achieved, the resulting temperature of 48 ℃ was considered sufficient for the 

implementation of the adjustment temperature in future experiments as a deviation of 

2 ℃ between loggers is not unprecedented. 

This assumption is further confirmed by the results of the glass cycle, which 

showcases that the adjustment temperature of 65 ℃ is enough to obtain the goal 

temperature of 60 ℃ with the data from the back TL, for example. 

4.3.4. Glass 

The graph presenting the glass cycle suffers from a similar problem with scaling 

differences as the graph for the fast one. Additionally, the difference in starting 

temperatures plays a role in the visual divergence between the original plot and the 

one shown in Figure 10. Such small discrepancies are negligible as it does not 

influence the overall conclusion of the results.  

Nevertheless, the cycle manages to reach all of the desired temperatures and follows 

the original plot very closely. This is also reflected in the results for the adjustment 

temperatures as this experiment showcases the best results in terms of similarities 

between target and measured temperatures. 
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4.4. Initial Microbial Load 
Table A- 1 showcases the number of colonies, the dilution steps used and the initial 

microbial load, calculated via Equation 1. Both batches seem to have initial counts 

within the same logarithmic step and they both reach a colony forming unit (CFU) 

count of around 1*109 per biomonitor, which coincides with findings from Brands et 

al. (2020) and fulfils the requirement of the DIN SPEC 10534 for viable cell counts on 

the biomonitors of above 1*107 CFU/ml. The decadic logarithm of both initial 

microbial loads was also calculated and is presented in this table as these values are 

used for the logarithmic reduction calculations as described in Equation 2. 

4.5. Microbial Loads and Logarithmic Reduction 
The results for each set of experiments are presented separately due to the amount 

of data collected. For the evaluation of the microbial reduction, only values between 

10 and 300 CFU were taken into consideration and the logarithmic reduction was 

calculated only in eligible cases. While many results showcased values outside of 

this range, the nature of the experimental design required that the results from one 

Figure 10: Adjustment temperature control - temperature profiles from front (blue line) and back (orange line) 
temperature loggers (TLs) for Fast (top left), Glass (top right), Intensive( bottom left) and Eco (bottom right) 
cycles. 
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test determine some of the parameters for the following tests. This section will 

describe the results, whereas any particularities of the experiments as well as 

possible conclusions and improvements are presented in the discussion section. 

Each value was tested twice, and each experiment yielded a value for the microbial 

load and consequentially logarithmic reduction. For the plotting the values, the 

means of the logarithmic reductions and their standard deviations for each value 

were taken. The plots are all combined in Figure 11 and Figure 12 for better 

representation of the data. 

4.5.1. Spray Arm Speed (RPM tests) 

The data collected from the spray arm speed tests is presented in Table 4, alongside 

the calculations for the microbial load after the experiments. The microbial load was 

calculated in the same way as for the initial values – via Equation 1. Most tests did 

not produce results that were eligible for the calculations as they exceeded the upper 

boundary of 300 CFU and no calculations for the microbial load or logarithmic 

reduction could be performed. 
Table 4: Spray arm speed test results for all biomonitors in both dilution steps with calculations for resulting 
microbial load and logarithmic reductions and their standard deviations (SD). 

 
From the ten experiments, only those at 4000 and 4500 rpm showcased less than 

300 colonies after 48 hours and only on some plates with a higher dilution. Some 

exclusions had to be made when counting as all of these plates also featured a 

number of colonies with significantly smaller sizes. These were not counted as their 

size also meant that they did not showcase the typical yellow colour of M. luteus 

colonies. These small colonies were, however, considered when deciding on which 

value to use for further experiments. The plates for 4500 rpm had significantly less 
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smaller colonies that were excluded from the count which indicates an overall better 

reduction. 

4.5.2. Spray Arm Position and Number 

Only one experiment was conducted for this factor as the previous set of experiments 

were carried out with both spray arms being supplied with water simultaneously 

during the run. The results from this experiment were directly compared to the results 

of the value chosen from the last set before deciding on the better option. 

Much like the speed tests, the plates with 100 µL of undiluted extraction liquid could 

not produce valid results for the calculations but the higher dilution step provided 

results that would allow for a comparison between the antimicrobial effect of the 

spray arm positions. 

This test showcased higher fluctuations between plates of the same experiment as 

well as between the different tests compared to the spray arm speed tests with the 

first of the two runs contributing the most to these fluctuations. The energy 

consumption and microbial reductions were used to determine the better setting for 

future experiments. 
Table 5: Spray arm position and number test results for all biomonitors in both dilution steps with calculations for 
resulting microbial load and logarithmic reductions and their standard deviations (SD). 

 
4.5.3. Water Quantity 

The high number of colonies from the last two experiment sets were considered and 

a lower dilution step was chosen for the tests regarding the water quantity and 

washing time. Despite this adaptation to the experimental design, most plates from 

the 10-1 dilution step had more than 300 CFU. Most past experiments showed cell 

counts within the 10-300 range for this dilution step and such stark contrast was not 

expected. Nevertheless, a reasonable logarithmic reduction could be calculated for 

all tested values and a comparison between them could be made. 

Unlike the previous tests, the resulting cell counts vary quite a lot between tests, with 

the highest difference between microbial loads being visible in the 4 litre tests. The 
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mean logarithmic reduction remained somewhat consistent with previous 

experiments but was lower than the experiment conducted with 3.5 litres. 
Table 6: Water quantity test results for all biomonitors in both dilution steps with calculations for resulting microbial 
load and logarithmic reductions and their standard deviations (SD). 

 
4.5.4. Time 

The duration experiments were analysed with the same dilution steps as the water 

quantity tests and results retained the trend of showcasing a high number of colonies 

at the dilution step 10-1 with high variations of colony numbers. Moreover, some 

plates within the 10-2 also contained a large number of colonies for the longest 

cycles. 

The microbial load calculations suffer the most from these inconsistencies in the 

data, but the overall logarithmic reduction remains with a reasonably similar value to 

all other experiments. The logarithmic reductions display lower values than most 

other experiments so far, all of which were conducted with a washing time of one 

hour. 

When choosing the best duration, two main factors were considered - the 

temperature test values, which included values of 45 ℃ and 50 ℃ and the consumer 

preferences for cycle duration. These factors were deemed more important than the 

calculated logarithmic reductions due to the large variation in colony numbers 

counted from the plates. 
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Table 7: Time test results for all biomonitors in both dilution steps with calculations for resulting microbial load and 
logarithmic reductions and their standard deviations (SD). 

 
4.5.5. Temperature 

The tests with temperature values above room temperature required some 

adjustments to the dilution steps and pipetting volumes. These changes are reflected 

in Table 8 but are also thoroughly described in the discussion section for these 

experiments. These experiments were also the first ones to use the second batch of 

biomonitors, which had a slightly higher initial microbial load compared to the first 

batch. 

The adaptations were made with the expectations that introducing even lower 

amounts of heat into the system would cause a noticeable increase in the reduction 

rates, but the results prove otherwise. All plates from tests with 45 ℃ and 50 ℃ 

produced colony numbers above 300 which also means that there is no way of 

estimating the microbial reduction that occurred. 

On the other hand, all following tests performed as expected with high reductions 

overall and a clear trend of decreasing colony numbers with an increase in 

temperature. When choosing the temperatures for the ballast soil experiments, more 

value was placed on the energy consumption, as all three of the high temperature 

cycles showcased good values for the logarithmic reduction. 
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Table 8: Temperature test results for all biomonitors in both dilution steps and both pipetted volumes with 
calculations for resulting microbial load and logarithmic reductions and their standard deviations (SD). 

 
4.5.6. Ballast Soil 

For the experiments with ballast soil, two cleaning temperatures were chosen based 

on the results from the temperature experiments and the energy consumption levels. 

The selected cycles were executed again with no changes to the code but with the 

addition of 100 g frozen ballast soil placed under a glass on the upper rack. The 

position was such that it allowed for the soil to also spread onto the lower rack 

without getting caught onto the upper spray arm. 

The first run showed exceptionally low results, while the second attempt with the 

same parameters resulted in plates with above 300 CFU of the target microorganism. 

As a result, the same cycle was run an additional time, in order to provide better 

insight into the effects of the ballast soil on the logarithmic reduction at the chosen 

temperatures. That additional run, however, proved challenging in its own way which 

is described in detail in the discussion section. 

The two other cycles of this experiment set performed as expected and showcased a 

slightly higher value for the logarithmic reduction compared to their counterpart where 

no ballast soil was introduced into the dishwashing machine. This result contradicts 

the expectations that a higher level of soiling would negatively affect the logarithmic 

reduction. The high CFU for the singular valid 65-degree cycle seem more realistic, 

based on the studies on laundry soil levels. (Block et al., 2001; Bockmühl, 2017) 
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Table 9: Ballast soil test results for all biomonitors with calculations for resulting microbial load and logarithmic 
reductions and their standard deviations (SD). 

 

*The validity of these results is uncertain and as such were not considered for the conclusions of the 

experiment. 

4.5.7. Logarithmic Reduction and Temperature Profile Plots 

The logarithmic reduction plots in Figure 11 and Figure 12 showcase the values of 

the mean logarithmic reductions for all tested factors described previously. The 

graphs also contain the standard deviation of the logarithmic reductions for all bars.  

The plots allow for a direct comparison between each value as well as other 

parameters. For the sake of easier visual comparisons, the value that was selected 

from each set is present in the plot for the following experiment with the same-

coloured bar. Figure 11 only encompasses the experiments at room temperature and 

as such, the value selected for the duration of the time experiments was coloured 

blue to emphasise its connection to the following experiments. Furthermore, the plots 

are arranged in a way that follows the execution order of the different cycles. None of 

the significance tests yielded a p-value below 0.05, which means that none of the 

differences in the mean logarithmic reductions of the factors were statistically 

significant. However, the conclusions from the statistical tests do not negate the 

differences visible in some of the bar charts. 

In order to validate that the goal temperatures were properly achieved during the 

temperature experiments, their temperature profiles were created by plotting the data 

from the temperature loggers and the internal thermometer of the dishwasher. The 

plots with the data from the TLs are presented in Figure 13 and Figure 14, while both 

the unrefined and refined versions of those plots are available in Figure A- 12 to 

Figure A- 16 in Appendix A: Figures. The experiments with ballast were excluded 

from the plots as they utilise the same code as their temperature test counterparts. 
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As the temperature and ballast experiments did not share a temperature setting with 

the previous experiments, they are regarded as a separate figure. While both 65 ℃ 

and 70 ℃ were tested with ballast soil, the results from the 65-degree run were 

deemed unreliable and were excluded from the graphical representations. 

Figure 11: Influence of the spray arm speed (top left), the spray arm number and position (top right), the water 
quantity (bottom left), and the washing time (bottom right) on the logarithmic reduction; Each bar represents the 
mean logarithmic reduction and standard deviation calculated from the six biomonitors used for each parameter 
value. Bars with the same colour showcase the value which was used for all future experiments and the blue bar 
represents the duration selected for all temperature and ballast tests. 
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The maximal logarithmic reduction (LRmax) is achieved when all the microorganisms 

are removed from the contaminated biomonitors. As a result, it is equal to the initial 

microbial load, calculated for each of the batches. Due to the fact that the logarithmic 

reduction during the room temperature experiments is low, this value was only 

graphically represented for the temperature and ballast tests. 

Figure 12: Influence of temperature (left) and ballast soil (right) on microbial reduction; Each bar represents the 
mean logarithmic reduction and standard deviation calculated from the six biomonitors used for each parameter 
value. The blue line is the maximal logarithmic reduction for the second batch of biomonitors. 
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Figure 13: Temperature profiles from temperature loggers for temperature tests at 45 ℃ (top row) and 50 ℃ 
(bottom row). 
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Figure 14: Temperature profiles from temperature loggers for temperature tests at 65 ℃ (top row), 70 ℃ (middle 
row), and 75 ℃ (bottom row). 
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4.6. Energy Consumption (EC) 
The energy consumption measurements occurred in two ways – firstly, the 

instantaneous energy consumption (IEC) for each cycle was measured during the 

period where the highest consumption levels were expected. For the experiments at 

room temperature, this was any point after the activation of the spray arm pump and 

for the temperature and ballast experiments it was during the heating steps of the 

respective runs. In order to avoid complicated unit conversions, the instantaneous 

energy consumption was recorded in Wh/minute and converted into J/minute. The 

expected energy consumption was calculated by multiplying the duration of the active 

wash of the room temperature cycles in minutes with the mean energy consumption 

which was then converted back to Wh as energy consumption in households is 

typically measured in kWh. For the temperature and ballast experiments, the 

expected consumption was calculated as a combination of the energy consumption 

of the heating element and the spray arm pump and as such, requires insights into 

the duration of the heating step. All of the values are presented in Table 10. 

PuTTY does not only provide the information from the internal thermometer of the 

dishwasher, but also shows other values such as the current water quantity, the 

overall water consumption, and the activity of a variety of sensors and elements, 

including the one for the heating element. The data plotted from the log files is 

presented in Figure A- 5 to Figure A- 11 in Appendix A: Figures. 

The information stored by the dishwasher for the activity of its adjustable components 

is presented in a standard binary way of either being on (.9) or off (.1). This means 

that all elements, including the pumping and heating, do not have adjustable 

variables with regards to the flow rate or heating rate, respectively, and can be 

assumed to maintain a constant rate of energy consumption. 

For the aforementioned plots, the data was transformed into a more common binary 

form of 1 and 0, with the data for the spray arm pump being uniformly set off by a 

margin of 0.05 in the positive direction (i.e., 1.05 and 0.05) in order to provide clearer 

visual representation of the data points. All plots maintain a similar structure, with the 

durations of the activity varying slightly due to the different starting temperatures. The 

largest deviation from the standard activity occurred during the second 65-degree run 

where the dishwasher sent signals of the loading door being open during the cycle, 

which did not occur manually. This error could be due to improper closing of the 
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loading door, but this is the only recorded case of such a problem and as such is 

assumed to be an outlier. 

The duration of the pump and heating activity were then calculated from the data and 

were used in the estimation of the expected energy consumption of the temperature 

and ballast tests. The values for both the durations and the energy consumption rate 

are presented in Table 10. 
Table 10: Calculations for the instantaneous energy consumption of the temperature and ballast tests. 
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Table 11: Instantaneous energy consumption in all experiments with expected energy consumption for the run. 
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Figure 15 shows the development of the instantaneous energy consumption 

throughout the different experiments and parameter values. The data follows the 

assumption that higher pumping speeds and number of active spray arms will lead to 

higher rates of IEC whereas increasing the water quantity and duration of the 

washing times only increase the end value due to longer pumping and draining and 

longer working times, respectively. The recorded IEC for the heating processes 

confirms the idea that the heating element works with the binary 0 and 1 functions 

Figure 15: Effect of different test factors on instantaneous energy consumption during times with highest expected 
energy consumption rates of the respective cycles. 
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instead of an adjustable amount of heating and energy consumption rates. 

Besides the instantaneous energy consumption, the overall energy consumption was 

recorded for each run. The expected energy consumptions, calculated in Table 11, 

disregard the presence of commands before and after the main cleaning cycle. The 

overall energy consumption recorded after each run accounts for these additional 

factors that consume energy. Table 12 provides a direct comparison between the 

calculated value and the mean of the recorded values. The mean was used in order 

to offset the differences caused by longer draining and filling periods or different 

starting temperatures during experiments that were not conducted at room 

temperature. 
Table 12: Comparison of expected and mean record energy consumption for each tested factor. 
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5. Discussion 
While the variety of experiments yielded a high number of results, the meaning 

behind them is of greater importance. The experimental design took into 

consideration a range of factors and was also feasible in the time frame of the thesis 

work. The experiments were based on pre-existing studies and standards but were 

tailored to fit the unique circumstances that arise from a fully programmable 

dishwasher. Challenges that arose during the result collection were also considered 

when adapting the experimental design in order to achieve better results. 

5.1. Temperature Control Tests 
The results from the temperature control experiments were not designed with the 

goal of being compared to other studies but were used more as a calibration method 

to ensure more accurate results in the microbial reduction experiments. 

That being said, testing the reliability of the internal thermometer proved to be a 

valuable, as the differences between the target and achieved temperatures were 

exceptionally high before the implementation of the adjustment temperatures. 

Furthermore, as temperature was expected to bring about the largest changes in 

both microbial reduction and energy consumption, it was of utmost importance that 

the temperatures could be correctly set. The final tests of the microbial reduction 

experiments which included temperature changes, serve as a confirmation of the 

efficacy that the adjustment temperatures displayed during the control tests even if 

some values proved to increase the temperature up to 2 ℃ above the target 

temperatures. This deviation was present primarily in higher target temperatures 

which might indicate that the differences between the temperature loggers and the 

internal temperatures increases until a certain point and then starts declining. 

Future experiments with this dishwasher can benefit greatly from having access to 

the adjustment temperatures, as these have been proven to provide consistent 

results and are also adjustable to fit the needs of the experiments. For experiments 

that would have different temperature targets, Equation 3 provides a reliable way of 

calculating the difference between the goal and adjustment temperature required for 
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the coding process for the most common temperatures. If tests require values above 

75 ℃, it might be beneficial to conduct more adjustment temperature control tests. 

5.2. Microbial Reduction and Energy Consumption 
The main focus of this work was to determine the individual effects of different factors 

on the microbial reduction efficacy of a dishwasher. This was achieved via an 

experimental design that featured a continuous improvement strategy that 

established a connection between the experiments belonging to different factors. 

When comparing the results of this experiment to other studies it is important to take 

into consideration the way the experiments were implemented, and that even 

traditional low-temperature cycles achieve temperatures of at least 40 ℃ during the 

run of the programme. Moreover, all cycles have a final rising step which usually is 

combined with a short but sharp increase in temperature to ensure the dishwasher 

load is sufficiently dry. 

Kerschgens et al. (2016) investigated the effect of the rinsing temperatures for 

washing cycles with cleaning and rinsing temperatures that varied between 30 ℃ and 

65 ℃ and concluded that the increase in cleaning temperature has a greater impact 

on the microbial reduction than the rinsing temperature. That being said, a rinsing 

temperature of 65 ℃ resulted in a substantial reduction of the microbial load even at 

a washing temperature of 30 ℃. 

Multiple studies have focused on developing repeatable methods for testing the 

antimicrobial efficacy of dishwashers and the individual factors (Berger et al., 2015; 

Brands, 2021; Brands & Bockmuhl, 2015; Brands et al., 2020). The programmable 

dishwashers allow for more individual tests as cleaning agents and temperature can 

be excluded from the process altogether. Some factors remain necessary for all runs, 

and as such one of the testing values was taken for each of those factors and 

remained unchanged unless the respective tests showcased a better option. 

That being said, the experimental design described in this work provides a method of 

investigating the different dishwashing factors as individually as possible and 

provides a good insight into which factors might be viable to make up for the eventual 

further decrease in cleaning temperatures should current energy-conservation trends 

continue to develop in the same direction. 
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5.2.1. RPM Tests 

Mechanical action was proven to be an inefficient method to remove bacteria on its 

own. Lower pumping speeds are completely unable to achieve appropriate results in 

the dilution steps chosen for the evaluation. Despite this, a conclusion regarding the 

performance of the different values could be drawn from the data for the two final 

values. Due to the time frame of the experiments, they could not be repeated with 

adapted dilution steps. 

All cycles showcased reasonable levels of energy consumption during their runs and 

the differences were overall not too large, when compared to the energy consumption 

of other factors. Furthermore, the two values with eligible cell counts have negligible 

deviations in this regard and as a result, when selecting the better value, only the 

logarithmic reduction is considered. 

While the tests at 4000 rpm show an overall slightly better logarithmic reduction, 

during the counting it was noted that the agar plates from the other valid 

experimental value had a lesser ambiguity of the results, as fewer small colonies 

were present on those plates. As a result, 4500 rpm was used for all further 

experiments. 

Both speeds showcase microbial reductions of around 1*104 and the microbial load is 

slightly higher than the findings in Kerschgens et al. (2016) for cycles with low 

cleaning and rinsing temperatures, which is to be expected as these experiments 

take place in overall lower temperature settings. These trends continue in all future 

experiments at room temperature with values for the logarithmic reduction rarely 

exceeding these results. 

Overall, this factor has very little influence over the microbial reduction and the 

energy consumption at room temperature. If the trend towards lower temperature 

cycles continues, increasing the pumping speed might not be sufficient to 

compensate when it comes to removing the bacteria from the load. 

5.2.2. Spray Arm Position and Number 

As all biomonitors were situated on the lower dish rack, no tests were conducted 

where only the upper spray arm was active. The results showcased that with the 

diverter position being set only to the lower spray arm, the reduction achieved was 

marginally greater than when both spray arms were supplied with water. The 
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consumption of one spray arm is also lower than when both are active, which makes 

this setting preferrable. 

The results showcase that no clear benefit of extra washing can be observed on the 

lower rack as a result of the action of the upper spray arm. Both values for the 

logarithmic reduction remain around 4, which further showcases the low effect of 

mechanical action in automated dishwashing. This insight into the effects of the two 

cleaning options might, however, prove useful in the manufacturing and coding 

process of different cycles as trends towards lower temperature cycles continue. 

In a realistic programme, this decision would translate into occasional switches 

between spray arms as normally both racks would require washing. This would lower 

the contact time of each rack, especially for shorter programmes but those usually 

opt for higher temperatures which should be more than enough to make up for the 

contact times as investigated by Brands et al. (2020) where even cycles with 5 to 10 

minute durations could achieve a substantial levels of microbial reductions with 

temperatures above 65 ℃. A compromise could be made for more energy-

conserving programmes that have a longer duration with lower temperatures so that 

both spray arms are active as the energy usage is not exponentially higher than 

when only one spray arm is active at a time. 

5.2.3. Water Quantity 

The water quantity does not influence the energy consumption of the spray arm 

pump in any way but a slight increase in the overall consumption can be seen for 

cycles with more water as the inlet and draining pumps work longer during the 

<FILL> and <DRAIN> commands, respectively. These changes in energy 

consumption are negligible, however, and more focus was put on the microbial 

reduction. 

The logarithmic reduction is highest when 3.5 litres of water are used with a close 

second being the 4.5 litre cycle. The similarities in microbial reduction allow for the 

choice of the higher value, for future use, as operational and user manuals from 

mainstream manufacturers seem to indicate an overall trend of higher water usage 

than the values tested here ("Operating Instructions," 2019,Robert Bosch GmbH; 

"User Manual," 2017,KitchenAid.). Some studies report values of 10-13 litres of water 

per load (Richter, 2010; Stamminger, 2006) for dishwasher trends even back in 2005 
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but it is also established that water usage can vary greatly from manufacturer to 

manufacturer and even model to model. 

In commercially designed programmes, decisions regarding the water quantity are 

affected by the trends for lower water consumption levels as a means of 

environmental protection. That being said, water serves a multitude of purposes in 

domestic dishwashers, including dissolving detergents and soil stains. Future 

experiments that include cleaning agents could benefit from an established minimum 

water quantity required to sufficiently clean the dishwasher load with no cleaning 

agent leftover on the load or inner chamber of the dishwasher. 

5.2.4. Cycle Duration 

The values chosen for the duration tests were based on the most common 

dishwasher cycle durations as well as consumer preferences regarding this matter 

(Hook et al., 2018; Stamminger et al., 2019). Consumers showcase an interest in 

low-energy appliances and programmes overall (Bichler et al. (2015); (Richter, 2010; 

Tyagi & Geetha, 2016) but the benefits of such runs are oftentimes neglected 

because of their duration. As a result, the longest duration tested was three hours of 

active washing. 

While lower temperature runs rely on longer durations to ensure sufficient cleaning, 

the experiments at room temperature showcase that a three-hour wash performs 

significantly worse than its shorter counterparts. These results require further 

investigation into the underlying causes of the lowered performance but there is a 

conclusion that can be drawn about traditional dishwashing cycles from the results of 

the current study even at this stage. 

Brands et al. (2020) show that even a five-minute wash cycle at temperatures above 

60 ℃ with no detergent can have a substantial effect on the logarithmic reduction in 

dishwashers. This, combined with the temperature profiles that showcase a final 

increase in temperature during the end of traditional eco cycles could mean that the 

majority of the microbial reduction in such programmes takes place towards the end. 

Longer cycle durations also contribute to higher overall energy consumption but 

without the heating element being active, the instantaneous energy consumption is 

rather low and the difference in consumption can be overlooked in real life cycles. 
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5.2.5. Temperature and Ballast 

The temperature tests yielded varying results that manage to provide insight into 

potential programming strategies for future experiments. With the implementation of 

the adjustment temperatures discovered during the calibration experiments, all target 

temperatures could be reliably tested during the experimental procedures. 

45 ℃ and 50 ℃ performed with lower efficacy than expected and the microbial 

reduction could not be properly evaluated. This furthers the idea that a higher rinsing 

temperature at the end of eco-cycles contributes the most when it comes to the 

microbial reduction in commercial dishwashers. 

Results from a study on low-temperature cycles (Amberg, 2018) support a similar 

idea, that the Eco, Glass and Short cycles used for the experiments could not 

produce a logarithmic reduction higher than 3 without the use of detergent. All of 

those programmes include a secondary increase in temperature towards the end of 

the cycle, but the temperature rarely exceeds 55 ℃ and the duration of the cycles is 

around 90 minutes for the Eco and Glass programmes and around 70 minutes for the 

Short cycle. These secondary increases are assumed to contribute to the microbial 

reduction but even then, the value remains below any of the reductions calculated for 

this study. 

 On the other hand, Brands et al. (2020) shows significantly better results for 

logarithmic reduction for M. luteus with a cleaning temperature of 45 ℃ and 50 ℃ 

during a 90-minute cycle and no detergent. The reductions gravitate towards values 

of above 5 for the lower temperature and between 7 and 8 for the higher one. It is 

unclear, however, what rinsing temperature was used in these experiments and if its 

effect is taken into consideration for the purpose of the study. 

All other tested values perform as expected with the microbial reduction increasing 

with the increase in temperature with the values ranging between 6.863 for 65 ℃ and 

8.053 for 75 ℃. This development in the microbial reduction is expected and the 

values confirm the effect of higher temperatures on the microbial load in domestic 

dishwashers. 

While higher soiling levels were expected to reduce the efficacy of the temperature 

tests in a similar way to those in washing machines (Block et al., 2001; Bockmühl, 

2017), the dependency could not be properly tested at 65 ℃. After the first test at this 

temperature, a foamy residue was seen around the drain, which alluded to leftover 
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detergent being present during the run. The detergent was used in a cleaning cycle 

the previous day in order to guarantee that the dishwasher and the plates were free 

of any bacteria before the tests. When the extraction liquid from the experiment’s 

biomonitors was plated, it produced very small numbers of colonies, compared to the 

values above 300 CFU on all the plates from the second test, which confirmed this 

assumption. 

The experiment was repeated once more with the same code and same plating 

conditions, but all plates produced high amount of contamination which is expected 

to have overtaken the growth of M. luteus. This contamination was present in the 

same degree on all three plates and is assumed to stem from the frozen ballast soil. 

For 70 ℃, the results showcase a microbial reduction higher than any of the original 

temperature tests could achieve but due to the pre-existing expectation that the soil is 

to affect the reduction negatively, these findings need to be examined further in 

future experiments. 

When it comes to energy consumption, the heating element only has two settings – 

on and off, which means that the energy consumption rates remain the same 

regardless of the target temperature. On average, the heating step duration was 

tested to be between 10 minutes for 45 ℃ and 25 ℃ minutes for 75 when starting 

with cold water in the system. With this in mind, longer cycles with shorter heating 

steps make sense as a way to reduce energy consumption but even a gradual 

increase in the water temperature has limits as to how much energy can be 

conserved. 

Brands (2021) reports a calculated standard programme energy consumption value 

of 1.675 kWh per cycle and a calculated eco programme energy consumption of 

0.930 kWh per cycle. The standard programme value is significantly lower than value 

determined in Hoak et al. (2008) for a minimally compliant dishwasher, which is 2.17 

kWh per cycle. This difference in energy consumption rates can be attributed to time 

period between the studies and the progression of energy conservation trends in that 

period. 

The highest recorded overall energy consumptions rarely went above 1 kWh, but 

these measurements cannot be compared to reports on traditional cycles, as no 

rinsing temperature was included in the coding. That being said, having a clearer 

understanding of the energy usage levels of the different elements could be 
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beneficial for the coding of any future programmes. Comparing the overall energy 

consumptions provides more insights into the process, as the instantaneous energy 

consumption does not take into account the programme duration or the factors 

outside of the main cleaning step. 

5.2.6. Other Considerations 

Many of the experiments at the beginning of the experimental phase were done with 

the wrong dilution step as they consistently showcased too high (CFU>300) numbers 

of colonies after the 48-hour growth period. While a low level of microbial reduction 

was expected from tests conducted at room temperature, the results showcased that 

the reduction was even lower than expected. This is primarily due to the lack of 

insights into experiments done with atypical temperature values, as most studies are 

conducted with pre-written programmes, which rarely contain washing temperatures 

under 45 ℃. 

Future experiments at room temperature could benefit from different dilution steps 

and the addition of a detergent into the process. It should be noted that temperature 

also plays a role in how fast the detergent dissolves in the water so certain 

considerations have to be made to accommodate for the low temperature. 

The way heavy soiling affects the microbial reduction could be included as a major 

focus of future studies as the results remained inconclusive. 

6. Conclusion 
There are a variety of factors that influence the antimicrobial effects of dishwasher 

programmes. While testing these factors separately is not possible in a commercial 

dishwasher, with the help of a programmable dishwasher, a method could be 

developed to establish a baseline for their individual and complimentary effects in 

order to reveal if any one factor can contribute higher levels of reduction in the case 

that energy conservation trends continue to progress in the direction of lower 

washing temperatures. 

Without the influence of cleaning agents or temperature, the microbicidal activity and 

energy consumption of the mechanical action, of the water quantity and of the 

duration of the programme were tested on biomonitors carrying M. lutueus. The 

mechanical action was determined by the speed of the spray arms and the number 

and position of actively supplied spray arms during the run. The test values for the 
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water quantity and duration of the cycle were chosen based on current trends in 

manufacturing and consumer preferences. 

None of these tested factors stood out as particularly effective at removing the M. 

luteus without the presence of cleaning agent or temperature, but the energy 

consumption levels remained below 0.02 kWh for most factors. They all showcased 

the capability to reduce the microbial load by roughly 4 logarithmic steps which is 

higher than some studies have showcased with the presence of cleaning 

temperatures in the scope of 45 ℃ - 50 ℃. 

The inclusion of washing temperature values above 65 ℃ presented sufficient levels 

of microbial reduction at the cost of a significant increase in energy consumption 

rates during the heating step. 

With small improvements on the experimental design, however, this method can 

prove to be efficient in testing the antimicrobial efficacy of the different factors with 

minimum bias from their influence on each other. Future experiments could introduce 

a variety of different cleaning agents with different dosages to investigate the 

reduction levels at room temperature. Further insight would also be required into the 

effect of soiling on the reduction capabilities of the factors, with frozen soil only being 

an option during temperature tests. 
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12. Appendix A: Figures 

Figure A- 2: Temperature control - constant temperature tests 1 (left) and 2 (right) - unrefined versions; Both 
plots feature the temperatures recorded by the internal thermometer (black line), the front (orange line) and back 
(yellow line) temperature loggers and the reference temperature of 50 ℃ (blue line) 

Figure A- 1: Temperature control - different temperatures tests 1 (left) and 2 (right) - unrefined versions; Both 
plots feature the temperatures recorded by the internal thermometer (black line), the front (orange line) and 
the back (yellow line) temperature loggers. 

Figure A- 3: Adjustment temperature control tests – unrefined (left side) and refined (right side) versions for Eco 
cycle; Both plots showcase the data from the internal thermometer (black line), the front (orange line) and back 
(yellow line) temperature loggers. 
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Figure A- 4: Adjustment temperature control tests – unrefined (left side) and refined (right side) versions for 
Intensive cycle (top row) and Glass cycle (middle row), and Fast cycle (bottom row); All plots showcase the data 
from the internal thermometer (black line), front (orange line) and back (yellow line) temperature loggers. 
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Figure A- 5: Heating element and spray arm pump activity for 45 ℃ tests 1 (left) and 2 (right) 

Figure A- 6:Heating element and spray arm pump activity for 50 ℃ tests 1 (left) and 2 (right) 

Figure A- 7: Heating element and spray arm pump activity for 65 ℃ tests 1 (left) and 2 (right)  



 
70 

 

 

Figure A- 8: Heating element and spray arm pump activity for 65 ℃ tests with ballasts 1 (top), 2 (middle), and 3 
(bottom). 
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Figure A- 9: Heating element and spray arm pump activity for 70 ℃ tests 1 (left) and 2 (right) 

Figure A- 10: Heating element and spray arm pump activity for 70 ℃ tests with ballast 1 (left) and 2 (right) 

Figure A- 11: Heating element and spray arm pump activity for 75 ℃ tests 1 (left) and 2 (right) 
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Figure A- 12: Temperature tests 1(top row) and 2(bottom row) for 45 ℃ -unrefined (left side) and refined (right 
side) versions; All plots contain the data points from the internal thermometer (black line), the front (orange line) 
and back (yellow line) temeperature loggers. 
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Figure A- 13: Temperature tests 1(top row) and 2(bottom row) for 50 ℃ -unrefined (left side) and refined (right 
side) versions; All plots contain the data points from the internal thermometer (black line), the front (orange line) 
and back (yellow line) temperature loggers. 
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Figure A- 14:Temperature tests 1(top row) and 2(bottom row) for 65 ℃ -unrefined (left side) and refined (right 
side) versions; All plots contain the data points from the internal thermometer (black line), the front (orange line) 
and back (yellow line) temperature loggers. 
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Figure A- 15: Temperature tests 1(top row) and 2(bottom row) for 70 ℃ -unrefined (left side) and refined (right 
side) versions; All plots contain the data points from the internal thermometer (black line), the front (orange line) 
and back (yellow line) temperature loggers. 
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Figure A- 16: Temperature tests 1(top row) and 2(bottom row) for 75 ℃ -unrefined (left side) and refined (right 
side) versions; All plots contain the data points from the internal thermometer (black line), the front (orange line) 
and back (yellow line) temperature loggers. 
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13. Appendix B: Tables: 
Table A- 1: Number of colonies used in the calculations for the initial microbial load for both batches; Values 
above 300 CFU were not used for these calculations. 

 
Table A- 2: List of most frequently used commands in alphabetical order. The table includes the name of the 
command, the function it serves in the code, and any additional specifications available for the command such as 
variables and parameters. 
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14. Appendix C – Codes 
 

Code 1: Temperature control codes for constant temperature control (left) and different temperatures control 
(right) 
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Code 2: Main code for all experiments that track microbial reduction and energy consumption; Source: own. 
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Code 3: Adjustment temperature control code - Eco cycle; Source: Own. 
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Code 4: Adjustment temperature control code - Fast cycle; Source: Own. 
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Code 5: Adjustment temperature control code - Glass cycle; Source: Own. 
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Code 6: Adjustment temperature control code - Intensive cycle; Source: Own. 
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