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Nomenclature 
𝐸𝐸𝐸𝐸 energy consumption 
𝑅𝑅𝑅𝑅 refrigerator 
𝐹𝐹𝐹𝐹 freezer 
𝑅𝑅𝐹𝐹𝐸𝐸 refrigerator-freezer combination 
𝐷𝐷𝐷𝐷𝐷𝐷  consumer’s direct using behaviour in the interaction with household cooling appliances 
𝐼𝐼𝐷𝐷𝐷𝐷  consumer’s indirect using behaviour in the interaction with household cooling appliances 
𝑃𝑃𝐷𝐷𝑅𝑅 polyurethane foam insulation 
𝑇𝑇𝑎𝑎 ambient temperature (in °C) 
𝑇𝑇𝑖𝑖𝑖𝑖 internal compartment temperature (in °C) 
𝜆𝜆 thermal conductivity (in W m ∗ K⁄ ) 
𝑇𝑇𝑇𝑇  test appliances: sample appliances exposed to dynamic temperature fluctuations  
𝑅𝑅𝑇𝑇  reference appliances: sample appliances exposed to constant temperatures 
𝜏𝜏𝐼𝐼 test value of a testing procedure determining insulation properties (in min−1) 
 
Dynamic energy model 
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 stand-by power consumption (in W) 
𝑡𝑡𝑖𝑖  hours of a year (assumed to be constant, 8760h) 
𝜀𝜀  impact of external heat sources on energy consumption (in %) 
𝜂𝜂∗ efficiency factor (in W K⁄ ) 
𝑎𝑎  substitution factor 
𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖  consumer heat input in year 𝑖𝑖 (in Wh) 
𝑑𝑑𝜆𝜆  temperature-based degradation parameter 
𝑑𝑑𝜆𝜆
𝑐𝑐𝑐𝑐  annual insulation degradation under a given thermal load (in %) 
𝑔𝑔𝑖𝑖  ageing-based degradation parameter 
𝑇𝑇𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖𝑚𝑚
𝑐𝑐   maximum ambient temperature at the installation site of a consumer household (in K) 

𝑥𝑥  temperature difference between the ambient and the condenser surface (in K) 
𝑦𝑦  temperature difference between the compartment and the evaporator surface (in K) 
𝛼𝛼  weighting factor (in %) 
𝐷𝐷𝐹𝐹  attenuation factor 
𝑛𝑛𝑑𝑑𝑜𝑜𝑜𝑜𝑑𝑑_𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜  total number of refrigeration appliance door openings (per day) 
𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑_𝑜𝑜𝑑𝑑𝑜𝑜𝑓𝑓𝑖𝑖  frequency of warm food storages (per year) 
𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑  total number of food portions stored in a refrigeration appliance (per storage) 
𝑛𝑛𝑏𝑏𝑜𝑜𝑏𝑏  total amount of beverages stored in a refrigeration appliance (in litres per week) 
𝑉𝑉𝑖𝑖𝑜𝑜𝑖𝑖  net volume of a refrigeration appliance (in m3) 
 
Subscripts 
𝑖𝑖  year of interest (𝑖𝑖 ϵ 1, … , n) 
𝑑𝑑  door, i.e. related to door openings 
𝑅𝑅  food, i.e. related to food storage 
𝑏𝑏  beverages, i.e. related to the storage of beverages 
𝑐𝑐  installation site at a respective consumer household 
𝑝𝑝𝑐𝑐  regional weather condition based on the postcode of a consumer 
𝑐𝑐𝑏𝑏  climatic boxes 
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Abstract 

Domestic refrigeration appliances are standard household commodities. Although policies, such as the energy 

labelling, prompted technical improvements and decreased appliance energy consumption throughout recent 

decades, important parameters were disregarded. These refer to the efficiency loss over time and the consumer 

behaviour. The objective of this contribution was to develop a dynamic energy model to determine the consumption 

of refrigeration appliances considering degradation factors and behaviour. These were included by model 

parameters respecting direct consumer interactions, such as the storage behaviour, door openings and the 

temperature setting, as well as indirect actions, e.g. exposing an appliance to specific temperature conditions at an 

installation site. For this, an online-survey was conducted to evaluate the consumer behaviour. A total of 706 

occupants participated in the national questionnaire, serving as input for the dynamic energy model. It was found 

that the efficiency loss increases the power consumption by at least 1% annually, i.e. an excess of 10% after 10 

years of usage. Another important finding was that 32.5% of appliance’s power consumption results from consumer 

behaviour, whereas the promotion of behavioural changes leads to a significant decrease of the consumer-induced 

consumption. Consequently, this study provides a tool to evaluate the impact of policies targeting refrigeration 

appliances, stressing that the efficiency loss and behaviour should be integrated into future policy approaches. 

 

Keywords 

• Energy efficiency 
• Refrigeration appliances 
• Dynamic modelling 
• Degradation 
• Consumer behaviour 
• Energy savings 

 

 

1. Introduction 

Energy efficiency has become increasingly important in recent decades. In 2018, the German residential sector 

accounted for roughly 25% of the total energy demand, making energy savings in private homes a key to minimise 

the future use of natural resources and to protect the environment [Federal Environmental Agency of Germany, 
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2018; German Federal Ministry of Economics and Energy, 2019]. In this light, the efficiency of domestic 

refrigeration appliances plays a crucial role. Refrigeration appliances are indispensable to preserve perishable food 

and usually operate continuously throughout their service life, rendering refrigerators (𝑅𝑅𝑅𝑅), freezers (𝐹𝐹𝐹𝐹) and fridge-

freezer combinations (𝑅𝑅𝐹𝐹𝐸𝐸) among the largest energy users in the residential sector. To address the increasing 

electricity demand of households, the 𝐸𝐸𝐷𝐷 introduced the energy consumption (𝐸𝐸𝐸𝐸) labelling for white goods and 

light bulbs via the directive 92/75/EEC in 1992, making a letter-grade labelling system visible to all 𝐸𝐸𝐷𝐷 consumers 

since 1995 [Baldini et al., 2018; EU, 1992; EU, 2017]. Clearly visible labels aimed at increasing the consumer 

awareness of 𝐸𝐸𝐸𝐸 [Baldini et al., 2018]. Referring to refrigeration appliances, such policies prompted technological 

progress and increased efficiency [Kim et al, 2006; Lu, 2006; Vine et al., 2001; Wada et al., 2012]. Heap found 

that the energy labelling led to significant energy savings in the 𝐷𝐷𝑈𝑈, i.e. a reduction of 26% in consumption per 

refrigerator within ten years [Heap, 2001; James et al., 2017]. However, it can be doubted whether efficiency 

improvements translate into actual savings at the households, especially due to appliance’s degradation over time 

and behaviour.  

Policies paid no attention to the fact that the efficiency of refrigeration appliances diminishes with progressive use 

[Berardi and Madzarevic, 2020]. From a technical point of view, refrigeration appliances are subject to mechanical 

and thermal wear upon ageing, partially because they are exposed to daily and seasonal ambient temperature (𝑇𝑇𝑎𝑎) 

fluctuations [Hasanuzzaman et al., 2009]. Although some system components, such as the door gasket, can be 

replaced, other components, e.g. the polyurethane foam insulation (𝑃𝑃𝐷𝐷𝑅𝑅), must stay in place, i.e. the original 

efficiency cannot be restored [Kim et al., 2006; Weiss et al., 2010]. 𝑃𝑃𝐷𝐷𝑅𝑅 rigid foam is commonly used as thermal 

insulation to minimise the heat flow through the appliance walls. Some studies indicate that the degradation of the 

thermal insulation has a significant impact on the increasing 𝐸𝐸𝐸𝐸. Due to concentration differences between the 

inside of the 𝑃𝑃𝐷𝐷𝑅𝑅 foam cells and the ambient, cell gas diffuses out of the insulation and is partially replaced by 

ambient air, resulting in degrading insulation properties [Albrecht, 2000; Albrecht, 2004; Khoukhi et al., 2016]. 

In addition to the efficiency loss, consumer behaviour further influences the 𝐸𝐸𝐸𝐸 of cooling appliances. Previous 

research pointed out that behaviour, i.e. the interaction of consumers with their refrigeration appliances by storing 
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food, number of daily door openings etc., appears to have remained unchanged over recent decades [James et 

al., 2008; Mc Donald and Schrattenholz, 2007; Young, 2008]. 

Consumer behaviour can be separated in two categories, direct using behaviour (𝐷𝐷𝐷𝐷𝐷𝐷) and indirect using behaviour 

(𝐼𝐼𝐷𝐷𝐷𝐷). 𝐷𝐷𝐷𝐷𝐷𝐷 describes direct interactions with refrigeration appliances, e.g. by door openings, whereas 𝐼𝐼𝐷𝐷𝐷𝐷 refers 

to the environmental impact exposed on appliances, depending on the installation site. For instance, Gemmell et 

al. (2017) conducted a survey study questioning a total of 766 householders across England about frequently 

performed interactions with their appliances in 2015 with its results further analysed by Biglia et al. (2018) in 2018 

[Gemmel et al., 2017; Biglia et al., 2018]. In a broader context, the cold storage of groceries itself can also be 

regarded as a 𝐷𝐷𝐷𝐷𝐷𝐷. Although refrigeration appliances are indispensable to preserve perishable food, the cold 

storage of food is an important aspect from a sustainability point of view [Masson et al., 2016; Marklinder et al., 

2004]. This is especially because shelves, drawers and compartments form different temperature zones (for 

appliances with a static cooling), providing varying cold storage options. The incorrect storage of groceries in a 𝑅𝑅𝑅𝑅 

or 𝑅𝑅𝐹𝐹𝐸𝐸 might accelerate their perishability, consequently arising safety issues if the spoilage remains undetected 

or at least increases the food waste [Terpstra et al., 2005; Marklinder et al., 2004]. Regarding the 𝐷𝐷𝐷𝐷𝐷𝐷, 

researchers focused on the temperature setting, number of door openings and warm food placements, whereas 

special attention was paid to the 𝑇𝑇𝑎𝑎 as an 𝐼𝐼𝐷𝐷𝐷𝐷. The mean internal compartment temperature (𝑇𝑇𝑖𝑖𝑖𝑖) was 5.3 °C and 

survey results indicated that 50% of the respondents opened their appliances more than five times a day, while only 

8% occasionally stored warm food in their appliances [Biglia et al., 2018]. On average, the 𝑇𝑇𝑎𝑎 at the installation 

sites was 18.5 °C, and found to vary significantly for different seasons [Biglia et al., 2018]. Building on the findings 

of the 2015 project, the data was revisited by Foster (2019) to investigate key factors that impact appliance’s 𝐸𝐸𝐸𝐸, 

stating that besides the usage, age and the environment in which an appliance is kept influence the consumption 

[Foster, 2019]. Another questionnaire was conducted by Geppert et al. (2010), surveying a total of 1011 consumers 

in four European countries, namely Germany, France, Great Britain and Spain [Geppert and Stamminger, 2010]. 

The average 𝑇𝑇𝑖𝑖𝑖𝑖 for all countries was 4.5 °C, but the temperature setting in Germany with 5.8 °C was found to be 

significantly higher than in Great Britain with 4 °C. Regarding the 𝐼𝐼𝐷𝐷𝐷𝐷, the mean 𝑇𝑇𝑎𝑎 at the installation site was 16 

– 23 °C [Geppert and Stamminger, 2010]. 
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A number of experimental studies was conducted to define the influence of 𝐷𝐷𝐷𝐷𝐷𝐷 and 𝐼𝐼𝐷𝐷𝐷𝐷 on the 𝐸𝐸𝐸𝐸. With respect 

to the 𝐷𝐷𝐷𝐷𝐷𝐷, Saidur et al. (2002) investigated the effect of changes in thermostat setting on two 𝑅𝑅𝐹𝐹𝐸𝐸 and found that 

the 𝐸𝐸𝐸𝐸 increases by 7.8% for each degree Celsius temperature reduction [Saidur et al., 2002]. Independent on the 

temperature setting, each door opening leads to an increase of 𝑇𝑇𝑖𝑖𝑖𝑖 due to air exchange between the appliance’s 

interior and the surrounding. Liu et al. (2004) conducted comparative measurements and found that the 𝐸𝐸𝐸𝐸 

increases by 10% in the event of 65 door openings [Liu et al., 2004]. Additionally, 𝑇𝑇𝑖𝑖𝑖𝑖 is influenced by the storage 

of food and beverages, i.e. the 𝐸𝐸𝐸𝐸 increases to dissipate the heat load introduced by stored food [Geppert and 

Stamminger, 2010; Hasanuzzaman et al., 2009]. Referring to the 𝐼𝐼𝐷𝐷𝐷𝐷, previous research stated that 𝑇𝑇𝑎𝑎 is a 

dominant factor in the 𝐸𝐸𝐸𝐸 of refrigeration appliances [Björk et al., 2006; Greenblatt et al., 2013; Harrington et 

al., 2018]. Throughout a range of different experimental approaches, it was found that door openings, temperature 

setting and placement of warm food are the most dominant actions of the 𝐷𝐷𝐷𝐷𝐷𝐷. These interactions were found to 

influence appliance’s 𝐸𝐸𝐸𝐸 more pronounced than other 𝐷𝐷𝐷𝐷𝐷𝐷 factors (e.g. seasonal storage of large food quantities) 

[Geppert 2011; Saidur et al. 2002]. The same applies to the 𝐼𝐼𝐷𝐷𝐷𝐷, with experimental studies identifying the impact 

of the 𝑇𝑇𝑎𝑎 on appliance’s 𝐸𝐸𝐸𝐸 to be most pronounced [Geppert 2011; Hasanuzzaman et al., 2009; Saidur et al. 

2002]. However, the 𝑇𝑇𝑎𝑎 is a generic term that includes varying specifications, e.g. seasonal and daily fluctuations 

as well as long-term high or low temperature periods. Other interactions defined as 𝐼𝐼𝐷𝐷𝐷𝐷, such as the exposure of 

appliance’s to sunlight or dirt contamination of distinct components, were either found to have no clear influence on 

the 𝐸𝐸𝐸𝐸 or to be considerably inferior to that of the 𝑇𝑇𝑎𝑎. 

Furthermore, up to now no models exist that can be used to determine the 𝐸𝐸𝐸𝐸 of refrigeration appliances. Recent 

models follow static approaches, do not include the dynamic degradation and examine only limited aspects of 

consumer behaviour [Dale et al., 2009; De Melo et al., 2010; Gottwalt et al., 2011; Hermes et al., 2009; 

Vendrusculo et al., 2009]. However, a better understanding of the degradation and the impact of behaviour on the 

𝐸𝐸𝐸𝐸 are critical topics for policy makers, manufacturers and consumers alike. The primary objective of this 

contribution is therefore to develop a dynamic model that determines the 𝐸𝐸𝐸𝐸 of refrigeration appliances under real 

life conditions. Thereby, the sufficiency of existing policies targeting the efficiency of refrigeration appliances can 

be evaluated. 
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2. Methodology 

Figure 1 exemplifies the collection and processing of different data incorporated in the dynamic energy model and 

serves as a generic overview of processed data. 

 
Figure 1: Generic overview of applied and processed data 

 

2.1 Survey development and application 

An extensive online-survey was conducted across Germany to monitor consumer’s day-to-day interactions with 

their mainly used refrigeration appliance and appliance installation conditions. This national survey was carried out 

in collaboration with TOLUNA Germany GmbH, a globally operating market research institute. Before the actual 

survey was conducted, a comprehensive pretesting phase was undertaken. Three main stages were included. First, 

several reviews to examine the comprehensibility of survey questions, subsequent revisions of critically reviewed 

questions and a pre-test (pilot study) with 20 randomly selected consumers. The final survey comprised 22 



1 On-site visits to household appliance and electronics stores in Germany, manufacturer interviews and an extensive online  
   research were conducted to develop the decoding table, Table A1. The decoding of specific number- letter codes (given on  
   the nameplates) was essential to identify an appliance model, age and to process the data for the dynamic energy model.  
   Consequently, appliances from manufacturers with codes that could not be decoded were excluded because their  
   information could not be further processed. 
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questions and was conducted over a 14-day field period in January and February 2020. Survey participants were 

selected from an online panel provided by TOLUNA Germany GmbH. The panel was designed to be representative 

for the German population and respected demographic characteristics. Participation conditions were 

pre-programmed to ensure the following. Age groups between 20-70 years participated, a balance between male 

and female interviewees prevailed, different household sizes were covered and answers were gathered from all 95 

German postcode regions. All consumers participating in the final survey had to meet certain eligibility criteria 

(requirements), cf. Table 1. 

Table 1: Eligibility criteria (set of requirements) 
• Only appliances with digital temperature displays 
• Only appliances from a specific group of manufacturers 
• Only 𝑅𝑅𝑅𝑅 and 𝑅𝑅𝐹𝐹𝐸𝐸 
• Only appliances with clearly legible nameplates 

 

Eligibility criteria set minimum requirements each interviewee needed to fulfil to participate and, thus, ensured that 

the information could subsequently be processed. The criteria did not diminish the representativeness of the 

collected data which was accounted for by the pre-programmed participation conditions. On the one hand, only 

consumers owning appliances with digital temperature displays could respond the actual 𝑇𝑇𝑖𝑖𝑖𝑖. Survey participants 

with a manual temperature setting (e.g. a dial) would have reported estimates of 𝑇𝑇𝑖𝑖𝑖𝑖, subject to a high degree of 

uncertainty, and were therefore excluded from the survey. On the other hand, it is impossible for consumers to 

report the actual age of their appliances and estimates are rather imprecise. A decoding table was developed to 

determine the production date of each appliance, given in the Appendix (Table A1).1 Since the decoding 

constitutes sensitive manufacturer information, Table A1 presents only an extract that exemplifies the general 

approach how the production dates were evaluated. Depending on the appliance manufacturer, each survey 

participant had to copy specific number and letter codes from the nameplate to pre-programmed survey input fields. 

The decoding table encompassed 13 manufacturers of refrigeration appliances. Each survey respondent who 

indicated that his/her appliance was either from a manufacturer not listed in Table A1 or left blank (-) was 

automatically excluded from the survey.



2 Temperature and weather data for the years 2017 and 2018 were sourced for this study. 2017 was chosen as a reference  
   year because conditions were in line with previous years, whereas 2018 was exceptionally warm in Germany and would  
   have biased the data basis and output of the dynamic energy model. 
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2.2 Supplementary data collection  

Parallel to the design and implementation of the survey, an extensive literature review was conducted to compile a 

list of approaches that promote an energy-efficient interaction with refrigeration appliances. This list of best practices 

covers both 𝐷𝐷𝐷𝐷𝐷𝐷 and 𝐼𝐼𝐷𝐷𝐷𝐷 (Table A2 in the Appendix). However, the listed strategies form behavioural approaches 

that can only be recommended as best practices from an energy-saving point of view. For instance, the 

recommended storage of perishable food under proper 𝑇𝑇𝑖𝑖𝑖𝑖 is a sensitive part of the cold chain and ambiguously 

discussed in the literature. Many studies advise temperatures below 5 °C to prevent microbiological contamination 

[Roccato et al., 2017; U.S. Food and Drug Administration, 2003; Ceuppens et al., 2016], whereas other studies 

state that storage temperatures of 7 °C for the refrigerator and -16 °C to -18 °C for the freezer compartment are 

sufficient [Terpstra et al., 2005; Federal Environmental Agency of Germany, 2013]. Referring to energy savings 

through behavioural changes, the upper limit is the food safety. In this light, the best practice regarding the 𝑇𝑇𝑖𝑖𝑖𝑖
𝑅𝑅𝑜𝑜 is 

7 °C and -16 °C for the 𝑇𝑇𝑖𝑖𝑖𝑖𝑅𝑅𝑅𝑅𝑅𝑅. The above described example shows that each formulation of a best practice required 

a difficult balancing of different parameters [Lu, 2006]. The proposed best practices were implemented to the 

modelling approach to analyse end-use energy saving potentials through consumer behaviour. 

Due to the distribution of interviewees all over Germany, regional variations in 𝑇𝑇𝑎𝑎 could be taken into account. The 

German Metrological Institute provided a comprehensive data record of 99 weather stations distributed across the 

95 German postcode areas. The data record reported the 𝑇𝑇𝑎𝑎 of each station for two measuring points. Each 

measuring point recorded independently weather and temperature data at ten minute intervals throughout the year 

2017, serving as a reference year in the following.2 The temperature data of the year 2017 was used in the modelling 

approach to specify regional weather conditions at a consumer’s domicile (𝑇𝑇𝑎𝑎
𝑖𝑖𝑐𝑐). After data processing, each 

participant was ascribed to a weather station based on the given postcode. 

2.3 Modelling approach 

The following sections deal with the experimental evaluation of appliance’s efficiency loss and how degradation 

parameters were deduced.
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2.3.1 Investigating changes in insulation properties 

A non-destructive testing method was applied in a series of experiments to sample appliances to determine the 

functional relationship between insulation degradation and increasing 𝐸𝐸𝐸𝐸 over time. The method investigates a 

temperature rise from 𝑇𝑇𝑖𝑖𝑖𝑖 towards 𝑇𝑇𝑎𝑎 after a cooling appliance was disconnected from the power supply. Since the 

drain hole and door gasket(s) were sealed, mass flow between the interior and the surrounding was minimised. 

Consequently, the heat flow that leads to the temperature rise was constituted by the temperature difference to the 

ambient. In this context, a testing value (𝜏𝜏𝐼𝐼) defined the quality of the insulation at the time of test application 

(in 𝑚𝑚𝑖𝑖𝑛𝑛−1) [Hueppe et al., 2020]. An insulation degradation was reflected by changes in 𝜏𝜏𝐼𝐼 over time. The method 

was applied to ten initially new appliances, including 𝑅𝑅𝑅𝑅 and 𝑅𝑅𝐹𝐹𝐸𝐸, for which 𝜏𝜏𝐼𝐼 was determined at regular intervals 

over the course of 1.5 years. All sample appliances incorporated a 𝑃𝑃𝐷𝐷𝑅𝑅 rigid foam insulation which is, up to now, 

the most frequently used insulation material for refrigeration appliances. Consequently, cooling appliances with 

varying insulation technologies, e.g. Vacuum insulated panels (𝑉𝑉𝐼𝐼𝑃𝑃) were disregarded. Two appliances of identical 

construction were obtained per model and clustered either as test appliances (𝑇𝑇𝑇𝑇) and reference appliances (𝑅𝑅𝑇𝑇). 

One appliance of each model was assigned as 𝑇𝑇𝑇𝑇, whereas the other one was grouped as 𝑅𝑅𝑇𝑇 (Table 2). 

Table 2: Specification of sample appliances 
Type* Production date** Installation site 

cooling-freezing (07) May 2018 𝑇𝑇𝑇𝑇 
cooling-freezing (07) May 2018 𝑅𝑅𝑇𝑇 
cooling-freezing (07) February 2018 𝑇𝑇𝑇𝑇 
cooling-freezing (07) February 2018 𝑅𝑅𝑇𝑇 

refrigerator (01) May 2018 𝑇𝑇𝑇𝑇 
refrigerator (01) May 2018 𝑅𝑅𝑇𝑇 
refrigerator (01) January 2018 𝑇𝑇𝑇𝑇 
refrigerator (01) January 2018 𝑅𝑅𝑇𝑇 

cooling-freezing (07) January 2019 𝑇𝑇𝑇𝑇 
cooling-freezing (07) January 2019 𝑅𝑅𝑇𝑇 

* Appliance type according to the coding system of the delegate regulation (EU) 1060/2010. 
** The production date of each appliance was determined according to Table A1 in the Appendix. 

 

Apart from the time of test application, all sample appliances were continuously switched on and operated at the 

lowest 𝑇𝑇𝑖𝑖𝑖𝑖. 𝑇𝑇𝑇𝑇 operated in climatic boxes between test applications, whereas the 𝑅𝑅𝑇𝑇 counterparts were placed in 

a machine laboratory. The climatic boxes were specifically designed to perform dynamic changes in 𝑇𝑇𝑎𝑎 between 
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20 °C and 40 °C in 12-hour intervals. The imposed temperature fluctuations simulated daily and annual 𝑇𝑇𝑎𝑎 variations 

and, thus, accelerated the ageing process [Bhattacharjee et al., 1994]. Dynamic temperature changes were 

regulated by a fan heater connected to a timer that was located on the boxes’ external cladding, whereas an axial 

fan ensured air circulation to prevent temperature stratification within the climatic boxes (cf. Figure 2). In contrast 

to the climatic boxes, the 𝑇𝑇𝑎𝑎 in the machine laboratory was at 20 °C with daily and annual fluctuations below 2 𝑈𝑈 

and 5 𝑈𝑈, respectively. Consequently, 𝑅𝑅𝑇𝑇 experienced no accelerated ageing and it was expected that the 

degradation of a 𝑇𝑇𝑇𝑇 is above that of its 𝑅𝑅𝑇𝑇 counterpart. 

 
Figure 2: Climatic boxes, interior view (left) and closed view (right) 

 

Lascar electronics EasyLog EL-USB-1 were used for long-term recording of temperature data between two 

measurements. For each sample appliance, one logger was used to record 𝑇𝑇𝑎𝑎 and one logger per appliance 

compartment to record 𝑇𝑇𝑖𝑖𝑖𝑖. Temperature sensors were placed at specific positions that marked the geometric centre 

of a compartment. Chosen sensors operated within a temperature range from −35 °C to 80 °C with a ±0.5 𝑈𝑈 

accuracy and were set to record every minute. The testing method was applied simultaneously to a 𝑇𝑇𝑇𝑇 and 𝑅𝑅𝑇𝑇 of 

the same construction type. For this, both appliances were placed in a laboratory with a constant 𝑇𝑇𝑎𝑎 of 20 °C ± 1 𝑈𝑈. 

The test application followed the methodological approach described by Hueppe et al. (2020) [Hueppe et al., 2020]. 



 
12 

Changes of 𝜏𝜏𝐼𝐼 over time were determined for each sample appliance by the increase from the initial to the last 

measurement and related to one year (𝛥𝛥𝜏𝜏 𝑎𝑎⁄ ), given in percent. The application of the non-destructive testing 

method over the course of 1.5 years resulted in two major findings. First, changes of insulation quality were detected 

for all appliances, regardless of the installation site. Throughout the investigation, 𝛥𝛥𝜏𝜏 𝑎𝑎⁄  was at least 3.5%, i.e. the 

heat flow through the insulation increased because of deteriorating insulation properties. Consequently, not only a 

temperature-dependent degradation took place, but also an ageing-based that was independent of the 𝑇𝑇𝑎𝑎. Second, 

𝑇𝑇𝑇𝑇 suffered a more severe degradation than their 𝑅𝑅𝑇𝑇 counterparts. On average, 𝜏𝜏𝐼𝐼 increased for all 𝑇𝑇𝑇𝑇 by 8.5 % 

and for all 𝑅𝑅𝑇𝑇 by 4.0% per year. 

2.3.2 Modelling of degradation parameters 

Two degradation parameters were developed based on the experimental findings to consider both the impact of 

temperature fluctuations and ageing effects. Temperature-based degradation influences the variable 𝑑𝑑𝜆𝜆, whereas 

the variable 𝑔𝑔𝑖𝑖 presents the ageing-based degradation. 𝑑𝑑𝜆𝜆 is subject to the ambient conditions at the installation 

site. Depending on the location, the environmental impact, i.e. temperature changes and exposure to high 

temperatures, can be extreme. 𝑑𝑑𝜆𝜆 constitutes a unitless factor denoting the annual increase in the thermal 

conductivity of 𝑃𝑃𝐷𝐷𝑅𝑅 due to the temperature-dependent degradation of the insulation, calculated according to 

Equation (1). 

                                                                               𝑑𝑑𝜆𝜆 = 𝑇𝑇𝑇𝑇
𝑐𝑐

𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐
∗ 𝑑𝑑𝜆𝜆

𝑐𝑐𝑐𝑐                                                     (1) 

𝑇𝑇𝑇𝑇𝑐𝑐𝑏𝑏 gives the total thermal load, defined as the sum of all temperature increases within the climatic boxes over 

one year (9767 𝑈𝑈). Further, 𝑑𝑑𝜆𝜆
𝑐𝑐𝑐𝑐 constitutes the experimentally determined average annual insulation degradation 

under given installation conditions over all sample appliances (Table 2), resembling the changes in 𝜏𝜏𝐼𝐼 over time. 

𝑇𝑇𝑇𝑇𝑐𝑐 reflects the annual thermal load of the actual installation conditions at the consumer households (in 𝑈𝑈), 

calculated with Equation (2).  

                                                                         𝑇𝑇𝑇𝑇𝑐𝑐 = 𝐷𝐷𝐹𝐹 ∗ 𝑇𝑇𝑇𝑇𝑖𝑖𝑐𝑐                                                              (2) 
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𝑇𝑇𝑇𝑇𝑖𝑖𝑐𝑐 denotes the total ambient thermal load at the domicile of a consumer (in 𝑈𝑈). Question 22 in the survey asked 

for the postcode of each participant, so that consumers could be assigned to the nearest weather station and the 

corresponding temperature data were evaluated. However, an attenuation factor (𝐷𝐷𝐹𝐹) was formulated to reduce 

the effect of the ambient thermal load on 𝑇𝑇𝑇𝑇𝑐𝑐, since only appliances outside consumer homes, i.e. exposed 

unsheltered to the ambient, would suffer the total 𝑇𝑇𝑇𝑇𝑖𝑖𝑐𝑐. The 𝐷𝐷𝐹𝐹 of each appliance was established based on the 

information of a respective survey participant. 

Unlike 𝑑𝑑𝜆𝜆, 𝑔𝑔𝑖𝑖 is independent of the temperature-based degradation and describes the age-related efficiency loss 

over time. 𝑔𝑔𝑖𝑖 is a function from a set of four growth functions, namely linear (𝑙𝑙𝑖𝑖𝑛𝑛), exponential (𝑒𝑒𝑥𝑥𝑝𝑝), limited 

exponentially (𝑙𝑙𝑖𝑖𝑚𝑚 𝑒𝑒𝑥𝑥𝑝𝑝) or sigmoid (𝑠𝑠𝑖𝑖𝑔𝑔). Since the actual efficiency loss of refrigeration appliances throughout their 

service life is yet unknown, the growth functions represent possible courses of how the degradation might impact 

the 𝐸𝐸𝐸𝐸 with progressive use. The set of growth functions is presented in Table 3. 

Table 3: Growth functions 
𝑔𝑔𝑖𝑖 𝑙𝑙𝑖𝑖𝑛𝑛 𝛽𝛽𝑙𝑙𝑖𝑖𝑖𝑖 ∗ 𝑖𝑖 
𝑔𝑔𝑖𝑖 𝑒𝑒𝑥𝑥𝑝𝑝 𝑝𝑝𝑜𝑜𝑚𝑚𝑖𝑖 ∗ 𝑒𝑒𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖 − 𝑝𝑝𝑜𝑜𝑚𝑚𝑖𝑖 
𝑔𝑔𝑖𝑖 𝑙𝑙𝑖𝑖𝑚𝑚 𝑒𝑒𝑥𝑥𝑝𝑝 𝑝𝑝lim 𝑜𝑜𝑚𝑚𝑖𝑖 ∗ (1 − 𝑒𝑒−𝜏𝜏lim 𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖) 
𝑔𝑔𝑖𝑖 𝑠𝑠𝑖𝑖𝑔𝑔 

�
1

𝑝𝑝𝑠𝑠𝑖𝑖𝑜𝑜 ∗ �1 + 𝑒𝑒−𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠�𝑖𝑖−𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠��
� − �

1
𝑝𝑝𝑠𝑠𝑖𝑖𝑜𝑜 ∗ �1 + 𝑒𝑒𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖�

� 

 

𝛽𝛽 is a dimensionless factor resembling the ageing-based gradient over time and differs for each growth function. In 

contrast, 𝑝𝑝 constitutes a limitation factor that depends on the chosen functional form, whereas 𝑞𝑞 determines the 

shift of the turning point in the sigmoid growth function. To achieve comparability between the different functions, 

𝑔𝑔𝑖𝑖 depends on a condition formulated according to Equation (3). 

                                                           𝐸𝐸𝐸𝐸15 = 𝐸𝐸𝐸𝐸0 ∗ (1 + 𝑔𝑔15) = 𝐸𝐸𝐸𝐸0 ∗ 1.2                                               (3) 

An ageing-based increase in 𝐸𝐸𝐸𝐸 by 20% 15 years after appliance production was assumed, i.e. the 𝐸𝐸𝐸𝐸 of an 

appliance at the age of 15 (𝐸𝐸𝐸𝐸15) is 20% above the consumption within the first year after production (𝐸𝐸𝐸𝐸0). Although 

the functional course of the efficiency is yet unknown, the assumption bases on previous studies [Stiftung 

Warentest, 2013]. Since the functional condition is variable, it can be adjusted to future findings without much effort. 
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Subsequently, three scenarios, namely BASE, POSITIVE and NEGATIVE, were developed to investigate the 

impact of the efficiency loss on the 𝐸𝐸𝐸𝐸 over time. For this purpose, the above described functional condition 

remained, whereas the annual insulation degradation changed per scenario, i.e. based on the experimental results 

each scenario included a different 𝑑𝑑𝜆𝜆
𝑐𝑐𝑐𝑐. The BASE scenario reflected the realistic case, assuming a 𝑑𝑑𝜆𝜆

𝑐𝑐𝑐𝑐 of 6%, 

whereas the POSITIVE and NEGATIVE scenarios assume 4% and 8.5%, respectively. 

2.3.3 Dynamic energy model 

Based on previous experimental research regarding the impact of varying consumer interactions on refrigeration 

appliance’s 𝐸𝐸𝐸𝐸, the temperature setting (𝑇𝑇𝑖𝑖𝑖𝑖), daily door openings (𝑛𝑛𝑑𝑑𝑜𝑜𝑜𝑜𝑑𝑑_𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖), placements of warm food (𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑 

and 𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑_𝑜𝑜𝑑𝑑𝑜𝑜𝑓𝑓𝑖𝑖) as well as the storage of beverages (𝑛𝑛𝑏𝑏𝑜𝑜𝑏𝑏) were included as 𝐷𝐷𝐷𝐷𝐷𝐷 parameters. Since the ambient 

temperature at the installation site (𝑇𝑇𝑎𝑎𝑐𝑐) is, by far, the most influential 𝐼𝐼𝐷𝐷𝐷𝐷 parameter, it was implemented in the 

dynamic model. Different characteristics, e.g. daily and seasonal temperature fluctuations, were respected. The 

present modelling approach is an extension of a previous model derived by Geppert (2011) to calculate domestic 

refrigerator’s 𝐸𝐸𝐸𝐸 under real life conditions in Europe. The model is based on a concept to calculate the work input 

required for a Carnot refrigerator, constitutes a static approach and is presented by Figure A1 in the appendix 

[Geppert, 2011]. The model was extended to a dynamic approach quantifying the 𝐸𝐸𝐸𝐸 of 𝑅𝑅𝑅𝑅 and 𝑅𝑅𝐹𝐹𝐸𝐸 based on 

appliance construction, efficiency loss and consumer behaviour. To increase the comprehensibility, the dynamic 

model is introduced on the basis of its three sections for an exemplary 𝑅𝑅𝑅𝑅 at first. Subsequently, the sections are 

assembled to form the dynamic approach. 

The first section considers that the construction of cooling appliances determines the basic 𝐸𝐸𝐸𝐸, presented by 

                                                                          𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑅𝑅𝑜𝑜 ∗ 𝑡𝑡𝑖𝑖                                                                               

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑅𝑅𝑜𝑜  describes the power consumption of a 𝑅𝑅𝑅𝑅 during the compressor off-cycle (in 𝑊𝑊), i.e. the stand-by power and 

power needed for the control unit. Assuming that each year within a given period has the same length, 𝑡𝑡𝑖𝑖 represents 

the number of hours (8760) per year of interest (𝑖𝑖 ϵ 1, … , n). 

The second section incorporates the efficiency loss, the 𝐼𝐼𝐷𝐷𝐷𝐷 and components of the 𝐷𝐷𝐷𝐷𝐷𝐷, expressed by 
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                                  (1 + 𝜀𝜀) ∗ 𝑎𝑎
𝜂𝜂∗
𝑅𝑅𝑜𝑜
∗ (1 + 𝑑𝑑𝜆𝜆)𝑖𝑖 ∗ (1 + 𝑔𝑔𝑖𝑖) ∗

�𝑇𝑇𝑎𝑎𝑐𝑐+𝑚𝑚𝑅𝑅𝑅𝑅�−�𝑇𝑇𝑠𝑠𝑖𝑖
𝑅𝑅𝑅𝑅−𝑦𝑦𝑅𝑅𝑅𝑅�

�𝑇𝑇𝑠𝑠𝑖𝑖
𝑅𝑅𝑅𝑅−𝑦𝑦𝑅𝑅𝑅𝑅�

∗ �𝑇𝑇𝑎𝑎𝑐𝑐 − 𝑇𝑇𝑖𝑖𝑖𝑖
𝑅𝑅𝑜𝑜� ∗ 𝑡𝑡𝑖𝑖                         

Question 17 in the survey asked the participants whether their appliance was installed in close proximity to external 

heat sources (𝜀𝜀), e.g. an oven. This proximity leads to an annual surplus in 𝐸𝐸𝐸𝐸 of at least 0.9% of the labelled 𝐸𝐸𝐸𝐸, 

depending on to what extent the 𝑇𝑇𝑎𝑎 adjacent to the appliance is increased [Lepthien, 2001]. 𝜀𝜀 was modelled as a 

binary variable (𝜀𝜀 𝜖𝜖 [0; 0.009]). 𝑎𝑎𝑅𝑅𝑜𝑜 𝜂𝜂∗⁄ describes an efficiency factor that is assembled by two appliance-specific 

values, the variables 𝑎𝑎 and 𝜂𝜂∗. It was assumed that the absorbed heat of an appliance is partially dependent on the 

heat flux per unit area. This process is given by 𝑎𝑎, substituting the constant term 𝑇𝑇 ∗ 𝜆𝜆 𝛥𝛥𝛥𝛥⁄ . 𝑇𝑇 is the appliance’s 

surface area (𝑚𝑚2), 𝜆𝜆 gives the insulation’s thermal conductivity (0.025 𝑊𝑊 𝑚𝑚 ∗ 𝑈𝑈⁄ ) and 𝛥𝛥𝛥𝛥 the wall thickness (𝑚𝑚), 

averaged to 0.04 and 0.05 𝑚𝑚 regarding 𝑅𝑅𝑅𝑅 and 𝑅𝑅𝐹𝐹𝐸𝐸, respectively. In the case of model extension to introduce 

appliances with 𝑉𝑉𝐼𝐼𝑃𝑃, these parameters would have to be modified. The reduced efficiency of the cooling process 

due to the heat input from the ambient is described by 𝜂𝜂∗. The efficiency loss was included based on the 

aforementioned degradation parameters, 𝑑𝑑𝜆𝜆 and 𝑔𝑔𝑖𝑖. Regarding the influence of the 𝑇𝑇𝑎𝑎 on the 𝐸𝐸𝐸𝐸, the installation 

conditions at consumer homes play an important role and were, therefore, covered by a series of survey questions. 

Question 6 asked the participants whether their appliances were installed in heated or unheated surroundings, 

whereas questions 14 and 15 were designed to survey the average 𝑇𝑇𝑎𝑎𝑐𝑐 for different seasons and the maximum 

perceived 𝑇𝑇𝑎𝑎𝑐𝑐 within a year (𝑇𝑇𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖𝑚𝑚
𝑐𝑐 ). 𝑥𝑥𝑅𝑅𝑜𝑜 and 𝑦𝑦𝑅𝑅𝑜𝑜 are constant parameters constituting the temperature 

difference between 𝑇𝑇𝑎𝑎𝑐𝑐 and the condenser surface (in 𝑈𝑈) as well as between the 𝑇𝑇𝑖𝑖𝑖𝑖
𝑅𝑅𝑜𝑜 and the evaporator surface 

(in 𝑈𝑈), respectively. It was assumed that 𝑥𝑥𝑅𝑅𝑜𝑜 = 𝑥𝑥𝑅𝑅𝑑𝑑 and 𝑦𝑦𝑅𝑅𝑜𝑜 =  𝑦𝑦𝑅𝑅𝑑𝑑. 

The third section of the dynamic model, constituting most of the 𝐷𝐷𝐷𝐷𝐷𝐷, is presented by 

                                                              1
𝜂𝜂∗
𝑅𝑅𝑜𝑜
∗ 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖

𝑅𝑅𝑜𝑜                                                                      

𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖
𝑅𝑅𝑜𝑜  determines the annual consumer-induced heat input (𝑊𝑊ℎ), derived from three mutually independent model 

parameters (Equation (4)). 
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                                                  𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖
𝑅𝑅𝑜𝑜 = 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖

𝑑𝑑_𝑅𝑅𝑜𝑜 + 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖
𝑜𝑜_𝑅𝑅𝑜𝑜 + 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖

𝑏𝑏_𝑅𝑅𝑜𝑜                                                   (4) 

𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖
𝑑𝑑_𝑅𝑅𝑜𝑜  gives the heat input through door openings in year 𝑖𝑖 (𝑊𝑊ℎ). Based on survey question 9, the participants 

were asked to estimate how often the appliance door(s) were opened per day (considering all residents), providing 

the daily 𝑛𝑛𝑑𝑑𝑜𝑜𝑜𝑜𝑑𝑑_𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜 per household. In conjunction with other consumer information, 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖
𝑑𝑑_𝑅𝑅𝑜𝑜  was calculated 

according to Equation (5). 

                                 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖
𝑑𝑑_𝑅𝑅𝑜𝑜 = 𝑉𝑉𝑖𝑖𝑜𝑜𝑖𝑖

𝑅𝑅𝑜𝑜 ∗ 𝜁𝜁 ∗ 𝑐𝑐𝑎𝑎𝑖𝑖𝑑𝑑 ∗ 𝑛𝑛𝑑𝑑𝑜𝑜𝑜𝑜𝑑𝑑_𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜 ∗ (𝑛𝑛𝑑𝑑𝑎𝑎𝑦𝑦𝑠𝑠𝑆𝑆 ∗ ∆𝑇𝑇𝑆𝑆 + 𝑛𝑛𝑑𝑑𝑎𝑎𝑦𝑦𝑠𝑠𝑊𝑊 ∗ ∆𝑇𝑇𝑊𝑊)                   (5) 

𝑉𝑉𝑖𝑖𝑜𝑜𝑖𝑖
𝑅𝑅𝑜𝑜 is the net volume of the respective 𝑅𝑅𝑅𝑅 (𝑚𝑚3) and 𝑐𝑐𝑎𝑎𝑖𝑖𝑑𝑑 the volumetric heat capacity of air (𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ ∗ 𝑈𝑈). Since 

the heat gain with each door opening is partially related to the load of the appliance, a weighting factor (𝜁𝜁) was 

introduced (monitored by survey question 10). Additionally, the heat input per door opening depends on 𝑇𝑇𝑎𝑎𝑐𝑐 at the 

time of the opening and is, thus, related to seasonal temperature changes. The total days per season are given by 

𝑛𝑛𝑑𝑑𝑎𝑎𝑦𝑦𝑠𝑠𝑠𝑠  (n=183) and 𝑛𝑛𝑑𝑑𝑎𝑎𝑦𝑦𝑠𝑠𝑤𝑤  (n=182) subdivided according to German heating periods. Similarly, 𝛥𝛥𝑇𝑇 denotes the 

temperature difference between the 𝑇𝑇𝑎𝑎𝑐𝑐 and the 𝑇𝑇𝑖𝑖𝑖𝑖
𝑅𝑅𝑜𝑜 in the summer and winter seasons (𝑈𝑈), respectively.  

The impact of the consumer-induced heat input through the storage of warm food is given by Equation (5.1). 

                                                                  𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖
𝑜𝑜_𝑅𝑅𝑜𝑜 = 𝑚𝑚𝑜𝑜 ∗ 𝑐𝑐𝑜𝑜 ∗ ∆𝑇𝑇𝑜𝑜                                                     (5.1) 

Since the storage of warm food differs per consumer and for each storage, 𝑐𝑐𝑜𝑜 denotes the average specific heat 

capacity of different foods commonly stored (3.5 𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ ∗ 𝑈𝑈). It was assumed that if participants stated that they 

place warm food in the refrigerator, the stored food was placed at a temperature of 323 𝑈𝑈 (50°C). Consequently, 

∆𝑇𝑇𝑜𝑜 gives the temperature difference between the inserted warm food and the 𝑇𝑇𝑖𝑖𝑖𝑖
𝑅𝑅𝑜𝑜. The frequency of warm food 

storages per year (𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑_𝑜𝑜𝑑𝑑𝑜𝑜𝑓𝑓) and the associated number of food portions  𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑 (250 g per portion) were surveyed 

by questions 11 and 13. Consequently, the mass of stored warm food (𝑚𝑚𝑜𝑜) could be calculated (Equation (5.1.1)) 

                                                                𝑚𝑚𝑜𝑜 = 0.25 kg ∗ 𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑 ∗ 𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑_𝑜𝑜𝑑𝑑𝑜𝑜𝑓𝑓                                                         (5.1.1) 

The consumer impact on the 𝐸𝐸𝐸𝐸 through the storage of beverages is given by Equation (5.2). 
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                                                                𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖
𝑏𝑏_𝑅𝑅𝑜𝑜 = 𝑚𝑚𝑏𝑏 ∗ 𝑐𝑐𝑏𝑏 ∗ ∆𝑇𝑇𝑏𝑏                                                       (5.2) 

Beverages are stored at respective 𝑇𝑇𝑎𝑎𝑐𝑐 conditions, which is why ∆𝑇𝑇𝑏𝑏 resembles the temperature difference between 

the inserted beverages and the 𝑇𝑇𝑖𝑖𝑖𝑖
𝑅𝑅𝑜𝑜. Similar to the storage of warm food, the exact storage of each beverage cannot 

be surveyed, which is why 𝑐𝑐𝑏𝑏 was gives the specific heat capacity of water (1.0 𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ ∗ 𝑈𝑈). Each consumer was 

asked to estimate the total amount of beverages stored in the mainly used refrigeration appliance in litres per week 

(𝑛𝑛𝑏𝑏𝑜𝑜𝑏𝑏) (question 11), used to estimate the stored mass of beverages (Equation (5.2.1)). 

                                                                                𝑚𝑚𝑏𝑏 = 1 kg ∗ 𝑛𝑛𝑏𝑏𝑜𝑜𝑏𝑏 ∗ 52                                                             (5.2.1) 

Assembling the previous terms of the approach results in the dynamic energy model for a 𝑅𝑅𝑅𝑅, presented by 

Equation (6).

     𝑊𝑊𝑊𝑊𝐹𝐹𝑘𝑘𝑖𝑖
𝑅𝑅𝑜𝑜 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜

𝑅𝑅𝑜𝑜 ∗ 𝑡𝑡𝑖𝑖 + (1 + 𝜀𝜀) ∗ 𝑎𝑎
𝜂𝜂∗
𝑅𝑅𝑜𝑜
∗ (1 + 𝑑𝑑𝜆𝜆)𝑖𝑖 ∗ (1 + 𝑔𝑔𝑖𝑖) ∗

�𝑇𝑇𝑎𝑎𝑐𝑐+𝑚𝑚𝑅𝑅𝑅𝑅�−�𝑇𝑇𝑠𝑠𝑖𝑖
𝑅𝑅𝑅𝑅−𝑚𝑚𝑅𝑅𝑅𝑅�

�𝑇𝑇𝑠𝑠𝑖𝑖
𝑅𝑅𝑅𝑅−𝑚𝑚𝑅𝑅𝑅𝑅�

∗ �𝑇𝑇𝑎𝑎𝑐𝑐 − 𝑇𝑇𝑖𝑖𝑖𝑖
𝑅𝑅𝑜𝑜� ∗ 𝑡𝑡𝑖𝑖 + 1

𝜂𝜂∗
𝑅𝑅𝑜𝑜
∗ 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖

𝑅𝑅𝑜𝑜     (6) 

𝑊𝑊𝑊𝑊𝐹𝐹𝑘𝑘𝑖𝑖
𝑅𝑅𝑜𝑜 gives the annual 𝐸𝐸𝐸𝐸 of a household refrigerator for one year of service life (𝑊𝑊ℎ) depending on 

construction, dynamic efficiency loss and consumer behaviour. Consequently, the total 𝐸𝐸𝐸𝐸 throughout its service 

life was calculated according to Equation (7). 

 

(7) 

Similarly to 𝑅𝑅𝑅𝑅, the dynamic model for 𝑅𝑅𝐹𝐹𝐸𝐸 is presented by Equation (8). 

    𝑊𝑊𝑊𝑊𝐹𝐹𝑘𝑘𝑖𝑖𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑅𝑅𝑅𝑅𝑅𝑅 ∗ 𝑡𝑡𝑖𝑖 + (1 + 𝜀𝜀) ∗ 𝛼𝛼 ∗ 𝑎𝑎
𝜂𝜂∗
𝑅𝑅𝑅𝑅𝑅𝑅

∗ (1 + 𝑑𝑑𝜆𝜆)𝑖𝑖 ∗ (1 + 𝑔𝑔𝑖𝑖) ∗
�𝑇𝑇𝑎𝑎𝑐𝑐+𝑚𝑚𝑅𝑅𝑅𝑅�−�𝑇𝑇𝑠𝑠𝑖𝑖

𝑅𝑅𝑅𝑅−𝑦𝑦𝑅𝑅𝑅𝑅�

�𝑇𝑇𝑠𝑠𝑖𝑖
𝑅𝑅𝑅𝑅−𝑦𝑦𝑅𝑅𝑅𝑅�

∗ �𝑇𝑇𝑎𝑎𝑐𝑐 − 𝑇𝑇𝑖𝑖𝑖𝑖
𝑅𝑅𝑜𝑜� ∗ 𝑡𝑡𝑖𝑖 + 1

𝜂𝜂∗
𝑅𝑅𝑅𝑅𝑅𝑅

∗

                   𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖
𝑅𝑅𝑅𝑅𝑅𝑅 + (1 + 𝜀𝜀) ∗ (1 − 𝛼𝛼) ∗ 𝑎𝑎

𝜂𝜂∗
𝑅𝑅𝑅𝑅𝑅𝑅

∗ (1 + 𝑑𝑑𝜆𝜆)𝑖𝑖 ∗ (1 + 𝑔𝑔𝑖𝑖) ∗
�𝑇𝑇𝑎𝑎𝑐𝑐+𝑚𝑚𝐹𝐹𝐹𝐹�−�𝑇𝑇𝑠𝑠𝑖𝑖

𝐹𝐹𝐹𝐹−𝑦𝑦𝐹𝐹𝐹𝐹�
�𝑇𝑇𝑠𝑠𝑖𝑖
𝐹𝐹𝐹𝐹−𝑦𝑦𝐹𝐹𝐹𝐹�

∗ [𝑇𝑇𝑎𝑎𝑐𝑐 − 𝑇𝑇𝑖𝑖𝑖𝑖𝑅𝑅𝑑𝑑] ∗ 𝑡𝑡𝑖𝑖                       (8) 

𝛼𝛼 constitutes a weighting factor that expresses the ratio of the net volume of the freezer compartment (𝑉𝑉𝑖𝑖𝑜𝑜𝑖𝑖𝑅𝑅𝑑𝑑 ) to 

𝑉𝑉𝑖𝑖𝑜𝑜𝑖𝑖. Similar to refrigerators, the total 𝐸𝐸𝐸𝐸 of a 𝑅𝑅𝐹𝐹𝐸𝐸 is determined by the sum of each year of usage. Since the 

energy model uses the processed information of each monitored appliance as an input, the calculated annual 𝐸𝐸𝐸𝐸 

𝑊𝑊𝑊𝑊𝐹𝐹𝑘𝑘𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡
𝑅𝑅𝑜𝑜 = �𝑊𝑊𝑊𝑊𝐹𝐹𝑘𝑘𝑖𝑖

𝑅𝑅𝑜𝑜
𝑖𝑖

𝑖𝑖=1

 



3 On-site visits to a range of household appliance and electronics stores in Germany revealed that some appliances  
   stayed in the stores for half a year up to a year after production before being sold as a new appliance. 
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in the event of standard conditions [DIN EN 62552:2013] gives the labelled 𝐸𝐸𝐸𝐸 of an appliance. A sensitivity analysis 

was carried out to validate the dynamic model against real life energy consumption measurements and to determine 

its accuracy. Table A3 in the appendix summarises the most important tests of the model validation. All consistency 

checks were positive, i.e. no output errors were produced by the dynamic model. Consequently, it was deemed 

valid and the consumer information implemented. 

 

3. Results 

3.1 Characteristics of monitored appliances 

A total of 936 consumers participated in the national survey. 230 were discarded within the first data evaluation 

following the data cleaning. For the remaining 706 survey participants, the production date of each appliance could 

be determined and the actual age of their cold appliances be calculated. It was found that most of the appliances 

were between 2-5 years (37.5%) and 6-10 years (28.9%) old. A relatively large fraction of the reported appliances 

was estimated to be aged 1 year or younger (16.4%) and almost one in ten appliances was between 11-15 years 

(9.9%) old. On average, the appliance age constituted to 6.3 years. The appliance age estimated by each consumer 

was rather imprecise, i.e. interviewees estimated their appliances, on average, two years younger than they actually 

were. The difference between the actual ages and consumer estimations could be partly due to the time gap 

between the production and the purchase.3

Table A4 shows the processed survey data and summarises relevant empirical findings. The survey results of 

Table A4 relate to all 706 valid responses. 364 men (51.6%) and 342 women (48.4%) were among the 706 

participants. The average age was 47 years and a majority of survey participants either lived in a household with 

two (41.9%) or three residents (21.8%). A majority of 540 out of 706 householders stated to have a 𝑅𝑅𝐹𝐹𝐸𝐸 as the 

mainly used cooling appliance. Regarding the 𝐼𝐼𝐷𝐷𝐷𝐷, a majority of 78% declared not to have their mainly used 

appliance placed in direct proximity to a heat source. More than 60% indicated that the average 𝑇𝑇𝑎𝑎𝑐𝑐 in the summer 

season was within the range of 21-26 °C, whereas more than 70% estimated the average 𝑇𝑇𝑎𝑎𝑐𝑐 in the winter season 

between 18-23 °C. Besides the seasonal shift in 𝑇𝑇𝑎𝑎𝑐𝑐, about 10% of the participants indicated that their appliances 
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suffer from high temperature peaks in the summer (𝑇𝑇𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖𝑚𝑚
𝑐𝑐 ). Regarding the 𝐷𝐷𝐷𝐷𝐷𝐷, 523 consumers (74.1%) 

stated that the 𝑇𝑇𝑖𝑖𝑖𝑖
𝑅𝑅𝑜𝑜 was between 5-8 °C and more than 70% set the 𝑇𝑇𝑖𝑖𝑖𝑖𝑅𝑅𝑅𝑅𝑅𝑅 below -17 °C. A majority of roughly 54% 

stated to open appliance door(s) on average 6-15 times per day, and more than 60% declared to store between 

4-10 litres beverages per week. 383 consumers (54.2%) noted that they never placed warm food in their appliances, 

whereas 199 of the remaining 323 participants replied that if warm food was stored, 2-3 portions are placed at once. 

3.2 Dynamic model: Impact of the efficiency loss 

At first, the modelled static 𝐸𝐸𝐸𝐸, i.e. without efficiency loss, was determined for all 706 appliances and compared to 

the model output regarding the dynamic 𝐸𝐸𝐸𝐸 with degradation afterwards. Figure 3a and Figure 3b show the 

distribution of the calculated static 𝐸𝐸𝐸𝐸 for one respective year of usage. 

 
Figure 3a: Distribution of calculated annual 𝐸𝐸𝐸𝐸 regarding sample 𝑅𝑅𝐹𝐹𝐸𝐸 
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Figure 3b: Distribution of calculated annual 𝐸𝐸𝐸𝐸 of sample 𝑅𝑅𝑅𝑅 

 

The average 𝐸𝐸𝐸𝐸 of the 540 monitored 𝑅𝑅𝐹𝐹𝐸𝐸 (Figure 3a) constituted 199.7 𝑘𝑘𝑊𝑊ℎ throughout one respective year of 

usage. However, a large variation around the mean consumption was found. The highest calculated 𝐸𝐸𝐸𝐸 was 

assigned to consumer 173 with a calculated annual 𝐸𝐸𝐸𝐸 of roughly 488.5 𝑘𝑘𝑊𝑊ℎ, whereas the 𝑅𝑅𝐹𝐹𝐸𝐸 of consumer 176 

constituted the lower limit with 55.5 𝑘𝑘𝑊𝑊ℎ. Referring to Figure 3b, the mean annual 𝐸𝐸𝐸𝐸 of all 𝑅𝑅𝑅𝑅 was roughly 116.9 

𝑘𝑘𝑊𝑊ℎ with a large variation around the mean consumption. 

In total, the annual static 𝐸𝐸𝐸𝐸 of all 706 monitored appliances sums up to 127.5 𝑀𝑀𝑊𝑊ℎ. The static 𝐸𝐸𝐸𝐸 of some 

appliances was found to be considerably above the labelled consumption, whereas that of others was below the 

labelled values. Therefore, the total static 𝐸𝐸𝐸𝐸 approximated to that of the total labelled 𝐸𝐸𝐸𝐸, constituting roughly 130 

𝑀𝑀𝑊𝑊ℎ. Subsequently, the efficiency loss was activated based on the degradation parameters 𝑑𝑑𝜆𝜆 and 𝑔𝑔𝑖𝑖. 𝑑𝑑𝜆𝜆
𝑐𝑐𝑐𝑐 took 

the BASE value of 6%, i.e. an annual increase in insulation degradation of 6%, and the functional condition outlined 

in Equation (3) was applied. Figure 4 shows the impact of the efficiency loss on the 𝐸𝐸𝐸𝐸, assuming the age of 

monitored appliances to be 15 years. 
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Figure 4: Impact of efficiency loss on the 𝐸𝐸𝐸𝐸 at 𝑔𝑔15 = 0.2 

 

Figure 4 indicates that the total 𝐸𝐸𝐸𝐸 changes significantly if the degradation parameters are activated. Comparing 

the total annual 𝐸𝐸𝐸𝐸 of the aforementioned static approach (127.5 𝑀𝑀𝑊𝑊ℎ/𝑎𝑎) to the dynamic (163.5 𝑀𝑀𝑊𝑊ℎ/𝑎𝑎) results 

in an increase of 28%, corresponding to an increase of the labelled consumption from 130.0 𝑀𝑀𝑊𝑊ℎ to 165.5 𝑀𝑀𝑊𝑊ℎ. 

To increase the comprehensibility, the results of the scenario analysis are subsequently explained on the example 

of a single monitored appliance before presented for all survey participants. The sample appliance is the 11th 𝑅𝑅𝐹𝐹𝐸𝐸 

that was monitored, referred to as 𝑅𝑅𝐹𝐹𝐸𝐸11 in the following. Figure 5a shows the output of the dynamic model for an 

anticipated use phase of 25 years regarding  𝑅𝑅𝐹𝐹𝐸𝐸11 in the POSITIVE scenario, whereas Figure 5b presents the 

model output of  𝑅𝑅𝐹𝐹𝐸𝐸11 for the NEGATIVE scenario. 
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Figure 5a: POSITIVE scenario of 𝑅𝑅𝐹𝐹𝐸𝐸11 

 

 
Figure 5b: NEGATIVE scenario of 𝑅𝑅𝐹𝐹𝐸𝐸11 
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Dotted black lines mark the intersection of the 𝐸𝐸𝐸𝐸 in Figure 5a and Figure 5b at the age of 15, respectively. In the 

POSITIVE scenario, the 𝐸𝐸𝐸𝐸 of 𝑅𝑅𝐹𝐹𝐸𝐸11 is 295 𝑘𝑘𝑊𝑊ℎ/𝑎𝑎 for all functional courses in the year 15, whereas the 𝐸𝐸𝐸𝐸 

amounts to 311 𝑘𝑘𝑊𝑊ℎ/𝑎𝑎 within the NEGATIVE scenario. In this light, the increase of 𝑑𝑑𝜆𝜆
𝑐𝑐𝑐𝑐 leads to an increase of 16 

𝑘𝑘𝑊𝑊ℎ, i.e. an annual excess consumption of more than 1 𝑘𝑘𝑊𝑊ℎ/𝑎𝑎. However, as soon as other years are considered, 

the courses of the 𝐸𝐸𝐸𝐸 show that varying growth functions lead to significant differences in consumption. For 

instance, 𝑔𝑔𝑖𝑖 𝑒𝑒𝑥𝑥𝑝𝑝 𝑙𝑙𝑖𝑖𝑚𝑚 indicates an 𝐸𝐸𝐸𝐸 of 𝑅𝑅𝐹𝐹𝐸𝐸11 that is more than 7% above that of 𝑔𝑔𝑖𝑖 𝑠𝑠𝑖𝑖𝑔𝑔 at an appliance age of 

five years, whereas the 𝐸𝐸𝐸𝐸 with 𝑔𝑔𝑖𝑖 𝑠𝑠𝑖𝑖𝑔𝑔 is roughly 3% above 𝑔𝑔𝑖𝑖 𝑒𝑒𝑥𝑥𝑝𝑝 𝑙𝑙𝑖𝑖𝑚𝑚 at an appliance age of 20 years. Figure 6 

summarises the output of the scenario analysis in percentage change of the 𝐸𝐸𝐸𝐸 for three respective years out of 

anticipated appliance ages of 25 years. All 706 monitored appliances were taken into account. 

 
Figure 6: Scenario analysis – Average change in 𝐸𝐸𝐸𝐸 

 

For an use phase of ten years, the analysis shows that the increase of 𝐸𝐸𝐸𝐸 due to decreasing appliance efficiency 

would be smallest if the course resembles that of 𝑔𝑔𝑖𝑖 𝑠𝑠𝑖𝑖𝑔𝑔. In contrast, the percentage change in 𝐸𝐸𝐸𝐸 is largest for all 

three scenarios in the case of 𝑔𝑔𝑖𝑖 𝑒𝑒𝑥𝑥𝑝𝑝 𝑙𝑙𝑖𝑖𝑚𝑚 up to an appliance age of 10 years. After appliances aged 15 years, an 
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efficiency loss resembling the 𝑔𝑔𝑖𝑖𝑒𝑒𝑥𝑥𝑝𝑝 would lead to the largest increase of 𝐸𝐸𝐸𝐸, i.e. at least 24% above the 

consumption in the initial year of usage (𝑔𝑔𝑖𝑖𝑒𝑒𝑥𝑥𝑝𝑝 POSITIVE scenario). With progressive use, i.e. the older appliances 

get, the higher the annual excess of consumption. Even in the most positive case of the scenario analysis, 

appliances aged 25 years would consume almost 32% more than in the initial state (𝑔𝑔𝑖𝑖 𝑒𝑒𝑥𝑥𝑝𝑝 𝑙𝑙𝑖𝑖𝑚𝑚). 

3.3 Dynamic model: Impact of consumer behaviour 

Figure 7 shows the proportions of the behavioural influence on the 𝐸𝐸𝐸𝐸 determined over all 706 monitored 

appliances for one year (anticipated appliance age = 15 years). 

 
Figure 7: Consumer impact on the 𝐸𝐸𝐸𝐸 of cooling appliance 

 

Relating to Figure 4, the left half of Figure 7 indicates the total 𝐸𝐸𝐸𝐸 within the 15th year of appliances lifetime, 

constituting roughly 163.5 𝑀𝑀𝑊𝑊ℎ. The basic consumption denotes the principal 𝐸𝐸𝐸𝐸, depending on construction, 

stand-by consumption and, for an anticipated age of 15 years, the surplus due to efficiency losses. Unlike the 
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consumer-induced proportion of the 𝐸𝐸𝐸𝐸, the basic consumption is independent of behaviour. Approximately 53.1 

out of 163.5 𝑀𝑀𝑊𝑊ℎ are consumer-induced, i.e. 32.5% of the total 𝐸𝐸𝐸𝐸 results from consumer behaviour. A higher 

level of resolution (right-hand bar of the left half in Figure 7) shows that the consumer-induced 𝐸𝐸𝐸𝐸 results from 

18.7% of 𝐼𝐼𝐷𝐷𝐷𝐷 and 13.8% of 𝐷𝐷𝐷𝐷𝐷𝐷, whereas the 𝐷𝐷𝐷𝐷𝐷𝐷 amounts to 9.3% from 𝑇𝑇𝑖𝑖𝑖𝑖 and 4.5% from 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑖𝑖. No further 

subdivision was attempted for the 𝐼𝐼𝐷𝐷𝐷𝐷, since 18.6% is constituted by the 𝑇𝑇𝑎𝑎 and only 0.2% by 𝜀𝜀. The right half of 

Figure 7 shows the calculated total 𝐸𝐸𝐸𝐸 over all 706 appliances in the event that the surveyed consumers followed 

the best practices (Table A2). The implementation of the best practices reduces the 𝐸𝐸𝐸𝐸 significantly, from initially 

163.5 to 138.1 𝑀𝑀𝑊𝑊ℎ due to a decrease of consumer-induced 𝐸𝐸𝐸𝐸 from 53.1 to 27.8 𝑀𝑀𝑊𝑊ℎ. 

 

4. Discussion 

The survey to investigate the interaction of consumers with their refrigeration appliances constitutes one of the most 

comprehensive studies on the daily use of such devices in Germany. It was found that the average age of monitored 

appliances was 6.3 years. Up to date, no other study investigated the actual age and age distribution of operating 

refrigeration appliances in Germany, which is why comparative data from similar studies exist only for other 

countries. Biglia et al. (2018) found in their survey a mean appliance age of seven years [Biglia et al., 2018] and 

the local ‘Domestic Fridge Survey’ in New South Wales indicated that most appliances were either between five to 

ten years old or older than ten years [NSW, 2009]. However, other studies reported the appliance age based on 

estimations of the survey participants. Comparing the actual appliance ages to consumer estimations highlighted 

that householders often misjudge the age of their appliances. Referring to the 𝐼𝐼𝐷𝐷𝐷𝐷, the empirical results are in line 

with the study of Geppert et al. (2010), stating that 𝑇𝑇𝑎𝑎 at the installation site ranges between 18-24 °C, whereas the 

𝑇𝑇𝑎𝑎𝑐𝑐 was with 22 °C for this study higher than found for English households by Biglia et al. (2018) with 18.5 °C [Biglia 

et al., 2018; Geppert and Stamminger, 2010]. With regard to the 𝐷𝐷𝐷𝐷𝐷𝐷, results of the 𝑇𝑇𝑖𝑖𝑖𝑖 agree with those of 

Geppert et al. (2010) and Nauta et al. (2003) [Geppert and Stamminger, 2010; Nauta et al., 2003]. Similarly to 

the survey study of Biglia et al. (2018), only a minority of participants placed warm food (i.e. with an estimated 
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temperature of 50°C) in the refrigerator, whereas the 𝑛𝑛𝑑𝑑𝑜𝑜𝑜𝑜𝑑𝑑_𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜 was found to be higher with 12 openings, 

compared to only five for English households [Biglia et al., 2018]. 

Based on the survey and experiments, a dynamic model was developed. A plurality of data from different sources 

was processed to derive the model (Figure 1) and some imprecisions form the basis for future research. On the 

one hand, only selected consumer actions were integrated into the model. Other parameters referring to the 𝐷𝐷𝐷𝐷𝐷𝐷 

and 𝐼𝐼𝐷𝐷𝐷𝐷, such as the seasonal storage of large food quantities or the exposure of appliances to direct sunlight 

additionally impact the 𝐸𝐸𝐸𝐸 of refrigeration appliances. Factors different from the chosen parameters were either 

found to have a negligible impact on appliance’s 𝐸𝐸𝐸𝐸 or were, up to now, not investigated by previous experimental 

approaches. On the other hand, the extension of the formerly static model to a dynamic one considers the efficiency 

loss over time. Since 𝑑𝑑𝜆𝜆
𝑐𝑐𝑐𝑐 results from a series of long-term measurements regarding the insulation degradation, 

the impact of other system components’ degradation that might have occurred simultaneously was ignored. Hueppe 

et al. (2020) indicated some limitations of the 𝐷𝐷𝑊𝑊𝑛𝑛𝑛𝑛 𝑚𝑚𝑒𝑒𝑡𝑡ℎ𝑊𝑊𝑑𝑑 regarding the derivation of the test value (𝜏𝜏𝐼𝐼) or 

construction-specific restraints. 𝜏𝜏𝐼𝐼 reflects an estimate of the overall heat transfer coefficient, considering not only 

the heat conductivity through a planar refrigerator wall, but also other heat fluxes that depend on the construction 

and current appliance state [Hueppe et al., 2020]. Minor deviations regarding the degradation factor might have 

occurred, influenced the 𝑑𝑑𝜆𝜆
𝑐𝑐𝑐𝑐 and, thus, the modelled impact of the degradation on appliances 𝐸𝐸𝐸𝐸. Nevertheless, 

Hueppe et al. (2020) reported that limitations were small and the validation of the test method indicated a negligible 

impact on measurement results [Hueppe et al., 2020]. With regard to 𝑔𝑔𝑖𝑖, the growth functions display possible 

courses of the excess consumption due to efficiency losses but cannot claim to reflect the real courses. Since the 

actual increase in consumption with progressive use is yet unknown, the growth functions show probabilistic 

courses. 

The results of the dynamic energy model indicate that the 𝑇𝑇𝑎𝑎𝑐𝑐 considerably impacts the 𝐸𝐸𝐸𝐸 of household cooling 

appliances. It was found that almost 18.5% of the total 𝐸𝐸𝐸𝐸 is determined by 𝑇𝑇𝑎𝑎 conditions, constituting the largest 

consumer-induced impact factor. The results are in line with experimental studies of Saidur et al. (2002) [Saidur et 

al., 2002] and Hazanuzzaman et al. (2004) [Hazanuzzaman et al., 2009], stressing that the 𝑇𝑇𝑎𝑎 is the dominant 

impact factor on the 𝐸𝐸𝐸𝐸. In contrast to 𝑇𝑇𝑎𝑎, the influence of 𝜀𝜀 on the 𝐸𝐸𝐸𝐸 was almost negligible. Lepthien 
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[Lepthien, 2001] stated that the proximity of refrigeration appliances to heat sources (e.g. oven, stove) increases 

the 𝐸𝐸𝐸𝐸 by at least 0.9% per year compared to the labelled consumption. However, particularly built-in appliances 

are covered by an outer casing, such as a wooden frame, that increases the distance of appliances even though 

installed in direct proximity to a heat source and diminishes the thermal load from the surrounding. Similarly to the 

𝐼𝐼𝐷𝐷𝐷𝐷, the results of the dynamic model found that 𝐷𝐷𝐷𝐷𝐷𝐷 parameters significantly impact the 𝐸𝐸𝐸𝐸, i.e. about 14% of 

the total 𝐸𝐸𝐸𝐸 result from direct behavioural interactions. Results indicate that the influence of 𝑇𝑇𝑖𝑖𝑖𝑖 is the largest impact 

factor among the 𝐷𝐷𝐷𝐷𝐷𝐷. Previous research conducted by Geppert et al. (2013) concluded that a 1 °C change in 𝑇𝑇𝑖𝑖𝑖𝑖 

causes a 6-8% change in consumption [Geppert and Stamminger, 2013]. However, as outlined in chapter 2.2, 

best practices can only be recommended from an energy-saving point of view and especially the storage of 

perishable food under proper 𝑇𝑇𝑖𝑖𝑖𝑖 is one of the most sensitive parts of the cold chain. The best practice 𝑇𝑇𝑖𝑖𝑖𝑖 for 𝑅𝑅𝑅𝑅 

of 7 °C might accelerate the perishability of groceries compared to a 𝑇𝑇𝑖𝑖𝑖𝑖 of 4 °C, thus, its implementation potentially 

leads to an increasing food waste despite energy savings. The effect of door openings on the 𝐸𝐸𝐸𝐸 was found to be 

rather small with a share of about 2% in total consumption. However, unlike Liu et al. (2004) who determined a 10% 

increase of 𝐸𝐸𝐸𝐸 in the event of 65 door openings, an average of 12 openings per day, as indicated by the 

interviewees, is more moderate [Liu et al., 2004]. The dynamic energy model only investigated the impact of single 

behavioural 𝐷𝐷𝐷𝐷𝐷𝐷 and 𝐼𝐼𝐷𝐷𝐷𝐷 parameters on refrigeration appliance’s 𝐸𝐸𝐸𝐸 but did not attempt to further investigate 

intermediate effects. For instance, if a consumer reduces the 𝑛𝑛𝑏𝑏𝑜𝑜𝑏𝑏 according to the best practices the 𝑛𝑛𝑑𝑑𝑜𝑜𝑜𝑜𝑑𝑑_𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑠𝑠 

is likely to decrease as well. Interestingly, the excess consumption due to the efficiency loss for an anticipated 

appliance at the age of 20 is within the range of the reductions in energy use due to appliance replacement, 

estimated by Belshe and Kinney to be between 50-70% [Kinney and Belshe, 2001; Arroyo-Cabañas et al., 2009]. 

Concerning the results of the implementation of best practices listed in Table A2, it was highlighted that significant 

energy savings occur from an energy efficient behaviour. In this light, advice and recommendations have to be 

promoted much more and the behaviour integrated into future policies. Nevertheless, issues such as food safety 

and food waste additionally need to be addressed in the light of sustainability. This is especially because the 

consumer acts as a key player in the preservation and use of groceries, limiting the risk of food-borne illnesses, 

such as listeria or salmonella and unnecessary food waste by a forward-looking and proactive behaviour. For 
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instance, food should be stored at the proper places (side- and storage compartments) and under correct conditions 

in a 𝑅𝑅𝑅𝑅 or 𝑅𝑅𝐹𝐹𝐸𝐸 to minimise its perishability along with its safety and food waste aspects. 

The current dynamic energy model addresses refrigeration appliances with a 𝑃𝑃𝐷𝐷𝑅𝑅 rigid foam insulation which is, 

up to now, the most frequently used refrigerator insulation material. However, in the future, the model can be 

extended to incorporate 𝑉𝑉𝐼𝐼𝑃𝑃 to conduct comparative analysis. 

 

5. Conclusions and policy implications 

Policies prompted an efficiency increase of household refrigeration appliances but in-depth research and tools to 

evaluate the initiated policies were lacking. The present study provides an unprecedented approach by jointly 

considering technical aspects and consumer interactions in one dynamic energy model to test the sufficiency of 

policies targeting the efficiency of refrigeration appliances. One important finding of this study is that the efficiency 

loss increases appliance’s 𝐸𝐸𝐸𝐸 over time. Based on the dynamic energy model, three different scenarios were 

derived for an anticipated appliance use phase of 10, 15 and 25 years, respectively. Even in the POSITIVE scenario, 

the impact of the efficiency loss was found to increase the annual average 𝐸𝐸𝐸𝐸 by no less than 1%, i.e. an excess 

of at least 10% of 𝐸𝐸𝐸𝐸 after 10 years of usage. However, present policies, such as the energy labelling, do not 

incorporate degradation aspects and may thus misinform consumers because an appliance’s labelled efficiency 

potentially decreases several classes throughout its use phase. Another important finding of this study concerns 

the significant impact of consumer behaviour. It was found that the share of 𝐷𝐷𝐷𝐷𝐷𝐷 in the total 𝐸𝐸𝐸𝐸 of a daily used 

refrigeration appliance amounts to more than 13.5% within one year of usage. The 𝐼𝐼𝐷𝐷𝐷𝐷 was found to be larger than 

the 𝐷𝐷𝐷𝐷𝐷𝐷. Especially the impact of the 𝑇𝑇𝑎𝑎 at consumer homes was identified to account for an average of roughly 

18.5% of appliance’s total 𝐸𝐸𝐸𝐸. The implementation of best practices exemplified multiple initiatives to reduce the 

𝐸𝐸𝐸𝐸 and are feasible for most consumers. Unlike the 𝐷𝐷𝐷𝐷𝐷𝐷, best practices regarding the external influences may not 

be feasible for all consumers. This is especially because some conditions, such as the 𝑇𝑇𝑎𝑎𝑐𝑐, are not only affected by 

behaviour but also by external factors, e.g. the housing insulation or the location of an apartment in a multi-story 
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building. However, in the case that all formulated best practices can be implemented the results of this study 

highlight a reduction of almost half of the consumer-induced 𝐸𝐸𝐸𝐸 by behavioural changes. 

The results of this study indicate that present policy approaches regarding refrigeration appliances are insufficient. 

Since neither appliance’s efficiency loss over time, nor the impact of consumer behaviour were considered in past 

policies, the real life 𝐸𝐸𝐸𝐸 throughout an appliance’s lifetime is not outlined to consumers. In fact, the results of this 

study show that, depending on the degree of efficiency loss, the labelled efficiency class of an appliance may 

decrease by several classes throughout its service life, whereas an energy-saving behaviour can counteract the 

degradation. A better understanding of the degrading efficiency and the promotion of energy saving behaviour are 

therefore critical topics that affect multiple stakeholders. For instance, information of impact factors on appliance’s 

𝐸𝐸𝐸𝐸 can be presented to consumers by an energy-saving label that is placed next to the energy label. Such a label 

was, among others, already designed by Lepthien (2001) but never implemented [Lepthien, 2001]. In the future, 

the dynamic energy model should be extended by further variables to increase the validity of its output and, thus, 

approximate a universal model. The exposure of appliances to direct sunlight and the dirt contamination of varying 

components over time, e.g. gradual loosening of the door gasket and dust accumulation on the condenser surface, 

could be included as additional 𝐼𝐼𝐷𝐷𝐷𝐷 parameters. Further experimental approaches first have to be conducted to 

determine their impact on appliance’s 𝐸𝐸𝐸𝐸. Regarding the model application, it could be used to test the sufficiency 

of policies that aim to improve refrigeration appliance’s efficiency. Furthermore, recommendations regarding an 

energy-saving behaviour have to be promoted much more, since consumers often seem to be unaware of the 

correct interaction with refrigeration appliances. These should especially refer to the 𝑇𝑇𝑖𝑖𝑖𝑖, 𝑇𝑇𝑎𝑎𝑐𝑐 and advice on the 

𝑛𝑛𝑑𝑑𝑜𝑜𝑜𝑜𝑑𝑑_𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜. The basis for such recommendations could be the list of best practices (Table A2) that could be 

graphically processed to a label and applied to refrigeration appliances next to the Energy Label, making it visible 

to all consumers. 
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Appendix: 
 
Table A1: Decoding table (extract) 

Manufacturer / Brand Identification 
model 

Identification  
production date Comments 

AEG; Electrolux; Zanker; 
Juno; Zanussi; Progress 

Model 
Declared as Modell / Model 
 

Serial number 
Declared as Ser.Nr. / Ser.No. / Nr. 

• The code comprises only the year, not the corresponding decade. 

Bauknech; Whirlpool; 
Privileg 

Model 
Indicated by SERVICE and / 
or a sequence of numbers 

Serial number 
Declared as S/N / Serial number 

• The sequence of numbers specifying the model has 12 digits, starting with 85 or 86. 
• The serial number is usually a 12-digit number sequence. 

Bosch; Siemens (BSH); 
Constructa; Neff; Junker 

Model number 
Declared as E-Nr. 
 

Production date 
Declared as FD 
 

• The production date is a 4-digit number sequence. 
 

Beko 
Model  
Declared as Model / Modell  

Serial number 
Declared as SERIAL NUMBER / 
SERIAL NO 

• The number sequence can be written with and without hyphens. 
• Same coding system as Grundig. 

Blomberg* - - - 
Bomann* - - - 

EXQUISIT Model 
Declared as Modell 

Production date 
Declared as Batch 

• Alphabetic coding, i.e. one letter for the production year. 
• Same coding system as OK. 

Gorenje 
Model 
Declared as MODEL / 
MODELL 

Serial number 
Declared as SER. N° / Serial number 

• Same coding system as AEG. 

Grundig 
Model 
Declared as MODELL / 
MODEL 

Serial number  
Declared as SERIENNUMMER / Serie 
Number 

• The number sequence can be written with and without hyphens. 
• Same coding system as Beko. 

Haier 
Model 
Declared as MODEL 

Serial number 
Declared as Serial Number 

• Alphabetic coding, i.e. one letter for the production year,  
number-letter coding for the production month(s) 

• Similar to SAMSUNG. 
Hisense* - - - 

Hoover (Candy)* - - - 

LG (LG Electronics) 

Model 
Declared as Model / Modell / 
Modello 

Serial Number 
Declared as Serial No. or combination 
of numbers and letters under the 
barcode 

• The number-letter code specifying the serial number is often a 12-digit sequence.  
• The code comprises only the year, not the corresponding decade. 

LIEBHERR 
Model 
Declared as Service-no. / 
No.-Service 

Production date 
Declared by three-digit code or Serial-
Nr. 

• If the three-digit code (left-bottom corner on the nameplate) is not given, the customer 
service evaluates the production date using the 9-digit serial number. 

• Similar coding system as Miele. 

OK. Model 
Declared as Model 

Production date 
Declared as Batch 

• Alphabetic coding, i.e. one letter for the production year. 
• Same coding system as EXQUISIT. 

Miele 
Model 
Declared as combination of 
letters and numbers 

Production date 
Declared by three-digit code, or letter-
number combination (starting with Nr.) 

• If the three-digit code (left-bottom corner on the nameplate) is not given, the customer 
service evaluates the production date using the letter-number combination. 

• Similar coding system as LIEBHERR. 

SAMSUNG 

Model 
Declared as MODEL 

Serial number 
Declared as S/N / S/no. 

• Usually 15-digit number-letter code. 
• Alphabetic coding, i.e. one letter for the production year,  

number-letter coding for the production month(s). 
• Similar to Haier. 

Other * - - - 
*No freely available data exist to decode the production date of appliances of these manufacturers/brands. Consumers with such appliances were automatically discarded from the survey. 
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Table A2: Best practices 
Direct using behaviour (DUB) 

I.) 𝑻𝑻𝒊𝒊a • Refrigerator compartment:      7 °C 
• Freezer compartment:         -16 °C 

 
References: Böhmer and Wicke, 1998; Ceuppens et al., 2016;  
                    Cravitio et al., 2017; James et al., 2008; 
                    Federal Environmental Agency of Germany, 2013;  
                    Federal Ministry for Economic Affairs and Energy, 2020; 
                    Preparatory Studies for Eco-design Requirements of EUPs,  
                    2007; Roccato et al., 2017; Terpstra et al., 2005 

II.) 𝒏𝒏𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅_𝒅𝒅𝒐𝒐𝒐𝒐𝒏𝒏𝒊𝒊𝒏𝒏𝒐𝒐 • 𝑅𝑅𝑜𝑜     ≤ 10 openings/day 
• 𝑅𝑅𝐹𝐹𝐸𝐸  ≤ 12 openings/day 
 

References: Böhmer and Wicke, 1998; Federal Ministry for Economic  
                    Affairs and Energy, 2020; Federal Ministry for the 
                    Environment, Nature Conservation and Nuclear safety, 2019; 
                    Geppert and Stamminger, 2010; James and Evans, 1992;  
                    Saidur et al., 2002 

III.) 𝒏𝒏𝒇𝒇𝒅𝒅𝒅𝒅𝒅𝒅 • No storage of warm food 
 

References: Böhmer and Wicke, 1998; Federal Ministry for Economic  
                    Affairs and Energy, 2020; Federal Ministry for the 
                    Environment, Nature Conservation and Nuclear safety, 2019;  
                    Geppert and Stamminger,2010; 

IV.) 𝒏𝒏𝒃𝒃𝒐𝒐𝒃𝒃 b • Storing ≤ 10 l of beverages per week 
 

Reference: Böhmer and Wicke, 1998 
Indirect using behaviour (IUB) 

I.) 𝑻𝑻𝒂𝒂 c • 𝑇𝑇𝑎𝑎 ≈ 19°C 
• 𝑇𝑇𝑎𝑎 fluctuation:  𝑇𝑇𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 ≤ 25 °C 

                      𝑇𝑇𝑎𝑎𝑚𝑚𝑖𝑖𝑖𝑖 ≥ 16 °C 
Temperature fluctuations should be as small as possible and 
appliances kept at approximately constant 𝑇𝑇𝑎𝑎 
 

References: Böhmer and Wicke, 1998; Federal Ministry for Economic  
                    Affairs and Energy, 2020; Federal Ministry for the  
                    Environment, Nature Conservation and Nuclear safety, 2019; 
                    James et al., 2017; Hasanuzzaman et al., 2009; Preparatory  
                    Studies for Eco-design Requirements of EUPs, 2007 

II.) 𝜀𝜀 • No proximity to heat sources: 𝜀𝜀 = 0 
 

References: Federal Ministry for Economic Affairs and Energy, 2020;  
                    Lepthien, 2001 

Some 𝐷𝐷𝐷𝐷𝐷𝐷 and 𝐼𝐼𝐷𝐷𝐷𝐷 parameters are unchangeable, such as the 𝑇𝑇𝑎𝑎 at the installation site. Due to the household 
conditions, a consumer may have no influence on this parameter. 
Most advice on the energy-saving handling of refrigeration appliances was gathered from governmental institutions, 
academic research or consumer information boards. Recommendations are inconsistent for different countries (see 
chapter 2.2), thus deviations among single advice exist for varying regions. 
a  Depending on the country or region, the energy–saving advice regarding the 𝑇𝑇𝑖𝑖𝑖𝑖 varies for 𝑅𝑅𝑅𝑅 between  
     5 °C to 7 °C and for 𝑅𝑅𝐹𝐹𝐸𝐸 from -18 °C to -16 °C. Since 7 °C and -16°C constitute the upper limits, these  
     were chosen as best practices regarding the 𝑇𝑇𝑖𝑖𝑖𝑖 and implemented to the dynamic energy model. 
b  Non-perishable beverages do not have to be stored in the refrigerator (water, soft drinks etc.). 

• Best practice requires a forward-looking and well-planned shopping of beverages. 
• Best practice partially depends on appliance type and household size. 

c  An ambient temperature of 16 °C forms the lower limit of the climatic classes. Temperatures below     
   16 °C may activate the appliance’s winter switch at 𝑅𝑅𝐹𝐹𝐸𝐸, causing additional energy consumption or 
   lead to a stop of the compressor and subsequent warming-up of stored food.  
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Figure A1: Static model to determine the 𝑬𝑬𝑬𝑬 of refrigeration appliances 

 
Figure A1: Static energy consumption model derived by Geppert (2011) 

 

The static approach consists of three main sections. The first refers to the stand-by power, the second to the external impact 

exerted on appliances by the environment, e.g. the 𝑇𝑇𝑎𝑎, whereas the third section comprises the interactions of consumers 

with their household refrigeration appliances on a daily basis. Geppert’s (2011) static approach was extended by the 

integration of degradation factors (𝑑𝑑𝜆𝜆 and 𝑔𝑔𝑖𝑖), additional behavioural parameters (e.g. the proximity to heating sources (𝜀𝜀)) 

and modified to make it applicable for the introduction of real life consumer information (see chapter 2.1 and 2.2). 
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Table A3: Model validation 
Model validation and consistency 

1.)  

Model results (𝑊𝑊𝑊𝑊𝐹𝐹𝑘𝑘𝑖𝑖=1
𝑅𝑅𝑜𝑜,𝑅𝑅𝑅𝑅𝑅𝑅) have to be equal to the labelled 𝐸𝐸𝐸𝐸 under standard conditions for the first year after production (cf. DIN EN 62552:2013). 

Model input (test specification):      a.) Age-related efficiency loss: 𝑔𝑔𝑖𝑖 = 0 ; 𝑑𝑑𝜆𝜆 = 0 
                                                        b.) Standard conditions: (Q abbreviates ‘question’, i.e. survey answers that would have led to the labelled consumption) 
                                                             Q6 = heated ; Q9 = 0 ; Q10 = empty ; Q11 = 1 litre (equals 0 in this case) ; Q12 = never ; Q13 = 1 portion (equals 0 in  
                                                             this case) ; Q14 = 24 – 26 °C (each) ; Q15 = 25 °C (each) ; Q17 = no ; Q18 = 4 °C 𝑇𝑇𝑖𝑖𝑖𝑖

𝑅𝑅𝑜𝑜, –18°C 𝑇𝑇𝑖𝑖𝑖𝑖
𝑅𝑅𝑅𝑅𝑅𝑅,𝑅𝑅𝑑𝑑 

2.)  
Temperature changes (ambient temperature at the installation site 𝑇𝑇𝑎𝑎𝑐𝑐 and changes to the temperature setting 𝑇𝑇𝑖𝑖𝑖𝑖

𝑅𝑅𝑜𝑜,𝑅𝑅𝑅𝑅𝑅𝑅) only impact the second and third 
section of the equation underlying the dynamic energy model. 
Model input (test specification): a.) All parameters are formulated as in 1.), but Q14 and Q18 either increase or decrease 

3.)  
Increases to 𝑇𝑇𝑖𝑖𝑖𝑖

𝑅𝑅𝑜𝑜,𝑅𝑅𝑅𝑅𝑅𝑅 decrease 𝑊𝑊𝑊𝑊𝐹𝐹𝑘𝑘1,…,𝑖𝑖
𝑅𝑅𝑜𝑜,𝑅𝑅𝑅𝑅𝑅𝑅, whereas decreases to 𝑇𝑇𝑖𝑖𝑖𝑖

𝑅𝑅𝑜𝑜,𝑅𝑅𝑅𝑅𝑅𝑅 increase 𝑊𝑊𝑊𝑊𝐹𝐹𝑘𝑘1,…,𝑖𝑖
𝑅𝑅𝑜𝑜,𝑅𝑅𝑅𝑅𝑅𝑅 

Model input (test specification):     a.) All parameters are formulated as in 1.), but 𝑇𝑇𝑖𝑖𝑖𝑖
𝑅𝑅𝑜𝑜,𝑅𝑅𝑅𝑅𝑅𝑅 increases 

                                                       b.) All parameters are formulated as in 1.), but 𝑇𝑇𝑖𝑖𝑖𝑖
𝑅𝑅𝑜𝑜,𝑅𝑅𝑅𝑅𝑅𝑅 decreases 

4.)  
Increases of 𝑇𝑇𝑎𝑎 / 𝑇𝑇𝑎𝑎𝑐𝑐 increase 𝑊𝑊𝑊𝑊𝐹𝐹𝑘𝑘1,…,𝑖𝑖

𝑅𝑅𝑜𝑜,𝑅𝑅𝑅𝑅𝑅𝑅, whereas decreases of 𝑇𝑇𝑎𝑎 / 𝑇𝑇𝑎𝑎𝑐𝑐 decrease 𝑊𝑊𝑊𝑊𝐹𝐹𝑘𝑘1,…,𝑖𝑖
𝑅𝑅𝑜𝑜,𝑅𝑅𝑅𝑅𝑅𝑅 

Model input (test specification):     a.) All parameters are formulated as in 1.), but 𝑇𝑇𝑎𝑎 / 𝑇𝑇𝑎𝑎𝑐𝑐 increases 
                                                       b.) All parameters are formulated as in 1.), but 𝑇𝑇𝑎𝑎 / 𝑇𝑇𝑎𝑎𝑐𝑐 decreases 

Model validation (ambient influence) 
5.)  Changes to 𝑑𝑑𝜆𝜆 only impact the second section of the equation underlying the dynamic energy model. 

Model input (test specification):  All parameters are formulated as in 1.), but 𝑑𝑑𝜆𝜆 increases (to a positive value). 

6.)  Changes to 𝑔𝑔𝑖𝑖 only impact the second section of the equation underlying the dynamic energy model. 
Model input (test specification):  All parameters are formulated as in 1.), but 𝑔𝑔𝑖𝑖 either increases or decreases. 

7.)  Changes to ɛ (Q17) only impact the second section of the equation underlying the dynamic energy model. 
Model input (test specification):  All parameters are formulated as in 1.), but ɛ is either positive (0.009) or zero. 

Model validation (consumer influence) 

8.)  Changes to 𝑛𝑛𝑑𝑑𝑜𝑜𝑜𝑜𝑑𝑑 (Q9) only impact the third section of the equation underlying the dynamic energy model. 
Model input (test specification):  All parameters are formulated as in 1.), but 𝑛𝑛𝑑𝑑𝑜𝑜𝑜𝑜𝑑𝑑 either increases or decreases. 

9.)  Changes to 𝑛𝑛𝑏𝑏𝑜𝑜𝑏𝑏 (Q11) only impact the third section of the equation underlying the dynamic energy model. 
Model input (test specification):  All parameters are formulated as in 1.), but 𝑛𝑛𝑏𝑏𝑜𝑜𝑏𝑏 either increases or decreases. 

10.)  
Changes to 𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑_𝑜𝑜𝑑𝑑𝑜𝑜𝑓𝑓 (Q12) only impact the third section of the equation underlying the dynamic energy model. 
Model input (test specification):  All parameters are formulated as in 1.), but 𝑛𝑛𝑏𝑏𝑜𝑜𝑏𝑏 either increases or decreases. 
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Table A4: Summary of empirical results regarding survey participants and monitored appliances 
Pa

rt
ic

ip
an

ts
 Household size 1 resident 2 residents 3 residents 4 residents More than 4 residents ∑ 

105 (14.9%) 296 (41.9%) 154 (21.8%) 115 (16.3%) 36 (5.1%) 706 (100%) 

Age 20–29 years 30–39 years 40–49 years 50–59 years 60–74 years ∑ 
70 (9.9%) 156 (22.1%) 162 (22.9%) 146 (20.7%) 172 (24.4%) 706 (100%) 

Gender male female ∑ 
364 (51.6%) 342 (48.4%) 706 (100%) 

A
pp

lia
nc

e 
ch

ar
ac

te
ris

tic
s 

Type refrigerator refrigerator-freezer combination ∑ 
166 (23.5%) 540 (76.5%) 706 (100%) 

Brand a BSH SAMSUNG LIEBHERR AEG LG Bauknecht OTHERS ∑ 
300 (42.5%) 106 (15.0%) 85 (12.0%) 61 (8.6%) 52 (7.4%) 26 (3.7%) 76 (10.8%) 706 (100%) 

IU
B

 

Installation site heated unheated ∑ 
495 (70.1%) 211 (29.9%) 706 (100%) 

𝜺𝜺 proximity to external heat sources no proximity to external heat sources ∑ 
156 (22.1%) 550 (77.9%) 706 (100%) 

𝑻𝑻𝒂𝒂𝒄𝒄  summer less than 15 °C 15–17 °C 18–20 °C 21–23 °C 24–26 °C 27–29 °C more than 29 °C ∑ 
36 (5.1%) 28 (4.0%) 85 (12.0%) 253 (35.8%) 234 (33.2%) 53 (7.5%) 17 (2.4%) 706 (100%) 

𝑻𝑻𝒂𝒂_𝒎𝒎𝒂𝒂𝒎𝒎𝒊𝒊𝒎𝒎𝒎𝒎𝒎𝒎
𝒄𝒄  less than 15 °C 15–20 °C 20–25 °C 26–30 °C 31–35 °C 36–40 °C more than 40 °C ∑ 

1 (0.1%) 33 (4.7%) 316 (44.8%) 287 (40.7%) 49 (6.9%) 19 (2.7%) 1 (0.1%) 706 (100%) 

𝑻𝑻𝒂𝒂𝒄𝒄  winter less than 12 °C 12–14 °C 15–17 °C 18–20 °C 21–23 °C 24–26 °C more than 26 °C ∑ 
26 (3.7%) 28 (4.0%) 90 (12.8%) 271 (38.4%) 265 (37.5%) 22 (3.1%) 4 (0.5%) 706 (100%) 

D
U

B
 

𝑻𝑻𝒊𝒊 cooling b below 3 °C 3–4 °C 5–6 °C 7–8 °C above 8 °C ∑ 
20 (2.8%) 142 (20.1%) 269 (38.1%) 254 (36.0%) 21 (3.0%) 706(100%) 

𝑻𝑻𝒊𝒊 freezing b below -20 °C -20 to -19 °C -18 to -17 °C -16 to -15 °C above -15°C ∑ 
42 (6.9%) 88 (14.4%) 306 (50.1%) 102 (16.7%) 73 (11.9%) 611(100%) 

𝒏𝒏𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅_𝒅𝒅𝒐𝒐𝒐𝒐𝒏𝒏𝒊𝒊𝒏𝒏𝒐𝒐
c less than 6 per day 6–15 per day 16–25 per day 26–35 per day more than 35 per day ∑ 

98 (13.9%) 381 (53.9%) 160 (22.7%) 38 (5.4%) 29 (4.1%) 706(100%) 

𝒏𝒏𝒇𝒇𝒅𝒅𝒅𝒅𝒅𝒅_𝒇𝒇𝒅𝒅𝒐𝒐𝒇𝒇𝒎𝒎 almost) daily once a month weekly quarterly never ∑ 
81 (11.5%) 32 (4.5%) 139 (19.7%) 71 (10.1%) 383 (54.2%) 706 (100%) 

𝒏𝒏𝒇𝒇𝒅𝒅𝒅𝒅𝒅𝒅 d 1 portion 2 – 3 portions more than 3 portions ∑ 
111 (34.4%) 199 (61.6%) 13 (4.0%) 323 (100%) 

𝒏𝒏𝒃𝒃𝒐𝒐𝒃𝒃 1l / week 2–3l / week 4–6l / week 7–10l / week 11–15l / week more than 15l / week ∑ 
19 (2.7%) 177 (25.1%) 271 (38.4%) 158 (22.4%) 65 (9.2%) 16 (2.2%) 706 (100%) 

a BSH (BOSCH, SIEMENS) additionally includes appliances branded as Constructa, Neff, Junker.  
  AEG additionally includes appliances branded as Electrolux, Zanker, Juno, Zanussi, Progress. 
  Bauknecht additionally includes appliances branded as Whirlpool. 
  OTHERS group appliance brands or manufacturer of those brands for which no decoding of the actual production date could be done. 
b The lines present temperature classes for cooling- and freezing compartments, i.e. all monitored appliances have at least one cooling compartment.  
   Low-temperature compartments with adjustable internal temperature are thus given within the freezing values. 
c This table does not differentiate between refrigerators and refrigerator-freezer combinations. 
d Only those participants who actually placed warm food into their refrigeration appliances are listed, i.e. 706 less 382 participants who stated to never place warm food into their appliances. 
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