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Abstract: The great majority of customers choose nutritious, fresh fruit with a distinct color for human 

ingestion. The Golden Delicious apple is a popular yellow-colored, delicate, sweetish, somewhat acidic, 

crisp-fleshed, juicy, fragrant, and aromatic apple. Apples, like other fruits, are stressed throughout their 

development and growth in the field, as well as during harvest and the postharvest environment (processing, 

storage, transportation). The refrigerated system enables bulk processing of food goods from harvest to 

market, guaranteeing that freshness and integrity are preserved for a prolonged time through precise 

temperature and humidity regulation. This study looked at the effects of three months of storage on the weight 

loss of Golden Delicious apples, both under refrigerated settings at 5±0.5°C and 82% relative humidity and 

in controlled ambient conditions at 25±0.5°C relative humidity and 60% relative humidity. The results 

showed that the weight loss in the two groups of apples was different. Apples held in cold storage lost 3.31g 

to 4.59g of weight; meanwhile, apples stored at room temperature lost 23.29g to 31.76g of weight. 

Keywords: Golden Delicious apples, storage, weight loss, shelf life, temperature 

1. Introduction 

Unlike other perishable foods such as meat, fruits and vegetables are living tissues that continue to breathe 

and transpire even after being separated from the plant [1]. Sugars, salts, organic acids, minerals, water-

soluble dyes, vitamins, and nondigestible carbohydrates are essential to fruit components of a balanced 

human diet [2]–[4]. 

Water makes around 75–90% of the total bulk of fruits. The ultimate water content of fruits and vegetables 

is generally determined by structural variations [5]. Substrate and water losses in the parent plant are 

compensated by a continuous flow of photosynthates, minerals, and water before harvest; however, these 

losses are not restored in the postharvest channel [6]. As a result, these foods begin to degrade and finally 

spoil, diminishing their shelf life and quality. 

Various factors determined the percentage of deterioration, most of which are internal, such as internal 

tissue conditions, which can be affected by different mechanical interactions during harvest or transportation 

[7]. The external factors are also important, such as temperature and relative humidity during storage (RH%) 

[8].  

The apple is among the world's most fleeting and significant fruits, primarily cultivated in temperate 

climates. There are around 7500 apple varieties, although only a few are famous worldwide. Golden 

Delicious is a popular variety that is grown throughout the world. It is a significant crop with an annual 

production of 83 million tonnes [9]. Apples are one of the most consumed fruits in Europe. In 2021, the apple 

production in Europe was 11.735,000 T. Golden Delicious production was 2.120.000 T. Apple is one of the 

main fruits available in Hungary for fresh consumption and postharvest storage. In 2021 the total production 

of apples was 520.000 T, for Golden Delicious was 50.000 T [10]. Only a small percentage of apples are 

https://doi.org/10.17676/HAE.2022.41.5
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consumed right after harvesting, and consumers must conserve a significant part of them for a long time to 

ensure their preservation for future consumption [11]. 

Apple seems like one of those fruits for which the quality degrades fast over time while storing, resulting 

in a wide range of customer satisfaction. Consumers dislike fruits that are low in weight, colourless, and 

withered [12]. Apples are collected and processed in late summer and fall; however, they are readily 

accessible pretty much all season.  

The most significant environmental element impacting the degradation of harvested and stored fruit is 

temperature [13]. The temperature has a considerable impact on how other internal and external variables 

influence the fruit and its shelf life [14]. As a result, it is essential to maintain constant control over this 

component [15]. While lower storage temperatures might cause cold damage, higher temperatures can 

significantly decrease the product's shelf life. Many studies have been carried out to investigate the effect of 

storage temperature on fruit quality and shelf life [16]–[20]. The results show that temperature has a 

substantial impact on postharvest fruit quality. 

Cold storage is the foundation for preserving fruit quality over long periods [21]. Using cold storage helps 

to reduce the respiration rate of fruits and vegetables and extends the shelf life. Previously, people generally 

consumed fruits completely at their production site; but, technological improvements in postharvest and 

commercialization technology have permitted shipping fruits to be sent to distant locations and consumed 

within a few to several days of collection. This approach emphasizes the need to retain natural characteristics 

and freshness from farm to remote customer. 

The objective of this study was to determine the effects of storage temperature on the postharvest weight 

change of apple (Golden Delicious) fruit, which is an essential aspect of quality conditions. 

2. Materials and Methods 

Apple fruit "Golden Delicious" were collected directly from the same farm, "Kecskemét," located in 

Hungary. The fruit sample average weight was 160 ±60 g. 

Apples have been subjected to a screening and selection operation to remove any damaged fruit. Samples 

were divided into two groups; each one was composed of 12 apples with identification: the first group, named 

AO: Apple Outside cold storage, was stored in the laboratory at an ambient environment (To=25±0.5°C, with 

the relative humidity of φ=60RH%). The second group was placed in a cold storage refrigerator. The storage 

temperature was set at Ti=5±0.5°C with relative humidity of 82 %, and the identification was AI: Apples 

Inside cold storage. 

The following materials were used to experiment: Cold storage room' FRIGOR-BOX' with nominal 3.7m3 

capacity and a precision scale type KERN PCB (3500±0.01g). (Figure 1) 

 

Figure 1. KERN PCB-type laboratory balance for measuring weight loss 

All apples were weighed before, during, and after the storage period in 3 replicates. The same samples were 

evaluated for weight loss once a week for 3 months. 

Weight loss (Δm) was determined as follows: Δm = m0 − mi [g], where m0 indicates the initial fruit weight 

[g] at harvest and mi shows the fruit weight [g] during storage. Weight loss was calculated by the difference 

in the weight before and after storage, results given in gram. The measurements were performed in the Food 

Technology Laboratory at the Hungarian University of Agriculture and Life Sciences. Weight measurement 

was performed 3 times on each apple. We calculated the mathematical average of the results. For the average 
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data of each week, we used a linear regression function to look for trends. The difference between the 

equations shows the clear distinction between the two processes. 

3. Results and Discussion 

The Golden Delicious apples used in the experiment were kept at room temperature, and we tracked weight 

loss week by week. The highest measured weight of the apples at the start was between 138 and 220g using 

a calibrated scale. 

The 12 apples of various weights were weighed and averaged in triplicate once a week. The results are 

presented in the figure. The effect of storage at room temperature on apple weight loss during 3 months is 

shown in Figure 2.  

 

Figure 2. Weight loss of apples stored at ambient temperature during 3 months 

As a result of this study, a trend line was fitted to the average price of the measurements over 9 weeks. The 

linear trend line with a coefficient of determination R2= 0.99 faithfully, explained the variation in weight loss 

of the apples during storage. 

The weight loss of apples varied between 23.29 g and 31.76g (Table 1). The mass of the fruit declined 

continuously. The first apple that began to shrink and perish was in week 6. 

The other group of apples included in the experiment was stored in a refrigerated chamber for 3 months. 

(Ti=5±0.5°C; φ=82RH%). The measured weight of the apples at the start was between 135±1 and 187±1 g 

using a calibrated scale. 

 

Figure 3. Weight loss of apples stored at 5±0.5°C during 3 months 
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The results shown in Figure 3 revealed that the mass of apples decreased between 3.31g and 4.59g after 9 

weeks under cold storage. The variation in weight loss of the apples stored at 5±0.5 °C was faithfully 

explained by the linear trend line with a coefficient of determination R2= 0.98. 

The study showed that low-temperature treatment significantly inhibited the increase of weight loss, and 

5±0.5 ℃ storage was best to the extent of the shelf life and inhibited weight loss of Golden Delicious apple.  

The weight of the fruit reduced with time at both ambient and cold storage conditions. When compared to 

room temperature storage, cold storage exhibited significantly less change. (Table (1)). 

Table1. The measured Weight loss of apples stored at 5±0.5°C and 25±0.5°C weekly 

Apples 

stored at  

25 ±0.5°C 

AO.1 AO.2 AO.3 AO.4 AO.5 AO.6 AO.7 AO.8 AO.9 AO.10 AO.11 AO.12 

Week 0  0 0 0 0 0 0 0 0 0 0 0 0 

Week 1 3.41 2.68 2.76 3.29 2.43 3.10 3.24 2.78 2.90 2.69 2.85 3.18 

Week 2 7.46 5.73 6.00 7.04 7.50 6.66 6.78 5.93 6.11 5.65 5.97 6.71 

Week 3 11.43 8.75 9.28 10.84 11.44 10.51 10.31 9.16 9.50 8.69 9.27 10.59 

Week 4 14.08 10.77 11.53 13.36 14.13 13.13 12.78 11.32 11.79 10.72 11.48 13.34 

Week 5 18.71 14.30 15.57 17.73 18.97 17.88 17.06 15.16 15.85 14.29 16.51 18.25 

Week 6  22.22 16.96 18.68 21.00 22.67 21.50 20.20 18.09 18.99 17.00 22.12 22.05 

Week 7 25.42 19.40 21.50 23.92 25.96 24.57 23.02 20.72 21.90 19.22 rotten 25.27 

Week 8  28.73 21.99 24.59 27.05 29.57 28.06 26.02 23.53 rotten 21.75 rotten 29.01 

Week 9 30.83 23.55 24.59 28.94 31.76 30.04 27.94 25.29 rotten 23.29 rotten 31.19 

Apples 

stored at 

5±0.5°C 

AI.1 AI.2 AI.3 AI.4 AI.5 AI.6 AI.7 AI.8 AI.9 AI.10 AI.11 AI.12 

Week 1 0 0 0 0 0 0 0 0 0 0 0 0 

Week 2 1.05 0.77 0.81 0.85 0.85 0.74 0.76 0.70 0.77 0.66 0.67 0.76 

Week 3 1.68 1.28 1.30 1.39 1.42 1.22 1.29 1.22 1.33 1.17 1.17 1.26 

Week 4 2.04 1.56 1.58 1.70 1.72 1.49 1.59 1.52 1.66 1.45 1.45 1.54 

Week 5 2.64 2.03 2.03 2.19 2.27 1.94 2.09 2.67 2.18 1.93 1.91 2.02 

Week 6  3.21 2.46 2.43 2.62 2.70 2.30 2.53 2.44 2.64 2.33 2.29 2.38 

Week 7 3.75 2.91 2.86 3.09 3.19 2.73 2.99 2.90 3.13 2.75 2.73 2.81 

Week 8  4.27 3.27 3.25 3.50 3.61 3.11 3.38 3.30 3.60 3.13 3.07 3.16 

Week 9 4.59 3.53 3.48 3.72 3.92 3.31 3.66 3.53 3.84 3.37 3.34 3.43 

Apples held in cold storage lost between 3.31g and 4.59g of weight; meanwhile, apples stored at room 

temperature lost between 23.29 g and 31.76g of weight. 

Storage at the two different temperatures significantly impacted the weight of the fruit. Fruit that has lost 

weight generally appears shrivelled and unappealing. There were significant alterations in the weight loss of 

apples placed at ambient temperature. 
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4. Conclusions 

When picked at its height of ripeness, the fruit is a tasty, healthy, and colourful part of the daily diet, as it is 

generally attractive and very healthy, however, an apple continues to live and breathe even after being picked, 

which led to quality changes. Although it is impossible to stop respiration completely, postharvest cooling 

aims to slow down the process and thus increase shelf life. 

This paper studied the changes in weight loss of Golden Delicious apple fruits during storage at room 

temperature and cold storage. The weight loss of cold-stored samples was inhibited, indicating that the 

internal transpiration of the apples mainly influenced the weight loss.  

Fruits respond to postharvest conditions with desirable changes if proper protocols are applied, but 

otherwise, they may develop negative and unacceptable characteristics due to physiological disorders. In 

further studies, we will investigate the effect of different storage conditions on the variation of measurable 

parameters of fruit. 
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Abstract: Consumers have an important role to play in the transition to a circular economy by making more 

sustainable decisions and further supporting the functioning of value groups through their consumer choices. 

To this end, it is necessary to promote circular and sustainable policies and practices that can lead to the 

emergence of demonstration initiatives. From the theory of the circular economy and the sustainability 

literature, 10 groups of factors can be identified that can influence the acceptance of circular products and 

services for consumers. None of the aspects were specifically related to the consumption and recycling of 

organic food. Food supply systems are identified as a potential area for the implementation of circular 

concepts; however, these concepts focus mainly on food production and the recycling of surplus food. 

Current circular solutions place less emphasis on food-related consumption, separating it from production or 

waste streams. In the next study, we would like to demonstrate that consumption trends have surprisingly 

overlapped in recent years (during Covid), resulting in a generational change in the consumption of organic 

food. And the clear driving force of this change is circular thinking and gaining preferences. 

Keywords: organic food, food consumption, circular economy, food supply, consumer behaviour 

1. Introduction 

Due to climate change and the need for an environmentally sustainable production system, circular economic 

characteristics have come to the fore in a number of studies. However, moving towards a circular value chain 

poses a lot of challenges for market participants. However, it is also undisputed that an analysis of consumer 

behaviour is essential because, without their commitment, circular systems do not work properly. In this 

paper, we examine the circular characteristics of the consumption habits of Hungarian consumers related to 

food purchases. Factor and cluster analysis was used for market segmentation. Our research question was as 

follows: "Is there a consumer segment in the Hungarian organic food market for which the use of circular 

economic solutions can be encouraged by marketing or state regulatory means?" According to our hypothesis, 

consumer segments are well defined and separable, so increased participation in the Hungarian circular value 

chain can be facilitated by business models. We believe that highly educated young people who are very 

conscious food consumers and have high incomes may have a good chance of future innovations in the 

circular innovations, healthy food production. These young consumers tend to buy organic food, are 

confident internet and software users, live in cities, and follow a healthy lifestyle. In the future, finding the 

right marketing tools to integrate consumers more effectively and build commitment to sustainable, circular 

systems is a key challenge. Gathering from various databases and continuously analyzing consumer feedback 

can be a huge step towards increasing sustainable consumption and avoiding food waste. The significance of 

our study is that we have found a dynamically growing consumer group that strongly expresses its acceptance 

of circular economic values and can thus be a target group for policies that integrate circular systems. 

It should be emphasized that more and more studies have recently been carried out highlighting the 

importance of consumers and the nature of consumption in the further development of circular solutions. 

Consumers may also play different roles in circular systems, may be conscious buyers, sellers, distributors, 
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storages, enhancers, collaborators, and may also act as waste disposers [1]. Some authors have pointed out 

that the active participation of consumers in achieving circular goals is at odds with current trends, which are 

characterized by a complete lack of consumer awareness [2]. There are researchers who suggest conducting 

analytical studies of the types of individuals or groups that are more likely to accept circular solutions [3] 

and examining policy strategies that influence acceptance in the context of them [4, 5]. This would make it 

possible to identify potential target groups among the relevant consumers. In order to identify groups with a 

commitment to circular principles, markets should be differentiated based on circular conceptual 

considerations, but we do not currently have adequate data for this [6; 7]. Therefore, researchers should use 

other indicators for their analysis. 

These include the zero-kilometer food indicator (for locally produced, sold and consumed food), organic 

farming indicators, ‘small amount of food and drink’ followers who do not want to be obese) and confidence 

/confidence index are important aspects in a circular system [8]. The activities of target groups can be 

triggered by a combination of certain motives and characteristics of more sustainable products and services 

[9]. It is also a challenge for policies to initiate a change in consumption patterns, as many people believe 

that their food choices are a private matter and any government recommendations violate freedom of choice. 

Related to this is an interesting question about the role that the media can play in creating the conditions for 

the transition to a circular economy [10]. Many consumers are unaware of the whole food chain, the various 

actors involved and the moral implications of their decisions. The consumer environment in which people 

make routine decisions today does not support more sustainable consumption habits [11]. Research shows 

that young adults are primarily concerned with shopping and the environmentally friendly conditions of 

purchase, and are less interested in the process of sustainable use and disposal. The main obstacles in this 

process are the lack of information and the lack of knowledge and skills [12]. Other studies have shown that 

consumption patterns differ greatly in terms of gender, age, and income [13]. In addition, the results of some 

studies show that the sustainable consumption behaviour of young adults is less different than that of older 

adults. Regarding food consumption, when young adults (14-17 years old) buy food on their own, they want 

cheap and tasty products without considering the composition or the manufacturer. Some people prefer 

organic foods, but primarily for their own health rather than for ecological or environmental reasons [14]. 

Other research shows that young adults are in virtually constant contact with each other and actively 

communicate through social media. In doing so, they are basically able to find the missing information about 

healthy or harmful products, social work conditions, or waste management programs, and they can also share 

this information [15]. Regarding sustainable consumer behaviour, the results show that there were no 

significant differences in age, gender, and financial expenditures. In addition, eating habits are related to 

people’s value orientation, emotions, personal and collective identity, traditions, and eating culture [16]. For 

example, meat consumption is also associated with certain masculinity and ethnicity [17]. 

2. Local practice vs. sustainable production  

Consumers of organic products tend to accept circular economic values because the main motivations for 

consuming organic food in many countries are considerations of positive health effects, environmental 

protection, and animal welfare [18; 19; 20; 21; 22; 23]. Circular solutions require consumers to integrate new 

products, reuse existing infrastructures, or register in a completely different way, such as by introducing 

consumer service systems [24; 25;]. This will make it easier to involve consumers who are open and ready 

to apply innovative solutions. In organic farming, there are various innovative sourcing systems and direct 

sales forms that are used by an increasing number of consumers. Community purchasing groups and 

community-supported agricultural production are also operating successfully in different countries. It is clear 

to everyone that there are many opportunities to use sustainable assets in short supply chains if they meet 

specific economic, environmental and social conditions. However, Born and Purcell (2006) [26] emphasize 

the need to avoid ‘local traps’, which means that local systems should not automatically be declared ‘good 

practice’, as ‘local food’ is not always the same as ‘sustainable food’ [27]. Circular economic models are 

based on the prudent and balanced use of resources to reduce environmental burdens. This requires strong 

support from producers and a shift in consumers' food purchasing habits towards sustainability. Examples 

include the use of a low-carbon footprint, the promotion of zero-kilometer products, and conscious action to 

avoid food waste and reduce waste (food banking system). The potential positive effects of short supply 

chains on the circular economy and sustainability goals can be achieved by supporting local food and 

smallholders. This could lead to a significant reduction in waste and, among other things, to greater trust 

between producers and consumers. 
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3. Consumer trust and product labelling 

Controlling production, the production of the product and its unquestionable confidence in its intrinsic value 

have long been central to the sale of organic products. In the case of indirect purchases through commercial 

partners and sales networks, consumers can only find out about the content value and place of origin of the 

product through the trademarks placed on the product. The display of this information is a mandatory element 

of the marketing of the product, but how reliable is this information for imported goods? Central to this is 

the practice of certification by certification bodies around the world and the presence of information to help 

consumers make a purchase! Whether healthy food is really healthy, or many claim it is based on the usual 

scheme, is “the same as traditional, only sprayed at night,” so they don’t even think about buying organic 

products, and it doesn’t really matter what price they offer! 

In this connection, it should be mentioned that, according to Csíkné (2014) [28], the most important 

influencing factors in the purchase of food for the average Hungarian consumer are price, freshness, food 

safety and choice. He found that the least influential factors were direct personal contact with farmers, 

knowledge of production methods and the reduction of pollution. In Hungary, organic production is very 

export-oriented: the majority (90-95%) of the main products (eg. maize, sunflower seeds, wheat, pumpkin 

seeds, rye, animal products) go abroad unprocessed. Organic food of Hungarian origin rarely appears in the 

retail trade, consumers can only buy imported products, sometimes of lower quality. In the organic market, 

there are problems on both the demand and supply side, products are marketed that are not needed and some 

desired products are missing [29]. 

Hungarian organic food stores focus mainly on vegan foods, and only a few of them deal with meat 

products, although this may be more appropriate for traditional eating habits [30]. Knowledge of the demand 

and supply characteristics of the market is contrary to the principle of a circular economy, ie. suppliers need 

to know demand and customers need to know reliable suppliers. This fact also underscores the role of a well-

functioning label. A well-functioning label or trademark can build trust in the marketing of organic food. The 

results of a Chinese survey have shown that the information provided on the label of organic food plays a 

key role in encouraging consumers to turn to organic food with confidence [31]. Rácz (2013) [32] found that 

in many cases Hungarian consumers are unfamiliar with the objective meaning of food labels. This 

uncertainty can be caused by the number of labels, so consumers are unable to gather extensive information 

before making a purchase decision due to the lack of uniform sustainability labels and the use of several label 

formats [32]. The various domestic promotional campaigns, as well as the labelling of foods that are produced 

in Hungary or contain raw materials produced in Hungary, have been operating for years. However, the 

special marketing program for organic food produced in Hungary and the related labelling system do not 

work at all. The research question related to the above is how fast will the relationship system of traditional 

organic food consumption change in the near future? 

4. Materials and Methods 

The research related to the eco-market trends was conducted in February 2018, in the largest Hungarian 

organic farming market (Bioculture Ecoparket). After conducting five consumer test surveys, we evaluated 

the questionnaire and further developed it based on common expert suggestions. Interviewees had the 

opportunity to judge specific questions. We used the aspects discussed in the literature review from the survey 

to determine what circular values are available to Hungarian consumers. The focus of the survey was on the 

relationship between consumers and producers, consumer health awareness and the use of direct sales 

channels, which contribute to the development of producer-consumer interactions (loops), ie a structure that 

supports circular operation. There has been no similar study on the product lines of the Hungarian food 

industry so far, so we can analyze the current situation primarily from the consumer's point of view. 

5. Results 

The circular economy, which we refer to today as synonymous with sustainability, cannot function without 

commitment. Appropriate characteristics of consumer behaviour and attitudes are essential. Based on four 

clusters, in our survey we can distinguish two clusters, special groups, from the 1st youth (21–30 years) 

cluster and the 2nd mature adults (41–65 years) cluster, in which the opinions of the stakeholders are in line 

with the characteristic values of the circular economy (Figure 1.). Summarizing the characteristics of the 

different clusters, we can state that the members of clusters 1 and 2 think mainly in the local dimension, their 
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attitude is the most appropriate for the circular economic values. Direct contacts with product chain actors 

are most preferred. Cluster 1 in particular is noteworthy for this study. Highly educated, young people who 

are very conscious consumers with good income conditions. They usually buy organic food and live in a big 

city. Finding the right marketing tools in the future to integrate into consumption systems and be committed 

to the concept of cyclical development can be a very important challenge in the future. for the introduction 

of circular systems. The amount of food wasted is significantly lower for more expensive and better quality 

foods than the linear (global) or traditional produce-consume-discard model. 

 

Figure 1. Images of each cluster (cluster 1, cluster 2, cluster 3, cluster 4) 

Food waste can be significantly reduced by creating loops / cycles in a locally operated organic farm. The 

characteristics and speed of the process depend on consumer decisions, the basic building blocks of circular 

systems, such as the sharing of databases, the latest information available to all, the introduction of short 

supply chains, accurate and detailed knowledge of market players, and the customization of consumption. in 

consumer communities are more or less already known. However, the introduction of circular business 

models is still in a very early stage in the value creation processes of organic food. Current research findings 

may provide a starting point for future surveys and studies where we can make effective use of the experience 

gained. It would be interesting to get an accurate answer to the question of whether consumers of organic 

food can be committed to circular technologies and methods or clearly reject new, innovative, digital and 

value-based food supply systems. Trends show that the main consumers of organic food are changing 

significantly (younger and higher-income consumers may take the lead in the coming years) and the volume 

of consumption may increase significantly as a result of digitalisation. Our research has also found that the 

41-65 age group, which today plays the most significant role in the consumption of organic and premium 

foods, is much more inflexible in the use of key elements of the circular value chain. The demand for local 

food is not as strong in them as it is for the conscious younger (and more digital) generation. The results of 

the research mainly show that a group of consumers with high incomes and relatively little information 

(mainly in the 21-30 age group) has appeared on the market of organic products. 

6. Discussion and Conclusions 

The circular economy, which we refer to today as synonymous with sustainability, cannot function without 

commitment. Appropriate characteristics of consumer behaviour and attitudes are essential. Based on our 

survey, we can distinguish two clusters, the cluster of young people (aged 21–30 years) and the cluster of 

mature adults (aged 41–65 years), in which the opinions of the stakeholders are in line with the typical values 
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of the circular economy. Summarizing the characteristics of the different clusters, we can state that the 

members of clusters 1 and 2 think mainly in the local dimension, their attitude is the most appropriate for the 

circular economic values. Direct contacts with product chain actors are most preferred. Cluster 1 in particular 

is noteworthy for this study. Highly educated, young people who are very conscious consumers with good 

income conditions. They usually buy organic food and live in a big city. Finding the right marketing tools to 

integrate into consumption systems and be committed to the concept of cyclical development can be a very 

important challenge in the future. Together with other authors, I believe that clarifying the link between food 

consumption and food waste is a key area for the introduction of circular systems. The amount of food wasted 

is significantly lower for more expensive and higher quality foods than for the linear (global) or traditional 

product-discard model. 

Food waste can be significantly reduced by creating loops / circuits in the locally operated bioeconomy. 

The characteristics and speed of the process depend on consumer decisions, the basic building blocks of 

circular systems, such as the sharing of databases, the latest information available to all, the introduction of 

short supply chains, accurate and detailed knowledge of market players, and the customization of 

consumption process in consumer communities is more or less already known. However, the introduction of 

circular business models is still in a very early stage in the value creation processes of organic food. Current 

research findings may provide a starting point for future surveys and studies where we can make effective 

use of the experience gained. It would be interesting to get an accurate answer to the question of whether 

consumers of organic food can be committed to circular technologies and methods or clearly reject new, 

innovative, digital and value-based food supply systems. Trends show that the main consumers of organic 

food are changing significantly (younger and higher-income consumers may take the lead in the coming 

years) and that the volume of consumption may increase significantly as a result of digitalisation. 
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Abstract: As a result of the technical development of agriculture, machines with very high axle loads 

appeared in the fields and on farm roads. As a result, subsurface soil pressure values will also increase, which 

will ultimately put increased stress on underground pipelines and other structures. In our paper, we show the 

possibility of modelling the problem using explicit dynamical methods by means of a simple example. 

Keywords: discrete element method, soil pressure, underearth pipelines, axle loads, explicit dynamical 

method 

1. Introduction 

(Keller and Or 2022) demonstrated that while surface contact stresses remained nearly constant over the 

course of modern mechanization, subsoil stresses have propagated into deeper soil layers. It can be assumed 

that this will lead to an increase in the load on the subsurface structures. 

Because of the complexity of the structure-soil interaction, buried underearth structures (i.e. pipes) and 

surrounding soils jointly bear external loads (Bildik and Laman, 2019). The simplified analytical model if 

the soil pressure considers the soil prism above the subsoil structure (Yu et. al. 2022), and by considering the 

soil density and “wall” friction the equilibrium of infinitesimal soil slices results a differential equation which 

has a solution giving the load on a pipe buried in depth H to be 

𝜎𝑀 =
1 − 𝑒−

2𝑓𝐾
𝐵

𝐻

2𝑓𝐾
𝛾𝐵 

where 𝜎𝑀 is the vertical pressure, H is the cover depth, B is the trench width, 𝛾 is the unit weight of the 

backfill, f is the soil-soil friction coefficient and K is the Rankine active soil pressure coefficient. This model 

is not suitable for the determination of the pressure load arising from the wheel rolling on the surface of this 

soil-pipe structure.  

Several experimental investigations were made for determining the pressure load of buried pipes. 

Shmulevich et al. (1986) carried out experimental studies and showed that soil pressures have approximately 

parabolic distribution. Talesnick and Frydman (2018) measured the soil pressure on a 0.8 m-diameter pipe 

during installation and varied traffic loading. 

Several authors have worked on modelling this phenomenon using the finite element method. (Ahmed et 

al., 2015) evaluated the effect of geogrid on the soil pressure. (Wu et. al. 2021) made sensitivity study 

regarding the FE model of soil – pipe interaction. (Kang 2019) analysed the effect of imperfect trench 

installations. The effect of internal friction has been studied by (Whidden 2009). (Zamanian et. al. 2020) 

considered the influence of hydrostatic pressure on the yield strength and shear dilatancy of the soil. 

Analytical solutions of this problem adequate for taking into account even the acceleration of the moving 

wheel do not exist, this is why our focus has turned towards the application of explicit dynamics modelling 

method. Instead of soil mechanics relations based on the results of classical continuum mechanics, explicit 

dynamical methods using the computational power of modern computing tools can provide a more accurate 

https://doi.org/10.17676/HAE.2022.41.17
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picture of the load conditions. For modelling the problem, we will use the so-called discrete element 

modelling method. The discrete element method was developed for rock mechanics in the late 1970s (Cundall 

and Strack, 1979). The method, which was later developed further, has now become suitable for modelling 

almost any problem where granular materials interact with their environment or with each other. Such a 

problem is the effect of soil pressure on underground structures. Using the potential of the new method, it is 

also possible to model the load variations caused by a moving wheel passing over the pipeline. 

2. The discrete element method 

For modelling the mechanical behaviour of the granular material, EDEM discrete element software was used. 

In the discrete element model the simulation evaluates the contact forces according to the “Hertz-Mindlin no 

slip” contact model: the material and interaction parameters have their effect on the normal- and tangential 

forces. These forces and moments acting between the interacting soil particles in the form of the following 

equations [2].  

The normal force is calculated using 

𝐹𝑛 =
4

3
𝐸0𝛿

3

2√𝑅0 − 2√
5

6

ln𝐶𝑟

√ln2𝐶𝑟+𝜋2
√2𝐸0 √𝑅0𝛿4

√𝑚0𝑣nrel, 

where 
1

𝐸0
=

1−𝜈1
2

𝐸1
+

1−𝜈2
2

𝐸2
 is the equivalent Young modulus of the two interacting soil particles, 𝛿 is the 

overlap between these two soil particles. This normal overlap represents the normal deformation of a particle. 

The normal overlap 𝛿 between two particles 𝑖 and 𝑗 at positions 𝑥𝑖 and 𝑥𝑗 (where 𝑥 is the distance measured 

on the line connecting the centres of the two overlapping particles) with radii 𝑅𝑖 and 𝑅𝑗 is defined as: 𝛿 =

𝑅𝑖 + 𝑅𝑗 − (𝑥𝑗 − 𝑥𝑖). 𝑅0 =
𝑅1𝑅2

𝑅1+𝑅2
 is the equivalent radius, m0 =

m1m2

m1+m2
 is the equivalent mass and 𝑣nrel is the 

normal component of the relative velocity of the soil particles. 

The tangential force can be calculated as 

𝐹𝑡 = −8𝐺0√𝑅0𝛿𝛿𝑡 − 2√
5

6

ln𝐶𝑟

√ln2𝐶𝑟+𝜋2
√2𝐺0 √𝑅0𝛿4

√𝑚0𝑣trel, 

where 
1

𝐺0
=

2−𝜈1

𝐺1
+

2−𝜈2

𝐺2
 is the equivalent shear modulus of the two interacting soil particles, 𝛿𝑡 is the 

tangential overlap between the two particles and 𝑣trel is the tangential component of the relative velocity of 

the soil particles. The tangential overlap is the tangential displacement of the contact point up to the point at 

which the contact ends or the particle begins to roll or slip. The tangential overlap represents the tangential 

deformation of a particle. The tangential force is limited by Coulomb friction 𝜇𝑠𝐹𝑛, where 𝜇𝑠 is the coefficient 

of static friction. 

The moment from rolling friction is 𝑀𝑟 = −𝜇𝑟𝐹𝑁𝑅𝑖𝜔𝑖, where 𝑅𝑖 is the distance of the contact point from 

the centre of the 𝑖-th soil particles and 𝜔𝑖 is the unit angular velocity vector, which is a dimensionless quantity 

representing only the direction of rotation of the 𝑖-th soil particle. 𝜇𝑟 is the coefficient of rolling friction. The 

tangential force also has moment on the particle: 𝑀𝑡 = 𝐹𝑡𝑅𝑖. 

According to (Potyondy and Cundall, 2004), from 𝑡 > 𝑡bond (from the time, when bonding is “turned on”) 

at contact points and at points which are closer to each other than a pre-defined distance (called bonded disk 

radius) particles are glued to each other by bonding bridges. Bonds of finite stiffness can exist at contacts, 

and these bonds carry load and can break. An applied macroscopic load is carried by the grain and “glue” 

skeleton in the form of force chains that propagate from one grain to the next across grain contacts, some of 

which may be filled with “glue”. The forces arising in these bonding bridges can be calculated by taking into 

account their deformation and their material properties.  

The bonding forces/moments acting on the particles are set to initial value zero, and are adjusted 

incrementally every time step:  

𝛿𝐹𝑛 = −𝑣𝑛𝑆𝑛𝐴𝛿𝑡, 

𝛿𝐹𝑡 = −𝑣𝑡𝑆𝑡𝐴𝛿𝑡, 

𝛿𝑀𝑛 = −𝜔𝑛𝑆𝑡𝐽𝛿𝑡, 

𝛿𝑀𝑡 = −𝜔𝑡𝑆𝑛
𝐽

2
𝛿𝑡, 
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where 𝐴 = 𝑅𝐵
2𝜋, 𝐽 =

1

2
𝑅𝐵

4𝜋. 𝑅𝐵 is the radius of the glue, 𝑆𝑛,𝑡 are the normal and shear stiffness per unit 

area, 𝛿𝑡is the timestep, 𝑣𝑛,𝑡 are the normal and tangential velocities of the particles and 𝜔𝑛,𝑡 are the normal 

and tangential components of the angular velocity vector. 

The bond is broken when the normal or tangential stress exceeds some predefined value (the strength of the 

bonding bridges): 

𝜎 < −
𝐹𝑛

𝐴
+

2𝑀𝑡

𝐽
𝑅𝐵𝑚𝑎𝑥 , 

𝜏 < −
𝐹𝑡

𝐴
+

𝑀𝑡

𝐽
𝑅𝐵𝑚𝑎𝑥. 

These bonding forces/torques are in addition to the standard Hertz-Mindlin forces. 

During the simulations, the linear- and angular momentum theorem is used to write the equation of motion 

for all the individual particles resulting multiple number of differential equations to be solved in a sufficiently 

large number of time steps. The used time step has a great impact on the stability of the numerical model. 

We selected for the simulation 25% of the Rayleigh-type time step: 

𝛿𝑡 = 0,25𝑇𝑅 = 0,25 ⋅ (0.1631𝜈 + 0,8766)−1𝜋𝑅 (
𝜌𝑝

𝐺𝑝
)

1

2
.  

It is important to consider that the quality of the obtainable solution could sensitively depend on the value 

of this time step used during the simulations. The same time step must be used during the calibration process 

of the discrete element model and during the simulations. 

3. Materials and Methods 

Among the possible explicit dynamic modelling procedures, the discrete element method was used to study 

the phenomenon. A very important advantage of the modelling procedure we have chosen is that it can also 

track the wheel separation under load conditions during wheel motion. This is not possible at all with 

analytical methods and is rather difficult with solutions based on the finite element method. 

3.1. The discrete element model  

The discrete element model of the soil-wheel-pipe structure can be seen on (Figure 1). The model consists of 

a D=420mm finned rigid wheel, approximately 45000soil particles and a radius R=100mm half pipe created 

from 10 segments to make it possible to determine the soil pressure distribution on its surface. The soil depth 

under the wheel was approximately 2000mm, which is quite small, but our goal was only to demonstrate the 

possibilities of DEM modelling. 

 

Figure 1. DEM model of the soil – wheel – pipe structure, particle-particle compressive force is shown 
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For the discrete element model of soil, we used the following calibrated (based on the modelling of the 

standard shear test) data from (Keppler et. al. 2015): 

• Poisson’s ratio 𝜈𝑝 = 0.25, 𝜈𝑡 = 0.3 

• Shear modulus 𝐺𝑝 = 107Pa, 𝐺𝑡 = 8 ⋅ 109 Pa, 

• Density 𝜌𝑝 = 3000 kgm-3, 𝜌𝑡 = 7500 kgm-3, 

• Coefficient of restitution: 𝐶𝑟,𝑝−𝑝 = 𝐶𝑟,𝑡−𝑝 = 0.5,  

• Coefficient of static friction 𝜇𝑝−𝑝 = 0.9, 𝜇𝑝−𝑡 = 0.3, 

• Coefficient of rolling friction μ
r,p-p

= 0.01, 𝜇𝑟,𝑝−𝑡 = 0.01. 

And for the bonded soil model we used: 

• Normal stiffness: 𝑆𝑛 = 109 Nm-3, 

• Shear stiffness 𝑆𝑡 = 109 Nm-3, 

• Critical normal stress 𝜎𝑚𝑎𝑥 = 1.5 ∙ 106 Pa, 

• Critical shear test 𝜏𝑚𝑎𝑥 = 8 ∙ 105 Pa, 

• Bonded disk radius 𝑅𝐵 = 0.006m. 

Subscript p means particle, t means other structural elements in the model. The bulk material particles were 

created as a clump of two spheres having 2 mm radiuses and 1.5 mm distance between the two spherical 

surfaces resulting one clumped particle. The whole geometrical configuration involved periodic boundaries 

in x and y directions (see Figure 1.). This means quite similar “infinite” extent of the model to the direction 

perpendicular (y) direction of the figure and behaves like the plain strain model in classical continuum 

modelling. The kinematical parameters of the wheel were 𝑣0 = 0 initial velocity and 𝑎 = 0.47 
m

s2 constant 

acceleration. This resulted the rolling of the wheel above the pipe without sliding. We used 25% of the 

Raileigh time step during the DEM modelling calculations. 

3.2. Data analysis 

After the running of the simulations, we analysed the pressure distribution arising on the surface of the pipe 

segments. On Figure 2. you see the pressure overload of the topmost horizontal segment of the pipe caused 

by the rolling wheel.  

 

Figure 2. Pressure overload caused by the wheel rolling over the pipe 
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The pressure overload was calculated as the pressure arising from the soil resting above the pipe divided 

by the pressure caused by the rolling wheel. Of course, this value highly depends on the axle load (in our 

case it was 500N), but the goal of this article is to demonstrate the capabilities of the DEM modelling, so the 

concrete value is not so important for us. The cause of the pressure overload is the change in the force 

distribution between the soil particles (Figure 3.). 

 

Figure 3. Particle force distribution vector field above the pipe segment 

4. Results 

Having all these data for all the pipe segments, we created the pipe wall overload diagram, by calculating the 

maximal pressure overload for all pipe segments. It is worth to note, that by using this method we have the 

chance to find the maximal overload values for all the separate pipe segments, although these quantities 

appear in different positions of the wheel for each segment. 

 

Figure 4. Pipe segments for pressure distribution data 

Figure 5 shows the pressure overload values on all the pipe segments listen on Figure 4.  
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Figure 5. Pressure overload of the different pipe segments. 

The results of the numerical simulation show that the highest overload is expected at the top of the pipe. 

This shows a good match between the results of the exercise and the "expected" physical behaviour as Zhou 

et al. (2011) and Li (2017) who studied the 0.61 diameter and 0.1 m-diameter pipes, respectively, and both 

depicted that the soil pressure is the largest at the pipe crown and has roughly parabola distribution. 

5. Conclusions 

What we found was that the side of the tube towards which the wheel was approaching was subjected to 

much higher loads than the other side, and the highest overload is expected at the top of the pipe. 

The method presented here provides a more detailed picture of the mechanical processes occurring in the 

granular assemblies and about their interaction with the structures under investigation than the classical 

analytical solutions. Our primary objective in this article was to investigate the applicability of the DEM-

based method. It follows that the results obtained can only be applied in practice after further experimental 

and numerical analysis. However, we have been able to demonstrate that the application of DEM-based 

methods can be realistic in the field of the present study. Of course, the applicability of the specific numerical 

results requires a number of further tests. 
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Abstract: Our paper introduces the research and development of a new, continuously operational food 

dehydrator, and the prototype of said machine. Conditions related to heating technology are required for 

dehydrators that prevent the vegetables and fruits from suffering too much damage to their internal 

components. In the new system, traditional convective heat transfer was combined with microwave 

dehydration, which is well-known for its better efficiency. The final goal is to create an industrial system that 

can satisfy both small works and industrial demands, while being more energy efficient than traditional 

solutions, and has faster dehydration potential. However, at the same time, due to dehydrating on lower 

temperature, it should end up in a gentler drying process. It is fundamental to keep the valuable components 

of the products intact. The system is continuously operational. The material is sent via conveyor belt through 

the canal, while magnetrons are operating, and low- heat and moisture airflow is moving above it. Materials 

dried with the machine were evaluated by the Institute of Horticulture, at the Hungarian University of 

Agriculture and Life Sciences s (MATE). 

Keywords: fruit drying, low-impact drying, microwave, convective energy, energy conservation 

1. Introduction 

There is a wide array of positive feedback on various foodstuffs forums relating to the advantages of dried 

and dehydrated fruits and vegetables. Drying, or dehydration are similar processes physically, one of them is 

the oldest form of conservation (Radu et al., 2018). Both processes deal with the removal of the material’s 

initial high moisture content. The moisture content related from drying is ~12-14% of the original, average 

moisture content, or even lower. For dehydration, the moisture content is somewhere between 18% and 22%. 

Fundamental processes have long-standing traditions, they may be extremely simple, or more complex 

variations. 

Apart from conservation, dehydration’s purpose is to keep taste- and aroma intact, meaning the enjoyment 

factor during consumption should remain. Drying and dehydration was done in direct sunlight, when weather 

conditions were favourable. Even to this day, many consider the dehydration using sunlight the most 

advantageous. In order to reach sufficient quality, several important factors are necessary: protection from 

dust, various insects, but damage may come from too strong a sunlight as well, f.e. overheated materials have 

their colours changed, and their surface hardens. The duration of dehydrating, and the state of the 

environment (temperature, airflow, air moisture content) where dehydrating is conducted, are also important. 

The applicable periods for fruits that ripen later are even less, especially in temperate climate, due to frequent 

and significant changes. As such, most recommend closed- or semi-closed dehydration processes, and 

dehydrators using electric heating. Removal of hydration can traditionally be done via two processes: 

convective and conductive heat transfer. 

Both processes are known for starting the heating of material on the outside surface, and heat energy is 

transferring towards the inside (Beke, 1999). Airflow is advantageous for the drying method using sunlight 

as well, as water and moisture on the surface of the material is transferred through it, away from the material. 

https://doi.org/10.17676/HAE.2022.41.24
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Therefore, water (vapour) expelled from the material by the conductive heat flowing into it is realised through 

a convective method (through airflow), which also makes the process faster. As an example, when conducting 

dehydration using an oven, it’s often advised to slightly open the oven door. Through the opening, air filled 

with moisture and vapour can exit from the oven, helping and hastening the drying process.  

In the earliest larger closed dehydrators, a convective and conductive combination process was used, 

usually by pouring in hot, dry air. For these processes, energy becomes a significant cost factor. Therefore, 

one of the goals of these processes is to reduce the energy committed to the process. This should be achieved 

in a way that doesn’t impact the material quality of the end product. 

2. Development goals 

We have developed a process which aids both energy conservation and quality conservation (Aboltins-

Palabinskis, 2018). To reach this goal, we implemented a combination of convective moisture extraction 

(could be called convective drying), and short wave energy transmission (heat transfer). Short wave heating 

and cooking has become mainstream nowadays, due to the massive popularity of the microwave oven. There 

were many debates on its effect on life, and even today, there are many against it. However, nobody could 

reliably prove that it causes any sort of sickness by itself. If we analyse the physics of the process, we can’t 

find a phenomenon that could support these claims (Radu et al., 2018).  

We have designed a machine in which the moisture within the materials is heated swiftly through applying 

microwaves, and expended in a shorter time towards the surface of the material. From there, the low 

temperature and vapour content airflow transfers it to the outside. The design of the system can be seen on 

Fig. 1. 

 

 

 

Explanation of abbreviations on the 

figure: 

SZCS – drying channel, 

MAV – magnetrons, 

MAE – rectified magnetron, 

NA – moist material input, 

R – cavity resonator, 

SZ – dry material, 

KA – finished material, 

KO – condensator, 

KV – waste water, 

SZL – dry air input, 

KAZ – convection furnace 

FG – waste gas, 

RK – fresh recuperation air, 

TAT – container space, 

TA – fuel, 

Vill.v – electric control. 

Figure 1. Theoretical design of the experimental machine 

within the closed metal container. 

 

We planned a so-called dehydration tunnel (drying channel) for the system, where the material transferred 

through perforated conveyor belt undergoes microwave treatment, while a low-temperature and vapour 

content airflow consistently remains in its direct proximity. 

Air flows through the channel (tunnel) above the product on top of the conveyor belt, towards the open end 

(Fig. 2).  
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Figure 2. Structure of the tunnel  

Explanation of abbreviations on the figure: 

M – magnetrons, PV – polarised, high voltage areas, B – input of moist product, C – input of drying 

airflow, K – end product, measurement, SZ – conveyor belt using plastic belt, HM – engine motor 

operating the transport conveyor 

3. Movement and role of the drying airflow 

In convective drying, the most important function belongs to the low moisture/vapour content airflow, which 

transfers heat into the drying system, heats the materials to dry present within, and extracts the moisture 

content from the system. (Beke et al, 1999) The total pressure of this moist air (p) comes from the partial 

pressure of vapour (pg) and dry air (p1): 

𝑝 = 𝑝1 + 𝑝𝑔 

Partial steam pressure: 

𝑝𝑔 = 𝑝
𝑚𝑔𝑅𝑔

𝑚𝑅
 

where:  mg – mass of the vapour 

  m – sum of dry air and vapour mass 

𝑚 = 𝑚1 + 𝑚𝑔 

moisture content of the airflow: 

𝑥 =
𝑚𝑔

𝑚1
 

Partial pressures can also be used to express the moisture content of saturated airflow:  

𝑥 = 0,622
𝑝𝑔

𝑝 − 𝑝𝑔
 

Relative moisture content, from partial gas pressures: 

𝜑 =
𝑝𝑔

𝑝𝑔𝑡
 

where pgt – gas pressure of saturated airflow. 

Evaporation heat is necessary for the evaporation of the material’s moisture content. It is only valid for 

specific moisture content and temperature, as partial gas pressure means the ratio between capillary water 

and free fluid evaporation. This means that it’s varied, depending on material types and moisture content. It 

is always higher than one (Szabó, 2005). This shows that in order to remove capillary water from the 

materials, more energy is required than necessary for evaporating them from an open surface. 

The goal is to affect the capillary water within the material using the microwave, since it is harder to remove 

(Beke- Mujumdar, 1997).  

We mentioned that extracting the moisture from the material’s surface is done using the airflow. Therefore, 

during the aerotechnical analysis, it’s important to determine the moist air’s enthalpy. In order to do this, 

Mollier’s enthalpy moisture content, also known as i-x diagram is usable (Fig. 3).  
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Figure 3. Drying process (Beke, 1997). 

The machinery planned for manufacture will be a so-called cross-weighing system, continuously operating. 

Therefore, calculations have to take this into consideration (Chen et al., 2017), (Janowicz-Lenart, 2018).  

During one unit of time, 𝐺1(𝑘𝑔/ℎ) moist material enters the drying area, which has a moisture content of 

𝑤1, and a temperature of 𝑡1
′ . At the end of the drying process, 𝐺2 (𝑘𝑔/ℎ) of dried material leaves the system 

at 𝑤2 moisture content and 𝑡2
′  temperature (Moreno et al., 2018), (Saravacos et al., 1999).  

Mass flow of the dried material: 

𝐺2 = 𝐺1

1 − 𝑤1

1 − 𝑤2
     (𝑘𝑔/ℎ) 

Material balance of evaporated and extracted vapour:  

W = G1 – G2             (kg/h) 

For both dry and moist materials: 

1
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−
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−

−
=  

Dehydration potential of the drying airflow W (kg/h): 

W = L ∙x         (kg/h) 

Where:  x = (x2-x1) g/kg, equals the airflow’s moisture intake. 

L = airflow volume (kg/h) 

Necessary heating performance of the dehydrator Q (MJ/h): 

Q = L ∙i 

Where:  L – volume of drying airflow (kg/h) 

 i = (i2 – i1) change in heat content (enthalpy) (kJ/kgsz.lev.) 

Necessary heat performance: 

Qh = Gtü H                     (MJ/h) 

Where: Gtü – fuel quantity (kg/h) 

 H – heat performance of fuel used for the heating process (MJ/kg) 

Points of separation on the drying curve can be differentiated by A; B; C; D and E. (Fig. 4) 

https://link.springer.com/article/10.1007/s00217-018-3047-y#auth-Andrzej-Lenart
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Figure 4. Specific phases of dry (Dévay, 2013) 

Explanation of abbreviations on the figure: 

I. warming phase; II. constant speed phase; III. decreasing speed phase. 

According to experiences (and literature sources), the speed and temperature of the airflow has a significant 

impact on the colouring. This is why the effects of temperature and air velocity have to be considered. 

Preparation is necessary for making them variable (Beke, 1999), (Miller et al., 2012).  

In general, even changes in the internal components is dependent on the level of heat transmission, since 

heat level affects various chemical reactions, which are f.e. causes for loss in internal component, and even 

aroma. 

For example, the so-called convective drying (dehydration) using airflow, by increasing the speed of 

dehydrating fruits, loss in aroma also increases. In the case of vegetables and fruits, apart from aroma, 

proteins, sugars, vitamins, acids and carbohydrates are also damaged. 

Nowadays’ practice mostly considers the convective process (using airflow) to use for drying. Using the 

effect of the temperature-controlled airflow within the tunnel, so-called direct airflow drying is achieved. 

Therefore, at the same time of the progress of the materials to be dried, the flow of the hot air current is also 

managed. Due to the evaporation of moisture, the difference in partial gas pressures towards the end of the 

transport is lower, which also results in a decrease of drying speed. In the high frequency electric area, the 

drying material acts as a dielectric object, which results in a production of heat. This is added to the flowing 

air current, counter-balancing the heat extraction from evaporation. This causes the loss in temperature to be 

reduced towards the end of the tunnel. 

4. Microwave part of the machine 

During traditional heat transmission, contact heat transmission, convection and radiation are present, 

however, heat and energy within the material can only be led inside via heat transmission (Fig. 5). 

Most biological materials are quite bad at heat transmission, which causes a significant loss in energy during 

heat transmission processes, and due to the imbalanced water content within the material, local overheating 

is possible (Chen et al., 2017.).  
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Finally, the relative moisture content of the drying context, its temperature, and the velocity of flow 

determines the speed of drying. 

  

Figure 5. Flow happens from the outside towards 

the inside during convective heating 

Figure 6. Microwave heats the entire mass of the 

material, both inside and outside 

Most biological materials within an alternate current electric pressure field act as an electric agent with high 

loss coefficient. The (estimated) dielectric constant of the material is basically determined by the moisture 

content, meaning it depends on how much water there is in the material. However, ion structure is also 

important, which is determined by salt content. (Kurják-Bessenyei, 2014), (Kurják et al., 2012). The latter 

affects the specific heat of the base materials, as such, should be taken into consideration during microwave 

treatment as a special attribute. The energy of the microwave field affects the entire mass (Fig. 6), meaning 

the heat effect is higher for parts with greater internal moisture content (dielectric area), where it’s the most 

intensive. Therefore, the effect of the microwave field is highly significant. 

Sources have differing opinions on the non-thermic effects of microwaves. The theoretic explanation of 

non-thermic correlations is complicated, as microwave treatments are always followed by heat. 

Heat transfer and moisture reduction for foodstuffs using microwave radiation is generally done at the 

~2,5GHz frequency. 

Due to the effects of the electromagnetic field, positive and negative potentials are biased (Fig. 7). 

Therefore, the effect of interaction between the electromagnetic field and the material is polarisation 

(Ludányi L. 2004), (Parviz, 2016). 

 

Figure 7. Molecule movements affected by shifting context 

All parts of the material that became polarised seems as if one side became the positive pole, and the other 

became the negative pole. The electric field “organises” these dipoles, and deforms the molecule without the 

dipole’s moment changing. In spite of the heat movement, they aim to rotate into the area. This also includes 

molecules which are equivalent, or have ion connection. Polar materials polarise not only by deforming, but 

also by orientation due to the effects of the electric field. The permittivity of dielectric agents (charge 

movement, rearrangement of dipoles) depends on frequency (Szabó 2005). We can calculate the 

transformation of microwave energy into heat within the material with relatively high precision: 

𝑃𝐷 = 55,61 ∙ 1014 ∙ 𝐸2 ∙ 𝑓′ ∙ 𝜀′ ∙ 𝑡𝑎𝑛𝛿    (W/cm2) 

Where: 
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PD – dissipated energy (consumed by material) [W/cm2] 

E – strength of electric field [V/cm] 

f’ – frequency [Hz] 

ɛ’ – dielectric constant 

tan 𝛿 − tangent of loss 

Energy diffusion, and charge movement are affected by the penetration depth of the microwaves (taken for 

the material’s sub-surface depth). Therefore, it has no effect where the energy is reduced to e-1 value when 

compared to penetration energy.  

Magnetrons are the base units of microwave ovens. These transform injected direct current into microwaves 

with relatively high efficiency (Ludányi, 2004). The geometric shape of the wave generated within the cavity 

resonator affects the diffusion of the created electric field. Therefore, the structure and geometry of the 

handling area has to match the wavelength. Metal stirring fittings and reflective surfaces built into the 

handling area prevent static waves from being generated, which makes the diffusion of energy within the 

area more balanced (Ludányi, 2004).  

Several literature sources show that microwave drying has significantly shorter duration when compared to 

convective drying (Kurják-Bessenyei, 2014.). Machines may be better utilised, since the amount of dried 

material created in one unit of time is much larger (Fig. 8).  

 

Figure 8. Microwave treatment needs less time even for identical energy input. 

During dehydration using microwaves, we obtain similar velocity curves to those of convective drying, 

however, they show a much more intense growing trend. Microwave drying helps the natural moisture 

movement within the product, which causes energy utilisation to become more efficient (Kurják- Bessenyei, 

2014), (Ludányi, 2004).  

In order to protect performance measurement units, the probes give the microwave signs into the devices 

through fixed value absorbers. The analogue outgoing signals kept in line with measured performance reach 

the measurement computer through the interface. 

Measured data: 

Pd = Ph – Pv 

Where: 

Pv – performance reflecting from the material 

Pd – performance dissipating in the material 

Ph – input performance  

From the analysis of processes, we can state that microwave drying requires roughly one magnitude less 

energy compared to the convective method. There are significant differences in energy consumption 

depending on the type of product used as material. 

5. Structure of the machinery 

The framework of the machinery we developed was constructed of stainless and anti-acid closed sections. 

This framework holds the construct, which is a tunnel-like channel (Fig. 9).  
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Explanation of abbreviations on the 

figure: 

1. Framework 

2. Drying tunnel channel 

3. High voltage / direct current panels of 

drying tunnel (lid)  

4. Extension fitting (insulator) 

5. Magnetron house 

Figure 9. Side-view of the tunnel system (self-made 

photograph) 

 

The reflective plates under the microwave connection of magnetrons were made out of stainless and anti-

acid material, and are fitted onto the lid. Therefore, in the area beneath these panels, directional plates help 

(increase homogeneity) the injection of radiation towards the material moving on the conveyor belt (Fig. 10). 

Figure 11 shows the high voltage panel’s location (in cross-section).  

 

 

Figure 10. One part of the drying tunnel 

with magnetrons and reflective plates 

Explanation of abbreviations on the figure: 

A – cross-section, 

B – longitudinal section, 

C – from above, 

D – axonometric sketch, 

1 – internal division walls of tunnel, 

2 – tunnel and perforated conveyor belt, 

3 – side reflective plates to guide microwaves, 

4 – magnetrons, 

5 – longitudinal reflective plates, 

6 – intake openings of the tunnel for magnetrons 

  Figure 11. Cross-section of juxtalinear, 

alternating polarity, high-voltage unit 

Explanation of abbreviations on the figure: 

1- alternating polarity, high-voltage cables, 

2 - lid, 

3 - insulation, 

4 - tunnel element. 
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On the top side of the tunnel, flowing air is blocked several times. These blocks tighten the bottleneck of 

the tunnel, and the velocity of the airflow changes. The characteristics of the airflow are shown on Figure 

12, based on the ANSIS modelling.  

Due to the microwave reflector, airflow increases, and air pressure decreases. Because of this 

phenomenon, the part below and above the perforated conveyor belt also have differing pressure levels.  

    

Figure 12. Changes in air pressure and velocity at the first cross-block 

(model and experimental device). 

The figure shows (Fig. 13) the practical structure of the tunnel, where the completed material leaves the 

tunnel.  

 

 

 

Explanation of 

abbreviations on the 

figure: 

1 – conveyor belt, 

2 – inverter motor, 

3 – microwave reflector 

plate, 

4 – Magnetron house, 

5 – high voltage panel, 

6 – framework structure, 

Figure 13. Tunnel end, dehydrating apple  

5.1. Theoretical structuring of the measurement system 

The placement of the measurement units serves to determine the system’s performance and energetic 

parameters. According to the structure seen on Figure 14, input- and output physical and energetic factors 

must be measured.  

5.2. Pressure decrease considered for material transport 

As the energy content and physical attributes of the atmosphere inside the tunnel both change, we also 

considered all values in linear relation, resulting in: 

𝑝𝑣ö = (𝑅ℎ1 + 𝑅ℎ2)𝑄2 

Calculating the resistance of the tunnel via friction and shape factor losses (Rh1 +Rh2 = Rh): 

𝑅ℎ =
8𝜌

𝜋2

1 + 1

𝑑𝑒
5  
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Meaning: 

∆𝑝𝑣ö = 𝑅ℎ𝑄2 

where: 

Q – intake volume flow (m3/s) 

Meaning: 

Q=
𝑑𝑒

2𝜋

4
v1 

v1 – airflow velocity at intake (m/s) 

de – equivalent flow radius (m) 

When measuring for the experimental machine, Δpvö = 2009,88 Pa value was measured, which is almost 

identical to the value calculated by the flow resistance values. The smaller difference can also be caused by 

the significant change in vapour density expelled by the dipolar heat (but could also be due to friction 

resistance values). We accepted the value at 2000,0 Pa, which was validated closely by measurements (Fig. 

15). 

 

Figure 14. Structure schematics of the measurement system 

Explanation of abbreviations on the figure: 

Heat energy production Material to be dried 

m – mass of wood (kg) mo – mass of input material before dicing (kg) 

ϑ – its moisture content (%) ϑo – its moisture content (%) 

Gr – its specific energy content (MJ/kg) m1 – its mass after dicing (kg) 

Pe2 – performance of the radial ventilator’s 

electric engine (kW) 

ϑ1 – its moisture content (%) 

To – temperature of air intake (oC)  size of pieces (mm x mm) 

o – its moisture content (%) Pe3 – electric performance of dicer (kW) 

po – pressure (Pa) Pe1 – performance requirement of magnetrons 

and high voltage units (kW) 

vo – velocity (m/s) Dried material leaving tunnel: 

Intake side of the tunnel:  m2 – dried material’s mass (kg) 

Pe4 – performance of the material transport 

electric engine (kW)  

ϑ2 – its moisture content (%) 

T1 – temperature of drying airflow (oC) vapour-saturated air leaving tunnel: 

1 – its moisture content (%) T2 – temperature (oC) 

p1 – pressure (Pa) 2 – moisture content (%) 

v1 – velocity (m/s) p2 – pressure (Pa) 

v2 – velocity (m/s)  



HUNGARIAN AGRICULTURAL ENGINEERING 
N° 41/2022 

 

DEHYDRATING USING COMBINED ENERGY INTAKE 
METHOD 

 

34 

 

Figure 15. Pressure changes (Pa) along the length of the tunnel 

It was obvious that the greatest decrease in velocity was during the part where the microwave reflection 

panels were placed at several different angles. In this part, the microwave changes on a scale from vertical 

to horizontal, due to the high frequency of reflections. 

Keeping the initial velocity of the airflow constant, and merely changing load (volume passing through in 

time unit), a significant decrease in airflow speed was observable within the tunnel. The reason is partially 

the larger resistance caused by the material, and partially the more intensive evaporation of capillary water 

due to the microwave’s effects (Fig. 16). These caused an increase in moisture content, which also caused an 

increase in specific density, and a decrease in temperature (Kurják. 2004). 

The various dried products were analysed in the laboratory of the Institute of Horticulture, at the Hungarian 

University of Agriculture and Life Sciences (MATE). We determined the amount of mixtures significant for 

various qualities of foodstuffs (mg/100g) prior and post dehydration. Measurements were usually conducted 

with four repeats, in order to reduce the measurement errors, and the natural differences within the materials 

as much as possible. After the dehydration process, the materials were placed into inert gas environments, 

packed into foils, in order to dismiss any changes for the duration of the analysis (Fig. 17). 

 

Figure 16. Edited i-x diagram, convective and microwave dehydration 
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Figure 17. Tomatoes prior and post dehydration process (Vertes species, top: Cukorfalat, bottom: Biborka)  

Results obtained from four tomato products before (raw) and after dehydration process can be seen on 

Figures 18 and 19.  

 

Figure 18. Raw tomato mixtures prior to dehydration. (MATE laboratory, 2019) 

 

Figure 19. Mixtures of the dried tomatoes (Biborka and Cukorfalat repeat results in the top four rows, 

MATE laboratory, 2019) 
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Most important conclusions (and many more to list, but unlisted): 

Among the dried tomatoes, the PO-ASZ species holds the highest lycopene concentration. The lowest 

concentration can be found in Cukorfalat. In spite of this, the Cukorfalat species showed a mere 4% (non-

significant) loss in lycopene after processing. The loss for the PO-ASZ species was 37% during processing. 

The PK-ASZ species showed less degradation of lycopene at 15%. The content increased for beta-carotene 

– the most important source material of A-vitamin – in dried Cukorfalat and Biborka species, similarly to the 

first mixtures of fitoene, fitofluene and carotenoids’ bio-synthesis. This proves that carotenoid’s bio-

synthesis continued to happen during the dehydration process of these two tomato species. The Cukorfalat 

and Biborka species are applicable to creating highly bioactive mixture content dried tomato products, which 

are important for modern and healthy diets. Price calculation: Table 1. 

Table 1. Prices after dehydration, based on Auchan prices* 

Name Euro/kg Note 

Veres material (Biborka) - raw material price (Auchan) 7,71 Moisture content 88% 

Energy price 0,76 Calculated 

Processing price (wage, amortisation, operation) 0,55 Calculated 

Total 9,03 Moisture content 20-25% 

Dried (Biborka veresi) 36,10 Calculated 

*380 HUF/Euro. 

6. Evaluation 

In order to create an end product with sufficient moisture content, and keep the drying temperature between 

50 and 60 centigrade at the same time, the energy amount reaching the material has to be managed. This 

necessitates an PLC-driven system, which optimises the energy of the microwave field, the speed of the 

conveyor belt, and the temperature and volume flow of the air current. Naturally, as different materials 

necessitate different technical parameters, experiments are necessary to determine them. The moisture 

content of materials to be dried has to be determined pre-dehydration, the type of material and the size of 

dicing also has to be accounted for. The desired end product’s moisture content has to be defined. Using 

these data sets, the PLC controller can manage the process. The experiments validated data already present 

in literature, where microwave dehydration requires up to 40-70% less energy compared to conductive 

dehydration. The process of dehydration is significantly reduced in time. 

During a gentler – low temperature – dehydration, valuable vitamins and minerals don’t degrade 

significantly, neither in quality, nor in quantity. 

The production costs and specific prices are advantageous according to calculation, much better than what 

was produced with traditional methods, and obtainable from the market. We may assume that final products 

will obtain positive reception on the market due to likeable taste and high nutrient content. 

The developed small-industry and “laboratory” machinery’s fundamental goal was to prove the concept of 

application. 
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Abstract: The TMR (total mixed ration) technology is one of the most sufficient feeding methods on the 

dairy farms. From a quality assurance and technological point of view, regular TMR testing is of paramount 

importance to reduce the risk and extent of milk production losses and animal health problems. The goal was 

to find out how popular the TMR monitoring in Hungary is, and find out, how much it may cost for a dairy 

farm in a year. In the course of our investigations, we assessed the economic indicators of TMR samples 

received by the NIR Forage Laboratory of Livestock Performance Testing Ltd. between 2013 and 2021, 

especially the distribution and size of costs per farm and per cow. Our aim was to be able to draw conclusions 

about the application rates, the total and relative costs of TMR analyses according to the farm size. The 

proportion of farms requesting TMR examinations was higher for farms with a larger number of animals 

(501-1000 cows inspected). Within the category, the highest TMR sample submission rate was found for the 

farms with 501-600 and 801-1000 cows inspected. The average monthly total TMR laboratory cost per site 

was extremely low in the period of 2013-2021 (HUF 3,000-10,000 /month/farm) compared to the risk and 

potential loss. The relative TMR cost of farms with more than 701 cows inspected was rather low (HUF 6-9 

/ inspected cow / month) in terms of screening for technological errors, risk of loss and quality assurance. 

This indicates that there is great potential for quality assurance in TMR studies at sites and that this potential 

is not currently being exploited. 

Keywords: TMR testing, forage analytics, self control, financial indicator, quality assurance 

1. Introduction 

Many studies consider the total mixed ration (TMR) was the most significant advance in the worldwide dairy 

business in the previous 50 years [1]. It is a full diet that is prepared on a regular basis by dairy producers 

and originated in California in the early 1970s [2].  TMR is fed to a dairy cow to help it perform at its 

best [3][4][6]. The role of ruminal fermentation in dairy cow milk production has been discovered via 

research in dairy science. The goal is to provide the optimum possible ruminal environment for 

bacteria growth by combining particular nutritional amounts in the diet. The totally mixed rations 

(TMR) strategy addresses this demand by mixing all of the feed together and making it available for 

20-22 hours a day, but several issues remain. There have been several reports of differences between 

theoretical and prepared TMR and successfully absorbed TMR by cows. This is accomplished by 

always delivering a nutritionally balanced diet, allowing cows to ingest as close to their real energy 

and nutrient requirements as possible while preserving the physical characteristics essential for 

optimum rumen function, which we now refer to as feed particle size . In order to achieve the best 

performance from cows good feeding management practices should be followed [7][8][9]. Examination of 

TMR samples would be useful in making a number of seemingly incomprehensible and 'unseen' anomalies 

https://doi.org/10.17676/HAE.2022.41.38
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'visible'. Monitoring of TMR is extremely important to get a realistic picture of the composition of the mixture 

actually consumed by the cow, to shed light on measurement, mixing and technical problems (inaccurate 

measurement, inhomogeneity), to compare the measured values directly with the concentrations for a specific 

batch in the feed ration program (which will not be the same if the basic data are not based on specific 

measurement results) that may indicate intentional or negligent damage, and last, but not least, to shed light 

on the degree of variability / variance in the feed base and feeding system of the farm [7]. It is clear, that self-

control in the aspect of TMR monitoring is cardinal. From a quality assurance and technological point of 

view, regular TMR testing is of paramount importance to reduce the risk and extent of milk production losses 

and animal health problems. This can be done by using NIR technology [8][9][10]. In this study, the goal 

was to find out how popular the TMR monitoring in Hungary is, and find out, how much it may cost a dairy 

farm. In the course of our investigations, we assessed the economic indicators of TMR samples received by 

the NIR Forage Laboratory of Livestock Performance Testing Ltd. between 1st April 2013 and 31st 

December 2021, especially the distribution and size of costs per farm and per cow. Our aim was to be able 

to draw conclusions about the application rates, the total and relative costs of TMR analyses according to the 

farm size based on the data of the samples received in the laboratory during the study period. Description of 

the TMR sampling frequency is important for both the farms and the laboratories, especially in the face of 

rising feed, raw material and fuel prices. 

2. Materials and Methods 

In the course of our research we used the database of the NIR Forage Laboratory of the Livestock 

Performance Testing Ltd., using a quantitative research model. With the help of this, we obtained data on 

TMR samples submitted by dairy farms between 1 April 2013 and 31 December 2021, which were inspected 

by Livestock Performance Testing Ltd. As the information used in the research were obtained and found by 

us and there were no direct connection between us and a person/ farm., the primer research model was used 

[11].  The basis of the quantitative approach is the quantification; we were able to retrieve data from the 

system using various filtering methods. With the help of these quantitative indicators, it was possible to group 

the answers clearly and follow regularities and draw conclusions [12][13]. 

2.1 Research design 

All farms (152) requesting TMR examination were divided into 9 categories according to the number of cows 

inspected (101-200, 201-300, 301-400, 401-500, 501-600, 601-700, 701-800, 801-1000, 1001- Subsequently, 

the proportion of farms requesting TMR testing to the total number of farms (%), the proportion of farms 

requesting TMR testing to scale was calculated according to the number of cows inspected(%), the average 

annual total TMR laboratory testing cost (HUF thousand, 2013-2021), the average total annual TMR 

laboratory testing cost per farm (HUF thousand, 2013-2021), the average monthly total laboratory test cost 

per site (HUF thousand, 2013-2021) and the number of submitted TMR samples (pcs, 2013-2021). With the 

help of these calculations we were able to obtain additional information: the specific cost of TMR tests per 1 

inspected cow (2013-2021, HUF / insp.cow), the specific annual cost of TMR tests per 1 inspected cow tested 

(2013-2021, HUF / insp.cow) and Specific monthly cost of TMR examinations per 1 inspected cow (2013-

2021, HUF / insp.cow). 

3. Results 

In the examined period (2013-2021) a total of 6987 TMR samples were sent from 382 inspected farms 

(holding more than 100 inspected cows) to the Feed Analysis Laboratory of the Livestock Performance Ltd. 

to be tested. This means that the proportion of farms requesting a TMR test is 40%. The cost of all TMR 

examinations between 2013 and 2021 was HUF 111,785,000. This is an average of HUF 12,421,000 per 

year, while the annual average for farms is only HUF 42,000, which means a monthly TMR test cost of HUF 

3,500. 

The distribution of the frequency and total cost of TMR examinations by farm size is shown in Table 1. 
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Table 1.  Distribution of frequency and total cost of TMR analyses by farm size  

 
101-

200 

201-

300 

301-

400 

401-

500 

501-

600 

601-

700 

701-

800 

801-

1000 
1001- 

Number of farms 81 58 58 64 29 30 19 22 51 

Total amount of requested 

TMR examinations 2013-

2021, pcs 

411 532 1225 1180 661 952 371 603 1052 

Farms requesting TMR 

testing in proportion of total 

number of farms, %  
13 14 15 16 10 9 5 7 11 

Average annual TMR 

laboratory total cost per 

category (HUF thousand, 

2013-2021) 

731 946 2178 2098 1175 1692 660 1072 1870 

Average annual TMR 

laboratory total cost per farm 

(HUF thousand, 2013-2021) 
37 45 95 87 78 121 82 97 117 

Average monthly TMR 

laboratory total cost per farm 

(HUF thousand, 2013-2021) 
3 4 8 7 7 10 7 8 10 

The cost distribution of TMR testing by farm size is shown in Table 2. 

Table 2. Cost distribution of TMR analyses by farm size 

  

101-

200 

201-

300 

301-

400 

401-

500 

501-

600 

601-

700 

701-

800 

801-

1000 1001- 

Unit cost of TMR 

examinations per 1 

inspected cow (2013-

2021, HUF / 

insp.cow) 

2480 1660 2332 1756 1314 1655 983 1000 612 

Annual unit cost of 

TMR examinations 

per 1 inspected cow 

(2013-2021, HUF / 

insp.cow) 

276 184 259 195 146 184 109 111 68 

4. Discussion 

Based on the data in Table 1, we found that approximately 60% of the farms requesting TMR testing were 

from farm with 500 or less cow populations. Farms with over 500 inspected cow farms achieved a share of 

9-11% per category, of which farms with 701-800 and 801-1000 animals had the lowest rate (5 and 7%) of 

all farms keeping dairy cattle under control can be stated that the proportion was also weak in the case of 

farms counting 100-200 cows. Furthermore, we established that based on the database of ÁT Ltd. in the case 

of farm sizes close to the average number of cows on farms in Hungary (approx. 400 animals / farm), a higher 
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TMR testing requirement can be measured. This can be explained by the fact that the number of large farms 

is smaller than the number of dairy farms close to the average. In the category of large number of farms (81 

pcs), but small sized (101-200 inspected cows), the TMR testing has a lower frequency. 

The proportion of farms requesting TMR examinations per scale-based number of farms (Table 1) was 

higher for farms with a larger number of animals (501-1000 cows inspected), so in this case the frequency of 

sampling was higher. Within the category, the highest TMR sample submission rates were found for the 501-

600 and 801-1000 cow counts inspected. An exception is the category of farms with more than 1000 cows, 

where the proportion has decreased. In the case of farms with 501-1000 inspected cows, the experts would 

presumably give more importance to self-control (higher risk of error, higher loss) and a larger budget is 

available, but the proportions are not indicated (the unit cost per cow is 2 shown in Table). In the category of 

farms with more than 1000 cows, international consultancy (US) is more common, in which case a different 

laboratory is used for the measurements due to the foreign consultant [14][15]. 

The average annual TMR laboratory total cost (Table 2) was the highest in the 301-400 and 401-500 cow 

farm categories due to the larger number of farms. This category therefore represents the potentially highest 

income for laboratories. However, the average monthly TMR laboratory total cost per farm proved to be 

extremely low (HUF 3,000-10,000 / month) compared to the risk and potential loss, indicating that there is 

great potential for quality assurance in TMR testing for farms and this potential is currently lacking of 

utilization. 

For smaller farms (101-700 cows, especially 101-200 and 301-400 cows), the unit cost of TMR testing is 

higher. This is partly due to the lower number of cows. The unit TMR cost of farms holding more than 701 

inspected cows was rather low (HUF 6-9 / inspected cow / month). 

The proportion of farms requesting TMR examinations was higher for farms with a larger number of 

animals (501-1000 cows inspected), so in this case the frequency of sample submission was higher (Figure 

1). Within the category, the highest TMR sample submission rate was found for the 501-600 and 801-1000 

cows inspected. The average monthly total TMR laboratory cost per site was extremely low in the period of 

2013-2021 (HUF 3,000-10,000 / month) compared to the risk and potential loss. Overall, the specific TMR 

cost of farms with more than 701 cows inspected was rather low (HUF 6-9 / inspected cow / month) in terms 

of screening for technological errors, risk of loss and quality assurance (Figure 2). This indicates that there 

is great potential for quality assurance in TMR studies at sites and that this potential is not currently being 

exploited. The reasons of such lack of monitoring can be many reasons. As checking the quality of TMR (or 

any other forage) is not under any kind of legal obligations in Hungary, farms tend to believe that by not 

sending their TMR in for quality reassuring, they are saving money.  

 

Figure 1. Farms requesting TMR testing in proportion of farm sizes, % (2013-2021, ÁT Kft. Database, %) 
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Figure 2. Monthly unit cost of TMR examinations per 1 inspected cow (2013-2021, HUF / insp.cow) 

However, in case of quality assurance, these numbers are not promising. In order to understand and improve 

TMR quality, a lot more frequent testing is necessary. There is no method for determining the TMR's 

nutritional content based only on feel, texture, smell, or look. In truth, farmers have regularly bought or used 

TMR that has inferior nutritional content and is frequently uneconomical or counterproductive as a result of 

only sensory examination. Only after getting a representative sample of the forage and having that sample 

examined in an accredited laboratory can the forage's nutritional value be determined. It is possible to 

overestimate or underestimate the nutritional content of a forage lot by using tabular data from a nutritional 

guide. Long-term averages offer a standard by which farmers can evaluate a particular forage lot. The actual 

outcomes, however, will vary, sometimes greatly. This is the reason, why monthly testing is essential. 

Conducting a forage test is the only technique to determine the nutritional value and quality of the given 

TMR lot. Producers can reduce the cost of animal production and boost profitability by measuring, 

maintaining, and controlling the quality of the TMR and altering the diet as necessary [8]. 

5. Conclusions 

To obtain the most performance out of cows given TMR, rations must be measured, mixed, tested, and 

monitored on a regular basis. Closing the loop on feed delivery to assess actual output and make 

modifications takes longer, but it's the only way to ensure that everything is done right. Regular, 

comprehensive laboratory testing of TMR samples can be costly; as a result, many farmers and consultants 

test only the components – but not the final TMR – to save money. With feed prices accounting for 40 to 50 

percent of production expenses, this might not be the greatest place to save money [8]. The research clearly 

shows, that farms with a higher number of cows (501-1001-) tend to pay more attention to risk management 

and self controlling in terms of TMR testing. For ÁT Ltd. it is important to reach out to smaller farms and 

explain to them that even if TMR testing costs money, in the long run it helps with decision making and 

avoiding risks. Final conclusion is, in research conducted with young herds, TMR feeding minimizes feed 

selection, which can improve the accuracy and reliability of the test. TMR feeding of dairy cows has 

developed in the last half of the last 100 years. It allows for a more precise feeding of a nutritionally balanced 

diet, as the sorting and separation of ingredients is minimal. TMR feeding allows the incorporation of 

commodity by-products and special – sometimes unpleasant – ingredients into the diet. Cows suffer from 

less indigestion and milk fat depression and other health problems because they eat a consistently balanced 

23

15

22

16

12

15

9 9

6

0

5

10

15

20

25

101-200 201-300 301-400 401-500 501-600 601-700 701-800 801-1000 1001-

H
U

F
 /

 i
n

sp
.c

o
w



THE FINANCIAL INDICATORS OF TMR MONITORING 
ON DAIRY FARMS IN HUNGARY, AS PART OF 
QUALITY ASSURANCE TOOLS 

HUNGARIAN AGRICULTURAL ENGINEERING 
N° 41/2022 

 

 

43 

nutritional diet. Feeding TMR allows feeding larger groups of cows faster and more economically than 

feeding forages and concentrates separately, but it comes with certain costs. In the case of larger herds, it 

may become economically feasible to further refine the grouping and feed ration. The increased use of robotic 

milking systems means new challenges and opportunities in herd feeding. 
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Abstract: Cooling of raw materials and products in the food industry as well as in the whole food chain, 

including transportation and storage is an important task because it has a great impact to the product quality. 

This paper deal with the drop-in application of refrigerants in cooling systems used in the food industry. The 

focus of my research is to investigate the defrosting cycle of an evaporator in a cooling chamber with respect 

to the thermal medium used. Since during the process the temperature of the chamber can fluctuate, which 

can increase the deterioration of the stored food. My hypothesis is that if an environmentally or energetically 

beneficial change of refrigerant is implemented in a plant, the length of defrosting cycles will also change. 

My aim is to mathematically describe the relationship between refrigerants, chamber temperature and 

defrosting time. This will help to predict the effect of a possible refrigerant change on the length of the defrost 

cycle as a function of the chamber temperature. 

Keywords: cooling system, natural refrigerant, drop-in, food storage, R290 

1. Introduction 

The need for refrigeration arises in different ways in different parts of the food chain: one way is to cool raw 

materials as quickly as possible, another is to achieve very low temperatures and, of course, to keep the 

temperature of the food product at a near constant level during transport and distribution. Artificial 

refrigeration is widely used to solve these problems. 

An essential part of the refrigeration cycle is the refrigerant itself, which also poses some risks to global-

environmental and human health. In many cases, the refrigeration circuit is in technically satisfactory 

condition, but replacing it would mean rebuilding or replacing the whole system because of the environmental 

impact of the refrigerant used. This is the case, for example, with the replacement of CFC or HFC refrigerants 

(R22, R32), which either have an ozone depleting potential or a global warming potential (GWP) that is too 

high [1], and where natural refrigerants with a lower GWP are available, such as R290 [2]. The solution to 

this problem is drop-in replacement, where no modification is required to the equipment, but only the 

refrigerant is replaced by a less environmentally damaging alternative.  

But equally important is the risk posed by the quality of the refrigeration within each element of the cold 

chain, which has been investigated in several studies [3]. It has been found that the shelf life and deterioration 

of chilled products can be seriously affected by temperature fluctuations in the chilled compartment, as has 

been demonstrated by others [4]. Significant temperature fluctuations can be achieved even by opening the 

door of a simple household refrigerator [5]. Similar research [6] has also shown the effect of chamber 

temperature fluctuations on stored food products by simulation and measurement. There is a close correlation 

between the two, since the refrigerant used in the refrigeration circuits essentially determines the cooling 

capacity that can be achieved with a given piece of equipment [2] and, for equipment operating below 0°C, 

some characteristics of evaporator defrosting. 

In industrial refrigeration system studies, it has been shown that hot gas defrosting, especially when applied 

with a time offset across multiple evaporators, resulted in a much more uniform internal temperature in the 
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interior for air-to-air heat pumps compared to off-off defrosting [7]. However, this is only feasible for systems 

with multiple evaporators connected in parallel. In my case, the cooling chamber has only one evaporator, so 

this method is not applicable. 

 

Figure 1. Comparison of on-off and hot gas defrosting [7] 

For systems with a single evaporator, the temperature swing due to shut-down or hot gas defrosting is 

virtually identical to the "on-off cycling" shown in Figure 1, and therefore poses a serious quality risk to food 

stored in agricultural refrigeration equipment. The understanding of this temperature swing and the effect of 

refrigerant change on this phenomenon is a very important area of research, especially when considering the 

beneficial environmental impact of refrigerant change. 

Although several evaporator designs are possible, the construction of evaporators used in industrial 

refrigeration is practically identical to that of simple air-to-air heat pump units. The evaporator's operation 

and its de-icing capabilities, and in many cases also its construction, are so similar that the evaporator of heat 

pumps can be used to model evaporators used in refrigeration chambers.   

In this paper, I will investigate the de-icing options for evaporators, identify commonly used methods, and 

then measure the effect of refrigerant change on the length of defrost cycles. Finally, I will construct a simple 

mathematical model describing the relationship between the two, with parameters specific to the refrigerant. 

2. The De-Icing Procedure 

The evaporator of refrigerators and cooling chambers is an air-coolant heat exchanger consisting of finned 

copper tubes, the operation and modelling possibilities of which have been studied previously [8]. The 

refrigerant evaporates in the tubes, the heat flows through the fins from the air to the inside of the tubes. 

Consequently, the temperature inside the tubes is always lower than the air flowing through the evaporator. 

The water vapour in the air will condense on the fins to a certain extent. If the temperature of the fins reaches 

freezing point, they may become drier or the water that has condensed may freeze. In the case of a serpentine 

layer, the formation of the frozen layer occurs by the loss of the liquid phase, but in the case of refrigerated 

chambers, water may first condense on the fins and then freeze into ice of varying structure. I will refer to 

this phenomenon collectively as ice formation.  

At low chamber temperatures, formation is reduced, as the absolute humidity of the air decreases 

significantly with decreasing air temperature. The advantage of this phenomenon is that it allows isothermal 

heat removal, which improves the COP of the cooling circuit, but the disadvantage is that the cross-section 

between the fins decreases, thus reducing the airflow. In addition, the dermal layer acts as an insulator, 

increasing the temperature difference between the two sides of the heat exchanger, thus reducing the 

evaporating temperature, and hence the evaporating pressure and ultimately the COP. In extreme cases, it 

makes the equipment completely inoperable, so it is necessary to guard against this phenomenon. Below are 

some procedures, perhaps little known, to prevent or remove the formation of a layer of dross. 

2.1 Methods for avoiding and removing the ice layer 

A method that can be used to avoid the formation of a layer of white frost is the hydrophobic treatment of 

surfaces. In this case, a hydrophobic paint is applied to the heat transfer surface, to which water droplets bind 

over a smaller surface area, thus improving the efficiency of the defrosting process. Some researchers have 
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used a paint with hydrophobic properties, applied to the surface of the heat exchanger plates in a thickness 

of 30 µm [9]. This method is rather complementary to the others. 

It is also possible to prevent ice formation using vibration, which is one of the simplest methods to prevent 

ice formation (frozen layer formation). Previously, the effect of vibrations has been investigated using an 

electrodynamic shaker with different amplitudes (40≤D≤100 mm) and frequencies (100≤f≤200 Hz) [10]. The 

results were encouraging, but in practice it is difficult to imagine an engineering solution where the whole 

evaporator is vibrated. This solution has also not been widely used in practice.  

Ultrasonic ice breaking is also known. In this field, [11] experimented with high-frequency ultrasonic 

vibration and observed a reduction of the ice layer of about 60% using an ultrasonic source with a frequency 

of 37 kHz and an amplitude of 3.1 µm. The test was carried out for 90 min at an ambient temperature of 2°C 

and nearly 100% relative humidity on an aluminium plate. Similar studies [12] investigated the effect of 

ultrasonic vibration on the ice formation of a fin-tube evaporator subjected to natural convection. These test 

conditions cover only a small part of the cooling chamber applications. 

However, very simple methods for defrosting are available. An example is the de-icing by compressor 

shutdown, which is analysed in detail in [13]. However, this method can only be used for chambers operating 

at temperatures above 0°C, which would significantly limit the applicability of the test results, and I have not 

dealt with this method in detail. Another very simple and widely used method is the electrically heated de-

icing method investigated by [14]. In this case, an electric heating coil integrated in the evaporator performs 

the defrosting while the cooling circuit is not in operation. The disadvantage of this method is that 

temperature oscillations similar to those mentioned above are generated in the chamber. Furthermore, it is 

not energy efficient, as direct electric heating is always inferior to using a cooling circuit in heat pump mode. 

The most common method, however, is the defrosting process by reversing the cooling cycle, which has 

been investigated by [15]. This method injects high-temperature refrigerant vapour from the compressor into 

the evaporator to accelerate the melting process. It is complex and relatively expensive to design, but the 

efficiency of the defrosting is better than, for example, electric filament defrosting, as the hot gas flows 

through the entire pipe network and can heat the entire surface of the heat exchanger. In this arrangement, 

the direction of the hot coolant vapour flow is the opposite of the normal operation and is therefore often 

referred to as reverse cycle hot gas defrosting, especially in the international literature. As this is the most 

common process, and the one I am investigating in my work, I will now look at the special features of this 

type.  

2.2 The relation between defrost cycle and the refrigerant 

In previous studies, measurements have been made to identify the automated defrost cycle of a cooling 

circuit. The results are presented in Figure 2.  

 

Figure 2. Temperature values measured during a typical defrost cycle 
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The diagram shows that at the end of stage C, the evaporator heats up to +15°C to achieve perfect defrosting. 

The same temperature during operation was between 0...-5°C, so a fluctuation of at least 15K can be 

observed. However, when the system is restarted, the evaporator can briefly cool down to -25°C, which 

underlines once again the importance of temperature swings and the need to avoid them or increase their 

periodicity. The names of the periods and the measured characteristics are shown in Tables 1 and 2. 

Table 1. Parameters measured and their names in the cooling circuit 

 

Table 2. Designation and marking of registered periods 

 

Figure 3 shows a simplified theoretical connection of the cooling circuit with the measurement points 

marked and the same points marked in the logp-h diagram. 

 

Figure 3. The measured parameters in the cooling circuit and in the logp-h diagram 

From the above, it can be seen that the length of the "C" period and the period of the defrost cycle in a 

refrigerated chamber with an evaporator have a major influence on the temperature oscillations inside the 

chamber and, through this, on the quality of the stored food. In this paper, I investigate the length of the "C" 

Designation Mesured parameter

1 Compressor suction side temperature [°C]

2 Compressor discharge temperature [°C]

3 Condenser outlet temperature[°C]

4 Evaporator outlet temperature [°C]

Pel
Total electric power consumption of the 

system [kW]

Period Subrutin
Time 

range[s]

A Normal operation in cooling mode ~1500

B
Decrease compressor speed and reversing the 

cycle
200

C
De-icing in reverse cycle

520

D

Restore the normal coolinc cycle and increase 

compressor speed 450

E
Warm-up the condenser

400

F
Normal operation in cooling operation

~1500
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period under unchanged settings when using two different refrigerants drop-in compared to the results 

obtained with the factory reference refrigerant.  

3. Materials and Methods 

In order to carry out the planned tests, I had to develop a suitable device, the outline of which is shown in 

Figure 4. The refrigeration circuit investigated had a nominal cooling capacity of 2.5 kW. The evaporator 

(labelled as ODU in the figure) was placed in a well-insulated chamber. The heat extracted from the chamber 

was partially covered by the heat flow entering the boundary structures, but a very large part was introduced 

in the form of latent heat as water vapor produced in the steam generator connected to the chamber. With 

this procedure, the highest possible humidity in the cooled space is achieved, which at the same time ensures 

the highest degree of frosting in the case of the tested evaporator. 

This was necessary to ensure that the defrosting cycles were carried out as quickly as possible and under 

reproducible conditions. The experiments were not designed to reproduce the real operating conditions of a 

cold chamber, but focused on the scientific investigation of the defrosting cycles. 

 

Figure 4. Schematic diagram of the measuring device 

The condenser (labelled a IDU in the figure) was installed outside the chamber, so it is allowed to maintain 

a constant condensing temperature. The indoor temperature can be kept almost constant by changing the 

switching cycle time of the steam generator and by using air mixing fans. The air distribution in the tight 

space proved to be very even, the vertical temperature difference was not more than 1 °C. The air tightness 

of the chamber is adequate, as the 2 holes with 30 mm diameter, through which the electrical and refrigerant 

lines run, were sealed.  

For the application of different refrigerants, I built new refrigerant connection points on the tested 

equipment, through which it was possible to drain the refrigerant, vacuum the system and drop-in the new 

refrigerant. With this method I was also able to perform pressure measurements for control purposes, too.  

The procedure for changing the refrigerant was the same in all cases. The amount of charge was set so that 

the amount of material circulating in the system was constant. This meant different amounts by mass due to 

the different molar masses of the refrigerants. Compared to the reference R32, a larger amount of R410a was 

needed, while a smaller amount of R290a was needed. 

3.1 Measuring devices 

To study the defrosting cycles, it was necessary to analyse the transients and determine the time between 

them. The time was always determined in relation to a change in temperature values (the method for this is 

described later), so I used a 10s resolution machine recording. For my measurements, I used the so-called 

IMSy - Intelligent Measuring System, which has the great advantage of transmitting the measured values 

immediately to a server. The data can also be displayed on-line via the Internet, as shown in Figure 6. It is 

also possible to export the data retrospectively in .csv format for further processing. I used on-line display 

for the duration of the measurement, so that I could observe the unfolding of a defrost cycle in real time. The 

time duration of each stage was later determined using an excel spreadsheet.  
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Figure 5. The measurement system and measurement locations 

At each of the 24 measurement locations shown in Figure 5, measurements were taken with a Dallas 

DS18B20 digital thermometer with an accuracy of 0.5°C over the range -55...+125°C. The electrical power 

was measured using a TV0F11 device, while the relative humidity was measured using a DHT11 digital 

meter. The temperature sensors were fixed to the copper tubes inside the apparatus, secured with self-

adhesive aluminium tape for proper heat conduction and shielded from external influences with closed-cell 

pipe insulation. 

3.2 The investigated refrigerants 

During my measurements, I used several refrigerants in the case of my defrost cycle test rig. These were 

R32, R290 and R410a, so I will briefly describe the properties of the refrigerants I used. 

3.3 Refrigerant R410a 

A blend of R32 and R125 (50/50 wt%), which is a near azeotropic blend, therefore has an extremely low 

temperature slip, and is almost non-fractionable during evaporation. Thus, there are less problems with 

leakage and no fear of the medium pair breaking up. It has an ODP of 0, a high GWP of 2088 and is therefore 

already being phased out of the market, which makes it interesting to investigate its substitutability. This 

blend is about 60% more pressurised than the cooling circuits designed for R290 and can only be used in 

new equipment designed for increased pressure. The use of R410a requires the use of POE (poly-olefin ester) 

lubricants.  

3.4 Refrigerant R290  

Today, hydrocarbon-based refrigerants are enjoying a renaissance because their ODP is 0 and their GWP is 

negligible. They were already used in refrigeration before the discovery and diffusion of Freon refrigerants, 

so they are not revolutionary, but their use does present a number of unprecedented challenges for both 

professionals and manufacturers. As hydrocarbons, they have a high flammability, which was not the case 

with the so-called safety refrigerants used until now. This property is problematic not only for installation 

but also for production, servicing and decommissioning, since these "gases", although marketed as a gas for 

combustion (R290 = pure propane), are not odorous in the air conditioning version, which makes it difficult 

to detect leaks by sensory means.  
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3.5 Refrigerant R32  

It is the most recently used refrigerant, despite having been known for decades as a component of R410a. Its 

flammability and high pressure have long discouraged its use on its own, but its uptake has accelerated as 

climate protection goals have come to the fore. However, its combustion properties are much more favourable 

than those of hydrocarbon refrigerants, it is practically non-toxic, its ODP is of course 0 and its GWP is 675, 

which allows its wide use. The main physical properties of the refrigerants I have used are shown in Table 3. 

Table 3. Physical properties of refrigerants used 

 

3.6 Settings and determination of defrost cycle times  

With the help of the measuring system, the outside temperature can be set within very wide limits, however, 

I always kept the relative humidity at the maximum value. The setting value that best suited the purpose of 

my studies was determined during preliminary experiments. As a result, I decided to examine the chamber 

temperature between -10…+10°C in detail, and this will also be shown in the figures. My decision was based 

on the fact that at this temperature the air can still hold significant humidity, but it is sure to freeze on the 

surface of the heat exchanger. Of course, I performed several measurements in the range of -10…+2°C, but 

I only evaluated the length of the defrost cycles. Preliminary measurements show that this does not 

necessarily occur above + 2°C or only for a very long time, despite the fact that the evaporation temperature 

of the medium is slightly below freezing. 

The settings were the same for all three refrigerants I tested, R410a, R32, and R290. The effect of the three 

refrigerants on the defrost cycles was investigated primarily, so I did not evaluate them from an energy point 

of view. The energy evaluation was performed only for the factory R32 gas charge.  

In order to perform this task, it is absolutely necessary to know the time course of the temperatures reached 

at the characteristic points of the cooling circuit, as well as the intake and exhaust air temperatures play an 

important role. Correct, comparable measurements can only be made under laboratory conditions, where 

numerous interfering effects can be eliminated. 
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In the study of defrost cycles, the evaluation of transients was very important because I had to determine 

the beginning and end of the defrost cycle during these short periods. Given that the exact definition of the 

defrost cycle is not known, I will briefly describe the procedure I have used: I consider the defrost cycle to 

be the period during which the heat flow of the condenser is not positive. Based on this logic, I evaluated the 

data series in the excel spreadsheets and plotted the melting times in a graph using the method of least squares 

sum of deviations to judge the fit of the characteristic curves. 

3.7 Mathematical background for data evaluation  

I present the evaluation of the measurement data with the help of diagrams. I fitted a trend line to the data 

series, I gave the degree of fit (R2) and the root of the mean square error (RMSE) in the relevant cases, and 

I was able to draw useful conclusions from them. I used the formula presented below: 

𝑅𝑀𝑆𝐸 = √∑
(𝑦�̂�−𝑦𝑖)2

𝑛
𝑛
𝑖=1  ,       (1) 

where 

𝑦�̂� − the value determined by the function, 

𝑦𝑖 − the value determined by the measurement, 

𝑛 − the number of the observations. 

The RMSE value shows how much the measurement results “scatter” around the fitted curve, expressed 

in the same dimension as the measured characteristic. 

4. Results 

Before the series of measurements were carried out, a test run of the measuring system was performed. 

According to my preliminary measurements, I cooled the chamber to -26°C without heating, which is limited 

by the factory protection of the cooling system. At this operating condition, the sensible heat input (Qsens) 

entering the chamber through the walls was calculated. I calculated it to be only 19.6W/K, based on the 

difference in air temperature between the chamber and the laboratory. In the calculation, I assumed that the 

thermal power dissipated by the condenser was the combined power of the evaporator and the compressor. 

Since I measured the latter two, I can calculate the power absorbed by the evaporator, which is practically 

equal to the sensible heat flux entering the chamber. This means that for the settings I used, the maximum 

sensible heat flux entering the walls was 530W, which did not significantly affect the humidification 

efficiency. In the case I tested, the sensible heat flux entering the dampening system did not exceed 20% of 

the total heat flux extracted, so it did not significantly affect the measurement. 

The test measurements were carried out in the chamber temperature range -26...+15°C. On this basis, I 

found that the best range for determining the length of defrost cycles was -10...+2°C. 

I also verified the proper functioning of the data logging system and found from the recorded data that as 

soon as the evaporator temperature deviates significantly from the inlet air temperature, the equipment starts 

the defrost cycle. The cycles follow at regular intervals and, in addition to the temperature measured at 24 

locations, the relative humidity inside and outside the chamber can be displayed. This means that the length 

of the cycles is always determined by the same algorithm set by the manufacturer. Accordingly, 

measurements with different refrigerants can be compared. I have documented the location and identification 

of the sensors, which are shown with a textual explanation in the evaluation, while the diagram shows their 

unique identification. Data for a typical defrost period are shown in Figure 6. 

I controlled the temperature of the test chamber with the amount of introduced steam. My goal was to keep 

the relative humidity of the chamber at a maximum value, which gives the best result in term of the defrost 

cycles and is reproducible as well. As the temperature of the chamber increases, so does the amount of heat 

extracted, and thus the amount of steam introduced in a given time. However, this is not a problem for testing 

the length of the defrost cycles, as I found that the unit always starts defrosting under the same conditions, 

i.e. when the difference between the refrigerant leaving the evaporator and the chamber temperature 

increases. This could be found in the Figure 6. Thus, the length of the cycle is not affected by the degree of 

wetting, only the period time. 
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Measurements to determine the length of the defrost cycles were performed in the temperature range of -

10 and + 1°C with at least 4 settings and 3 repetitions per refrigerant. The purpose of the studies was not to 

show the difference between the refrigerants, but to demonstrate that the trend is generally true regardless of 

the properties of the refrigerant. At the same time, I consider it’s important from an environmental point of 

view to study the behaviour of R290 refrigerant in the refrigerant circuit, as it has significant environmental 

advantages over R410a and its COP does not lag behind it in the case of properly sized refrigerant circuits. 

The test for R32 refrigerant was justified by the fact that many equipment is supplied with this refrigerant 

today. The results are shown in Figure 7. 

 

Figure 6. Data stream displayed by the measurement system in real time 

 

Figure 7. Defrosting time as a function of chamber temperature for three refrigerants 
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It can be observed that I obtained an increasing defrost time as the chamber temperature increased. This 

can be explained by the phenomenon that the structure of the frost layer changes at low temperatures, so 

condensation and freezing of smaller amounts of water already significantly impairs heat transfer. Thus, at 

lower chamber temperatures, less condensate must be melted, which can be achieved with less energy. In 

other words, with increasing chamber temperature, more condensate must freeze to reduce the same heat 

transfer, so more energy is needed in one cycle, resulting in a longer defrost cycle. Given that I did not find 

any information during the detailed literature review, I consider the above to be a new scientific result.  

Defrost cycles are practically non-existent at temperatures above +2°C. Mathematically, this would mean 

that the plotted curves would drop sharply to 0 here, the physical content of which would be difficult to 

identify. The explanation for this phenomenon lies in the defrosting strategy of the cooling circuit: defrosting 

always starts when the temperature of the evaporator outlet line falls below the intake air temperature by a 

certain value, as shown in Figure 6. As this is an artificial intervention that affects the time elapsed between 

the defrost cycles, it is possible that a unit jump transition may occur in the behavior of the defrost cycles. 

This is accompanied by a change in period time. Based on the equations shown in the diagram, I conclude 

that there is a linear relationship between the defrost cycle time and the outside air temperature, which is 

𝑡𝑑𝑒𝑓𝑟𝑜𝑠𝑡 = 𝐿 ∙ 𝑇𝑎 + 𝐸       (2) 

describes a general relation, where the constants L and E for the refrigerants I tested are described in the 

Table 4. 

Table 4. The constants I determined for each refrigerant 

 

R2 characterizes the fit of the function, the value of RMSE shows the scatter of the measured values relative 

to the fitted function. These constants can be used to calculate, among other things, the reduction in operating 

time caused by defrost cycles. 

My suggestion was also confirmed by the examination of the amount of condensate belonging to each cycle, 

because in the case of each refrigerant I was able to collect an increasing amount of condensate as the chamber 

temperature increased. I measured the amount of condensate per cycle using a measuring cylinder when using 

refrigerant R290. The results are shown in Figure 8. 

 

Figure 8. the amount of condensate for R290 operation 

Refrigerant L E R2 RMSE

R32 0,397 10,3 0,9 0,97

R290 0,392 13,8 0,86 0,99

R410a 0,397 10,9 0,88 0,55
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The Figure 8 shows that as the chamber temperature increased from -10°C to 0°C, the volume of the 

condensate increased from 310cm3 to 630cm3. This increase in volume justifies the increase in defrosting 

time over the same test temperature range. 

5. Discussion 

The results of my research can be used for food, energy and environmental purposes, among others. For 

example, the new correlations established from the experiments can be used to describe the defrosting time 

of the evaporator in a food refrigeration chamber if the refrigerant used in the refrigeration circuit is replaced 

by another refrigerant using a drop-in process. A possible solution to the problem studied in [7], or a 

possibility to predict the problem for several refrigerants using the same equipment, has thus been explored. 

At first glance, an increasing defrost time with increasing chamber temperature may seem strange. The 

phenomenon is also one of the less researched topics. In investigating the reasons for this phenomenon, I 

found that the amount of condensate per defrost cycle increases in proportion to the chamber temperature, 

i.e. for higher chamber temperatures, the cycle starts at higher condensate amounts with the same defrost 

logic. This explains the increase in time required for defrosting. 

Drop-in replacement of refrigerants can also have significant environmental benefits. Old refrigerants with 

high GWP can be replaced by modern alternatives with little or negligible environmental impact without any 

technical intervention on the equipment. An example of such a replacement is the substitution of R410a or 

R32 (GWP=2088...675) with R290 (GWP=3), which I have investigated. 

6. Conclusions 

Summarizing the results of the measurements, it can be concluded that drop-in replacement of refrigerants is 

feasible in the investigated thermal cycle. With R410a and R290 refrigerants used in the same quantity 

instead of the originally used R32 refrigerant, the refrigeration circuit remained operable without any 

modifications. No anomalies were observed in the experiments and the energy characteristics of the 

equipment did not differ significantly from those of the original refrigerant. 

The experimental set-up proved to be suitable for measuring the length of defrosting cycles in a 

reproducible way, as the cycles followed each other with almost the same periodicity when measured at the 

given settings.  

A correlation between the length of defrost cycles, the chamber temperature and the type of refrigerant used 

was found and mathematically defined. This suggests that there is a clear and inefficient relationship between 

defrosting time and chamber temperature. Furthermore, a relationship between the vertical offset of the 

function describing the defrost cycle length and the type of refrigerant can be established. By examining the 

amount of condensate per defrost cycle when using refrigerant R290, I found that it increases in proportion 

to the chamber temperature. 
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Abstract: In recent decades increasing consumer awareness the innovations in the very different fields of 

technology and changes in societal norms have led to changes in food consumption patterns. The growing 

demand for minimally processed natural-textured, healthy, and microbiologically safe foods has shifted 

processing toward high-pressure preservation rather than traditional heat treatment processes. In recent years, 

fuzzy control has become important in the application of technology, which is able to meet the quality 

expectations of consumers by dealing with the blurred boundaries of various everyday product characteristics 

(taste, colour, texture, etc.). The applicability of fuzzy logic has been shown to be effective in a variety of 

process controls, including preservation procedures. The aim of this work is to summarize the basics of fuzzy 

arithmetic required in the fuzzy controls used in high-pressure preservation processes. 

Keywords: fuzzy logic, fuzzy arithmetic, food safety, food quality, high pressure food processing 

1. Introduction 

As a consequence of globalization and improved consumer awareness associated with rising living standards, 

the food industry turned to an innovative stage in recent decades. Consumer trends are constantly changing. 

It means a daily active challenge for companies in the food preservation sector to satisfy customer needs and 

maintain their market share. Consumers demand high quality and convenient products, with natural flavour 

and taste, and very much appreciate the fresh appearance of minimally processed food in addition to 

microbiological safety [1]. 

In Hungary, the economic development of the last 10 years is reflected in food consumption as well where 

international trends are strengthening. The increase in solvent demand has led to a wider range of products, 

and to an evolution in quality and a higher need for these kinds of products as well [2]. As a result of the 

strengthening of consumer awareness, low-income consumers are also looking for high-quality products in 

the appropriate price categories [3]. 

These shifts in demand have led the international food market suppliers to search for and apply new 

methods, combine older ones to merge production processes that ensure the high quality with the efficiency 

of mass-production. Preservation technology plays a key role in quality improvement. Traditional heat 

treatment-based processes are only partially able to meet requirements such as preserving the appearance and 

taste of the product due to the harmful effects of heat. In present the usage of modern control processes in 

food production is fundamental to guarantee efficiency in production both for costs and quality. 

Based on international literature for the past 30 years, the appearance of fuzzy control in high-pressure 

preservation processes is relatively new, but it offers a promising solution to the challenges of modern food 

quality requirements. 

https://doi.org/10.17676/HAE.2022.41.57
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Preservation of food under high pressure dates to the 20th century. Although the technology was available 

at the beginning of the 19th century [4, 5], wide-range industrial application had not progressed for nearly 

100 years. The development of high-pressure equipment started in the early 1990s, particularly with respect 

to pressure tolerance testing of microorganisms [6]. The technology is known in the industry by several 

names such as HPP (High Pressure Processing) or HHP (High Hydrostatic Processing), and at the end of the 

last century it was marked by Knorr [7] in 1993 and by Hoover [8] in 1997 as one of the most promising non-

thermal food preservation processes.  Its main advantage is the negligible effect on the organoleptic properties 

and intrinsic values of the treated products. 

Nowadays, products that are preserved under high pressure, such as juices, purees, yoghurts, eggs and meat 

products, account for an increasing share of the market worldwide. In the last 30 years, numerous researches 

have studied the safety of food processing and the compliance of the customers with the quality requirements. 

Based on these studies it can be stated that technological developments need to be implemented on regional, 

company and most of all on the product level. Examination of food ingredients alone is not sufficient to 

predict their interactions in the products. 

2. The role of fuzzy logic 

Basic food quality aspects (taste, texture, etc.) are usually described in the words of everyday language: 

excellent, good, average, acceptable, unsatisfactory. It is easy to see that the bounds of these categories are 

not sharp enough to handle them with the usage of classic logic. The same is true if we want to characterize 

how important a particular quality characteristic (such as color) is in the terms of the ,,image” of the product: 

very important, fairly important, less important, and so on. 

To be able to process these uncertain data (performing operations, make rankings, statistical evaluation), 

they need to be quantified. Fuzzy numbers are generalizations of crisp numbers that also carry the numerical 

uncertainty of the qualitative (linguistic) categories. 

Fuzzy sets were introduced independently by Zadeh [9] in 1965 and Dieter Klaua [10, 11] in 1965 and 1966 

as an extension of the classical notion of set. In the years that followed, fuzzy theory developed slowly, and 

the first successful technical and industrial adaptation was unpredictable. 

Zadeh proposed the concept of linguistic variables in the models describing highly complex systems. Here, 

instead of an exact numerical value, generalized fuzzy intervals, kernel values and fuzzy membership 

functions take over the role. The advantage of this approach is that the values in the intermediate regions can 

be given by convex combinations of membership functions. Although the Zadeh’s method resulted reduction 

in complexity compared to the previous symbolic approach, the number of state variables remained 

exponential. Computational demands were reduced by Mamdani, and he was the first who also successfully 

implemented the control to a non-linear model of a steam boiler system. 

In our research numerous case studies were reviewed of the industrial implementation of fuzzy controlled 

high pressure preservation technologies, especially in the term of the connection with food quality 

characteristics. Víg et al. [12] in 2021 examined several case studies in high pressure preservation, 

particularly in terms of applicability and process control implementation. In the recent works of Chutia et al. 

[13] in 2020 and Kausik et al. [14] in 2015 two implementations were presented of fuzzy controlled high-

pressure preservation of fruit juices, which technology is proved to be more satisfying in quality and shelf 

live compared to heat treatment processes. In these works, and generally in the theory of fuzzy control 

including the process of evaluating data fuzzy arithmetic plays an important role, and understanding this 

theoretical background is essential to be able to improve methods and algorithms. 

Foundation and different types of approaches toward fuzzy set theory has a wide range of literature in 

mathematics. Gottwald [15] in 2008 classified these approaches in 40-years backward highlighting in 

conclusion the importance of the classic way presented by Zadeh. The main aim of the present work is to 

briefly summarize the mathematical background of fuzzy arithmetic. 

3. Fuzzy arithmetic 

3.1. Fuzzy sets 

In this section we summarize those concepts and results of the theory of fuzzy sets which play important role 

in various applications based on the works of Fodor et al. [16] and Grzegorzewski et al. [17]. 
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The word „fuzzy” has different meanings in suitable contexts. In scientific and technical fields the term 

,,fuzzy” refers to any uncertain, inaccurate  object having no clear boundary. 

According to the well-known axiom of the classical set theory, for any object x and any set 𝐴, it is uniquely 

decided whether 𝑥 belongs to 𝐴 or not. Assuming that A is a subset of a fixed set 𝑋, 𝐴 can be identified with 

its characteristic function: 

 χ
𝐴

(𝑥) ≔ {
1, 𝑖𝑓 𝑥 ∈  𝐴,
0, 𝑖𝑓 𝑥 ∉  𝐴.

 

Elements of 𝑋 belonging to 𝐴 and those not belonging to 𝐴 can be distinguished from each other by means 

of the characteristic function of 𝐴. 

In case of fuzzy sets, on the other hand, some transitions are allowed. A fuzzy set 𝐴 can be given by its 

membership function, a generalization of the characteristic function. A mapping 𝜇: 𝑋 → [0,1], that is, a 

function 𝜇 defined on 𝑋 with values between 0 and 1, is called a membership function. For a given 𝑥 ∈ 𝑋, 

the number 𝜇𝐴(𝑥) expresses how much 𝑥 is compatible with the notion described by the fuzzy set 𝐴. The 

higher this function value is, the more 𝑥 belongs to the mentioned set. 

In addition to numerous classic literary examples of the need and usage of fuzzy sets, food industry 

applications appear widely in recent research. Korzenszky et al. [18] investigated the connection between the 

apple (species: Golden Delicious) ripeness and skin coloration based on the CIELAB color space system, 

which is based on the opponent color model of human vision, where the pairs red and green, and blue and 

yellow form an opponent pair. In the research ripeness is defined by three categories: unripe, ripe and overripe 

based on the green-red skin color transition (𝑎∗ value in CIELAB).  The apples between the 𝑎∗ values -6 and 

10 are regarded as ripe, then the corresponding 𝑎∗ values belong to the interval [-6,10], the characteristic 

function of which is shown on Figure 1.  

According to the classical set theory, an apple with 𝑎∗ = 7 regarded as unripe suddenly becomes ripe at -

6. Instead, it is more reasonable to say that an apple is ripe at 𝑎∗ = 2. It does not mean that any apple with 

a* value between -6 and 10 is not ripe, but rather that, the farther the value from 2 is, the less the apple is 

regarded as ripe. Furthermore, for example any apple is not ripe if 𝑎∗ < −6 or 𝑎∗ > 10.  

 
Figure 1. The characteristic function of ripeness (Golden Delicious apple) 

Figure 2. represents a possible membership function of the ripe property. The grade (membership value) 

decreases linearly from 1 to 0 towards the endpoints of the interval [-6, 10]. 

 

Figure 2. A possible membership function of ripeness (Golden Delicious apple). 
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Any fuzzy subset of 𝑋 is identified with its membership function. Since every characteristic function is also 

a membership function, every traditional subset of 𝑋 is also a fuzzy subset of 𝑋, due to this identification.  

The following concepts related to fuzzy sets will be formulated by means of the membership functions so 

that they will be compatible with the corresponding classical definitions in case of ordinary sets. Thus, two 

fuzzy sets are equal if and only if their membership functions are identical. 

Similarly, the fuzzy set 𝐴 is a subset of the fuzzy set 𝐵, if the membership function of 𝐴 is smaller than or 

equal to that of 𝐵 at any point:  

𝐴 ⊂ 𝐵 if and only if 𝜇𝐴(𝑥) ≤ 𝜇𝐵(𝑥) for all 𝑥 ∈ 𝑋. 

Let 𝛼 ∈]0,1],
 
we define the 𝛼-cuts of 𝐴 as  

𝐴𝛼 ≔ {𝑥 ∈ 𝑋 |𝜇𝐴(𝑎) ≥ 𝛼}. 

That is, 𝐴𝛼 contains all elements of 𝑋, which are compatible with 𝐴 at least at level 𝛼. The 𝛼-cuts are 

monotonous in the following sense:  

0 < 𝛼 ≤ 𝛽 < 1 implies 𝐴𝛼 ⊇ 𝐴𝛽 .   

The core of a fuzzy set 𝐴 consists of those elements in 𝑋, which are completely compatible with 𝐴: 

𝑐𝑜𝑟𝑒 𝐴 ≔ {𝑥 ∈ 𝑋 |𝜇𝐴(𝑥) = 1} = 𝐴1. 

The support of a fuzzy set A consists of those elements in X, for which the membership function values are 

positive, i.e.,  

𝑠𝑢𝑝𝑝 𝐴 ≔ {𝑥 ∈ 𝑋 |𝜇𝐴(𝑥) > 0}. 

3.2. Operations on fuzzy sets 

Let 𝑋 be a given set, 𝐴 be a fuzzy subset of 𝑋, whose membership function is 𝜇𝐴: 𝑋 → [0,1]. The complement 

of 𝐴 is the fuzzy set 𝐴, whose membership function is defined as  

𝜇𝐴(𝑥) ≔ 1 − 𝜇𝐴(𝑥). 

For example, if 𝐴 is the fuzzy set of the ripe apples, then 𝐴 denotes that of the non-ripe ones. Using the 

previous example, the membership function of 𝐴 is the following: 

Figure 3. Membership function of non-ripe apples (Golden Delicious apple). 

Let 𝐴 and 𝐵 be fuzzy subsets of X with membership functions 𝜇𝐴 and 𝜇𝐵, respectively. The union of 𝐴 and 

𝐵 is the fuzzy set 𝐴 ∪ 𝐵, whose membership function is the maximum of those of 𝐴 and 𝐵, that is, 

𝜇𝐴∪𝐵(𝑥) ≔ max{𝜇𝐴(𝑥), 𝜇𝐵(𝑥)} for all 𝑥 ∈ 𝑋. 

Similarly, the intersection of 𝐴 and 𝐵 is the fuzzy set 𝐴 ∩ 𝐵, whose membership function is the minimum 

of those of 𝐴 and 𝐵, that is, 

𝜇𝐴∩𝐵(𝑥) ≔ min{𝜇𝐴(𝑥), 𝜇𝐵(𝑥)} for all 𝑥 ∈ 𝑋. 

1 

-6 10 2 𝑎∗ 
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Figure 4. Union and intersection of fuzzy sets. 

3.3. Fuzzy numbers 

Fuzzy numbers play a central role in the fuzzy modelling of uncertainty.  

Let 𝐴 be a fuzzy subset of ℝ (the set of real numbers) with membership function 𝜇𝐴. Then 𝐴 is called a 

fuzzy number if 

1. 𝑠𝑢𝑝𝑝 𝐴 ≔ {𝑥 ∈ ℝ |𝜇𝐴(𝑥) > 0} is a bounded interval, 

2. there exists 𝑥0 ∈ ℝ , such that 𝜇𝐴(𝑥0) = 1, 

3. The 𝛼-cut 𝐴𝛼 ≔ {𝑥 ∈ ℝ |𝜇𝐴(𝑥) ≥ 𝛼} is convex for all 𝛼 ∈ ]0,1]. 
Fuzzy numbers defined by these properties can be of various types. Here we present one important special 

type, the fuzzy numbers of trapezoid shape. 

3.4. Fuzzy numbers of trapezoid shape 

Let 𝑎 ≤ 𝑏  be arbitrary real numbers, and 𝛼, 𝛽  be positive numbers. The fuzzy number denoted by 𝐴 =
(𝑎, 𝑏,,) is called of trapezoid shape, if its membership function is given in the following form: 

That means the interval [𝑎, 𝑏]  is the core of the fuzzy number 𝐴, while the open interval ]𝑎 − 𝛼, 𝑏 + 𝛽[  is 

the support of 𝐴. The parameters 𝛼 and 𝛽 are called the left and right width of the fuzzy number 𝐴, 

respectively. The membership function is linear between the mentioned points, hence its shape in fact is 

trapezoid (Figure 5.). 
 

1 

 

a b a- b+ 
 

Figure 5. Core and support of a fuzzy number. 

Fuzzy numbers of triangular shape are obtained in the special case 𝑎 = 𝑏. 

In case of some arithmetic operations (e.g., division) it is essential to exclude zero from the possible values 

of a fuzzy number. Therefore, we introduce the concept of a positive and negative fuzzy number. 

1 

grade 

A B 

1 

grade 

A B 

𝜇𝐴 ≔ {

1 − (𝑎 − 𝑥)/𝛼, 𝑖𝑓 𝑎 − 𝛼 ≤ 𝑥 < 𝑎,
1, 𝑖𝑓 𝑎 ≤ 𝑥 ≤ 𝑏,
1 − (𝑥 − 𝑏)/𝛽, 𝑖𝑓 𝑎 < 𝑥 ≤ 𝑏 +  𝛽,
0, 𝑖𝑓 𝑥 < 𝑎 − 𝛼 𝑜𝑟 𝑥 > 𝑏 + 𝛽.
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A fuzzy number (of trapezoid shape) 𝐴 = (𝑎, 𝑏,,)  is called positive if 𝑎 − 𝛼 > 0, negative if 𝑏 + 𝛽 <
0. 

3.5. Arithmetic operations with fuzzy numbers of trapezoid shape 

The main objective when defining arithmetic operations with fuzzy numbers is to ensure their compatibility 

with the operations with ordinary real numbers. This is called the principle of extension.  

Let 𝐴1 = (𝑎1, 𝑏1,1,
1

) and 𝐴2 = (𝑎2, 𝑏2,2,
2

)  be fuzzy numbers of trapezoid shape. Applying the 

principle of extension, we obtain the following exact form for the sum of 𝐴1 and 𝐴2: 

𝐴1 + 𝐴2 = (𝑎1 + 𝑎2, 𝑏1 + 𝑏2,1 + 𝛼2,
1

+ 𝛽2). 

This means that the intervals defining the cores, together with the left and right widths are added. Thus, the 

uncertainty of the sum, as expected, is at least as much as that of the terms of the sum. 

If 𝐴 = (𝑎, 𝑏,,) and 𝜆 is a given real number, based on the principle of extension, we have  

That means the length of the core and the support is multiplied by 𝜆 if 𝜆 is nonnegative. If 𝜆 is negative, 

then the 𝜆-multiples of the original endpoints of the core should be interchanged, while the |𝜆||-multiples of 

the left and right widths are also interchanged with each other.  

For 𝜆 = −1 we have 

−𝐴 = (−𝑏, −𝑎, 𝛽, 𝛼). 

The difference of the fuzzy numbers 𝐴1 and 𝐴2 is defined as 𝐴1 − 𝐴2 = 𝐴1 + (−𝐴2), that is 

𝐴1 − 𝐴2 = (𝑎1 − 𝑏2, 𝑏1 − 𝑎2,1 + 𝛽2, 𝛼2 + 𝛽1). 

 

Our goal is to define the reciprocal of a fuzzy number 𝐴 = (𝑎, 𝑏,,)  of trapezoid shape. As a 

generalization of the ordinary concept, the reciprocal of a fuzzy number makes sense only if zero is not 

among the possible values of it. Hence the reciprocal is defined for either positive or negative fuzzy numbers.  

The following formula provides an approximative result for the reciprocal of 𝐴: 

1

𝐴
= (

1

𝑏
,
1

𝑎
,

𝛽

𝑏(𝑏 + 𝛽)
,

𝛼

𝑎(𝑎 − 𝛼)
). 

If 𝐴1 = (𝑎1, 𝑏1,1,
1

) and 𝐴2 = (𝑎2, 𝑏2,2,
2) are fuzzy numbers of trapezoid shape, then their product 

is not exactly of this type. Hence an approximative formula is applied for the product, where the side 

functions are approximated linearly, while the endpoints of the core and support are accurate. The „sharper” 

the fuzzy numbers are, the more accurate approximation is obtained. Let 

𝑥𝑚 ≔ min{(𝑎1 − 𝛼1)(𝑎2 − 𝛼2), (𝑎1 − 𝛼1)(𝑏2 + 𝛽2), (𝑏1 + 𝛽1)(𝑎2 − 𝛼2), (𝑏1 + 𝛽1)(𝑏2 + 𝛽2)}, 

𝑥𝑀 ≔ max{(𝑎1 − 𝛼1)(𝑎2 − 𝛼2), (𝑎1 − 𝛼1)(𝑏2 + 𝛽2), (𝑏1 + 𝛽1)(𝑎2 − 𝛼2), (𝑏1 + 𝛽1)(𝑏2 + 𝛽2)}, 

𝑦𝑚 ≔ min{𝑎1𝑎2, 𝑎1𝑏2, 𝑎2𝑏1, 𝑏1𝑏2}, 

𝑦𝑀 ≔ max{𝑎1𝑎2, 𝑎1𝑏2, 𝑎2𝑏1, 𝑏1𝑏2}, 

then 

𝐴1 ⋅ 𝐴2 = (𝑦𝑚, 𝑦𝑀 , 𝑦𝑚 − 𝑥𝑚, 𝑥𝑀 − 𝑦𝑀). 

Let 𝐴1 = (𝑎1, 𝑏1,1,
1

) be arbitrary and 𝐴2 = (𝑎2, 𝑏2,2,
2) be either a positive or negative fuzzy 

number. Their ratio is obviously defined as 

𝜆 ⋅ 𝐴 = {
(𝜆𝑎, 𝜆𝑏, 𝜆𝛼, 𝜆𝛽), 𝑖𝑓 𝜆 ≥ 0,

(𝜆𝑏, 𝜆𝑎, |𝜆|𝛽, |𝜆|𝛼), 𝑖𝑓 𝜆 < 0.
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𝐴1

𝐴2
= 𝐴1 ∙

1

𝐴2
 

3.6. Defuzzification 

When carrying out analyses involving fuzzy data, it may be important to represent the resulting fuzzy 

numbers as classical – so called crisp – real numbers. A procedure of converting fuzzy numbers to crisp ones 

is called defuzzification. Various methods are known and widely applied, from among which the following 

are mentioned.  

3.6.1. Center of gravity (COG) 

If 𝐴 is a fuzzy number (identified with its membership function), then the crisp number 𝑎0 represented by 𝐴 

is given by 

𝑎0 =
∫ 𝑧𝐴(𝑧)𝑑𝑧

∫ 𝐴(𝑧)𝑑𝑧
 

where the integral is taken over the (bounded) support of 𝐴. This is in fact the (𝑥-coordinate of) the center of 

gravity of the region below the graph of 𝐴. 

For a fuzzy number 𝐴 = (𝑎, 𝑏,,)  of trapezoid shape the formula gives the following:  

𝑎0 =
3𝑏2 − 𝑎𝑎2 − 𝛼2 + 𝛽2 + 3𝑎𝛼 + 3𝑏𝛽

6𝑏 − 6𝑎 + 3𝛼 + 3𝛽
. 

In case of a symmetric trapezoid, 𝑎0 is the center of the support of 𝐴. 

3.6.2. Area (COA) 

Let 𝑎1 ∈ [𝑎 − 𝛼, 𝑏 + 𝛽] be the point, for which the vertical line  𝑥 = 𝑎1 divides the region below A into two 

parts of equal area. To determine 𝑎1, we distinguish 3 cases. 

▪ Case 1: |𝛼 − 𝛽| ≤ 2(𝑏 − 𝑎). This is equivalent to 𝑎 ≤ 𝑎1 ≤ 𝑏1, and then  

𝑎1 =  
𝑎 + 𝑏

2
+

𝛽 − 𝛼

4
. 

▪ Case 2: 𝛼 − 𝛽 > 2(𝑏 − 𝑎). This is equivalent to 𝑎 − 𝛼 < 𝑎1 < 𝑎, and then  

𝑎1 = 𝑎 − 𝛼 + √𝛼 (𝑏 − 𝑎 +  
𝛼 + 𝛽

2
). 

▪ Case 3: 𝛽 − 𝛼 > 2(𝑏 − 𝑎). That means 𝑏 < 𝑎1 < 𝑏 + 𝛽,  in this case  

𝑎1 = 𝑏 + 𝛽 − √𝛽 (𝑏 − 𝑎 + 
𝛼 + 𝛽

2
). 

3.7. Ordering of fuzzy numbers 

For the extension of certain mathematical statistical methods, it is necessary to order the fuzzy numbers (of 

trapezoid shape). Since there can be considerable overlapping between the supports and cores, that is, they 

are not disjoint, we introduce the concept of the index of a fuzzy number. For a given 𝐴 = (𝑎, 𝑏,,)  we 

define 

𝐼(𝐴) ≔  
𝑎 + 𝑏

2
+

𝛽 − 𝛼

4
. 
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Then, a total order relation can be defined on the fuzzy numbers in the following way: If 𝐴 and B are fuzzy 

numbers of trapezoid shape, then 𝐴 is said to be smaller than or equal to 𝐵, if 𝐼(𝐴) is smaller than or equal 

to 𝐼(𝐵). 

4. Conclusions 

The integration of technological innovations that have taken and are just taking place in food industry 

can be of decisive importance for small and medium-sized companies in Hungary to enlarge their market 

share. High pressure preservation and fuzzy control of these processes are also known and implemented in 

some cases in Hungary. However, the region-specific consumption patterns and the microbiological and 

biochemical speciality of local raw materials demand company and region level adaptation of technologies 

to improve efficiency of preservation processes in terms of safety, economy and environmental impact. Based 

on our review we conclude that the importance of high-pressure processing is increasing in quality food 

preservation, where fuzzy control is particularly useful to apply. The theory of Fuzzy arithmetic supplies a 

wide spectrum of tools to improve the efficiency the control processes of high-pressure food processing. 
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Abstract: This work is a comprehensive examination that analyses the machine fleet formation and machine 

use of plant production farms that grow sweet sorghum too by using computer aided modelling. It considers 

the characteristics of machines used at the production technologies of different plants and it especially 

focuses on the appliance of machines with the convenient capacity and level from the side of costs at different 

farm sizes. The survey was based on the work tasks of a “classical” crop production farm. By the technical-

economical analysis of the production-technology of sweet sorghum it has been determined that the total 

production cost of this plant per hectare in case of small-scale farm size is minimum 965 EUR. Examining 

the large-scale production, the costs are decreasing, but they cannot be reduced under the 860 EUR/hectare 

level. 

Keywords: plant production, farm size, machine fleet planning, machine utilisation, low-cost machine fleet 

1. Introduction 

The goal of the research is the technical-economical analysis of the production-technology system of the 

sweet sorghum that is known as energy plant and nowadays as a promising base material of biotechnological 

industries [1]. 

Work done by an efficiently developed machine system is a significant condition of the fruitfulness of 

farming [2]. The machine prices and the cost of their utilization are extremely high and all these result in 

extraordinarily high production costs. Rational machine utilization is a definitive factor of the efficiency of 

venture-farming [3]. 

We have accomplished the examinations by taking power-machines from different quality and cost levels 

as base. Through this we have showed that not only the size of the farms effects the amount of the operational 

costs, but the standard of mechanization too [4]. 

2. Materials and Method 

2.1 The sweet sorghum (Sorghum vulgare saccharatum) 

The sweet sorghum is one of Hungary's plants that is capable to produce the greatest amount of biomass and 

it's production can be fitted in the conventional alternation of the cereals and industrial plants and the 

outstanding yields can be ensured at lower costs than other cultures. From the point of view of energetic use, 

the component of the sweet sorghum that is classed as secondary product, the high sugar content solution 

that can be pressed from the spears, that is a suitable base material for bioconversion methods. The amount 

of the productable sugar reaches or exceeds the amount of the glucose that can be produced from cereals 

https://doi.org/10.17676/HAE.2022.41.66
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grown on a land with the same size. The complex use of the components that can be obtained from the sweet 

sorghum can significantly increase the reachable profitableness of agriculture [5]. 

The plant is subtropical, needs hot weather and takes drought significantly. It is also called durra or sweet-

cane. It was grown in a higher amount between the two world wars. After the II. World War, until the start 

of the sugar production, the sugar containing syrup pressed and condensed from the plant was used instead 

of sugar. Nowadays it is mainly used to produce silage fodder, planted with silage corn. The growing 

conditions are very advantageous, because the sweet sorghum gives a stable yield even in case of poor water 

supply (60-70 tons/hectare) [6]. 

2.2 The surveyed crops 

The surveys can be conducted by modelling the machine working processes of agricultural production. On 

the base of field crop production, a crop plan including cereal plants for human consumption, sweet sorghum 

for animal breeding and for energy production purposes and oil seeds – as sunflower and the nowadays very 

popular crucifer - appropriate for human consumption and energy production as well and reflecting the 

special features of production in Hungary has been applied. Depending on venture size the proportion of the 

crop area of the individual plants has been stipulated in view of the agronomical and production technological 

conditions. 

2.3 The significance of machine utilization, the machine families applied, the parameters of model 

calculations 

In the utilization costs of the more and more up-to-date and expensive power machines the proportion of 

fixed costs, especially amortization and maintenance is very high [7]. This expense can be decreased by 

increasing utilization. If the applied means are coupled to the individual field work operations at their 

effective operation cost – i.e., taking the rate of utilization into account – the effect of working-hour 

performance on costs will become measurable [8]. 

Basically, the cheapest power machine families used in Hungary on the one hand, and the ones with the 

highest possible investment cost demand available on the market of agricultural machinery on the other have 

been the subject of the survey [9, 10]. 

The basic figures of machine utilization have been determined with the help of the data base of the 

Hungarian Institute of Agricultural Engineering [11, 12]. 

The model-calculations have affected the farm size points of machine stock development in a farm size of 

30 and 1000 ha. On this basis we can come to statements affecting a wider segment of the agricultural 

property structure, resp. To conclusions concerning mechanization and machine utilization [13]. 

3. Results 

3.1 The constitution of the machine system in case of the examined operating sizes 

The power-machine system that can be ordered to serve the examined operating size of 30 hectares to finish 

the soil preparation in a good quality consists of the minimal 40 kW output piece and the attachable soil 

tilling, nutritive spreading and insecticide process machines. In case of the 1000 hectare farm size that is the 

base of the large-scale examination, the minimum is the tractors with 60-120 kW of output that can be the 

base of the machine works. The different output-categories are represented by two power-machines in each 

case. The easier nutritive supply and insecticide tasks are done by the machines with smaller output and the 

heavier tasks are done by the machines with higher output. The materials handling to the depot can also be 

done by these tractors by using tow-cars to increase the exploitage of the machines. 

In case of farm size of 30 hectares, the finishing of the harvesting works as wagework is the most efficient. 

According to the calculations, on a 1000 hectare sized farm, to reach the acceptable capacity-utilization, one 

cereal combine-harvester machine can be operated as the property of the farm. The appliance of the self-

propelled silo harvester that does the gathering of the sorghum as a property, highly increases the machine 

costs of the farm, therefore it can be seen in the chapter results in details that it is more advantage out to use 

a self-propelled silo harvester for commission work. 
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3.2 The number of the executed working-hours in function of the power-machine category, the 

mechanical level and the farm size 

The number of the executable working-hours of the power-machines in case of different farm sizes 

determines the composition to each category of the power-machine system; 

In case of the examined smaller sized farm (30 hectares) based on our calculations low exploitage can be 

reached to the tractors: maximum 435 working-hours/year. 

In case of large estate sizes (1000 hectares) the executed machine working-hours of the farms power-

machine fleet, based on our model calculations is 6650 working-hours, from which the tractors represent a 

major (1100 working-hours/year (power-machine with 60 kW output) and 1700 working-hours/year (power-

machine with 120 kW output)) part. 

With a clever-chosen cereal harvesting machine at one thousand hectare farm size executing about 450-

500 working-hours it reaches significant exploitage, that results in acceptable operational cost. The annual 

capacity exploitage of the self-propelled silo combine in case of own property is only 150 working-hours, 

that makes the idea of purchasing the machine as property to think it over. 

In case of a 30 hectare sized farm the machine work demand of sweet sorghum that's production is fitted in 

the rotation of crops is 120 working-hours, that is 14,8 working-hours/hectare. This value is slightly higher 

than the economic average. In case of a 1000 hectare sized farm the machine work demand of sweet sorghum 

that's production is fitted in the rotation of crops is 1675 working-hours, that is 6,7 working-hours/hectare. 

This marks well that the production of sweet sorghum is a labour-intensive activity, because this value is also 

higher than the value that is specific to the whole farm. By using modern machines, the shown working-hour 

execution parameters will decrease with 4-5 % [14, 15]. 

In case of small-scale production, the significant number of shift-hours increases the living work outlay, 

thereby increases the employment. In the farms with this size the use of small output machines is reasonable. 

However, the proper usage of the small capacity machines is not ensured either, so the significant constant 

costs induce higher operational costs [16]. 

3.3 The analysis of the machine usage costs 

Applying low-level power-machine fleet, the annual machine use cost of a 30 hectare farm that produces 

sweet sorghum too is 11.785 EUR, that is 393 EUR per hectare. The specific machine cost of the produced 

crops is the following: wheat 365 EUR/hectare, sunflower 375 EUR/hectare, rape 395 EUR/hectare, sweet 

sorghum 440 EUR/hectare. In the sowing plan the ratio of the plants is the following: wheat 40%, sunflower 

25%, sweet sorghum 25%, rape 10%. 

Applying modern power-machines the annual machine use cost is 14.645 EUR, that is 491 EUR per hectare. 

In case of the produced plants the machine costs are the following: wheat 460 EUR/hectare, sunflower 475 

EUR/hectare, rape 500 EUR/hectare, sweet sorghum 540 EUR/hectare. 

Those who work on small sized farm can count with low power-machine utilization, that also has effects 

on the use costs per working-hour of the tractors. This value is 19 EUR/working-hours in case of the 40 kW 

tractors that are usually used in small works. At this production size, the calculated cost of the borrowed used 

cereal harvester and self-propelled silo combine is 52,5 EUR/working-hours and 72,7 EUR/working-hours. 

In case of modern machines, the specific cost of the mentioned tractor to a time unit is 24 EUR. The cost of 

the cereal combine is 73,6 EUR/working-hours. In case of an ensilage cutter, we can also count with the 

given values, because in the database that we used for the calculations we haven't found two different 

technical levels from the harvesting machines with these functions. 

Considering a 1000 hectare sized farm in case of low level mechanization, taking the above mentioned 

sowing plan ratios the annual use cost of the machines is 303,5 thousand EUR, that is 303,5 EUR/hectare. 

The machine cultivation cost per hectare to each of the plants: wheat: 240 EUR, sunflower 270 EUR, rape 

245 EUR, sweet sorghum 465 EUR. 

If the use of the self-propelled ensilage cutter machine is not as an own property, than it is leased work, the 

machine use cost of the whole farm is 267,8 thousand EUR. The specific value for a hectare is 267,8 EUR. 

And the specific machine cost of the sweet sorghum production is the advantageous level of 320 

EUR/hectare. 
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With the appliance of high-level power-machines the annual machine use cost projected to the whole farm 

is 339 thousand EUR, specifically 339 EUR/hectare. In case of wheat, it is 275 EUR/hectare, sunflower 305 

EUR/hectare, rape 275 EUR/hectare and sweet sorghum 505 EUR. 

It can be observed that the machine cost of sweet sorghum is the highest in every case, compared to the 

other plant cultures. This is mostly because great volume of the harvesting and crop transporting tasks: at 

least 60-80 t/hectare of crop has to be harvested and transported to the processing plant. 

If the ensilage cutter machine does it's tasks as leased work, the costs decrease. As a result of the 

calculations, the total machine use cost of the whole farm is 303,5 thousand EUR. Specifically it is 303,5 

EUR/hectare. The machine work cost of the sweet sorghum production is 365 EUR/hectare. 

The Figure 1 also shows the previously introduced things, where the upper and lower limit of the machine 

use costs are shown in function of the farm size, that are determined considering the use of low-level power-

machines and implements and the expensive power-machines that represent the modern machine 

technologies. 

 
Figure 1. The specific machine utilisation costs in case of different mechanization levels at farms with the 

investigated sizes 

In large-scale production the exploitage of the power-machines is more advantageous. The tractor with 60 

kW output works 1100 working-hours and the medium sized universal power-machine with 120 kW output 

works 1750 working-hours annually. The use cost of them to one working-hour is 15,7 EUR, and 27,3 EUR. 

According to our calculations the use cost of the cereal harvester and self-propelled silo combine as own 

property is 83 EUR/working-hour, and 243,2 EUR/working-hour. If we borrow the ensilage cutter for work, 

the cost reduces significantly to 97,4 EUR/working-hour. In case of modern power-machines the specific 

cost of the mentioned tractors to a time unit are 19,7 EUR and 31,4 EUR. The cost of the cereal combine is 

93,4 EUR/working-hours. In case of an ensilage cutter as we have mentioned, we can calculate with the 

above given values. 

The operational costs of the work processes of the sweet sorghum production calculated after the computer 

modelling can be seen on Table 1. 

The marked costs in the chart show the direct costs of the machine operation, plus the accessory costs (farm 

level costs) that increase the discussed values with almost 20%. 

The difference between the costs of the small and the large-scale farm size is well-marked. This all can be 

explained with the efficiency of the machine exploitage. In the field of costs there is also a difference between 

the use of modern and less modern machines. In case of small-scale farm size, with using less modern power-

machines a more advantageous cost level can be reached, although the quality of the work and the 

circumstances of the working must be considered. In case of large-scale farm size, the difference between 

the operational costs of the less modern and modern machines decrease significantly, because the operation 
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of the less modern machines is more expensive at larger strain and the high level constant costs of the modern 

machines significantly decrease, according to their better exploitage, considering one unit of work. 

The values in brackets show the first-cost of the leased work. 

Table 1. The direct machine operation costs of the work processes of the sweet sorghum production 

 In case of using low-cost power-

machine 

In case of applying modern power-

machines 

Farm size 30 ha 1000 ha 30 ha 1000 ha 

Dimensional unit EUR/ha EUR /ha EUR /ha EUR /ha 

Stubble ploughing 23 15,4 28,6 17,6 

Fertilizer distribution 11,8 8 14,8 8,3 

Muck-spreading  34,9  39,8 

Stubble care 23 15,4 28,6 17,6 

Deep ploughing 69,4 33,8 78,9 37,5 

Plough levelling 23 15,4 28,6 17,6 

Herbicide spraying 10,9 7 13,4 7,8 

Chemical pouring 15,5 10,6 19,2 12,1 

Preparation of seedbed 15,5 10,6 19,2 12,1 

Sowing 22,3 18 25,9 19,8 

Chemical plant protection 10,9 7,0 13,4 7,8 

Within-the-row cultivation 19,6 7,7 23,8 9 

Harvesting (65,2) 171 (64,1) (65,2) 171 (64,1) 

Crop transportation to depot (57,1) 32,9 (65,3) 38,5 

4. Conclusions 

Besides the introduced machine costs, we must count with the prices of the input materials of the sweet 

sorghum production to know the whole cost of the production of the plant. Adding all the cost of the nutrient 

supply, the seeds and the cost of the pesticide, we face that a minimal input material cost is 500 EUR/hectare. 

Beside this we must not forget about the cost of the insurance and other supplemental expenses that is 

connected to the production. 

Adding everything, the total production cost of the studied plant per hectare in case of small-scale farm size 

is minimum 965 EUR. Examining the large-scale industrial production the costs reduce, but they can not be 

reduced under the 860 EUR/hectare level. 

The aim of our research work and the exposition of its results is the professional support of the machine 

investment decisions and the machine utilization practice of the different size ventures promoting hereby the 

creation of the conditions of fruitful farming and rational machine investment decisions. 
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Abstract: Heating swimming pools using electrical elements is costly and causes environmental impact by 

producing CO2 emissions. While renewable energy, such as solar energy, proves a viable alternative source 

for swimming pool heating. This article aims to simulate various Solar Domestic Hot Water (SDHW) systems 

in cold climates like Central European countries to define the best system for swimming pool heating. Three 

different systems were compared: a solar heating system without auxiliary heating or heat exchanger (B6), 

with a heat exchanger (B6.1) and with a heat exchanger and an auxiliary heating source (B6.2). Also, five 

crucial variables were chosen, along with the variation of the other parameters using the response surface 

method (RSM). This system optimisation aims to define an optimal system with less financial expenditure. 

It was found that the best system is B6, represented by Experiment No 25, which indicates the Collector type: 

flat plate collector (FPC), pool depth: 1 m, pool temperature: 26 ℃, pool covers, and windshield are actively 

operated. We used the T*SOL Valentine Software-2018 (kWh) to measure the solar contribution for each 

case. For each vector, our coded values range from [-1, +1]. The formula 2k (25=32 experiments) defines the 

number of experiments, where k is a vector number. In addition, two more experiments were done to define 

second-degree non-linear coefficients with a pool depth (B) of 1.5 m and 28 ℃ pool temperature. These two 

additional experiments, however, had no impact on our results. Finally, the swimming pool heating systems 

suitable for this weather were compared. This experiment can help the locals to find the optimal swimming 

pool heating system for their pools. 

Keywords: solar heating; pool heating; auxiliary heating; T*sol; R-script 

1. Introduction 

In cold climates (such as Budapest), approximately 15% of its consumed energy is for water heating. 

Moreover, these applications require less than 100 ℃, easily achievable by renewable energy, for example, 

solar domestic water heating (SDWH) technology [1]. Conventional water heating systems using fossil fuels 

or electric heaters cause a greenhouse effect, high maintenance costs, and are expensive [2]. Hence, the future 

of solar water heating system technology is promising for its eco-friendly nature and renewable energy usage. 

Hence, by the end of 2018, Solar water heating collectors’ total capacity was 482 GW (where the glazed type 

was 452 GW, and the rest 30 GW was unglazed type collector) worldwide [3]. Meanwhile, European 

countries such as Germany, Poland, Spain, Denmark, Italy, Austria, and Switzerland aggregate 27.1 GW [4]. 

According to the European Solar Thermal Industry Federation (ESTIF), Europe can save up to 5,600 tonnes 

of crude oil in 2020 by solar thermal energy [5]. By the end of 2050, the European Union will provide a solar 

thermal capacity of 1200 GW overall. The total solar collector area is 200,000 m2, whereas there are 19 

million m2 glazed collectors in Europe. A solar collector area of 1000 m2 can save up to 170 tons of CO2 

https://doi.org/10.17676/HAE.2022.41.72
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emissions, have a natural gas savings of 85000 m3, and have a return on investment (ROI) period of fewer 

than three years [6]. 

SDWH can be divided into two parts such as design and operation. The collectors can be designed in many 

ways. Flat plate collectors (FPC) and Evacuated tube collectors (ETC) are two primary types of solar 

collectors. The Temperature can reach up to 65 ℃, and efficiency can be achieved at 80% in Evacuated tube 

collectors [7]. However, this varies from meteorological, design, and load profile situations. The temperature 

variation can freeze water inside the flow channel at night and burst it for its volumetric expansion. So, in 

this system, 30% Glycol is mixed with water to prevent it from freezing. 

It should be noted that evaporation causes the highest energy losses, which can be prevented partially if the 

cover is adequately used [8]. In this experiment, windshields are also considered to prevent heat loss [9]. In 

SDWH, energy is converted to thermal energy by solar radiation inside a solar collector. Sometimes, a 

conventional gas-fired boiler (an electric heater can also be used) is called an auxiliary heater. The auxiliary 

heater is connected to the heat exchanger, located in the highest part of the storage tank, where solar energy 

is insufficient [10]. An insulating layer is needed to reduce heat losses in the tank. Solar fraction is the ratio 

of solar energy sent to the standby tank to the total energy sent to the tank from the solar system and auxiliary 

heating [11]. Solar or system efficiency is the ratio of energy provided to energy irradiated onto the collector 

array’s active solar surface. The coverage ratio defines how long we get the desired Temperature in a day 

[12,13]. 

There was no actual study on using solar thermal energy in central Europe in the literature. Also, the 

approach using RSM and linear modelling is still missing from the database. The utilisation of solar thermal 

energy is getting bigger and bigger every day, especially in central Europe in Austria, for example, which is 

considered the best country to produce solar thermal energy per 1000 capita in 2020 globally. This motivates 

researchers from other central European countries to investigate the potential of using solar thermal energy 

for domestic, industrial, and other functions 

2. Experimental concepts 

The swimming pool in Gödöllő, Hungary, is the actual case swimming pool, and the data are validated 

through the swimming pool owner. Some fixed parameters have been considered for this experiment, as in 

Table 1.  

Table 1. Main system parameters 

Metrological Location Budapest Ferihegy 

Collector area  6 m2 (1 x 6) 

Pool area 33.5 x 11.5 m2 

Solar Collector Inclination 24 ° 

Pool cover 90% 

Cover type Bubble sheet type 

Cover time 7pm - 7am 

Working days 15th May - 15th September 

Glycol 30% 

Daily freshwater requirements 50 l 

volume flow rate 40 l/h/m2 (per collector) 

Annual irradiation on each collector 1370.9 kWh/m2 

 
The B6 system is a swimming pool without auxiliary heating or HX (Heat exchanger). Solar collectors 

convert direct solar energy to heat energy, mainly heating the domestic water and swimming pool. There are 

a few types of solar collectors. This article used only Flat plate and Evacuated tube type collectors, as shown 

in Figure 1. The variables are collector type, pool depth, pool temperature, cover, and windshield. Our desired 

pool temperature is 26 ℃ or above, and the pool depth must be 1 m or more as listed in Table 2.  
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Figure 1. Actual pictures of the studied case 

Table 2. Case study variables 

Variables  Values Denoted by 

Collector type 

Flat Plate Collector (FPC) Negative 

A Evacuated Tube Collector 

(ETC) 
Positive 

Pool depth 
1 m Negative 

B 
2 m Positive 

Pool 

temperature 

26 ℃ Negative 
C 

30 ℃ Positive 

Cover 
Without Cover Negative 

D 
With Cover Positive 

Windshield 
Without windshield Negative 

E 
With windshield Positive 

The schematics of the three analysed systems can be seen in Figure 2.  

 

 

Figure 2. (a) No HX or auxiliary heater, (b) With HX, no auxiliary heater, and (c) With HX and auxiliary 

heater. 

The simulation was conducted using T*SOL software to get the solar contribution ratio which refers to how 

much solar energy (in kWh) has been contributed to heat our swimming pool. In contrast, linear modelling 

was conducted using R scripts software using coded values for defining optimal values using the response 

surface method (RSM). The least-squares approach is used in the programming phase to provide a general 

rationale for the line’s best match position among the data points under consideration. 
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3. Results and Discussion 

Solar contribution refers to how much solar energy (in kWh) has contributed to heating our swimming pool 

water. From the Figure 3 Pareto plot chart, it is seen that factor A (collector type) has the most significant 

positive impact, with around 90 kWh annual magnitude. Since A is positive, we get 90 kWh annual 

magnitude as extra while using ETC. Therefore, we will choose an Evacuated Tube type solar collector 

instead of a flat plate collector. The following two highest single factors are E and D, having 40 kWh and 30 

kWh annual magnitude, respectively. However, these factors are negative; hence choosing the windshield 

and cover off gives us an additional solar energy contribution of 40 kWh and 30 kWh annually. Apart from 

single factors, two interacting factors are AE and AD, with a positive magnitude of 10 and 8 kWh annually. 

The third double factor is DE, with an annual negative magnitude of 5 kWh. From Figure 3 also, it is clearly 

shown that single Factor C has the highest negative impact of 4.75 (%) magnitude. If we choose 26 ℃, we 

have a higher magnitude. The following two single factors are E and D, with a positive magnitude of 3.9 (%) 

and 2.8 (%) magnitude. Since they are positive, we will choose the windshield and cover. Besides, the first 

three highest two interacting factors are CE, CD, and DE, where CE and CD are negatives and DE is positive. 

 

 

Figure 3. Pareto plot of a) solar contribution and b) coverage ratio 

a) Solar contributions Pareto plot 

b)    Coverage ratio Pareto plot 
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The two factors’ interactions are illustrated in Figure 4: AE: we see that for the best efficiency, E is negative, 

and A is positive. That means the windshield should be off, and an Evacuated Tube collector should be used. 

AD: if D is negative and A is positive, we get the maximum solar contribution. So, the cover should be off, 

and we should use an evacuated Tube collector. DE: the system efficiency increases if both factors are 

negative individually. Both cover and windshield should be off for the highest solar contribution. After 

considering the solar contribution requirement, coverage ratio and financial perspective, we will choose to 

experiment no 25 (Collector type: FPC, Pool depth: 1m, Pool temperature: 26 °c, with cover and windshield, 

are active) for Budapest in the B6 swimming pool heating system as in Table 3. 

 

 

Figure 4. Two factors interaction  

4. Conclusions 

We used TSOL Valentine Software-2018 and collaborated with MeteoSyn to get the solar contribution (kWh) 

and coverage ratio (%). For modelling purposes, we used an R-script program where we considered the top 

five impacting variables: collector type, pool depth, pool temperature, cover, and windshield. Our coded 

values vary between [-1, +1] for each variable. The number of experiments is determined by the formula 2k, 

where k is a variable number. As each variable has two values [-1, +1], the total experiment number was 25 

= 32. In addition to these 32 experiments, we conducted two more experiments considering that pool depth 

(B) is 1.5 m to identify second-degree non-linear coefficients. So, the total number of experiments was 34. 

However, these two experiments did not affect our measurement as the heating system with auxiliary heating 

or heat exchanger is costlier, and the solar contribution among them is insignificant. We compare the heating 

system without a heat exchanger or external heating source (B6). After considering the solar contribution, 

coverage ratio, pool temperature and financial aspect, we have chosen the best systems in swimming pool 
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heating for Budapest. The best system indicates that the collector type is FPC, pool depth is 1 meter, pool 

temperature is 26 ℃, and has a windshield and cover during closing time. As the government tries to reduce 

carbon emissions and search for an alternative energy source, this solar heating system can be used widely 

in central European countries. 

Table 3. Optimisation results 

 Collector 

type 

SP 

Dimension 
Pool temp Cover Windshield y 1 y 2 y 3 

No [FPC, ETC] [1,1.5,2] [26,28,30] [No, Yes] [No, Yes] 

Solar 

contribution 

[kWh] 

Coverage 

ratio% 

Ava 

Pool 

Temp 

1 FPC 1 26 No No 2740 33.3 20.19 

2 ETC 1 26 No No 2881 35 20.18 

3 FPC 2 26 No No 2744 33.4 20.27 

4 ETC 2 26 No No 2884 35.1 20.27 

5 FPC 1 30 No No 2740 33.3 20.19 

6 ETC 1 30 No No 2881 35 20.18 

7 FPC 2 30 No No 2744 33.4 20.27 

8 ETC 2 30 No No 2884 35.1 20.27 

9 FPC 1 26 Yes No 2679 32.6 21.6 

10 ETC 1 26 Yes No 2844 34.6 21.59 

11 FPC 2 26 Yes No 2683 32.6 21.71 

12 ETC 2 26 Yes No 2847 34.6 21.7 

13 FPC 1 30 Yes No 2679 32.6 21.6 

14 ETC 1 30 Yes No 2845 34.6 21.59 

15 FPC 2 30 Yes No 2683 32.6 21.71 

16 ETC 2 30 Yes No 2847 34.6 21.7 

17 FPC 1 26 No Yes 2638 32.1 22.57 

18 ETC 1 26 No Yes 2819 34.3 22.56 

19 FPC 2 26 No Yes 2645 32.2 22.66 

20 ETC 2 26 No Yes 2823 34.3 22.65 

21 FPC 1 30 No Yes 2638 32.1 22.57 

22 ETC 1 30 No Yes 2819 34.3 22.56 

23 FPC 2 30 No Yes 2645 32.2 22.66 

24 ETC 2 30 No Yes 2823 34.3 22.65 

25 FPC 1 26 Yes Yes 2550 31.1 24.42 

26 ETC 1 26 Yes Yes 2773 33.7 24.41 

27 FPC 2 26 Yes Yes 2569 31.2 24.49 

28 ETC 2 26 Yes Yes 2778 33.8 24.49 

29 FPC 1 30 Yes Yes 2560 31.1 24.42 

30 ETC 1 30 Yes Yes 2773 33.7 24.41 

31 FPC 2 30 Yes Yes 2569 31.2 24.49 

32 ETC 2 30 Yes Yes 2778 33.8 24.49 

33 FPC 1.5 28 No No 2742 33.3 20.24 

34 ETC 1.5 28 Yes Yes 2775 33.7 24.49 
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Abstract: In recent years the fusarium infection and accompanying DON–toxin contamination caused 

serious losses in the wheat growing and processing. Besides decrease of average yield it was serious problem 

that not a small part of the growned and harvested crop was unsuitable for food and forage production or the 

usage was limited. This phenomena caused problem in many countries all over the world according to data 

of scientific literature. There is a statement in the literature also that DON-toxin content can be decreased 

efficiently and safely only during the cultivation of plant and the possibilities for that are very limited during 

processing. We wanted to prove with our experiment that it is possible to decrease DON-toxin level of wheat 

items by application modern equipment and machineries, wherewith the losses and the food safety risks can 

be minimized. During our experiment we studied the effect of two milling machine on DON toxin content. 

(Sortex Z color sorter and Scule Verticone intensive surface cleaner). Both modern machine can be built-in 

the cleaning process in the mills. In our investigation we took samples from harvested wheat items during 

processing in the year of the experiment. The data were subjected to complex investigation and we evaluated 

them with different statistical methods. On this basis we can unequivocally state both machines are effective 

in reducing toxin level of basic material. In the year of the experiment the regression analysis showed that 

the Schule surface cleaner was more effective than the color sorting machine. 

Keywords: effectivity of color sorting, effectivity of grain-surface cleaning, milling wheat, effectivity of 

toxin reduction 

1. Introduction 

Among the various fungal diseases that occur during the rainy season in wheat crops the Fusarium spp. fungal 

species are very significant, the infection of which appear the fusariotoxins [1], [2]. The fungus attacks among 

others the wheatear and the toxins produced by these microorganisms pose a serious food safety risk [3]. 

DON-toxin is one of the most significant representative of fusariotoxins [4]. 

Trichotercles - DON-toxin is the member of this group - are strong cellular poisons that have cytostatic and 

protein synthesis inhibitory effects, they damage the nervous system and also have an immunotoxic effect 

[5]. Acute DON toxicity may cause headache, dizziness, nausea, vomiting and diarrhea in humans. DON 

initially inhibits protein synthesis, upsets the cytokine regulation, the end result of which may be cell death. 

Presumably the digestive system complaints and also the immune inhibitory effect are due to this mechanism 

[6]. Indicates their danger that these compounds may be allowed in foodstuffs for human consumption up to 

1 mg/kg while the maximum concentration in feedstuffs may be 5- 10 mg/kg [7]. In the case of unprocessed 

durum wheat used as food raw material the maximum allowable DON-toxin content is 1,75 ppm and in 

unprocessed edible wheat or otherwise in aestivum wheat this value is 1,25 ppm [8].  

DON-toxin is water-soluble, but it is very stable during storage and processing of infected cereals. It is 

resistant to production processes and does not decomposes on heating [9], so it can go through the entire food 

chain. Mézes’s [10] studies showed that after more than one year of storage of grains when temperature and 

humidity conditions allowed, owing to bacterial processes some detoxification was observable.  

https://doi.org/10.17676/HAE.2022.41.79
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Degree of wheat grain formation disturbances depends on the time of infection. If the weather is favourable 

for the infection of fusarium fungi after fertilization, at the beginning of grain development, then the 

proportion of grains in which the fungus is present in the core (endosperm) is higher in the given wheat item. 

The color of the grains changes in this case. It may be lighter, it may be mainly greyish white, but light lilac 

or pink discoloration may occur. Color change is of great importance to my experiments. In early infection, 

some of the eyes, besides the above mentioned, may be smaller, softer, with lighter weight. If the weather 

becomes wet in the advanced state of the wheat grains, that is at the beginning of the whole ripening, then 

the fungus infection reaches the nucleus only in a small percentage, the infection centre develops in the layers 

of the grain shell. In such a case, the color change of the grains is less typical and the size of the grain will 

not be significantly smaller. But the healthy grains will be softer than the infected ones. At the end of full 

ripening diseased grains barely deviate from the healthy ones, the core interior remains intact. Occasionally 

there may be mycelium or mild discoloration on the surface of wheat, which may indicate infection, but in 

fact it is difficult to distinguish these grains from the healthy ones. The phenomenon described above has 

been proved by experimentation. Veres [11] did not find close correlation between the external and internal 

contamination of the grain, that is he proved, that they were developed due to independent phenomena. 

The literature generally assumes that during the processing there is no or very limited and uncertain 

possibility of reducing the degree of mycotoxin, that is the level of food safety risk for each wheat item. [4], 

[12], [13]. Sándor and workers [14] and Frank [15] carried out model experiments to reduce DON-toxin, in 

which they studied equipment developed and constructed in laboratories, similar to surface cleaning 

procedures used in mill processing. They started out from the assumption most of the toxins are concentrated 

in the germ and shell of wheat grains. They evaluated a relatively small number of samples taken from a 

given wheat item. The results are important from the point of view that they have demonstrated certain 

surface cleaning methods can be applied to reduce the toxin content of wheat item, although here the results 

are not always convincing. But we must not ignore that the degree and nature of the fusarium infection 

depends on the fungus in which phenophase attacks the wheat. This determines that only the seed, the germ, 

or the endosperm of the wheat is affected by the infection. It should not be ignored also under mill processing 

conditions, cleaning and its efficiency can show other results than under laboratory conditions due to the 

mixing of raw material items, the nature and modernity of the process as well as many other factors. From 

the point view of of food safety, however, it is important not only to obtain correct information on the 

theoretical possibilities but also on the effectiveness of the actual process.  

From the point of view of our experiment the pre-grinding operations have an important role in the milling 

process. According to our assumption in the case of infected wheat items the degree of toxin reduction 

depends on what kind of equipment and technical tools are operated during the production process. The first 

phase of these operations is the cluster cleaning followed by surface cleaning. During the cluster cleaning in 

several stages equipment select those components that are unsuitable for milling or wastes from wheat. 

During surface cleaning the outer surface of wheat grains is removed together with contaminations [16], [17].  

Sortex Z+ color sorter was not designed to reduce DON-toxin content. In the food sector and outside also 

there are very many areas where it is possible to use this machine. In mill processing during cluster cleaning 

it provides a new, more precise, faster and less wasteful cleaning option.  

It offers an opportunity to select components from cereal items the size of which is the same as intact, 

healthy seeds, but optically different. This is relevant to our experiment. The previously used sorting 

equipment could not efficiently isolate the quality detrimental components. From the wheat basically the 

physical contaminations and broken, weird seeds are selected by the machine due to their different color 

properties [17], [18]. In our experiment, we wanted to prove that the selection of seeds infected by fusarium 

and resulting in discoloration in the early stage of crop formation becomes possible with the use of this 

modern machine. As a result, the concentration of DON-toxin in the raw material decreases.  

The Schule Verticone VPC 480 is an intensive surface cleaning machine used to shell cereals, legumes and 

spices. (Figure 1.) In the milling industry, the primary reason for the application is to clean the outer surface 

of wheat grains from contaminated pollutants and microorganisms [19].  

By using it the final product quality will be better and it has a positive effect on the capacity of the mill will 

also. During the experiment we wanted to demonstrate that the toxin level of seeds infected at a later stage 

of the crop formation period can be reduced by using this machine and thus achieving a reduction in the toxin 

concentration of the raw material.  
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Figure 1. Schule Verticone VPC 480 

 

2. Materials and Methods 

2.1. The place of experiment, method of investigation 

During our research work we investigated, whether high DON-toxin content can be decreased in the milling 

process by application adequate technological conditions. The goal is to enable a part of wheat items which 

was excluded from the food industrial or forage production to get back into the food chain, and it do 

should’not mean risk. It is important question also, how can the rate of toxin reduction. 

For the sake of the practical usability of results it was important to set the experiment in production 

circumstances. Research in the case of investigation of food safety technological conditions that is reduction 

of risks should be achieved in production circumstances in order to prove it is possible to decrease the DON 

toxin content of wheat and to reduce food safety risks. 

We carried out research work at Júlia Malom Ltd. The company started the production and the distribution 

of mill products in 2005. Later it performed developments in several steps and nowadays it operates three 

milling production lines. The site is in Kiskunszállás, which is 18 km from Kecskemét.  

Owing to modern technology milling of the products happens in a closed system, starting from the mill-

loading-hopper to the storage of flour in silo and packaging. 

When we selected the place for research it was important aspect that the experiments should be completed 

in controlled circumstances, the whole mechanism of the process and its surroundings should be transparent, 

mappable and measurable. Besides the conditions, experimental settings should be changeable and repeatable 

[20]. 

2.2. Sampling method 

During our research work the subject of investigation was the analysis of wheat items harvested in different 

years. In this article we summarized the evaluation results of samples of wheat items harvested in the year of 

the experiment. The sampling system was elaborated according to the technological phases because of nonstop 

operation. The goal is to follow up the change of toxin content of wheat items during the production process. 

We took five samples from a given wheat item on different spots. First three sampling spot was before Sortex 

color sorting machine (fraction V1) and after the machine. After color sorting there were two fractions: from 

the purified milling wheat (fraction V2), and from the remaining, selected so called by-products (fraction V3). 

We created two sampling spots before Schule machine (fraction V4) and after the machine (fraction V5) 

(Figure 2.). 

The samples of fractions V4 and V5 can be taken 12,5 hours the color sorting. The time lag was determined 

by the duration of technological phases. We sampled one wheat item on one day, and we took four sub-

samples from each sampling spot. That is we tested DON toxin content of 20 wheat sub-sample from one 
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wheat item. Sub-samples were taken in equal intervals, that is in every 10 minutes. (We started 0. minute and 

finished 30. minutes) 

 

 
 

Figure 2. The place of sampling (Fraction V5) 

 

20 wheat items were investigated from the wheat harvested in the year of the experiment. That means we 

tested DON-toxin content of 400 sub-sample. 

2.3. Statistical methods to evaluate datas 

During experiment we would like to examine how change the toxin content the color sorting machine 

respectively the surface cleaner as well as joint use of two machines. We adjust the statistical analysis to this, 

and we compare samples as follows:  

1. before Sortex color sorting (fraction V1) and after (fraction V2),  

2. before Schule machine (fraction V4) and after (fraction V5), and 

3. before Sortex color sorting (fraction V1) and after Schule machine (fraction V5).  

The statistical method was elaborated that away we could make analysis with statistically really related 

samples. Thus we had to determine a given item and the related samples which best describes the changes 

taking place during the process. That we could reach by averaging four sub-sample which was taken on the 

same day from the given sampling spot. Statistical analysis was performed with averages.    

As a first step we examine the distribution of samples. Generally known, in case of samples with normal or 

approximately normal distribution the range of statistical procedures available is wider and more accurate 

results can be obtained than with using non-normal distribution samples. We help approximate to normality 

a bit by averaging the sub-samples also based on the central boundary distribution thesis. Although in our 

case the thesis is not fulfilled completely, still usage of averages gives us a wider opportunity. 

We used two of the fit testing procedures to determine normality: Kolmogorov–Szirnov-test amended 

version proposed by Stephens [21], [22] and Wilk–Shapiro-test [23]. The Kolmogorov–Szirnov-test with 

Stephens's amendment is user-friendly, because the same critical value can be used for different sample sizes, 

but it can not be said to be too strong test. Opposite Wilk–Shapiro-test, which is one of the strongest normality 

tests. We submit our data to both tests so we can create a clear picture whether the more permissive or stricter 

conditions are fulfilled. After the normality test the DON-toxin level change is investigated. 

For this a comparison of four related sample (V1; V2; V4; V5) is performed. In addition to normality in this 

experiment we have to examine the sphericity of samples also, that is, whether the standard deviation of 

related samples is equal, which will be checked with Mauchly-test [24].  
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In case if the distribution of data is not normal or the sphericity is not met, then for a related samples the 

Friedman test is the most frequently used nonparametric statistical procedure. However, if normality and at 

the same time sphericity are met then repeated measurement variance analysis should be used for full data 

analysis. For variance analysis, we consider that statistical literature qualifies as a robust process, which 

means that if the conditions are not fully met, the procedure can be safely applied [25].  

If we do not want to make a complete data test, we only want to investigate two related samples, then we 

need to use a difference-sample created from sample pairs. The parametric procedure is the even t-test, which 

precondition is normality also, in turn the nonparametric equivalent is Wilcoxon signed rank test. This test 

can be used for symmetric distribution difference-samples. That is this procedure has also preconditional. 

The presence of symmetry can be checked by a Pearson index. 

Thereafter, we are also looking for whether it can be predicted based on the measured data how much toxin 

reduction can be achieved upon completion of the cleaning (fraction V1 and V5). For this we perform 

regression analysis [26]. In case of normal distribution from regression functions the linear gives the best 

estimate 

3. Results and discussion 

First we sought statistical verification to determine data analysis and evaluation methods. That is, we checked 

whether the averaging samples could be considered as normal distributions. During which the four samples 

were tested (V₁, V₂, V₄, és V₅) with version of Kolmogorov–Szirnov test recommended and with Stephens 

and Wilk–Shapiro method. Our H0 hypothesis in this case is that the sample is derived from a normal 

distribution. Using the modified version of the Kolmogorov-Smirnov test, recommended by Stephens, the 

test statistic and the critical value were as follows: 
 

V1  0,96 

V2  0,85 critical value α=0,05: 0,895 

V4  0,84 

V5  0,69 
 

The data show that, with the exception of the V1 sample, our samples have normal distribution according 

to this statistical procedure. 

When the Wilk–Shapiro-test was applied the test statistic and the critical values were as follows: 
 

V1  0,82  

V2  0,84 critical value α=0,05: 0,98 

V4  0,85  

V5  0,93  
 

In this case, the strongest normality test rejects normality for all four samples. 

The two normality tests had different results. Therefore, in order to reach an exact conclusion, we also 

subject our data to the evaluation of both the statistical methods assuming normality and statistical methods 

that do not require normality. If we are strict in terms of normality, the four related samples should be 

examined using the Friedman-probe. The null hypothesis H₀ of the Friedman-probe is that the distribution of 

all four samples is the same. For our related samples the value of the probe is 54.78, the critical value at the 

significance level α = 0.05 is 7.815. Since the test statistic is much higher than the critical value, we reject 

the null hypothesis, distribution of our samples is different. That is the reduction in toxin content of starting 

wheat items can be attributed to the cleaning process.  

If we are less strict about the normality test then based on the Kolmogorov-Smirnov test it can be said that 

normality was only damaged at one sample. As discussed earlier, sphericity should be investigated in this 

case as well. On the basis of the corrected empirical deviations, the deviations were the same except for the 

last sample. 

V1  0,27 

V2  0,27  

V4  0,27 

V5  0,21 
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Although this is convincing at first sight, but for the sake of statistical accuracy we used the Mauchly-test, 

which has the H₀ null hypothesis that the standard deviations are the same. The value of test statistic in this 

case is 3.12 *10-6. Here, the critical value for the significance level α = 0.05 is 0.38. We accept H₀ null 

hypothesis if the test statistic value is lower than the critical value. The results clearly indicate that we can 

consider the deviations as the same, so the sphericity was fulfilled. 

Because of the damage to normality, we applied variance analysis referring to robustness. The null 

hypothesis of the variance analysis is same as the null hypothesis of the Friedman-probe, but in this case the 

test conditions are stricter. So, due to the conditions, this null hypothesis is actually equivalent to the 

correspondence of the expected values. If these conditions - normality and sphericity - are fulfilled only the 

expected values should correspond to distributions. The test statistic in our case was 63.66 for related 

samples. The critical value for the significance level α = 0,05 is 2,766. Since the test statistic is also much 

higher than the critical value, we reject the null hypothesis again, distribution of our samples is different. The 

test confirmed the previous finding that the direct cleaning process prior to milling has an effect on reducing 

the DON-toxin content of the raw material. So both statistical analysis show that the distribution of DON-

toxin levels varies during selecting and cleaning, and based on variance analysis, we can say that the average 

value of this level has changed. 

Then we were wondering if there was any difference in efficiency between the two cleaning processes. For 

this we have tested the sample pairs. In this case we also followed the principle that we tested the data with 

both the statistical methods assuming normality and statistical methods that do not require normality. 

Wilcoxon's Signal rank-probe can be used independently of normality. Its condition is symmetry which 

was determined by the Pearson index. The index for difference samples derived from sample-pairs are as 

follows: 

V1 and V₂ difference sample  -0,63 

V4 and V₅ difference sample  0,12 

V1 and V₅ difference sample  0,55 
 

If this skew indicator number is in absolute value greater than 1, then we are talking about a strong 

asymmetry of distribution, otherwise the distribution is considered almost symmetric. This means that 

symmetry can be assumed for all three samples, so the test was applicable. The null hypothesis of Wilcoxon's 

sign-on rank-test is that the distributions are the same. The statistic values and the critical value of the test 

are as follows: 
 

V1 and V₂ difference sample  3,92  

V4 and V₅ difference sample  3,92 critical value α=0,05: 1,64 

V1 and V₅ difference sample  3,92  
 

Since the test statistic value is greater than the critical value, therefore we reject the null hypothesis, thus 

statistically it can be demonstrated that DON-toxin concentration decreased for each sample pair. Hereinafter 

we used even t-test supposing normality. The H₀ null hypothesis of the even t-test is that the mean of the 

difference sample formed from two samples is zero. The test statistic values and critical value are as follows: 
 

V1 and V₂ difference sample  8,46  

V4 and V₅ difference sample  6,01 critical value α=0,05: 1,73 

V1 and V₅ difference sample  11,29  
 

As the test statistic values are higher than the critical value, we also rejected the null hypothesis, which 

means that all three sample pairs cause change. That is to say, with the even t-test we could prove the 

efficiency of cleaning of the two machines to reduce the concentration of DON-toxin in wheat crops. 

Finally, we've been looking for the answer whether the decrease of DON-toxin level of the raw material 

can be deduced from the knowing the starting value. The practical significance of this is that the mixing rates 

of known toxin-contaminated lots can be determined by milling experts in such a way so that the mixture can 

not cause a food safety problem. In the case of each sample pair regression analysis was used to estimate the 

rate of reduction of DON-toxin level examining the color sorting separately, then after the surface cleaning 
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and the combined effect of sorting and cleaning. First we determined the regression analysis of the samples 

taken before and after the Sortex color sorting. The equation of the line that matches the V1 and V2 pairs: 
 

y=-0,04+0,96x, 
 

The function demonstrates that the output DON-toxin level can be estimated based on the initial toxin 

content by taking its 0.96 portion and then reducing the resulting value by 0.04. The explanatory value of the 

model is r² = 0,98, which means what proportion of variance we can give of the variable y with the estimated 

value y, that is with the model. The standard error of the match is 0.04. The practical expert so exactly can 

determine to what extent the cleaning process can reduce the toxin concentration of the starting raw material. 

The margin of error we will also get an answer how much this value can be within that range. Knowing the 

function by mixing the wheat lots, the starting toxin level can be set precisely which makes it possible to 

produce a safe end product even in the most infected years. 

We have also done the regression analysis for samples taken at the Schule machine. The equation of the 

line that matches the V4 and V5 pairs: 
 

y=0,76x, 
 

The output DON-toxin level can also be calculated based on the function. The explanatory value of the 

model is r²= 0,91. Standard error of matching 0,06. 

We examined the results of the joint operation of the color sorting and the surface cleaner machines. To 

this we have determined the equation the line that matches the V1 and V5 pairs: 
 

y=-0,07+0,76x, 
 

The explanatory value of the model is r²= 0,93. Standard error of matching 0,04. In accordance with the 

description detailed above for the V1 and V2 sample pairs, in order to minimize losses and achieve maximum 

yield, milling experts can estimate the DON-toxin content after cleaning of wheat items based on these 

values. 

4. Conclusions 

Summing it up it can be stated that by statistical analysis of the sample pairs we have proved that using the 

Sortex and Schule machines the DON-toxin level decreased as a result of the cleaning process. When 

comparing the three regression functions, it can be seen that in this year the Schule machine could produce a 

greater proportion of the decrease in DON-toxin levels and, in essence, resulted in a total decrease. All this 

means that our research goal is fulfilled. It is verifiable that with the use of modern equipment we can achieve 

a significant reduction in the level of toxin in the mill processing technology, which is also indicated by r 

values. This is extremely important in rainy and heavily fusarium infected years. Due to the experimental 

results, we can minimize serious economic damage, since by using the calculations described above the 

mixing ratios can be set appropriately and it may also be possible to use wheat crops that were previously 

considered to be higher risk and excluded from production. We also presented a basis for milling experts 

who can determine, optimize the mixing rate of wheat lots and can plan the purchasing even more 

deliberately. The results of the regression analysis can be used to estimate the toxin level of wheat to be 

milled based on the DON-toxin content of the starting lot. 

Other side approaching this issue, the use of the results is also important for the health protection of the 

population. It is necessary to encourage the milling enterprises to develop technology and to apply modern 

equipment in the production process in order to keep the toxin contamination as low as possible even in 

wheat crops within the allowable limit. As wheat flour is a raw material of basic foodstuffs, this is of great 

importance for the health protection of the population. 
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Abstract: The research involved the design of pipe positioning equipment for the repair of natural gas and 

oil pipelines. This paper presents the research results of the design of the hydraulic pipe positioning and 

straightening device and its practical implementation. Several concept calculations and design analyses were 

carried out during the design. The final design and layout was selected from several possible solutions. 

Keywords: natural oil, natural gas, welding, positioning, hydraulic system 

1. Introduction 

We are designing a gripping device to replace damage to natural gas pipelines due to natural failure. A natural 

gas pipeline is a steel pipe placed at a depth appropriate to the soil conditions [1]. The failure of the steel 

pipes used can be caused by three main factors: corrosion, mechanical action, and soil movement [2]. Steel 

pipes are elastic, and over the years the subsidence of the soil can cause stresses in the pipe [3, 4]. Ageing 

and thermal expansion of the pipes also cause difficulties in cutting and welding [5]. When cutting tubes, 

previously stored stresses are released and the tube will snap during cutting [6]. Steel tubes are made of 

carbon steel [7], so welding is not a problem [8, 9], but the deviation of the joined tube ends should be less 

than 0.5mm [10]. Various pipe positioning devices are available on the market, and their design can be either 

internally or externally fixed [11]. In the present work, we plan to design an externally fixed structure, as it 

is required to be applied in the field. In the soil the pipes deform, for welding deformation must be 

compensated, the deviation from circularity of the pipe must be less than 0.5mm. Precision cutting equipment 

that cannot be attached to commercially available pipe positioning devices is only a diamond wire saw [12] 

or a pipe saw [13]. Pipe gripping devices can be single-arm or double-arm per side [14], but the double-arm 

design results in a more stable grip and provides more options for positioning [15]. The pipe positioning 

device we have designed can be used for pipes with diameters of 500-750mm, which are common in the 

industry. 

The structure designed in the project shall be capable of correcting any deformation of the joint surfaces of 

the pipeline sections joined during the repair. 

In field work, the time window available is limited by weather and process time, but this should not be at 

the expense of quality parameters. The quality factor is a particularly strong constraint, as in a project it is no 

longer possible to allow for a time margin where several hours of pipe section straightening or re-cutting and 

the re-design of the weld ends are required. In addition, in many cases these will hold up further work on the 

pipelines. 

Factors to be considered when designing a pipe positioning device with regard to the design of the gripping 

structure: 

• the pipe positioning device must hold the two pipe sections to be welded together in the correct 

position, so the gripping structure must be robust, 

• the right and left pipe clamps should be connected by a common rigid bridge, 

• the design of the bridge should take into account the space requirements for additional equipment, 
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• the bridge structure should be designed to allow the safe installation of hydraulic and electronic lines, 

• provide a stable grip up to a pipe diameter of 300 - 650 mm, 

• adjustable prismatic top supports should be provided for pipes of different sizes to facilitate 

installation, 

• the gripping device should be openable and releasable, 

• when the grips are in the closed position, mechanical locking should be used to prevent any possible 

pipe bounce, 

• the mechanical safety lock should be fitted with an electronic signalling and electrical locking 

system, 

• dual-acting hydraulic cylinders should be used, 

• work rollers should be fitted with anti-fall devices,  

• the structure must be capable of being lifted, so it should be equipped with lifting points. 

2. The concept  

The different concepts for the hydraulic unit for the positioning of the pipe ends were developed after several 

rounds of discussions. During the discussions the following designs were reviewed. 

Possibilities of pipe gripping in terms of force application: 

• manually driven, spindle design, 

• hydraulically operated belt clamp, 

• with circularly arranged hydraulic work rollers. 

In terms of force application to eliminate tube deformation, the structure can be: 

• wedge spindle design, 

• wedge type, with direct hydraulic movement, 

• wedge design, with indirect hydraulic movement, 

• with radially mounted hydraulic cylinders, 

• axially mounted hydraulic cylinders and a lifting device. 

In terms of power supply, the structure can be: 

• a structure with its own hydraulic system from an external power source, 

• a structure with its own hydraulic system powered by a diesel engine, 

• a structure connected to the hydraulic system of an implement, 

• hybrid system (electrohydraulic drive), 

Opening-closing of the structure in terms of design of the structure can be: 

• self-steering, 

• with its own hydraulic actuator, 

• mechanical spindle design, 

• a system with a self-locking mechanism, 

• a hybrid system (hydraulically operated with gravity control). 

2.1. Planning 

 

Figure 1. Fingers for pipe positioning and pipe repair 
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From the literature review and analysis of the tools available on the market, it was found that hydraulic 

working cylinders are the most commonly used to repair potential circular defects in gas and oil pipelines. 

These cylinders are directly connected to the section of pipe under investigation. Hydraulic cylinders are 

attached to a stable and rigid belt section with a centre line of axis coinciding with the theoretical centre line 

of the complex pipe repair structure to be designed. The hydraulic work rollers are stably bolted to the belt 

section, and the length of the stems of the work rollers is designed to accommodate the dimensions of the gas 

and oil pipelines in Hungary (300 -600 mm) as specified in the project.  The theoretical design agreed in the 

joint discussions is illustrated in the Figure 1. 

The structure consists of a laser-cut, bolted and welded belt of 20-thick boiler plate, hydraulic working 

cylinders, piping and valves. 

2.1.1. The device and its parts 

Figures 2., and 3. show the most important parts of the device. 

 

Figure 2. Front view of the structure with 6 hydraulic cylinders 

 

Figure 3. Side view of the pipe clamp positioner 
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2.2. Positioning of the pipe clamping rollers 

Different pipe diameters also have different circumferences, so the device should be designed for the smallest 

and largest pipes still in use. Due to the varying circumferences of the pipe sizes, the distances between the 

working cylinder connections also vary. In the case of smaller tubes, the working cylinder stems are closer 

together, so that they can do a better job of improving circularity. When repairing larger diameter pipes, the 

attachment points of the working cylinder stems fall further apart, so the pipe shape may be statistically closer 

to the theoretical circle during the work, but it will be a polygon. To solve this problem, two things can be 

done, one is to increase the supporting surface by fitting a slipper on the stems of the working rollers to match 

the pipe size, the other is to increase the number of working rollers. 

 
 

Figure 4. Positioning the hydraulic cylinder on the belt section 

The double-acting working rollers are bolted to the belt section and connected by flexible piping for flexible 

operation. 2 hydraulic quick couplings are mounted on the belt section to ensure the hydraulic fluid inlet and 

outlet. Figure 4. shows the hydraulic system on the device. 

2.3. Connection of hydraulic power cylinders to tubes 

 

Figure 5. Cylindrical slippers mounted on the end of the working cylinder 
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The pipe positioning and straightening structure designed for this work is intended to cover a significant size 

range of gas and oil pipelines in use in Hungary, so the end-mounted slippers on the work rollers are designed 

to be roller-mounted, which is well suited to the pipe sizes in use.  

A "U" shaped stirrup is threadedly attached to the shank of the working cylinder, which holds the cylindrical 

support shoes on pins. The cylindrical pins allow the support shoes to rotate, which helps in any possible 

device adjustment. The Figure 5. illustrates the cylindrical support cylinders. 

3. Disassembly of the appliance installation on the gas pipe 

The part of the belt to be fitted to the section of pipe to be repaired, containing the working rollers, shall be 

designed to be openable. The structure shall be provided with a sliding pin to allow opening. The hinge point 

is a threaded stem of size M24 (Figure 6.), on which a bushing is mounted and held in place by two crown 

nuts. The hydraulic circuit used to power the hydraulic working cylinders on both sides is connected by 

rubber bushings for opening. The Figure 7. shows the device in the open state. 

 

Figure 6. The pipe positioning and pipe shapes repair structure hinge point 

 

Figure 7. The pipe positioning and pipe repair structure in the open position 

The structure of the weight load brakes open and close. It opens automatically when the structure is lifted 

by gripping the right and left sides of the structure via a lanyard and closes when the structure is placed on 

the tube. 
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Figure 8. Installing the pipe positioning device 

4. Conclusions 

In the course of the work a complex field pipe cutting, gripping and positioning structure was developed, as 

part of which a hydraulic pipe gripping, positioning and straightening device was designed. Based on the 

literature research and market demand analysis, a construction design was formulated to be implemented in 

the POC phase of the project. The Figure 8. shows when the device was tested in practice. During the 

research, a number of solutions were investigated for positioning pipe ends for welding during the repair of 

gas and oil pipelines, and for the correct geometry (root voids and circularity). During the research, it became 

clear that the working conditions (mud, temperature, time to repair) of the repairs were to be considered in 

order to design a structure that was as simple and robust as possible. 

The research led to the production of a structure capable of: 

• hold the pipe to be cut firmly, 

• to hold the complex system in a central position on the pipeline, 

• adjust the circularity of the pipe section if it is defective, 

• it is capable of holding the required root gap in a stable manner. 

The hydraulic pipe gripping, positioning and straightening device consists of two belt sections whose 

distance can be adjusted by means of threaded spindles. On the belt sections are mounted the hydraulic 

working cylinders, which have a double function, on the one hand to position the complex device centrally 

and on the other hand to repair the pipe end, which may have been damaged in terms of circularity, to the 

correct shape.   The hydraulic working cylinders are connected to a stable and rigid belt section with an axial 

centre line coinciding with the theoretical centre line of the complex pipe repair device. The hydraulic work 

rollers are stably bolted to the belt section, and the length of the stems of the work rollers is designed to 

accommodate the dimensions of the gas and oil pipelines in Hungary (300 -600 mm) as specified in the 

project. 
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