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PREFACE

In the name of the Committee of Agricultural and Biosystem Engineering of the Hungarian Academy of Sciences we 
would like to welcome everyone who is interested in reading our journal. The Hungarian Agricultural Engineering 
(HAE) journal was published 30 years ago for the very first time with an aim to introduce the most valuable and 
internationally recognized Hungarian studies about mechanization in the field of agriculture and environmental 
protection. In the year of 2014 the drafting committee decided to spread it also in electronic (on-line and DOI) edition and 
make it entirely international. From this year exclusively the Szent István University's Faculty of Mechanical 
Engineering took the responsibility to publish the paper twice a year in cooperation with the Hungarian Academy of 
Sciences. Our goal is to occasionally report the most recent researches regarding mechanization in agricultural sciences 
(agricultural and environmental technology and chemistry, livestock, crop production, feed and food processing, 
agricultural and environmental economics and energy production) with the help o f several authors. The drafting 
committee has been established with the involvement of outstanding Hungarian researchers who are recognized on 
international level as well. All papers are selected by our editorial board and a double blind review process by prominent 
experts which process could give the highest guarantee for the best scientific quality. We hope that our journal provides 
accurate information for the international scientific community and serves the aim of the Hungarian agricultural and 
environmental engineering research.

Special issue: Circular Economy

The Circular Economy (CE) is based on a holistic perspective which is built on all long term sustainable planning 
processes. It summarizes the special business solutions and circulation strategies to establish sustainability. The life cycle 
of products can be extended, the system can be kept close to a 'zero waste' state, and the material- and energy flows can be 
organized into mostly closed cycles. The circular economy framework proposes a global economic model that decouples 
economic growth and development from the consumption of finite resources. The system is based on some key principles 
related to technological and biological cycles. This includes a clear distinction between technological and biological 
materials, keeping them at their highest value at all times.

This Special Issue of the Hungarian Agricultural Engineering introduces papers on any o f these themes, concepts, 
principles and technical solutions in cooperation with the Circular Economy: Focus on Renewable Energy Conference 
and Roundtable program (Project ID: HU03-0005-C1-2014).

Dr. László KÁTAI
editor in chief

The “Circular Economy scientific special issue” was supported by the HU03-0005-C1-2014 project which is part o f the 
EEA Grants 2009-2014 Renewable Energy programme area. 
www.eeagrants.org,www.egt-newenergy.szie.hu ”
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editor in chief
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Abstract

Circular Economy's concept is becoming more and more 
widespread in the world. It’s fundamental philosophy is 
that the waste of one system can become the input of 
another, thereby increasing resource efficiency, and 
decreasing environmental load. However, the circular 
economy model does not always mean environmental 
gains. Therefore, before using it, taking a more in-depth 
look at the environmental, social, and economic effects of 
the planned technological solution from the perspective of 
life cycle, and only introducing it, if their combined effects 
are more advantageous than the open-chain technological 
lining. The study takes a look at the basics of circular 
economy and life cycle, and sheds light on the advantages 
of realising the economic model via a LCA.
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circular economy, sustainability, life cycle assessment

1. Introduction

The success of circular economy in Europe and the entire 
world has become more prominent in recent years, even 
though the description itself is nothing new. Circular 

economy combines multiple theoretic concepts and 
practical applications. We can find within it the thought 
of industrial ecology [1], the from cradle to cradle 
theorem [2], and blue economy [3], even bio-mimicry. 
The latter one is adapting living, naturally developed 
solutions into technical practice. The material exchange 
processes happen in closed systems within the circular 
model, waste and by-products are nearly 100% recycled. 
Some authors think that CE combines the thoughts o f 3R 
(reduce, reuse, recycle), even 6R (reduce, reuse, recycle, 
redesign, remanufacture, recover) with zero emission, 
LCA and resource efficiency's concepts [4]. Within the 
European Union, an annual 15 tonnes o f material is used 
per capita, of which 4,5 tonnes per capita becomes waste,

more than half of which is dumped. Changing to a 
circular economy slows down and prevents waste 
production, as repair and recycling is put into focus, and 
waste is considered a resource. If environmental 
considerations were taken seriously even during the 
planning phase, "preventing waste production could spare 
up to 604 billion Euros for the European business life, 
meanwhile, could decrease GHG emission by 2-4%". The 
model of circular economy means many advantages for 
Europe. It helps sustainable economic growth, job 
establishing, and efficiency increase as well [5]. The 
Ellen MacArthur Foundation is the frontline warrior in 
serving the model, but circular economy was integrated 
into the EU's legislation too [6].

2. Basics of circular economy

Circular economy is based on three basic principles. First 
is to protect environmental capital, and develop it, through 
the regulated usage of available resources, and the balance 
of renewable resource flow. This all suggest a strong 
decrease in material, and f. e. create the conditions for soil 
regeneration.

The second principle is to optimise resource extraction 
by way of circulating products, parts and materials, which 
maximises their appearance in the technical and biological 
cycle. This means that remanufacturing, refurbishing and 
maintenance are well-planned, in order to make materials 
a part of economic processes for as long as possible.

The third principle is to minimise negative externalities, 
eliminate toxic substances, by either replacing or reducing 
them. In the planning phase, waste can be reduced by 
choosing appropriate materials, which also decreases 
harmful substance emission. However, fossilised energy 
resources can only be replaced by renewable ones [7]. The 
model of circular economy is based on closing opened 
economic flows [7]. In the case of open processes, 
intervening in the environment starts with resource 
extraction, and ends with waste entering the environment 
as follows:



Figure 1. Model o f open chain process

Flowever, in circular economy [7]:
-w aste is equal to nutrients,
-variety  is an important virtue,
-energy has to be extracted from renewable sources, 
-prices has to be consistent with reality, and it is important 

that
-w e  think in terms of systems.

Figure 2. Model of circular economy [8]

The European Committee, and the Circular Economy

The European Committee accepted the legislation package 
regarding circular economy on the 2. December, 2015,

which has the goal of "advocating Europe's transition to a 
circular economic system which increases international 
competitiveness, helps economic growth, and creates new 
jobs." [9]. According to the views of the European 
Committee, the economic model based on circular 
processes:
-aids recycling and prevents the loss of valuable 

materials;
-creates jobs and causes economic growth;
-creates new business models, and makes waste-free 

concepts realisable through eco-design and industrial 
symbiosis, and

-decreases the emission of greenhouse gases, and 
detrimental environmental effects.
The package aims to rethink waste management and tries 

to create a new regulation background by taking long-term 
conditions into consideration, and by integrating the life 
cycle perspective in a way that they motivate for the best 
solutions for the life cycle stages, and make the closure of 
processes realised. Using circular economy on a company 
level can spare about 8% costs according to estimates, 
while the emission of greenhouse gases can be reduced by 
up to 2-4%.

In order to realise the action plan, many conditions, 
regulations are needed. For example, environment-friendly 
planning's principle and regulations related to product 
requirements, manufacturer responsibility, profession 
policy requirements, etc.

Waste Framework Directive Resource Efficiency Roadmap
land o th er EU waste legislation)

Circular economy package

Figure 3. Circular econ<

In Europe, the Netherlands is the most dedicated 
follower o f circular economy. There are many inspirational 
solutions for the many sectors today, but in order to spread 
these, there is a need to maintain a continuous knowledge 
transfer. In order to make CE spread as widely as possible.

7th Environment Action Programme

i and green economy [10]

people's attitude itself has to be changed. Though 
sustainable resource management's new solutions are 
achievable for business life, practical application and 
creation of motivators acceptable for the task is dependent 
on the action plans of the State and the EU.
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The most notable characteristics of circular economy are
[ 10]:

Less input and natural resource usage:
-minimal and optimised usage of resources,
-producing more value from less material;
-decreasing import dependence of natural resources; 
-efficient natural resource utilisation,
-minimal energy and water consumption.

Renewable, recyclable resources and energy have to 
have their share increased:
-exchanging non-renewable energy resources for 

renewable ones, and maintaining sustainable supply, 
-increasing the share of recycled and recyclable materials, 

in exchange of new materials,
-closing material loops,
—materials from sustainable sources.

Decreasing emission levels:
-decreased emission compared to the full cycle of less and 

sustainable material,
-less environment-polluting clean material cycles.

Reduced losses and waste material:
-construction of waste minimisation;
-combustion and waste deposits are minimised; 
-dissipative losses of valuable resources are minimised.

Protection of products', their parts' and materials' 
economic value:
—increased life expectancy,
-re-usage of parts;
-value protection of materials 
-high-quality recycling.

Naturally, these require eco-design, and the creation of 
conditions related to repair and remanufacture, well- 
organised recycling, which also needs us to make a market 
for secondary material resources. There is a need for 
economic regulators, tenders, financial tools for domestic 
establishment, and innovation is indispensable.

Based on the experiences of already realised processes, 
it seems that the advantages of circular economy really are 
apparent in the following areas:
-reduced material- and energy usage,
-reduced unpredictability of material price and supply, 
—reduction and diminishing of negative environmental 

external effects,
-creation of new jobs,
-increase in innovation,
-increase in the economy's international competitiveness, 
-conserved advantages for a resistant and sustainable 

economy.
However, we may question if the principles of 

production processes and their related quality, green 
workplaces' protection (labour safety and labour health), 
and environmental protection are properly held onto, in the 
face of increasing economic advantages.

In order to create good models, taking the life cycle 
perspective into consideration is indispensable.

Characteristics o f  a circular economy Lieder and Rashin studied many publications, and these 
made it obvious that using a circular model solution 
confers advantages and positive economic effects [11].

3. Life cycle assessments for aiding 
circular economy

Background o f  life cycle assessments

The description of life cycle relates to economy, more 
specifically, the cyclicality of micro-economies, and 
innovation, which became widely used due to the works 
of Schumpeter. Originally, it described products, and 
meant the timeframe in which a product, product group 
lasts from the start of manufacture and appearance on the 
market, until the end of manufacture, or leaving from the 
market. Later, it was expanded for technology, and even 
organisations, entrepreneurships, related to the companies' 
strategic activities, investments, and their quests, long
term goal changes. The life cycle's analysis and evaluation 
is meaningful because any intended or realised innovation 
(be it product, technological or organisational) can be 
called successful based on the investment's return. One of 
the most important decision criteria o f intended 
innovation, and basis of evaluating the realised investment 
is to know the return time and excess profits achieved. The 
curve which describes product life cycle shows the 
product quantity or production values sold (or sellable) 
based on time, and generally shows a logistical, overflow 
tendency. The life cycle in an economic sense is naturally 
referring to a total amount of products manufactured 
during in some cycle, or technology which operates for a 
determined time, similarly to organisations operating as 
such. The life cycle description used in environment 
economy is much newer, it appeared in the early 1990's. 
The definition's appearance, and it's widespread use was 
caused by the general change induced by the advancement 
of environment studies and the attitude towards the 
environment. The main point of this change can be 
summarised as thought, action programmes and tasks 
shifted from environmental protection to environmental 
economy, from treating detrimental effects and making 
waste "disappear" towards prevention, and to the general 
definition o f what sustainable development actually is. 
From this perspective, the life cycle can be related to some 
product, technological solution or organisation by 
pinpointing the timeframe "from birth to death", or "from 
cradle to grave". The analysis o f life cycle affects the total 
environmental load for this period. From the input side, 
non-renewable and partially renewable energy resource 
utilisation, from the output side, any kind of 
environmental load and damage is affected by 
manufacture and usage, and disposal is determined in its 
chain, in quantities (natural units and / or money). The life 
cycle assessment's (LCA for short) meaning and goal is 
given exactly by finding the products, technological 
solutions and organisations, which offer the most 
advantageous, optimal environmental effect for a given 
demand's supply, with the given conditions, during a given 
timeframe (usually a year), or in other words, offer the 
solution with the lowest environmental load [12].
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In order to evaluate the effects of circular economy, using 
the life cycle assessment is a useful tool. LCA is a robust, 
scientifically based tool which can measure and evaluate 
products and business models coming from circular 
economy. It can strengthen advice on closed circular 
solutions, or may discard them, based on the results.

The analysis has to be, once again, conducted using the ISO 
14040:2006 standard, closely following the methodology 
determined within. It is important to properly detennine the 
system, to create the circular model, defining the function unit, 
and data requirements, furthermore, registering allocation. 
Collecting the input-output data along the life cycle has to be 
followed by an estimation of environmental effects using 
some kind of method. An often used environmental effect 
estimation is CML 2001, and the ReciPe method. As for effect 
categories, greenhouse effect, acidity potential, eutrophication, 
and toxicity are the focus areas.

LCA is a good addition, and basis for circular economy, 
as it helps introducing said economy in three steps. In the 
first step, the advantages or disadvantages of circular 
economy are analysed with LCA on a hypothetical product 
or service level. In the second step, after getting to know 
the limits, it identifies the possible development 
alternatives along the life cycle. This also includes 
rethinking developments. Finally, the third step is to 
determine the goal along the business strategy, by which 
we can start advancement towards circular economy.

LCA societies have an important role in introducing and 
spreading circular economy, as they have to give assurance 
about the legitimacy of CE solutions based on their 
objective analyses, and through making product 
declarations, they can aid the sustainability requirements 
of products coming from a CE more transparent. Therefore, 
not only the classic environmental life cycle assessment 
(eLCA) is advised to conduct, but the analysis conducted 
along the three principles of sustainability as well: apart 
from the eLCA, doing the life cycle cost analysis and social 
life cycle analysis (SLCA) are needed as well. These 
together give the life cycle sustainability analysis.

Using LCA, we can compare open and closed chain 
technological solutions, and in case the LCSA's result is 
better for the closed chain, introducing it is advised and 
legitimised. Meaning:

LCSA o p e n  (eLCA +LCC+SLCA) >
LCSA c l o s e d  (eLCA +LCC+SLCA)

where:
eLCA is environmental life cycle assessment;
LLC is life cycle cost analysis,
SLCA is social life cycle assessment.
The latter two also have well-defined methodologies.

The above formula can be used for both products, 
manufacture processes, services, on either micro-, macro- or 
regional level. There are a multitude of publications within 
the international literature, which analysed the environmental 
effects of circular processes compared to open chain 
solutions. There were case studies for recycling foodstuif 
waste by creating circular models, [13] for renovating or

Using LCA for planning circular economy deconstructing buildings, and for processing the waste 
material from demolition work [14], and developing models 
based on the LCA of closed urban material flows, to mention 
a few examples. These were mostly dealing with the 
innovative processing of waste material.

The advantages of the circular model can also be explained 
with personal research results. After the sustainability 
analysis of a chemistry technological solution that works by 
producing and reusing a solvent, it was obvious that there 
was an improvement compared to the open chain technology, 
as we can see on the figure below.

LCA LCC SLCA 

■ Open m Closed Closed + 50% RES

Figure 4. SLCA-based evaluation of technologies [15]

According to the 3D analysis, the highest sparing was at 
costs, whereas the lowest was from the perspective of 
social effects, but environmental load also decreased. It 
was obvious that the technology's material circulation 
caused advantageous effects. The positive result can be 
further improved by using renewable resources [15].

4. Conclusions

We can find an increasing amount of programmes related 
to circular economy, which has become more and more 
prevalent in recent years. Circular economy most notably 
reaches -  with well-chosen technology -  the decrease of 
environmental effects via economic advantages (waste 
management and material cost decrease). Economic 
organisations can move towards sustainable production 
methods by obtaining tender funding with innovative waste 
management technologies.

It is obviously advantageous if by the workings of 
circular economy - when waste is used to regain a part of 
the materials required for the technology - less material has 
to be procured, and the amount of waste decreases as well, 
but we cannot forget that such technologies require further 
resource usage. We have to decide what additive 
investment is required for the advantages that come with 
obtaining materials, and if the emissions of the 
technological solution made this way aren't more than the 
base technology. Circular technologies have legitimacy if 
the product manufactured this way have no greater 
environmental, social and economic effects for its entire 
life cycle than those of the original technology's. In order 
to determine this, we need the comparative effect analysis



based on life cycle assessment. If the total energy 
requirement is increased, its effect may be somewhat 
decreased, by using renewable energy resources.
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Abstract

According to the early candidate intentions, The Budapest 
2024 Bid Committee goal was to submit a responsible and 
sustainable Games plan to the IOC. In doing so, it became 
evident that a superior approach would be needed than that 
adopted by cities hosting earlier versions of the Olympic and 
Paralympic Games. In recent years, Olympic Games were 
successfully organised from the perspective of handling 
sustainability. The previously applied low-carbon standards 
aimed to mitigate the greenhouse gas (GHG) emissions 
comparing to business-as-usual (BAU) processes. However, 
the carbon management strategy is still limited to the 
decarbonization of material stocks assigned to certain 
functions. This is the reason for the appearance o f a new 
economic perception, Circular Economy which is built on 
sustainable material flow and reasonable resource utilization. 
While the low-carbon concept aimed to optimize the 
application of stocks, circular economy rather applies 
services for the same functions. Therefore, the mechanism 
eliminates the potential emission sources in the first place. 
This paper aims to introduce a calculation method which 
helps to assess the stock intensity of activities throughout 
the Olympics lifecycle (preparation, host of games, legacy 
periods). The outcome of the methodology, the Circular 
Economic Value (CEV) highlights the main improvement 
points on the initial BAU plans. This theoretical model will 
be used for the future evaluation of the Budapest 2024 
Olympic Games, where future researches are expected to 
associate cost-benefit ratios to this value and enable decision 
makers to apply the accurate circular planning tools to 
enhance circularity of the long term Olympic programming.

Keywords

circular planning, Budapest Olympic Games, circular 
economic value, sustainable games, circular economy 
model, closing loops, priority levels of circularity

1. Introduction

According to the early candidate intentions, The Budapest 
2024 Bid Committee goal was to submit a responsible and 
sustainable Games plan to the IOC. In doing so, it became 
evident that a superior approach would be needed than that 
adopted by cities hosting earlier versions of the Olympic 
and Paralympic Games. To realise this, they wish to make 
use of the business solutions and methods employed by the 
planning of circular economic systems.

In recent years, Olympics were successfully organised 
from the perspective of handling sustainability [1, 2]. The 
Olympic Games in London and Rio de Janeiro were 
examples, where resource systems and greenhouse gas 
(GHG) emission levels were intentionally controlled, and 
related management systems were expressly established for 
this purpose [3, 4]. Due to the success of these cases, the 
International Olympics Committee made it a requirement 
for any applicants to prepare a 'Carbon Management 
Strategy' and a 'Resource Management Strategy' to their 
feasibility study. In the Carbon Management Strategy, they 
estimate the GHG emission balance, and work out 
compensational measures [5, 6]. In the Resource 
Management programme, they calculate the changes in 
energy-, water-, and material usage, and the waste flows' 
processes [7]. Regarding the 'Carbon Management 
Strategy', and the 'Resource Management Strategy', the 
technical solutions are planned on the applicable 
technological level, abiding by the given economic 
conditions [8].

The circular economic perspective is based on the 
holistic planning, which is built on all long term sustainable 
planning processes [9, 10, 11]. It summarises the special 
business solutions and circulation strategies, which can be 
used to elevate sustainability planning to a higher level [12, 
13]. The life cycle of products can be extended [14], the 
system can be kept close to a 'zero waste' state [15], and 
the material- and energy flows can be organised into mostly 
closed cycles (Figure 1).
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CLOSING LOOPS
PLANNING

C ARBON GHG ACCOUNTING
MANAGEMENT

. .... ENERGY, WASTE, WATER, MATERIAL
MANAGEMENI

Figure 1. Interconnections of sustainable planning processes, 
and analysed systems

The carbon footprint calculations made for previous 
Olympic Games were conducted using the international 
calculation method, mostly on the Scope 1 (direct 
emissions) analysis level [16, 17]. In this case, the direct 
energy, material and waste process flows have the most 
influence [18]. The GHG calculation methodology of 
earlier Olympic Games simply considered procurement 
items included in the Olympic host city's operational 
budget. These are e. g. the emission rates related to the 
internal transport / traffic, airway travels, internal waste 
emission rates, construction of roads or other infrastructure 
related to the Olympics (most of which were demolished 
after the Olympics), and emission rates related to these [19, 
20]. Indirect emissions, which are on the analysis level of 
Scope2, show the amount of energy purchased, and the 
ratio of green energy used [21]. This means GHG 
emissions coming from energy usage which is not under 
the influence of the organisers (they're produced without 
control from the perspective o f the user). Based on the 
reduction logic of Scope2 (mitigation o f indirect 
emissions), this volume can be diminished, if we increase 
the self-produced energy's share within the total energy 
consumption [22]. The Scope3 analysis level (additional 
indirect emissions) contains advised elements [23, 24] 
which are often hard to describe with data. Therefore, this 
segment is rarely calculated in practice.

Scope2 and Scope3 measurements, and planned 
decreases had less significance even in the case of earlier 
(London, Rio) Olympics. This was mainly caused by the 
timeframe of the GHG footprint measurement which was 
only extended to the duration of the Olympics. Thus, the 
precise measurements of the emission rates in the 
preparation and afterlife phases was impossible to conduct 
(most notably for indirect services).

Apparently, the hierarchic relations between the low- 
carbon and the circular economy principles both show the 
methodological difference between the two evaluation 
methods. While the carbon footprint calculations focus on 
decreasing the emission rates related to internally 
controlled systems (Scope 1) [25], the circular economic 
development concept aims to increase sustainability levels 
within Budapest’s 2024 sustainability procurement policy 
[26]. These can mainly be found within the Scope2 or 
Scope3 indicator groups [27, 28]. In other words, the 
previously applied low-carbon standards aimed to mitigate 
the GHG emissions comparing to business-as-usual (BAU) 
processes. The carbon management strategy is still limited

to the decarbonization of material stocks assigned to 
certain functions [29]. In the case of the circular planning, 
the applied functions are achieved by the employment of 
services [30]. The mechanism eliminates the potential 
emission sources in the first place [31]. The described logic 
indicates that carbon footprint analyses can only partially, 
or simply cannot support the mechanisms o f  circular 
economic system design. This is the reason for the 
emerging need of unusual applications throughout the 
planning of the future Olympics. According to previous 
research findings, the desired movement of stock and flow 
rates -  to the direction of a higher service content — can be 
accomplished through the increased utility o f stocks. This 
paper aims to introduce a calculation method which 
enables decision makers to estimate the possible material 
and energy flow of certain activities. The elaborated 
methodology helps to assess the stock intensity o f actions 
throughout the Olympics lifecycle. The outcome o f the 
calculation is supposed to identify the necessary tool to 
ensure a higher level of utility. The present study 
determined these tools based on the priorities o f  circular 
economy.

2. Scientific background

Priority levels fo r  circular solutions

The approach which gained fame as '3R' has been in the 
curriculum of public education since 1818, and means the 
three basic capabilities (Reading, wRiting, aRithmetic), 
promoting their importance. After a while, 
environmentalists also created their own 3R - to symbolise 
their priorities - which means Reducing the quantity of 
waste (which was on the rise rapidly during the second half 
of the XX. century), Recycling it, or completely preventing 
its creation by Reusing products [32, 33].

These 200 years old pillars are the basis of the alternative 
economic perspective named circular economy [34]. a 
notion that gains more and more ground nowadays. The 
concept was designed as an answer for the linear economic 
model which reigned until the beginning o f the XXI. 
century. Linear economy advertises production based on 
new resources, and throwing products away after their 
effective life cycle is over (End-of-Life) [35]. In the 
circulation of natural ecosystems, the waste of one life form 
is always the nutrient for yet another [36, 37]. It is 
impossible to imagine that any life form in nature would 
produce an 'output' which will not become an 'input' for 
another [38, 39, 40].

Refuse
Reduce
Pe-use
Repair
Refurbish
Remanufacture
Re-purpose
Recycle
Recover

Figure 2. Priority levels of circularity [42]
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During the design of circular theses, researchers rely on 
the previously introduced, 'R-signed' methods. The toolbox 
of waste treatment and prevention was expanded until 9R 
nowadays [41, 42], which are called the priority levels o f 
circularity (Figure 2).

The concept seen on Figure 2 is designated in accordance 
with major two aspects. The first one is the 'function before 
the material' policy, which aims to lengthen the usage of 
the product for its intended purpose for as long as possible 
[43]. The second priority is to minimise the energy used. 
In other words, after the effective life cycle is finished, the 
product should be treated with the lowest possible energy 
requirement [44]. The different levels will also indicate the 
strength of their role in the various circular mechanisms. 
It must be stressed, that the hierarchy of the tools may 
differ in certain countries, due to the deviation in 
development levels. For instance, some theories might 
prefer re-use over reduction. Their logic indicates, that 
while the reduction of production reduces waste as well, 
reuse at some cases could even prevent its generation [38, 
45]. Although, this argument might be valid at some points, 
it does not apply to the Hungarian conditions. Regarding 
re-use, the second-hand culture is widely anticipated in the 
country. However, the products offered at second-hand 
stores are mostly manufactured in the Britain. Therefore, 
it is rather a BAU resale process than a resource efficient 
reusing activity. Another example is the application o f 
maintenance tools (e. g. repair). In the case of Hungarian 
infrastructure, a lot of transportation and building stocks 
are over their originally planned life cycle [46, 47]. Even 
though the circular priorities prefer to maintain the function 
of products, the improvement o f  obsolete systems can 
easily lead to major deadweight losses in the long-term [48, 
49, 50]. After the examination of possible logical 
paradoxes, the detailed introduction o f the certain priorities 
is presented:

Refuse: this method is one o f  the most effective 
interpretations for circularity. In this case, the production 
of a new product does not take place at all, since consumers 
refuse to purchase it. In general, this is the point which 
cause hardships to most people who attempt to understand 
it, and it is also the most critical point of circular economy. 
Many do not understand how processes can be circular, if 
the material flow is not even created. Furthermore, others 
believe that increasing production is indispensable for 
sustaining economic growth, whereas circularity only has 
to integrate into the system via recycling. However, critics 
advertising these requirements fail to take two fundamental 
aspects into consideration. One is the creation of the many 
externalities. If  experts could arrange a monetized value to 
all these effects and account them , economic processes 
would display an entirely different picture [51,52, 53, 54]. 
The other aspect is the materialist policy, which constricts 
most critics into the theoretic framework of the linear 
economy.

In the recent decades, many notions aiming to move the 
current stock economy towards the flow economy, which 
is based on a service thought process, were bom [26]. In 
theory, the concept of ‘performance economy’ has been 
designed a long time ago [55], and practical examples for

‘sharing economy’ has been taking ground steadily 
nowadays [56]. Though the theoretic background, or the 
practical implementation may differ, the idea behind these 
perceptions stresses the same interpretation. Their message 
is that modem economies need business models which help 
members of society, so they do not need to own products 
to gain their services [57].

Reduce: in this case, it refers to reducing at both ends of 
the product chain. On one hand, the utilization of less 
resources to produce less products in the beginning of the 
process. On the other hand, the decreasing consumption of 
products which leads to less amount of waste. The question 
remains - which end of the market does the circulation 
start, from the consumer, or from the producer? Though 
early, classic economic theories were born on markets 
where a low amount of products had to deal with over
demand, these trends did change by now. Currently, the 
demand for products determines the supply, and has done 
so for the last century. Moreover, supply often goes beyond 
the demand these days [58]. Thus, tools to artificially 
stimulate demand became 'popular', such as marketing, 
loan, or planned obsolescence [59, 60]. These methods 
induce, create opportunities, or force people to increase 
their consumption, which in turn increases the waste they 
produce [39]. Therefore, the answer to the question is 
obviously on the side of the consumer. People themselves 
are responsible for the amount of products on the market. 
If they decide to decrease their consumption, they can force 
producers to stop creating so many unnecessary products 
[38].

Reuse: this method has very simple characteristics. It 
can be applied when someone wants to get rid of a product 
they own, even though it still fulfils its function. Therefore, 
they do not discard the product, but take it to a second-hand 
shop instead [61]. The present, and preceding methods can 
be considered the most efficient solutions, as these make 
people capable of preventing the creation of waste.

Repair, Refurbish and Remanufacture: one of the most 
notable mottos of the XXI. century's consumer society: "I 
recommend to buy new, it's cheaper than the repair costs". 
This perspective was, in the beginning, used for the 
technological products which appeared with the digital age. 
The society began to realise the intent behind the 
phenomenon, as the motto was extended even for wares 
which were easy to repair before. In some terms, this trend 
can be considered as the extension mechanism of planned 
obsolescence. This time not only the actual lifetime of the 
product becomes shortened during production, but it even 
prevents the consumer from lengthening it. To combat this, 
circular economy created the definition of'circular design' 
[62]. Its essence is for manufacturers to not only make sure 
of the long lifetime, but also to equip consumers to 
maintain it. The first variant is when after the product 
malfunctions, it can simply be repaired. Refurbishing is a 
bit different, as it focuses on the compatibility attributes of 
the product. Nowadays, often the malfunction of a single 
element forces people to throw away the entire product. 
Therefore, circular design prefers the creation of products 
that are easy to disassemble, to make the various parts easy 
to exchange with new ones. Finally, in the case of
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remanufacturing, the new product is assembled from the 
elements of used ones [62].

Up-cycling: this is the first tool which shows some 
similarity with current trends to some extent. This is caused 
due to the so-called 'retro' perspective being a fad all 
around the year, which supports the various methods of 
reusing already used products. Therefore, this branch 
managed to take considerable advantage during the last two 
decades, and multiple companies happily use it during their 
CSR projects [63]. Its essence is that we find alternative 
methods of usage for products which lost their original 
function.

Recycling: regarding the concept of circular economies, 
this mechanism is the first to come up in people's minds. 
However, the idea based on circulation is more than simply 
returning material into the process [64]. During recycling, 
circularity policies are only implemented in a faded 
manner, since it does not sustain the product function, or 
create a new one. Recycling focuses on the material 
composition of the objects, which can be used in the 
production processes as secondary resource materials.

Recovery: recovering energy from waste is basically one 
of the most primitive forms o f waste treatment. People 
usually associate to energy produced in trash combustors 
when thinking about this method, which may have a 
significantly different efficiency due to differences in the 
actual facility [65]. These facilities often cause more 
negative externalities during their operations -  e. g. air 
pollution -  in comparison with the benefits at the end of 
the process. Nothing is better proof of this than the fact that 
in the world, there are currently no trash combustion 
facilities operating with a profit (not even in western 
countries). This is a perfect example of how the method is 
simply weak, instead of a difference between the 
development levels of countries.

The presented circular priorities were all ranked 
according to their material and energy intensity. The higher 
the activities are ranked, the better their resource 
productivity is. This is due to the increased utility achieved 
by longer lifespan and lower material/energy need of 
processes. The top of the hierarchy represents not only a 
novel approach by the prevention of waste but a whole new 
economic paradigm by indicating the idea o f sharing. 
Although, it has become clear that the top priorities cannot 
be feasible in all cases. When a system operates only on a 
low level of circularity, the application of much higher 
methods might cause serious malfunctions. Therefore, the 
purpose of the presented calculation methodology will be 
to detennine the current state of circularity and appoint the 
most applicable tool for development.

3. Material and methods

Ensuring eco-efficiency through the application o f  the 
M IPS method

The novelty of circular economy is that while earlier 
concepts mainly focus on environmentally friendly waste 
management, this perspective aims to prevent waste in the 
first place [38, 41]. The most effective method to avoid

producing waste is to not even make the product which 
would inevitably become waste later [31, 66]. Therefore, 
of all preferred methods, the most important is where 
people refuse the consumer attitude leading to the 
manufacture of new products [65]. In these cases, it is 
better to repair or reuse older products, by which the 
manufacturer's side must either produce less, or 
manufacture products o f excelsior quality [62]. An 
important driving force behind the activities on the top of 
the hierarchy is the service-based perspective. In this case, 
the consumer discovers more and more the possible ways 
to use products, without actually buying them [30, 55].

Therefore, one of the main policies of circular economy 
is to discard the 'consumer' description, in favour of'user' 
[61]. A suitable basis for evaluating service content is the 
eco-efficiency (Equation 1).

This basically means the reverse interpretation of the 
MIPS method (Material Input Per Service), which shows 
the rate o f service by unit o f material [67]. The importance 
of the connection between these two factors was 
highlighted by the researchers of the German Wuppertal 
Institute in the 1990's [68]. The logic of Equation 1 shows 
that an activity will be the most efficient (from an 
environmental standpoint), if the least possible amount of 
material resources (and energy, obviously) are used for it 
[26, 69]. To illustrate this, the best example is the usage of 
cars. Owning a personal vehicle is considered as the least 
efficient stocking, as even people who use their car 
intensively, only utilize it for a short time during a single 
day [70, 71]. In the remaining time, there is no use for it, 
its value deteriorates, the owner must consider its 
placement and safe storage, and taxes have to be paid for 
it. This is one of the reasons why the platforms related to 
sharing economy concern the new method to use traffic 
systems [72]. So, the fact is commonly accepted, that a car 
-  similarly to many other products -  satisfies its function 
in the most efficient manner, if it's always in use [73, 74, 
75]. Therefore, based on the logic of eco-efficiency, the 
travel distance taken via taxi (or other mass transport or 
vehicle sharing platforms) is much more advantageous than 
being personally owned by the user.

Tracking the material flow

Recent researches which tried to measure the level of 
circularity, mostly included the development o f metric 
methods. There are two mainstream branches o f the topic. 
One of them comes from the study conducted by the Ellen 
MacArthur Foundation [76], while the other was created 
by a single engineer called Maurits Korse from the 
University of Twente [77]. Therefore, during the 
elaboration, the methods will be referred by the names of 
their creator. The MacArthur concept basically deals with 
the material flow (Figure 3) during production, and the 
usefulness of manufactured products.
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Figure 3. Process draft of the MacArthur-style material flow [76] 
where: M: Mass of Product / Amount of products, V: Virgin feedstock / Primary raw material used for the product,

W: Waste created with the product, Wo: The amount of waste which is either deposited, or reallocated into energy production 
systems which is generated during the life cycle of the product. This material isn't included into production.

WF: The waste produced during the manufacture of secondary resource material required for the product 
WC: The waste produced during the recycling of the product, CR: Volume of products which are recycled 

CU: Volume of products which are reused, FR: Recycled materials used during the manufacturing of the product 
FU: Reused materials used during the manufacturing of the product

The MacArthur model uses the so-called 'Linear Flow 
Index' (LFI) for the measurement o f the material flow 
(Equation 2).

This theory mainly sprouts from the logic focusing on 
the primary resource materials consumed during the 
manufacturing of the products, and the waste produced 
during the latter phases of their life cycle.

L F I  = V + w
2M +

w F - w c (2)

While the material flow, and the recycling of material 
flows are merely parts of the MacArthur mechanism, the 
Korse calculation (Equation 3) takes explicitly this side into 
consideration for calculating the circular value [78, 79, 80].

^ lm ateria lrnin (r + v  x (1 ^)) x E m ater ia lm out rpot (1 Л)

m totin2
(3)

where:
C: Circular value 
m: Material volume 
r: Recycled content
v: Virgin feedstock / Primary raw material content 
S: Scarcity of the raw material 
rPot: Recycling potential 
A: Accumulation factor

As this equation (Equation 3) also shows, the Korse-style 
material flow suggests a much more diversified train of 
thought. First, it analyses the ratio of recycled and primary 
resource materials in the material input (mi) used for 
production. For the latter, it also accounts how rare is the 
material on the Earth. Arare resource will obviously impact 
the value of the indicator negatively. Eventually, it also 
considers how much of the product's materials (mout) will 
be recyclable at the end of its efficient life cycle.

The two logic frameworks can be considered as 
complementary factors of each other. While the MacArthur 
branch focuses more on the level o f primary resource 
material usage, the Korse method analyses the opportunity 
for recycling both on the input and output sides. The latter 
contains a quite sophisticated logic, which naturally needs 
more data. Therefore, though the calculation presented in 
this paper uses the elements of the MacArthur method, it 
sufficiently structures them by keeping the Korse principle.

4. Results and discussion

The method o f  calculating the circular values fo r  the 
Olympics

The Circular Economic Value (CEV) calculation [81 ] used 
two main components. The first is the material flow which 
is involved for the integration of the ‘closing the loop’ 
principle [82, 83, 84]. Due to the MacArthur and Korse 
logics’ influence, the input side accounts the rate of
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primary resource material usage. On the output side, the 
amount of waste produced from the product gain 
significance. Therefore, the two components show the 
areas where system leakages might appear in terms of 
circularity. In case of the Olympics, not only the material 
flow, but the sustainable energy consumption is also 
important. Thus, these two became the focus points of the 
methodology [85]. The logic used here is similar to the 
handling of material flows. The input and output side 
perspective has been applied for describing this process as 
well. The former is based the amount of energy which 
comes from fossilized energy resources consumed for

production. For the latter, it is assumed that some elements 
of the products will be handled through circular (Ec), 
whereas other elements through linear (Ei) methods. The 
numerator consisted of the share of linear processes. 
Furthermore, the denominator represents the amount of 
energy required for recyclability and the energy produced 
during the disposal. The separation of input and output 
sides serves to make the decision process easier. This way, 
the possible leakage points on both ends of the processes 
become visible, in addition to the unified CEV value. The 
calculation method for the indicator value can be seen on 
Equation 4.

CEV% =  100 - X100

(3)

where:
CEV Circular economic value
Mii„ Material volume on the input side (linear)
Miout Material volume on the output side (linear)
Mp = The amount of primary raw materials

used for the manufacturing of the product 
Ms = The amount of secondary raw materials 

used for the manufacturing of the product 
Md = Amount of non-recyclable materials remaining

after the product is used (linear)
Mr = Amount of recyclable materials remaining after

the product is used (circular)
Eiin Energy value on the input side (linear)
Eiout Energy value on the output side (linear)
Ef = Amount of non-renewable energy used during 

the manufacturing of the product 
Es = Amount of renewable energy used during the 

manufacturing of the product 
Ei = Amount of energy produced during disposal, 

after the product was used (linear)
Ec = Amount of energy used for the product's

recyclability, after the product was used 
(circular)

The CEV indicator designed for the circular structuring 
of the Olympics shows how a system element performs in 
the time of the analysis. In other words, which level of 
circulation it stands from the perspective of an optimised 
system. The Circular Economic Value identifies the 
improvement points of the material and energy usage to 
enhance circularity. Therefore, it visualizes which areas of 
the linear material and energy flows must be turned into 
circular systems. Furthermore, the CEV can be applied at 
the previously demonstrated circular priorities. The value 
indicates the most applicable tool which can be utilized in 
the certain development areas of the Olympics (e. g. 
transport, building, energy). Figure 4. illustrates a theoretic 
case when the value resulted in a performance level of 
50%. For the association of the CEV with the circular

priorities, the levels have been theoretically identified with 
oriented percentages.

In the pictured case, the tools which have a higher 
circularity level than the CEV, can be applied to enhance 
the system performance. Although, it is important that the 
activity with the closest value to the CEV will be the most 
effective to use. As it was stressed at the end of the 
literature session, the application of too intense 
interventions would lead to major system malfunctions. 
The pyramid which narrows on its way to the top of the 
figure, illustrates the decreasing cost-efficiency of the tools 
in comparison with the initial CEV. Obviously, the 
utilization of these aspects is not that simple, and most of 
the cases will require the combination o f the certain 
activities. This logic shows only the significance of 
accurate orientation by the definition of the actions.

90% R.efuse 
80% Reduce 
70% Re-use 

CEV 60% Repair
=50% 50% Refurbish

40% Remanufacture 
30% Re-purpose 
20% Recycle 
10% Recover

Figure 4. Priority levels of circularity interpreted in terms of 
CEV percentages

The measurement of the gained circularity level requires 
a comparison to the state which would be implemented 
without any circular applications. The latter case is 
associated as the BAU movement and the CEV must be 
calculated for that as a baseline for comparison. This value 
is called CEVBAU. Furthermore, the alternate scenario 
which includes the tools for circular system planning will 
be identified as CEVScen. The difference between these 
two values shows the level of transition to achieve in terms
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of circularity. This divergence is defined as ДСЕУ 
(Equation 5). By assigning the costs of implementation to 
this value, the cost-efficiency rates of the system 
transformation could be calculated as well.

ACEV = CEVscen -  C E V bau ( 5 )

The final CEVBAU represents the level of circularity in 
the system. However, the accurate definition of circular 
improvement points requires an individual analysis on the 
elements of the equation. It means the consideration of the

single input and output values of the material and energy 
flows. Figure 5 visualizes the attributes of a theoretical case 
in order the present the mechanism of the CEV. While the 
right side of the figure concerns absolute Circular 
Economic Values of BAU and Scenario conditions, the left 
side illustrates how the rates are built up. The final CEV 
must be as high as possible, as it is the complementary 
value of the linear patterns pictured on the left. On the web 
chart, the closer the elements are to zero, the better their 
circular performance is.

CEV
60%

50% ■]

40%

30% 1 

20%  ■

10% j 

0%  -

BAU Scenario 
version

Elout

Elin

Mlin
□  BAU

Mlout
* Scenario version

Figure 5. The illustration of differences (ACEV) between BAU and a possible more circular Scenario

The picture clearly indicates, that in case of the BAU, 
the major focus points of development should be the whole 
material flow and the output side of the energy processes. 
The input rate of energy supply already operates on a 
reasonable level. In comparison, the Scenario version -  
which consists of circular development tools -  was able to 
tackle the input of the materials and the output of the 
energy flow. Although, the end of the material cycle 
remained a bottleneck issue and a potential room for future 
development. The ACEV was defined on 32% which is the 
difference in circular efficiency between the BAU and 
Scenario options. During the actual planning period of the 
Budapest 2024 Olympics, this value can be associated with 
cost and benefit ratios. Therefore, the ACEV will be the 
most significant outcome of the analyses employing the 
calculation tool presented in this paper. The cost index of 
the value will contribute to decision making processes at 
choosing the right option among several scenarios.

5. Conclusion

During the planning of circular Olympic systems, it has 
become clear that the traditional perspective does not 
contribute to the sustainable utilization of resources. In 
most cases, the Carbon and Resource Management 
Strategies -  which are obligatory requirements for the 
organization -  only maintain or strengthen the linear 
system patterns. For the establishment of a truly sustainable 
material circulation, future initiatives should focus on 
increasing the service content of activities, rather than the

optimization of resource usage. The preference of service 
flows instead of stock-based mechanisms points toward the 
same direction as the priorities of circular economy. 
Therefore, in the initial planning phase, the most effective 
way to measure the level of circularity is to focus on the 
resource intensity.

The methodology presented in this paper, illustrates the 
stock structure of certain initiatives through the attributes 
of their material and energy usage. The calculated Circular 
Economic Value of the BAU can be further associated with 
the circular priority level o f the current system. This 
movement helps decision makers to define the most 
applicable tools (e. g. refurbishment, repair etc.) to enhance 
circular performance. This theoretical model will be 
applied to the future evaluation of the Budapest 2024 
Olympic Games. The practical application during the 
planning phase will give the opportunity to restructure the 
equation and extend its view to a broader set of elements. 
Based on the experimental results, the model can be 
developed to cover more of the service content and 
measure resource productivity instead of the current 
resource intensity. Thus, future researches are expected to 
develop an accurate mechanism — based on the current 
model -  which includes the cost-benefit ratios of circular 
development initiatives and contribute to the planning of 
circular investments.

Regarding the Budapest 2024 Olympics, the most 
influential attribute to assess will be the decentralized 
organization of the games. On the one hand, it is surely a 
benefit in terms of circular economy, since the diffusive
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nature means less concentrated infrastructure. The major 
concern of previous Olympics was the enormous capacity 
built in a single location. Despite the great endeavours, the 
organizers could hardly manage the efficient utilization of 
these capacities in the afterlife period. On the other hand, 
the several locations will be a challenge to tackle in the 
case of Hungary. The sustainable planning must focus on 
the optimization of transport systems which will operate 
across the different placements.

However, the many years o f preparation would give 
room for data generation and for the creation o f circular 
best practices regarding future sport events. The initial 
circular examinations already stressed that the previously 
applied low-carbon development principles could be 
misleading in long-term. The sustainable, continuous flow 
of resources requires the elimination of linear system 
elements and the employment of circular solutions for 
future international sport events or Olympic Games.
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Abstract

The use of geothermal energy in Hungary has decades of 
history, most notably in the area of direct usage. In the last 
ten years, both experts and the common people got to know 
this technology due to the disadvantageous legal changes. 
Most of the domestic energetic users are involved in 
agriculture. Extracting and using energy, different 
technologies, and the location of water are all different 
scientific areas. The entire system's success is based on the 
inter-disciplinary relations of many scientific scopes and 
sciences. The cooperation of the most notable practitioners 
of various sciences, professors, building engineers, 
architects, geologists, geophysicists, drilling engineers can 
mean the development of the sector, and the efficient 
solution for the problems which come with it.

In our study, we tried to find the answer to a sustainable 
thermal water production's most efficient method by 
analysing 20 currently operating thermal water wells, and 
did not forget to make use of the heat extracted, and the 
final water placement. During my work, 1 placed 
importance on getting to know the connections between 
thermal water and geology, on mapping the geological 
conditions, and on knowing the questions of digging wells. 
All these together make it possible to create a pre- 
plannable drilling, training, production and usage system's 
creation, which can adequately handle both ecological and 
economical questions. The geothennal fluid produced has 
to be placed somewhere, which was a question of faith for 
a long time. This was also further influenced by how the 
experts were never capable of sitting down, and conducts 
a discussion using actual facts and reasons. As the users 
cannot be expected to develop refilling techniques, it falls 
on the experts to plan and parameter a well construction 
which poses small drilling and management risks.

Keywords

Geothermal energy, renewable energy, usage efficiency

1. Introduction

The geothermic gradient of Hungary is significantly above 
the world average, which is why there is a notable potential

in the usage of geothermal energy. Which is already 
widespread method of heating in some areas (f. e. 
gardening, living quarters, thermal baths) o f Hungary. 
Apart from the direct costs of digging of wells and refilling 
water, the most notable problem is posed by the 
establishment of facilities due to the costs of creating the 
entire system.

Thermal water without any kind of modification can be 
used to transport thermal energy, and to exchange it either 
in a direct, or in an indirect way. The operation costs of the 
thermal well are low when compared to the harvestable 
thennal energy, which is why the heating based on thermal 
water has strong competitiveness when compared to other 
methods. It is advantageous that it's in reach in our country's 
areas dealing in agriculture - mostly flatlands. The thermal 
energy can be produced locally, and there is no need to 
transport, it does not depend on import, season, time of day 
or weather conditions [1,2].

It is a fundamental goal to use this national treasure in 
an environmentally friendly and sustainable manner.

Goals

The goal of this study is to highlight connections which 
have to be analysed in order to assure that currently used 
excavation and usage technological solutions are 
sustainable in the long-term.
1. Checking the production parameters of the thermal 

wells near Szentes. The detailed analysis of twenty 
thermal wells situated upon sandstone deposits, and the 
results of the in situ measurements are used to check the 
water level compared to ground level. The research of 
the conditions related to the check.

2 .Overview of the current domestic experiences 
amassed related to refilling. Deducing if  there is a 
"fluid layer exchange" between the water yielding 
layers during the wells' rest period. We have to 
determine if the monitoring well works properly, that 
proves the adequate state of the layers yielding and 
absorbing the water, opened and filtered for the 
planning of refilling. Does the low tide influences the 
measurement results.
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3. Checking if  greenhouse heating is economically 
profitable using energy procured from geothermal fluid, 
and comparing it to energy resources in use, in light of 
current market prices.

4. Heat pumping the fluid o f lower enthalpy before 
refilling, and determining if the procured excess energy 
compensates for the costs of the heat pump, and the new 
well pair's digging and management. Based on the 
current CO2 emission o f the current electricity 
production, what COP value is needed by natural gas 
heating for an advantageous effect.

5. Does the buffer container installed in greenhouses' 
heating systems aid the production?

2. Material and Method

U n iqu e w e l l  in sp ec tio n s

In order to get to know the data o f  the well, we have to do
a well inspection. The measurement of the wells happens

with static and dynamic analyses [3]. The static 
measurement happens when the well does not produce, in 
a way that the well is freed of all machinery required for 
its usual operations. During the dynamic measurement, the 
well is operated with a compressor or a diving pump 
according to its operational parameters (Figure 1). The 
samplings are done after the well reaches its operational 
temperature. The machinery used for measurements are: 
-W ell consistence check, static analyses 
-Dynamic analyses 
-Samplings, laboratory analyses

Tools used during measurements (self-made) Data collection Induction water
and evaluation measurement

units clock

Figure 1. Surface measurements

The reference point for depth attributes was the ground 
level, which can be considered constant.

Measured attributes:
1. water level and well pressure
2. air pressure
3. temperature of water flowing out
4. gas content (with sampling)
5. water yield

W ater l e v e l  a n d  w e ll  p re ssu re

In order to conduct the unique w ell inspections, both in 
its resting and operational tim e, the individual, long
term data recording L evelogger pressure- and 
temperature measurement unit was used. During the 
analysis o f  the cross-effects, m ultiple wells were 
watched at the same time, w hich was done with 
MicroDiver water level measurement units, which have 
similar attributes and operational method. The 
Levelogger and MicroDiver w ater level measurement 
units were not used to measure w ater level, but pressure, 
and they recalculate it to w ate r height. Analogue 
manometers always measure w ater pressure compared 
to air pressure. The values m easured by the pressure 
units watched two values: the pressure of the water 
above the unit, and the air pressure. The two combined 
gives us the absolute pressure as follows:

P  Pwater “F Pair (1 )

In order to calculate the pressure of the water, air 
pressure has to be subtracted from the absolute pressure.

A ir  p r e s s u r e  m ea su re m en t

In order to collect the calculations with air pressure, 
Barologger was used as a data source. Gas separation, gas 
yield calculation During the well inspection measurements, 
we have to separate gases, as gas phase falsifies the data 
of water measurement clocks, but the calculation of this is 
also necessary in order to determine gas yield and gas 
composition. The fluid was first lead into the separator 
container, where the gas evaporates from the water. The 
gas leaving the water via the top of the container has to be 
cooled down for dew to manifest. The cold gas is usable 
for correct measurement by membrane and turbine gas 
measurement clocks.

Y ield  m ea su re m en t

The water flowed from the separator containers through 
the water measurement clock attached to the data collection 
unit. This high salt-content fluid is refilled into the network 
via pumps.
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Temperature measurement o f  the water flowing out

A Pt 100-type temperature measurement unit was built into 
the pipes after the separator container, while the data were 
registered by the LogBox data collector.

Structural analysis o f  the wells

This type of measurement is a natural gamma, diameter 
and temperature measurement conducted via a combined 
unit within the closed well.

Data discovered:
-accessible base depth,
-piping diameters,
-stack exchanges,
-locations and closure of sealing,
-locations of opened areas,
-and  the quality of cement works in the circular areas.

The natural gamma tunnel made it possible to check the 
cross-drive layer row (differentiate between permeable - 
impermeable areas), which is how we can check if the 
opened areas are capable of yielding water, and to 
determine where covered pipe clams are.

Flow profile

These measurements were conducted with the combined 
FRTmOP unit (flow, temperature, fluid resistance, optical 
transparency and pressure measurement unit). In the case 
of depth-based calculations, the unit moves in the well, and 
registers the data in 10 cm sampling increments, thereby 
pressure gradient and flow measurements determining the 
active areas of the filters can be conducted. The recorded 
pressure data is used to calculate gradient, which is in 
proportion to the density of the context, it's role is to show 
the bubbling point. Measured data was corrected by the 
temperature values.

Time-based depth pressure and temperature 
measurements

In order to conduct the depth pressure measurement - 
during the unique well inspections - the FTRMOP acoustic 
units were used, which sends the depth data real-time 
through a cable.

Organising measurements

The "timetable" set up for the analyses: building the pumps, 
static analyses, structural analysis of the well, rebuilding the 
well for compressor-aided production, building the 
lubricator, building the water measurement system, building 
the refilling unit, installing the compressor, prior production 
(24-48 hours), dynamic analyses.

Effects o f  the low tide

We analysed data measured by high-definition 
m easurement tools, by taking the moon phase into 
consideration. Technically, we looked for the pulsating 
production change's effects of the active w ell and the 
pressure changes via the inspection well.

Possible agricultural healing systems, and comparison 
with geothermal heating

In Hungary, winter production is impossible without 
greenhouses. In practice, there are various energy 
resources, but due to the economic parameters, only a few 
can actually be realised [4].
Combustion heat production:
-firewood, wood chips
-pellet
-coal
-natural gas or PB gas

Figure 2. Options of using thermal water [6]
A= direct heating coming from the well with the thermal water, leading the cooled (f. e. 25 °C) into a resting lake 

B= leading the thermal water coming from the well into a heat exchanger (HCS-1), 
and refilling the less hot (f. e. 48 °C) water, cooler due to the extracted heat 

C= leading the thermal water coming from the well into a heat exchanger (HCS-1), and leading 
the less hot (f. e. 48 °C) water into a heat exchanger (HCS-2), heat pumping it, then refilling the cooled (f. e. 13 °C) 

water, and leading the extracted heat into the heating system.
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-heating oil..
Without combustion:
—heat production from thermal water.

Using heat from the environment with energy aid 
(electricity, natural gas, pyrolisis gas):
—heat pumping (air-air, soil-air, or used water-air).

In practice, we calculate heat requirement as follows:

Q = K’ (tb -  tk) Fü (2)

Based on the data received from the designers and the 
managers, and the offers from the websites, we determined 
the costs of the various heating systems for 1600 kW heat 
performance requirement. We did similarly when 
calculating the fuels' costs.

Greenhouse development fo r  sustainability

Placing thermal water above ground causes environmental 
problems due to its high salt content, which is why there is 
an environmental load fee. Refilling it into the water 
yielding layer causes problems due to the drinking water 
base, but those can be solved, and the usage will be 
compulsory due to sustainability reasons [5]. In any case, 
refilling is an option, while another one is placement above 
ground after using heat pumping to extract the thermal 
energy from the high enthalpy fluid (Figure 2).

Thereby, the total amount of heat extracted: 
where:

QFC=mc(Tfo- T ih) - ^ — (3)
£ f  1

Tf„= average temperature of the leaving (for heating) water
( K ) ,
Tfl= average temperature of the fluid lead into the heat 
pump (K).

Our heating system is efficient exergetically if we use 
exactly as much exergy as we need. In practice, we have 
to carefully select the heat pump for this.

Measurement results in the buffer container

The heating systems of greenhouses have to constantly 
substitute for the heat exchanged into the environment 
through the material of the greenhouse and the ventilation 
[7]. If the greenhouses' structure is homogeneous in 90- 
95%, and the heat leaving through it (Q„) and the heat 
leaving through it is considered a base heat loss, then we 
can calculate from the heat exchanging surfaces' heat loss:

Qo = Ai, -k0 (к -  te), [W n r 2 К  '] (4)

where:
-Ah -  surface area of the greenhouse [m2],
-ко -  heat permeability of the greenhouse's surface area 

[W m 2 K 1],
—ti -  internal temperature of the greenhouse [°C],
- t e -  external temperature of the greenhouse [°C].

We measured the mass flow and temperature of the water 
flowing into the container in three time intervals, and the 
environment's and the greenhouse's average temperature 
(Figure 3). The data is required to determine the container's 
capacity.
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Figure 3. The monthly temperature average for a year around Szentes

3. Results

Geological and hydro-geological conditions, attributes 
o f  the area in question, details o f  the layers

As the depth increases, so does the pressure. In the upper 
Pannon's lower area, the hydrostatic pressure is about 40 
meters below the potentiometric level (Figure 4).

In order to determine the regional hydro-dynamic attributes 
of the wells in question, the cross-effects and capacity 
analysis and refill measurement of the 3. well of the Árpád 
VII well group was applicable. The essence of this is the data 
from the inspection wells, during the well's operations. The 
various (numbered 14) but inter-connected wells yield more 
water as the base depth increases (Figure 5).
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Figure 4. Pressure and depth data of the wells of Szentes
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Determining the connections o f  water exchange 
between layers

Currently, there are 34 thermal water wells in the region 
around Szentes, of these, I analysed and modelled 20 
currently operating wells (Table 1). The ground formation 
consists of sandstone, aleurolite and clay limestone, most 
of which is sandstone. The channel filling and aber reef 
deposits dominate, which have a good containing capacity, 
and limited horizontal spread, but the multiple avulsions 
and overlays are connected from a hydro-dynamic 
perspective. Therefore, many 5-25 metres sandy layers 
with good flow permeability change with clay-aleurite 
formations with bad permeability, as f. e. the acoustic logs 
from around Szentes also prove (Figures 6-7).

L,
250000

V “ 15,09x * 1996,7 
RJ = 0.0967

3000

Qu
2 500 

( m )  

2000

1 2 3 4 5 6 7 8 9 10 И  12 13 14

т З /year —  m ------ Unear (m) ------ Expón. (тЗ /year)

Figure 5. The connection between the wells' depths (Lt) and yield (Qü) 

Table 1. Average data of 20 wells from Szegvár and Szentes

Base depth Filtering
(lower)

Filtering
(upper)

Q max. Water
temperature

(m) (m) (m) (1/min) (°C)
Average 2165,4 1873,75 2119,1 1488,45 86,5

Deviation 236,0 175,6 227,2 370,2 7,7

1 S 0 0  1700 190 0  2 1 0 0  2 3 0 0  2 5 0 0

♦ water temperature -----Unear (water temperature)

Figure 6. Connection between base depth (m) and water temperature
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Figure 7. Connection between filtering max and min, and base depth (m)

Figure 8 contains a visual representation of the data 
gained from two wells of Szentes, made in order to find 
connections. The data set is as follows:
-natural gamma log (red)
-flow measurement curve (black)
-filtered areas (purple)

-non-reachable well areas (grey)
-active areas (green)
-route of cross-filling (black arrows)
-base of reachable areas (yellow)
-geothermic gradient's calculated reciprocal (on the 

bottom)

Figure 8. Internal cross-fillings between filtered layers within the wells of Szentes (for group I)

Illustrating the measurements conducted in the wells, and 
detailed analysis (we merely illustrate the attributes 
observed for the various wells):

Markings:
-blue curve -  temperature log measured in the closed well 
-red  curve — temperature log measured during production 
-blue curve upper -  flow measurement log 
-red  columns -  active filters
-blue arrows -  internal water flow's route in closed wells 
-above the figures: temperature gradient (green line)

In the example on Figure 8, all filters produce in the closed 
well. Areas I and II (from top to bottom) produce, but the 
water is drained into areas III, and mainly IV. It is important

to note that filters VI and V also produce in a closed situation 
towards area IV, as much as during operation.

According to the evaluations, we determined that [8]: 
-temperature gradients match for the wells close to each 

other
-among the gradients, we can identify area differences 
-the routes o f cross-fillings are varied, in many wells, the 

cross-filling happens towards the middle layer from both 
the top and bottom layers

-the routes of cross-feedings give useful information 
about the pressure conditions of the yielding layers, 
which should be taken into consideration for both well 
production planning and new well planning
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-when planning a refilling well, it is important to know the location and temperature of the absorbing layer, and the 
route of cross-filling.

Figure 9. Szentes, Árpád-Agrár Co. Ltd., thermal well I (2000m), calculated geothermic gradient is 44,9 [°C/1000m]
A two-way flow was created

In wells which have multiple filters, cross-feeding and 
the absorption of some layers can always be observed, 
which means refilling can theoretically be realised always, 
to some degree at least (Figure 9). These analyses helped 
me get familiar with the area's hydro-geological attributes, 
and the more concrete technical and hydro-dynamic 
parameters of the wells in operation.

Low tide 's effect on the measurements 
o f  thermal wells

During the calculations, using high-definition units in the 
inspection well showed the pulsating production 
changes' effect in the active well. The Moon caused the 
greatest effect when in line with the Sun during the 
analyses, which were the phases of New moon on 8. 
September, 2010, and Full moon, on 23. September, 
2010. O f the two dates, the registered time o f our 
analyses includes the New moon date. If we highlight a 
12-hour from the periodic changes, we can observe the 
state seen on Figure 10.

The average process of this 12-hour pressure change can 
be seen on Figure 11. The trend shows a parabolic 
connection (R: = 0,8519).

1,0

Figure 10. Maximum, minimum and average values' changes 
during the 12 hour period 

Apm= max change in 12 hours 
App= 0,6 kPa change during an hour 

Apá= 0,35 kPa highest change of the average of 12 hours
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P (kPa)

Figure 11. Average process of 12-hour pressure decrease

Based on the measurement results, we can state that if 
certain conditions are met, the positions of the Sun and the 
Moon can influence the rest and operation water level 
values of subterranean water bodies — the wells, in our 
case. During the analyses, the changes of water level show 
a 70 cm monthly, and -15 cm daily in a cycle, even without 
any influencing factors.

Comparison o f  possible agricultural heating systems 
anil the geothermal heating

As the heating requirements can change for any national 
areas due to different external factors, the values taken

from charts cannot be used in general for any area, and are 
mostly usable for comparison. When determining the 
prices of energy resources, we relied on the average value 
of prices for Hungarian industrial users. When determining 
the prices of machinery, we aimed to select those of good 
quality and price to value ratio.

As we can see on the data of Figure 12, the most 
advantageous is the thermal well heating system, followed 
by coal and lignite, and heat pumping in 4.th place. The 
calculation is applicable to the given situation, but the heat 
pumping systems have a determining effect when looking 
at the heat considered waste.
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J= 20s-ж:
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и

Firewood
boiler

Pellett
boiler

Lignite
boiler

Coal boiler Gas boiler Oil boiler Thermal
well

Heat-pump
(electric)

□ F t/kW h 15,3 20,3 11,5 9,2 14,9 32,6 2,1 14,3

Figure 12. Total price of 1,0 kWh heat for a 15 year return on the system [9]

Greenhouse development for sustainability

Usage, economic benefits and environmental questions o f  
using a heat pump

Using the most modem, large airspace greenhouses, the 
most developed construction techniques, and the best

technical solutions, experts forecast a huge leap in the 
sector's development. In modem agricultural production 
systems, geothermal fluids' energy content is used in 
multiple steps, and they do not forget to take sustainability 
into consideration either (Figure 13).
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Figure 13. Theoretical heating system of a modem greenhouse [3]
Signs on the figure: 1 -  production well, 2 -  absorbing well, 3 -  buffer container, 4 -  main flow heat exchanger / heat centre, 

5 -  heat exchanger of social buildings, 6 -  heating of social building, 7 -  spread-collect units of vegetation heating,
8 -  vegetation heating, 9 -  spread-collect units of bloom heating, 10 -  bloom heating, 11 -  spread-collect units of soil heating,

12 -  soil heating, 13 -  heat pump

The heat performance obtainable via the heat pump is 
related to the mass flow and the AT value at the heat 
exchanger (temperature difference between inbound and 
outbound fluid):

Case A

Q fa =  ™c ( 6̂8 ~  ̂ 25 )  ^

Case В

QFB = mc(Tbi-T AJ  (6)

Case C -  via heat pump

Qfc =  WC(T48 -  Tu) - ^ - r  (7)
e f - 1

Case В and C combined:

Q i ' ( C - B )  =  Qfb + Qfc ^

If we take a look at the above, we can say that heat 
pumping before either refilling or letting the water off can 
produce energy close to 60-80% of the energy coming from 
direct usage. If we calculate properly, this energy, and the 
costs o f using heat pumping has to be compared to the 
investment costs of a new pair of wells, and in the case of

letting the water off, the environmental load fee. The 
calculation shows positive results even for a new well. This 
system is especially advantageous in case we increase the 
plantation, and the energy requirement increases too, but 
we do not want to make a new geothermal investment.

In summary: in places, where refdling can be realised 
without problems, the system has a competitive edge 
against direct heat extraction using a new pair of wells. The 
heat pump serves sustainability best if assisted with 
renewable-source electricity. Figure 14 below shows an 
exergy-based analysis of a heating system including a heat 
pump. In the T diagram, to make sure we get Tvf 
temperature, the required heat is signified by points 1-2-7- 
8. In the environment, we have the amount of heat signified 
by points 3-4-7-8. From the perspective of exergetics, if 
the reference temperature equals the environmental 
temperature, area 1-2-3-4 (which can be gotten by 
subtracting the V2 loss) is the efficiently used energy (Ex). 
The temperature of vegetation heating (T5) (heat amount) 
is aided from the secondary (condensation) side o f the heat 
pump, which is subtracted from the heat not let out towards 
the environment. On the figure, the two areas o f 3-4-7-8 
and a-b-9-10 are equal (naturally, if we include losses, the 
latter is bigger). The exergy content (a-b-c-d) o f this equals 
the heating requirement of vegetation heating. Our heating 
system is efficient exergetically, in case we use as much 
exergy as we require. In practice, we have to carefully 
choose the heat pump for this.
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Figure 14. The exergy of the system increases by using the heat pump

In conclusion, using a heat pump increases the exergy in 
the system, and the heating water is substantially different 
in its attributes from the environment. This persists for both 
the internal and the external environments, but it's 
important that in the more critical winter season, it has a 
higher exergy content than on a hot summer day.

Buffer container measurement results

The heating systems of greenhouses have to complement 
the heat which the greenhouse emits through the surface 
area and the ventilation. In the hourly average temperature 
o f January, the difference during 4 days reached 24 °C, 
which has to be compensated by the heating performance,

which is made even harder by how weather is sunny (with 
high radiation), or foggy-cloudy, when there is a weaker, 
more spread radiation. These extremities cause the system 
to require bivalent heating, if the well(s)' heating 
performance is inadequate (f. e. gas heating). Quick 
changes can be reacted to easily by spare heat containers, 
but well-side errors may also offer them some use. In case 
the well produces excess, the container is filled, and in case 
there is excess energy, the heat container offers extra 
heating. I analysed three specific time periods (Figure 15), 
and determined that extreme weather conditions and 
havaria cold can both be averted for 6-8 hours when using 
a buffer.
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Figure 15. Conditions o f the container's level and continuous water supply (production) ratio, 
in more general environmental temperature timeframes.

4. Conclusions

The detailed analysis of the 20 wells in the area around 
Szegvár and Szentes, and the results of the in situ 
measurements made me conclude that the resting water 
level compared to ground level has decreased by 25-30 mm

in the last 40 years. We proved that during the wells' rest 
period, a "fluid layer exchange" happens via cross-filling 
between water yielding layers. Therefore, the different 
water yielding layers are connected, which causes the 
resting wells to also have fluid movement, which also 
means that the water yielding layers can also act as water
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absorbing layers during production. Generally in the 
resting period, when the period starts, fdling goes towards 
the previously water yielding layer, which causes the flow 
in the well body to go vertically up or down between the 
filtered layers.

By analysing the measurement data, we were able to prove 
that the water level of porous-based thermal wells resting, 
and situated on the Southern Great Plains is influenced not 
only by the cross-fillings, but periodically (both daily and 
monthly) the Moon's low tide phenomenon as well.

We proved that a correct well measurement and 
comparison can only be done with measurements done 
within the same Moon cycle.

We proved that for wells maintained on the Southern 
Great Plains - even though the water level decreased, and 
production persisted for -40-45 years -  do not have a 
significant decrease in production. The water yielding 
layers of the Southern Great Plains' wells show a 
correlation of different flow and temperature, and depth 
gradients, and the absorbing layers, which shows they 
affect each other. I proved that refilling used (lowered 
enthalpy) water is possible, which means the base 
requirement is met. However, its success is greatly 
dependent on the attributes of the stone bed (size of grains, 
pore tunnel size, migrating material content, etc.). We 
proved that for planning refilling, only the monitoring well 
which proves the state of the water yielding and absorbing 
layers opened and filtered is usable.

We were able to prove that out of all the energy resources 
used for heating greenhouses (by the current market prices) 
the geothermal energy produced via convection is the most 
economically sound option. The three temperature level 
heating is the most advantageous, due to the different 
requirements caused by weather conditions, using a buffer 
container, and increasing the exergy of the "waste heating" 
remaining in the fluid, and the obtained heat content 
followed by rerouting it into the system's vegetation phase. 
Even in the case where the water which had its exergy 
removed after using the heat pump, and we also increase the 
specific energy costs with those of the refilling well.

We proved that the costs of establishing a heat pumping 
system, and the costs of establishing and maintaining a new 
pair of wells is covered by the excess energy produced (due 
to advantageous COP and SPF) in 2,5-3 years. Using the 
enthalpy of the "used water" only has an advantage above 
a COP value of 6,0 in spite of its economic advantage, due 
to the electricity production's C02 emission using natural 
gas heating (direct gas heating). We proved that using a 
heat pump can only be better environmentally when using 
renewable resources, when compared to natural gas 
heating. The optimal solution - if enough methane is at 
hand - is to use either separated and dried methane 
combustion, or mechanical heat pumping.

We proved that installing a buffer container into 
agricultural greenhouses' heating systems assures the safety 
of production (in case of significant and fast changes in 
weather and system errors), reduces the investment and 
management costs of necessary spare requirements (well 
capacity at hand) and spare energy resources. Depending 
on warm and cold weather, the level in containers is

inversely proportional to the fluid production (R2 = 0,92). 
We proved that refilling and the usage of a heat pump and 
buffer containers are advantageous from both 
sustainability, environmental protection and agricultural 
economical benefits' perspective.
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w
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tb -  tk = At
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Qfc

temperature of the container 
temperature of the refilled water 
temperature above ground 
mass flow of the heating water 
heat performance procured 
compressor work put in (energy) 
specific cooling (Coefficient 
Of Performance) 
specific cooling 
specific exergy 
specific aenergy 
exergy
difference between external 
and internal temperature 
size of the greenhouse surface area 
effective heat energy

°C
°C
°C

kg/h
J

kWh

kWh/kg
kWh/kg

J

°C
m-

J
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E o  energy consumed by the system J
Qfc effective heat energy J,
E o  energy consumed by the system J.
r | E  P/Qfg efficiency of producing used

electricity
Q ö s s z  total energy of the fluid J
Qvsz total energy of the refilled fluid J
Pve (electric) energy used to propel

the heat pump kWh
Qexe efficient heat energy (exergy) J
ко thermal transmittance coefficient

of the greenhouse W m 2 К
ti internal temperature of

the greenhouse's atmosphere °C

te external temperature of
the greenhouse's atmosphere °C

к Permeability pm2
Grad T Temperature gradient °C/km
Lt Base depth m
SPF Seasonal Performance Factor

A b b re v ia tio n
TL Temperature measurement
FLOW Flow measurement
REF Refilling
P rise Pressure increase
Pgrad Pressure gradient
H Water level
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Abstract

This article provides results of an experimental 
investigation of hybrid- (MIR-FD), mid-infrared- (MIR) 
and freeze drying (FD) on the drying characteristics, 
energy consumption and quality parameters of pear. 
Rehydration ratio, color, texture were measured to evaluate 
the quality of dried pear products. Mid-infrared-freeze 
drying (MIR-FD) had the higher drying rate, which 
reduced the drying time by 14.3-42.9% compared with FD 
method. Two empirical models were chosen to fit the 
drying curves. The MIR-FD pear had darker color, better 
rehydration capacity and lower hardness than single stage 
of FD products. Above all, the MIR50-60°C-FD was 
suggested as the best drying method for pear in this study.

Keywords

combined drying, freeze drying, drying kinetics, energy 
uptake, quality

1. Introduction

The pears (Pyrus communis L.) are pomaces fruit-tree 
species of the Rosaceae family. The pear is a fruit much 
appreciated for its characteristic flavor, crispness and 
sweetness. Most pears are eaten fresh and in processed 
forms: purées, juice, jams, dried, and in other forms [1].

Freeze-drying (FD), also denoted as lyophilization, has 
long been known as the best drying method for preserving 
the high-price products, the heat-sensitive materials [2, 3]. 
The FD is a dehydration process in which the solvent 
and/or suspension medium is crystallized at a low 
temperature and then sublimated from the solid state 
directly into the vapor phase [4]. FD has been reported to 
be an ideal method due to minimal shrinkage resulting in 
a porous product with excellent rehydration capacity, soft 
texture, bright color, superior taste, while the low 
temperatures used ensures good retention of nutrients [5]. 
However, the FD has long drying time, high energy uptake 
and costly process, a judicious combination with other 
dehydration methods. According to [6] the cost of FD has

been found to be at least one order of magnitude higher 
than conventional drying system.

Infrared drying (1R) supplies energy directly to the surface 
of the material and thus causes its rapid heating. The heat is 
transferred further towards the material inside by heat 
conduction [7]. The depth of penetration of radiation 
depends upon the characteristics of the sample and 
wavelength of radiation [8]. IR has many advantages 
compared to the widely used hot air drying. Such as, high 
heat transfer coefficients, short process time, quick response 
time, faster drying rate, uniform product heating and low 
energy cost are the characteristic properties of IR [6]. 
Moreover, drying of food products by IR enhances the 
quality of the dried products. According to [9] the 
wavelength of medium-wave- or mid-infrared radiation 
drying (MIR) is in the range of 1-4 pm which covers the 
maximum absorption wavelength of water molecule. The 
high heating speed is one of the most apparent advantages 
of MIR. The MIR is often employed to control the final 
moisture content of industrial product, mainly because MIR 
is heat-efficient, convenient and safe. For the penetrability 
of MIR is strong and it would be more effective in drying 
products. Therefore, the MIR can decrease a duration of 
drying [10].

The infrared drying has other advantages, for example 
the easy combination of the IR with convective, vibration, 
vacuum, freeze and microwave technologies; simplicity of 
the equipment and versatility [11]. The minimizing the 
energy consumption and enhancing the product quality of 
FD by combination of infrared or microwave drying were 
investigated by many researchers [12].

Hybrid drying (IR-FD) is a modern technique that 
combines all of the advantages of different drying methods, 
in terms of enhanced product quality and reduction in 
operational time and in energy consumption [6].

The mathematical model of drying kinetics is an 
important tool used to optimize management of operating 
parameters and to predict performance of a drying system. 
Numerous mathematical models, theoretical, empirical and 
semi-empirical, have been proposed to estimate the drying
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characteristics of food products. These mathematical 
models, allow prediction of simultaneous heat and mass 
transfer during drying and are applied to simulate the 
drying curves [13, 14]. Several empirical models for drying 
kinetics in falling rate drying period are available in the 
scientific literature [15].

Product color is one of the most important sensory attributes 
o f dried food. The mechanism of browning for many 
agricultural and horticultural products can be enzymatic and 
non-enzymatic (Maillard browning) source [16].

Texture, defined as a sensory property is percepted by 
humans using senses of touch and pressure, is a multi
parameter attribute related to the structure of the 
biomaterial [17].

The rehydration characteristics of a dried biomaterial are 
used as a quality index. According to [18] the degree of 
rehydration is dependent on the degree of cellular and 
structural disruption of treated material by different drying 
methods.

To our knowledge, no work is available the effect of mid- 
infrared-freeze drying on dehydration and quality 
characteristics of pear. Therefore, this present study was 
undertaken to investigate the MIR, FD and MIR-FD drying 
characteristics of pear, to determine the effect of hybrid-, 
FD and MIR drying on the specific energy consumption. 
In addition, the aim of our work is to evaluate the effect of 
different drying technology on the physical and mechanical 
parameters of pear dice.

2. Material and method 

Sample preparation

The raw pear Packham’s Triumph species (Pyrus 
communis L.) employed in the experiments were 
purchased from the grower (Apagy, Hungary) and stored 
in a refrigerator (5°C). The pears were washed with tap 
water, hand-peeled and cored with a knife, and then cut 
into cubes of 5 mm thickness using a hand-operated sheer. 
The free water on the surface of samples was removed with 
an absorbent filler paper. They were stored at a temperature 
of 5°C until the drying experiments.

The samples were divided into ten groups, each group 
of samples weighed 100 g. The initial mass of pear cubes 
was measured using a balance (model JKH-500, Jadever 
Co., New Taipei, Taiwan) with 0.1 g precision. The 
prepared pear samples were put into dryers after cutting to 
avoid surface enzymatic browning.

Determination o f  moisture content

M oisture content of the raw and dried pear dices was 
determined by the gravimetric method (model LP306, 
LaborMIM, Budapest, Hungary). At regular time intervals 
(30 min) during the drying process, samples were taken out 
and dried in the oven for 8 h at 105°C until constant 
weight. Weighing was performed on a digital balance 
(JKH-500, Jadever Co., New Taipei, Taiwan) and then 
moisture content was calculated.

Moisture content was expressed in wet matter (g 100 g 
fresh m atte r1, %) and in dry matter (kg moisture kg dry

m atter1). The initial moisture content of the pear was found 
to be 81.03% (wet basis: w.b.), 4.271 kgH;0 kg dry matter 
1 (dry basis: d.b.). The tests were performed in triplicate.

Drying experiments

The pear cubes were dried by different drying methods 
with the optimal drying technology until the final moisture 
content (2-2.5%, wet basis: w.b.). The applied drying 
methods are described below-mentioned. The drying 
process was continued until a constant moisture content 
was recorded (The samples was dried until it reached the 
equilibrium moisture content). The moisture loss was 
recorded at 1 min intervals during the drying process in 
order to determine the drying curves. The experimental 
data sets from the different drying runs were expressed as 
moisture ratio (MR) versus drying time (t).

All the experiments were repeated thrice and the average 
of three results for each treatment was used in this paper. 
The dried products -  before quality assessment -  were 
cooled and packed in low-density polyethylene (LDPE) 
bags that were heat-sealed.

1. Mid-infrared drying (MIR). A quartz infrared heater, 
with nearly 80% efficiency in converting electrical energy 
to infrared energy was used for effective drying. The 
chamber wall was formed from aluminized steel, with a 
length of 15 cm, a breadth of 15 cm, and a height of 25 cm, 
equipped with a single door opening at the top, which 
allowed insertion and removal of the sample. In the drying 
chamber, a pair of quartz glass emitters (220 V, maximum 
power of per lamp 300 W) was positioned above the 
sample support. Infrared radiation, with wavelengths 
expressed in microns, can be accurately measured, 
controlled, and applied to the product. The wavelength of 
radiation between 2.4-3.0 pm and the heating intensity 
were maintained between 3-5.5 kW nr2. The quartz glass 
emitter is located at a distance o f 15 cm from the pear 
cubes surface. The sample tray was supported on a balance 
(a precision o f ± 0.1 g, model Precisa, Precisa Instruments 
AG, Dietikon, Switzerland) to monitor the sample weight 
change during drying. The samples were spread uniformly 
in a monolayer on the aluminum tray. A vent was provided 
at the top of the chamber for the exit of moist air.

The experiments were carried out for 40-70°C drying 
temperatures. The emitter temperature and relative 
humidity were measured by Testo 4510 type meter (Testo 
GmbH, Lenzkirch, Germany) in the drying chamber. 
Another temperature probe was inserted into the sample to 
measure the product temperature (К-type thermocouple, 
Testo GmbH, Lenzkirch, Germany). However, the relative 
humidity was not controlled during the laboratory test. The 
samples were dehydrated until they reached the final 
moisture content (2.1-2.5%, w.b.).

2. Freeze drying (FD) was performed in a laboratory- 
scale Armfield FT-33 freeze-dryer (Armfield Ltd., 
Ringwood, UK). In the FD process, the pear dices were 
spread uniformly in a single layer on a stainless steel tray. 
The pear samples (100 g) were frozen at -24°C in a 
freezing/heating chamber and freeze dried to a moisture 
content of 2.06% (w.b.) at an absolute pressure of 85-95
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Pa with a chamber temperature of 23°C and a condenser 
temperature of -47°C. In all experiments, temperature of 
the condenser and the chamber pressure were maintained 
at constant parameter. Thermocouples (four pieces) of 
freeze drier were inserted into the pear cubes.

The weight loss of the samples was followed by a data 
logger (ES-138, Emalog, Budapest, Hungary) and a RS- 
232 attached to a PC computer, acquired the data readings 
from platform cell (PAB-01, Emalog, Budapest, Hungary), 
which is placed within the sample chamber.

3. Hybrid or combined drying (MIR-FD): The pear 
samples were dried by FD drier by coupling with the MIR 
devices before the freeze drying step until the final 
moisture content was between 2.18-2.45% (w. b.). The 
samples after pre-drying procedure (MIR) were 
immediately placed into the FD, this is the so-called change 
point. The change points were placed in drying curve 
before reach to inflexion point of MIR curve. After the 
achievement of the inflexion point the color of the samples 
changed darkening -  this phenomenon was determined 
using ColorLite sph900 colorimeter (ColorLite GmbH, 
Katlenburg-Lindau, Germany).

The experimental samples dried by MIR at 40°C for 5 
min (MIR40°C-FD), MIR at 50°C for 5 min (MIR50°C - 
FD), MIR at 60°C for 5 min (MIR60°C -FD) and MIR at 
70°C for 5 min (MIR70°C -FD) then dried by FD were 
chosen for further quality evaluation. The drying 
parameters are in agreement with above-mentioned ones 
(points of 1-2).

Mathematical models

(kg), and mp is the dry matter weight of the material (kg).
The dimensionless moisture ratio (MR) was calculated 

as (Eq. 4):

m r = M i z * L  «>
AU - M .

where Mt is the moisture content at time t on dry basis (kg 
H2O kg d m 1), Me is the equilibrium moisture content (kg 
H2O kg d m 1), and Mo is the initial moisture content (kg H2O 
kg d m 1).

The moisture ratio (MR) was simplified to Mt/M0 instead 
of (Mt-Me)/(Mo-Me) since Me is relatively small as 
compared with Mo -  in case of all drying methods.

The coefficient of determination (R2) and root mean 
square error (RMSE) were calculated to evaluate the fitting 
of two models to experimental data. The higher values of 
the R2 and the lower values of the RMSE were chosen for 
goodness of fit. These statistical parameters can be 
calculated as (Eqs. 5, 6):

z ; '(m „ Pi -  f  'I ,5)

RMSE = ßф ш . , р -  „  )г (6)

There are several empirical approaches for modeling the 
drying kinetics. Henderson and Pabis (exponential) and 
third-degree polynomial models were used to fit the drying 
curves (MR versus drying time) in this study.

The Henderson and Pabis model was developed based 
on approximation that diffusion controls the drying 
process. This model has been used to describe various food 
and agricultural materials [19] (Eq. 1).

M R  =  a  ■ e~kl (i)

Another model, which is used for thin-layer drying 
studies, is the third-degree polynomial (Eq. 2). The model 
was successfully used to describe the freeze-drying 
characteristics of fruits and vegetables [20].

M R - a  t '  + b - t 2 + c - t  +  d  (2)

where MR is the dimensionless moisture ratio, a, b, c, d  is 
the drying coefficients, к is the drying constant, t is the 
drying time (min, h).

The moisture content of samples is defined by (Eq. 3):

m, -  m,
=—  -

mf
(3)

where n is the number of observations, exp is the 
experimental data, pre is the predicted data, ave is the 
average data, and MR is the moisture ratio.

Specific energy consumption

The total electrical power consumption (E, kWh) during 
FD, MIR and MIR-FD was measured by an energy-cost- 
checker (model EKM 265, Conrad Electronic GmbH, 
Hirschau, Germany).

Analysis was performed in triplicate. The specific energy 
consumption (SEC) expressed electrical power consumption 
requires for evaporation of one kilogram o f water from 
specimen and was calculated according to Eq. 7.

S E C  =
E x  3600
w 0 - w f

(7)

where SEC  is the specific energy consumption (MJ kg 
H2O 1), E is electrical power consumption from the energy- 
cost-checker (kWh), Wo is the initial mass o f the raw 
material (kg) and Wf is the final mass of the dried sample 
(kg).

Hardness test

where M, is the moisture content at time t on dry basis The texture characteristics of the fresh and dehydrated pear
(kg H2O kg d m 1), mt is the weight of material at specific t were measured using a CT3-4500 (Brookfield Engineering
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Laboratories, Middleboro, USA) texture analyzer fitted 
with a spherical probe. Compression test was carried out 
to generate a plot of force (N) vs. time (s). This plot was 
used to determine the value of hardness. The parameters 
that have been used were the followings: 8 kg force load 
cell, 2 mm s'1 test speed, 20 mm travel distance and 4 mm 
diameter of cylindrical probe. The maximum depth of 
penetration was 3 mm and trigger force was 4.5 g. A 115 
mm diameter plate (rotary base table) was used as a base 
while compressing the pear samples.

The samples were kept in a room temperature at 21 °C 
until analysis. The penetrometer measurements are 
reported in Newton’s (N).

Ten samples were tested and the average values were 
reported.

Color of products

The color of pear cubes was measured just before and 
immediately after drying treatment using a ColorLite 
sph900 colorimeter (ColorLite GmbH, Katlenburg-Lindau, 
Germany). The colorimeter (illuminant D65, 10° observer 
angle) was calibrated against a standard ceramic white tile. 
For each drying experiment the color measurement was 
performed on ten dried samples and the color values were 
compared with those of fresh samples (control). The 
powder obtained by grinding the dried material in a 
domestic mixer was used for color estimation. The 
spectrophotometer was supplied with special adapter. 
MA38 adapter converts the scanning spot from 3.5 to 38 
mm. This device can be used to measure pear powders (the 
samples were examined from different points).

An important factor characterizing the variation of color 
in the test sample is total color difference. The total color 
change (ДЕ) was evaluated as (Eq. 8):

A E ^ ( L „ - L f +( a „ - a y +(K-l>Y <8>

where V  is the degree of lightness (100) and darkness 
(0), a* is the degree of redness (+) and greenness (-) and b*

is the degree of yellowness (+) and blueness (-). Subscript 
‘zero’ refers to the color reading o f fresh pear cubes. This 
is my basis for comparison. A larger AE value denotes 
greater color change from the control (fresh) sample.

All experiments were performed in triplicate and the 
average values were reported.

Rehydration ratio

The measurement of the water rehydration ratio was based 
on the following procedure. 100 ml of distilled water was 
brought to a temperature of 30°C in a constant temperature 
water bath. Then a precisely weighed 0.5 g sample of the 
dried material was placed in a plastic vessel and immersed 
for 90 min. Afterwards the samples were taken out (when 
the time reached 5, 10, 30,60 and 90 min) and blotted with 
tissue paper to eliminate excess water on the surface.

The weights o f dried and rehydrated specimens were 
measured with an electronic digital balance (model Ж Н- 
500, Jadever Co., New Taipei, Taiwan) having a sensitivity 
of 0.1 g. The RR values were determined in triplicate.

WRR - —-  (9)

Rehydration ratio (RR) of dehydrated samples was 
estimated using the equation given below (Eq. 9).

where Wr is the drained weight o f the rehydrated sample 
(g), and Wd is the weight o f the dry sample used for 
rehydration (g).

Statistical analysis

Data analyses were determined using the PASW Statistics 
18 software (IBM Corp., Armonk, USA), and analyses of 
variance were conducted by ANOVA procedure, Duncan 
test. Mean values were considered to be significantly 
different when P<0.05.

Formal statistical analyses on all collected data were 
performed via Microsoft Excel v. 2013 (Microsoft 
Corporation, Redmond, USA) software.

Table 1. Effect o f  drying methods on m oisture content o f product and operational tim e

Drying method 
(Symbol)

Infrared pre
drying period 

fminl

Freeze finish
drying period

fhl

Product moisture 
content 

[%, w.b.l

Total
drying time 

fminl

Reduction in 
FD drying time

f%l
FD - 21 2,06 1260" -
MIR40°C-FD 5 17,92 2,21 1080* 14,28d
MIR50°C-FD 5 15,92 2,18 960' 23,81“
MIR60°C-FD 5 12,92 2,22 780“ 38,lb
MIR70°C-FD 5 11,92 2,45 72Ö3 42,85a
M1R40°C 20 - 2,34 20“ -
M1R50°C 19 - 2,22 19“ -
MIR60°C 16 - 2,49 16b -
M1R70°C 14 - 2,11 14a -
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Figure 1. Drying curve of pear cubes

3. Results and discussion

Drying kinetics o f  different drying methods

Pear cubes with initial moisture content of 81.03% (w.b.) 
or 4.271 kgH:0 kgdry matter-1 (d.b.) were dried following 
three different drying methods i.e. mid-infrared (MIR), 
freeze-drying (FD) and combined mid-infrared-freeze 
drying (MIR-FD) to a final moisture content of 2.06-2.49% 
(w.b.) or 0.09-0.21 kgFFO kg dry m atter1 (d.b.) (Table 1).

Drying curves of samples dried using MIR, FD and 
MIR-FD are compared in Figure 1.

The moisture content decreased continuously with 
drying time. This figure shows the drying values observed 
and estimated by the Flenderson-Pabis and the third-degree 
polynomial models. The change points were placed in 
drying curve before reach to inflexion point of curve and 
the falling rate period.

As shown in Figure 1, the drying time to reach the final 
moisture content (2.11-2.49%, w.b.) using MIR at 40°C, 
50°C, 60°C and 70°C was 20 min, 19 min, 16 min and 14 
min, respectively. Therefore, the MIR operational time of 
the pear was very short.

In the early stage of MIR, the moisture content decreased 
more rapidly and subsequently slowly reduced with 
increase in drying time. This was due to the high drying 
rates in the early stages. During pear drying with MIR, no 
constant rate period was observed. From Figure 1, it can 
be observed that the moisture content decreases with 
drying time following an exponential decay. A similar trend 
was seen in studies grape [21].

It is observed that the total drying time required for FD is 
the longest (1260 min), followed by MIR40°C-FD (1080

min), MIR50°C-FD (960 min), MIR60°C-FD (780 min), 
and MIR70°C-FD (720 min), which yielded the shortest 
time (Table 1). Figure 1 showed that drying was completed 
after 720 min for MIR70°C-FD, and this represents a 
42.85% reduction of drying time in comparison with FD. 
Thus, the MIR pre-drying lessened the drying time 
significantly (P<0.05). Drying time used in MIR-assisted FD 
drying was 57.14-85.71 % of that in FD drying (Table 1).

The MIR-FD drying curves can be divided into two drying 
stages, i.e. mid-infrared and freeze-drying parts. In the first 
stage, the dimensionless moisture ratio (MR) of pear 
decreased sharply, while reached the change point (at 5 min), 
for example at MIR40°C pre-drying (from 1 to 0.71), at 
MIR50°C pre-drying (from 1 to 0.64), at M1R60°C pre
drying (from 1 to 0.53) and at M1R70°C pre-drying (from 1 
to 0.45) — i.e. MIR pre-drying described with a high drying 
rate. The change point shows where joined the various 
drying methods in succession. It can be observed that if the 
change points -  at MIR-FD -  decreases, the drying time 
decreases significantly (p<0.05) (Table 1).

In the second stage, the drying rate of FD finish-drying 
exhibited a slow decrease to equilibrium moisture content 
of dried samples -  i.e. FD finish-drying described with a 
low drying rate. Therefore, freeze-drying was applied after 
change point, when the moisture content of pear was 
reduced to 3.05 (1), 2.73 (2), 2.27 (3) and 1.91 kgH20  kg 
dry m atter1 (4), respectively (Figure 1). Overall, MIR-FD 
had a significantly higher drying rate than FD, but were 
significantly lower than MIR drying. These results were 
also observed by [22]. The decrease in the total drying time 
with increase of IR intensity from 3 to 5.5 kW n r2 was 
associated with an increase in water migration inside the 
pear caused by MIR pre-drying.
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Changes in the drying rate (DR is expressed as the amount 
of the evaporated moisture over time: kgwater kg solid' 
'•min ') with drying time for different drying methods are 
shown in Figure 2.

The critical point (peak) divides the drying curves into 
two parts at FD curve. At the beginning of the drying 
process, the DR was progressively increased while

reached the critical point (so called initial heating period). 
The drying rate gradually decreased with drying time 
after the critical point (540 min), and kept almost constant 
at the end o f the dehydration process (so called falling 
rate period).

Compared with MIR-FD, a drying stage of constant rate 
period in FD can be observed (between 300 and 480 min). 
The drying rate of MIR-FD was obviously higher than that 
of FD. It was observed that the highest drying rate of MIR 
70°C-FD was 0.552 kg-kg'1 m im 1 (at the initation of MIR 
pre-drying), while that of FD was 0.057 kg-kg'1 mim1 (at 
the 540 min drying time o f FD), indicating that the 
MIR70°C-FD drying rate was about 9.7 times higher than 
FD drying rate. This phenomenon due to drying 
temperature (infrared intensity) o f MIR. It was found that 
the drying rates increased from 0.28 to 0.55 kg kg'1 mim1 
with an increase in 1R intensity at MIR pre-drying. The 
results were in conjunction with [23], in which the drying 
rate increased with the increase o f  drying temperature, and 
consequently reduced the operational time.

The increased molecular vibration in the exposed 
material due to absorption o f  radiation generates heat 
simultaneously at the surface and in the inner layers o f the 
product. The rapid heating o f the sample increased the rate 
of water removal [24].

A big fluctuation was observed in the MIR-FD drying 
curve and this might be due to the intermittent working 
mode o f the combined mid-infrared pre-drying and freeze 
finish-drying method. During the drying, DR were high

(0.28-0.55 kg-kg1 min*1) at the beginning of the process, 
and after that they intensely decreased approx. 0.01-0.02 
kg kg '1 min 1 at the change point.

The DR decreases continuously with drying time in 
falling rate period (This is a first falling rate period.). 
Drying rate under MIR-FD conditions increased from 
change points, this is a heating period. The values of 
critical point (peak) of M1R40-70°C-FD at the second 
stages of drying: 0.045 kg kg '-mim1 (360 min), 0.044 
kg kg ' mim1 (300 min), 0.037 kg-kg ‘-mim1 (180 min), 
0.035 kg k g 1 min'1 (120 min), respectively. The DR of 
MIR-FD was very low, gradually declined after critical 
point of the drying process (This is a second falling rate 
period). When the moisture content of pear cubes reached 
to final values, the values of DR at FD, MIR40°C-FD, 
MIR50°C-FD, MIR60°C-FD, and MIR70°C-FD were 
0.0032, 0.004, 0.0038, 0.004 and 0.0044 kg-kg '-m in-l, 
respectively.

Taking it all round, the MIR-assisted FD drying is 
considered to be more efficient than FD drying alone, 
because of a synergistic effect. For MIR drying, the heat 
efficiency is high, the rate of heat loss is low, and the DR 
is quicker than that of FD drying.
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The variation of dimensionless moisture ratio (MR) with 
drying time was fitted using two models, including 
Henderson and Pabis and third-degree polynomial models. 
The statistical parameters which estimated the model 
performance and the model constants are shown in Table
2.

The coefficient of determination (R2) and root mean 
square error (RMSE) were used to assess how well the 
models characterized the drying kinetics. The R2 values for 
all models were above 0.98. According to the statistical 
analysis, it was observed that the Henderson and Pabis and 
third-degree polynomial models presented high values of 
R2 and low values of RMSE. The Henderson and Pabis 
model clearly fitted experimental data of MIR. The values 
of R2 and RMSE of the Henderson and Pabis model for 
MIR dehydrated pear were in the range of 0.9807 to 
0.9982, 0.0175 to 0.0465 which indicates the model

suitable for describing the drying characteristics o f the pear 
during MIR dying.

A higher drying constant (k) demonstrates a higher 
drying rate at MIR drying. The values of к and a o f the 
Henderson and Pabis model is higher with increasing in 
drying temperature (from 40°C to 70°C).

It was observed that the R2 and RMSE of the third-degree 
polynomial were in the range of 0.9991 to 0.9998, 0.0067 
to 0.0143. Thus, it adequately fit the experimental data for 
the freeze-drying of the pear cubes.

The thin-layer drying models, i.e. Henderson and Pabis 
and third-degree polynomial models were found to 
represent the drying kinetics of pear cubes with high R2 
and low RMSE values for all drying conditions.

The model’s predicted data were described as curves in 
Figure 1 and these predicted curves fitted the experimental 
values very well.

Table 2. Model constants and statistical results obtained from the drying models

Drying method 
(Symbol)

Model constants Evaluation criteria
к a b C d R2 RMSE

FD - 0,000085 -0,003736 0,003312 1,008756 0,999102 0,014366
MIR40°C-FD - 0,000079 -0,002938 -0,003406 0,735488 0,999852 0,006789
MIR50°C-FD - 0,000103 -0,003547 -0,000284 0,660602 0,999513 0,009134
MIR60°C-FD - 0,000086 -0,002444 -0,01 1792 0,567067 0,999428 0,010235
MIR70°C-FD - 0,000123 -0,003439 -0,001 170 0,464552 0,999469 0.010156
M1R40°C 0,539804 1,925862 - - - 0,995577 0,029865
MIR50°C 0,642646 2,208593 - - - 0,989468 0,042268
MIR60°C 0,761415 2,241401 - - - 0,998230 0,017542
MIR70°C 1,111216 3,577709 - - - 0,980729 0,046543

FD, freeze-drying; M1R-FD, mid-infrared-assisted freeze-drying; MIR, mid-infrared drying
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Figure 3. Specific energy consumptions of pear under various dehydration conditions

uptake o f  different dryers

The specific energy consumption (SEC) during 
different drying processes are summarized in Figure 3. 
The SEC values were varied between 4.5 and 339.3 
M Jk g  w ate r1 for all drying conditions. The maximum 
SEC occurred at the FD drying (339.3 MJ kg w a te r1 -

FD had the longest drying time). In the case o f the FD 
process, the longest drying time resulted the highest 
SEC.

It can be seen from Figure 3 that the SEC linearly 
increased with the drying temperature decreased in MIR 
(pre-drying). It was observed that the SEC of MIR-FD was 
significantly lower (P<0.05) than that of the FD. The SEC
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in the MIR70°C-FD was 194.7 MJ-kg water1, which was 
lower than o f 42.62% in pure FD drying.

Among all of the drying operations, the SEC of 
MIR70°C was 4.5 MJ-kg w ater1, which was the lowest -  
it was less, than of 98.67% in single stage o f FD 
dehydration. The MIR drying had significantly lower 
(P<0.05) drying time and energy consumption compared 
with other drying methods. These results are in agreement 
with those reported by [25].

It was stated that increasing mid-infrared radiation or 
drying temperature reduced the operational time, thereby 
reducing the specific energy consumption. Similar results 
have also been reported by [26].

Hardness o f  pear product

The effects of MIR, FD and MIR-FD drying methods on 
the texture of pear cubes are reported in Figure 4.
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Figure 4. Effect of different drying methods on the hardness of pear cubes

The statistical analysis showed that the effects o f drying 
temperature and drying methods on the firmness were 
significant (P<0.05). The hardness force values for FD, 
MIR40°C-FD, MIR50°C-FD, M1R60°C-FD, MIR70°C- 
FD, MIR40°C, MIR50°C, MIR60°C and M1R70°C pears 
were 30.15, 21.01,25.91, 25.45, 38.6, 44.43, 45.12, 48.33 
and 54.87 N, respectively. It was evidenced that the 
hardness o f biomaterials dried by MIR was higher than for 
those dried using MIR-FD and FD. Moreover, the hardness 
of fresh pear (2.24 N) was significantly lower (P<0.05) 
than that o f dried products treated by all drying methods.

The pear dehydrated by M1R40-60°C-FD methods show 
significantly lower (PO.05) firmness values than FD dried 
sample. This fact can be explained by the drying uniformity 
and short drying time.

The shorter operational time o f MIR pre-drying might 
have contributed to the better texture quality of the finish 
product. According to [27] in case of the MIR pre-drying 
the surface moisture evaporates faster and the inside of the 
biomaterial retains a porous honeycomb structure. This fact 
leads to softening of the texture.

The statistical analysis o f the biomaterial showed no 
significant differences (P>0.05) between MIR50°C-FD and 
MIR60°C-FD dried pears.

It can be observed that the FD product result in a clearly 
porous structure, which explain relatively low firmness of 
freeze-drying (30.15 N) [28].

The results showed that the higher drying rate and IR 
power during MIR70°C resulted in significantly higher 
(P<0.05) firmness o f the products compared to MIR40- 
60°C. The results of hardness at MIR40°C, MIR50°C and 
MIR60°C products showed no significant (P>0.05) 
differences in texture between drying methods. It can be 
observed, that increasing drying temperature and IR 
intensity, the hardness values increased (P>0.05) at MIR- 
FD and MIR drying (except of MIR60°C-FD).

Effect of drying on product color

Table 3 presents the color parameters of MIR, FD and 
MIR-FD dried and fresh pear samples. Color of fresh pear 
cubes before processing is: L* =73.59, a*= 0.22, b’= 16.86, 
respectively. Compared to the control (raw material), the 
L* and b* values decreased and the a’ values increased 
significantly for MIR and MIR-FD dried products. 
Preferred colors are those closest to the original color of 
fresh pear cubes.

In general, MIR-FD dried pears were darker (+L*), 
redder (+a*) and less yellow (+b*) in color than the undried 
pears. The FD dried product were lighter (+L*), slightly 
redder (+a*) and less yellow (+b*) than fresh pear cubes.

The L* values were ranged between 56.97 and 78.18 and 
a* values between 2.05 and 8.97 and b* values between 
11.65 and 16.67 for dried pear cubes. The total color
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change (AE) of pear cubes, calculated from Eq. 8 is variation of colors in foods during drying. The AE o f dried
colorimetric parameters used extensively to describe the pear was in a range between 4.95 and 19.49.

Table 3. Color values of the pear samples produced by using different drying methods

Description Color parameters
L a b AE

Fresh material 73,59 0,22 16,86 —

FD 78,18 2,05 16,60 4,95a
MIR40°C-FD 71,73 5,29 16,67 5,4ob
MIR50°C-FD 66,82 6,45 15,83 9,25d
MIR60°C-FD 67,71 4,91 15,82 7,59c
M1R70°C-FD 63,83 6,01 14,60 1 l,56e
MIR40°C 60,66 7,23 13,40 15,11'
MIR50°C 58,67 7,56 12,52 17,18h
MIR60°C 59,23 7,13 12,98 16,40's
M1R70°C 56,97 8,97 11,65 19,49'

Means with different letters in the same column were significantly different 
at the level (P<0.05)
FD, freeze-drying; M1R-FD, mid-infrared-assisted freeze-drying; MIR, 
mid-infrared drying.

The FD dried pear exhibited the highest L* value and the 
lowest AE value, followed by M1R-FD and MIR pear 
showed the lowest L* value and the highest AE value. High 
L* value (78.18) of FD pear indicated that the brightness 
coordinate faded due to freezing process in FD drying. 
Freezing rate during FD drying is one of the causes of 
significant AE (4.95) changes in FD products. The b* 
values of the samples (16.60 and 16.67) showed that the 
FD and M1R40°C-FD pear cubes resembled the fresh 
product. This can be explained by the sensitivity of pear to 
temperature. The FD and M1R40°C-FD drying caused little

color change compared with the raw pear cubes. During 
the FD process, the Maillard reaction was inactivated.

The color of MIR40°C-FD product was the closest to that 
of the FD samples. There were no significant differences 
(P>0.05) observed in the total color difference (AE) among 
the two drying methods. It is clear that lower drying 
temperature (1R intensity) and longer operational time of FD 
finish-drying maintained the original color of fresh pear 
cubes better. This can be explained by the short drying times 
and relatively low temperatures in case of MIR pre-drying 
which did not promote browning reactions.

Figure 5. Effect of different drying methods on the rehydration characteristics of pear

It can be seen that the L* value (71.73) of dried product temperatures were above 40°C at MIR-FD, rendering the
by MIR40°C-FD is very similar to fresh material. Drying possibility to the Maillard browning (so called non-
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enzymatic browning). It was observed that the L* value is 
relevant to browning in the products. In the case o f L* 
value, it was found that drying temperature and drying 
methods were the significant factors influencing the 
changes in brightness.

However, at the end of the drying the total color 
difference for MIR-FD at 40°C-70°C was the significantly 
(P<0.05) less than that for MIR drying at same drying 
temperature. The higher drying temperature (higher 
emission peak wavelength) m ay be the reason for 
deterioration o f color of pear during MIR from 40°C to 
70°C. The present color results indicated that the MIR 
products were darker (browner and redder) than those of 
the FD and MIR-FD samples. The MIR products provided 
the highest a* and lowest L* and b’ values due to charring. 
The Maillard reaction and caramelization, may also occur 
due to heat during the MIR drying process. As the IR 
power increased, the AE values o f  the MIR and MIR-FD 
samples increased significantly (P<0.05) -  except of 
MIR60°C and MIR60°C-FD.

Rehydration capacity

The Rehydration Ratio (RR) values o f pear cubes dried by 
MIR, FD and MIR-FD are shown is Figure 5.

The end o f the rehydration process the RR values for 
pear cubes dried with M1R40°C-FD, MIR60°C-FD, 
MIR70°C-FD, MIR50°C-FD, FD, MIR40°C, MIR50°C, 
M1R60°C and MIR70°C were 3.47, 3.41,3.39, 3.22, 3.05, 
2.87, 2.65, 2.53 and 2.48, respectively. The RR o f the 
biomaterial dried by MIR-FD was the highest, followed by 
FD and MIR dried pear dices, and there was significant 
difference (P<0.05) between each methods. Opposite trend 
was observed in the previous study [25]. The MIR-FD was 
found to be inferior compared to the FD-MIR as the former 
tended to produce products with a collapse surface layer 
and poor rehydration capacity.

From Figure 5 we can see that the highest RR values in 
dried pear cubes by MIR-FD was because fewer physical 
and chemical changes occurred in the MIR-FD process due 
to shorter drying time and uniform heating compared to 
FD. The MIR pre-drying shows great promise in this 
respect. There were no significant differences (P>0.05) 
observed between MIR40°C-FD, MIR60°C-FD and 
MIR70°C-FD dried products. The water uptake curve of 
MIR-FD samples was suddenly jum ped during the first 5 
minutes of the rehydration procedure. This is because o f 
the fast rehydration achieved with MIR-assisted FD 
materials. When the rehydration time was increased from 
5 to 60 min, the RR of pear cubes was rose slightly at MIR- 
FD. All of the MIR-FD and FD samples showed 
stabilization in rehydration curve from 60 to 90 min — the 
samples became saturated.

Faster drying with IR and quicker diffusion o f water 
vapor from the pear might help the sample retains its 
porous, less dense structure, increasing its ability to 
absorb more water during rehydration process [29]. 
Roknul et al. [30] was observed some porous spaces in 
the tissue cells of the m aterial dried by IR. This 
phenomenon can be explained by the fact that during IR,

some swelling occurs in the tissue cells due to the 
absorbance of IR radiation, especially in a thin-layer on 
the sample surface.

The relatively higher rehydration capacity of FD 
products (RR=3.05) might be the result of such enhanced 
porous structures and prevention of tissue collapse. It was 
observed that the RR of FD after relatively rapid water 
uptake (at the beginning of rehydration process) gradually 
increased until reached the constant state at 60 min.

The pear cubes dried by MIR showed the significantly 
(P<0.05) lowest RR (between 2.48 and 2.87), but the 
values of RR is not negligible. The RR of MIR-FD sample 
almost doubled than the MIR samples when the 
rehydration process was reached 5 and 10 min. In addition, 
when the soaking time was increased from 10 min to 90 
min, the RR of samples was increased slightly at MIR. The 
RR was found to decrease with increasing IR intensity 
levels (drying temperature) at MIR drying. Data indicated 
that increasing IR intensity level from 3 to 5.5 kW n r2 
exhibited a decline in RR of M1R40°C-70°C from 2.87 to 
2.48.

The difference in rehydration attribute was related to 
surface hardening and the degree o f structural damage 
which occurred during dehydration.

4. Conclusion

Three drying methods, i.e. mid-infrared-freeze drying 
(MIR-FD), freeze-drying (FD) and mid-infrared drying 
(MIR) were used in the preparation of pear cubes at four 
different drying temperatures (40, 50, 60 and 70°C) and 
the drying kinetics, the specific energy consumption 
(SEC), physical and mechanical properties of product 
(rehydration, color and texture) was investigated.

Application of mid-infrared-freeze drying enhanced the 
drying rate and significantly reduced (PO.05) the 
operational time and SEC for pear samples. The 
dehydration rate (DR) of MIR-FD for pear cubes was 
higher than FD and was lower than MIR. The total drying 
time required for MIR-FD methods was 720-1080 min, 
reduced by 43-14% compared to pure FD (1260 min). 
Moreover, the operational time of MIR70°C-FD was the 
shortest, followed by MIR60°C-FD, MIR50°C-FD and 
MIR40°C-FD. It was found that the drying rate increases 
substantially with the increase in infrared drying 
temperature (intensity level).

In order to explain the drying behavior of pear, two thin- 
layer drying models were used. The drying kinetics were 
well-fitted by Henderson and Pabis model and third-degree 
polynomial model could adequate describe the dehydration 
behavior of pear under MIR, FD and MIR-FD conditions.

The MIR-FD products had softer texture (except of 
MIR70°C-FD) and better rehydration capacity than the FD 
and MIR samples. In terms of physical attributes of 
product, FD showed the better color. Pears dried by MIR 
had the worst quality, but cost the lowest SEC.

Hence, taking into account the drying characteristics and 
the product quality attributes, the combined mid-infrared 
pre- and freeze finish-drying (optimum condition: M1R50- 
60°C-FD) was the best method for industrial processing of
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pear and commercial-scale application. On the basis of our 
results, it can be recommended that the MIR pre-drying 
temperature of pear should not exceed 60°C during the 
dehydration process.
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Abstract

Out of all food of animal origin, the demand for poultry 
meat increases the most dynamically - the poultry sector 
can only satisfy this demand by introducing more and more 
intensive raising technology. The goal of this study is to 
measure the positive impact on production production 
parameters (mortality, live weight gain, feed conversion 
ratio) of vitamins and nutrient supplements (Gastroferm 
M+C®, Jolovit®, Norovit-Amino Forte®, Phylamic®, 
Tetraselene-400-E®, Tetravit AD3E Forte® and Vitaplan 
DCP®) in raising broiler chickens, and to conduct an 
economic analysis of their application. In the study, we 
measured the effects on production indices of a special feed 
additive mix that contains vitamin- and nutrient 
supplements, which were compared to those in the control 
group having no extra supplements. Based on the 
differences in the production parameters, we conducted the 
cost-benefit analysis of this special feed supplement mix. 
The Ross 308 hybrids in the experimental group were fed 
with supplements and produced 0.6% percentage point 
lower mortality rate, 0.11 kg more slaughter weight, and
0 . 13 kg/kg smaller feed conversation ratio on average 
compared to the control group. Based on the analysed 
production indeces, the use of the vitamin and mineral 
supplements had a 10.9 return on investment (ROl), and 
yielded 41.5 HUF extra profit per chicken in the 
experimental group compared to the control group.

Keywords

cost-benefit analysis, broiler chicken production, nutrient 
supplements

1. Introduction

The poultry sector has a very significant role within the 
agriculture sector, not only in Hungary, but all around the 
world [ 1 ]. Producing poultry meat is faster, and more cost-

efficient than that of mammals. As the less-developed 
countries gradually close the economic distance, their 
population gradually changes their eating habits which 
requires a larger amount of meat being produced globally. 
Out of all food of animal origin, the demand for poultry 
meat increases the most dynamically, and the poultry sector 
can only satisfy this demand by introducing more and more 
intensive raising technology.

In Hungary, an average of 70% of total production costs 
of broiler raising are made up of the feeding costs [2]. As 
the livestock farmers have no way of influencing grain 
prices, they try to decrease other costs [3]. The goal of this 
study is to measure the positive impact on production 
parameters of vitamins and nutrient supplements in raising 
broiler chickens and to conduct an economic analysis of 
their application.

2. Overview of the global and Hungarian poultry 
sector

Global market outlook o f  the poultry sector

The poultry sector has undergone a more rapid 
development than other animal husbandry sectors in the 
XX. century, most notably in its second half. Even the 
economic crisis that we had to deal with in the first decade 
of the XXI. century, and the decrease in demand and the 
increase in feeding costs could not diminish this sector. 
Even though it doesn't show the same dynamism as before, 
it's still expanding steadily. The global annual poultry meat 
production reached 100 million tons by 2011. Based on the 
forecasts, this amount may go up to 122 million tons by 
2020 [4]. Due to the biological traits o f poultry species, 
poultry is the husbandry sector that adapts most easily to 
the consumer demands [5]. Therefore, the poultry meat 
production and trade is expected to grow further on a 
global level [6]. Based on Rabobank's [7] forecast, the 
global poultry meat production may even surpass the pork 
production by 2030.
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The chicken meat production o f  the European Union 
exceeded the consumption by 181.000 tons in 2000, which 
is expected to be 125.000 tons more by 2025. This means 
that the European Union won't become a net importer by 
then [8]. However, the costs related to the stricter 
administrative, animal welfare, environmental protection 
and animal transport regulations, and to the more often 
authority checks and laboratory tests will increase [9]. This 
increase in production cost can be expected in both the 
member states that joined the EU in the last 10-15 years 
with less developed economies, and the older member 
states [2].

Production costs o f  the Hungarian boiler chicken 
sector

In broiler chicken production the feed costs are the most 
significant, as they give nearly three fourths of the total 
production cost (Figure 1). In recent years, we saw these 
costs fluctuated greatly year by year, but eventually 
increased (Figure 2). For the production the feed was 
generally purchased, therefore, the broiler chicken farmers 
are very dependent on the feed distributors.

Figure 1. Distribution of broiler chicken production cost in 2012 [6]
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Figure 2. Monthly sale prices for broiler starter feed (2004-2013) [5]

Based on the change in feed prices in the last 10 years, 
we can conclude that the prices are closely related to the 
procurement of soya, which is a weakness for the 
Hungarian animal husbandry in general [11]. The changes 
of global market prices are fundamentally influenced by 
three factors; the decrease o f production in some major 
production areas, the increasing demand for feed due to the 
expansion o f animal husbandry, and the increasing bio

ethanol production [12]. Feed prices were between 70 and 
75 HUF/kg in 2004, whereas nowadays, they're above 100 
HUF/kg [8].

Sale prices of chickens for slaughter follow the changes 
in feed prices a little bit later. Figure 3. shows that after the 
avian flu outbreak in 2006, sale prices were constantly on 
the rise until 2008, when the global financial crisis hit in, 
but afterwards began to rise again.
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Figure 3. Monthly sale prices of chickens for slaughter in Hungary (2004-2013) [5]

3. Materials and methods

The goal of the research was to measure the effects on 
production indexes (mortality, live weight gain, feed 
conversion ratio) of a special feed additive mix containing 
vitamins [13, 14] and nutrient supplements [15, 16, 17] 
(Gastroferm M+C®, Jolovit®, Norovit-Amino Forte®, 
Phylamic®, Tetraselene-400-E®, Tetravit AD3E Forte® 
and Vitaplan DCP®), which were compared to those in the 
control group having no extra supplements. Based on the 
differences in the production parameters, we conducted the 
cost-benefit analysis of this special feed supplement mix. 
The research was done on a poultry farm in Bács-Kiskun 
county between June 2012 and March 2013.

The chickens were raised in four pens on the closed 
intensive poultry farm, each measuring 1000 m2, and there 
were other service buildings. The pens had automatic 
feeding, drinking, heating and ventilation systems with a 
total capacity of 70,000 broiler chickens and all-in-all-out 
technology was applied. Mixed gender Ross 308 hybrids 
were raised to be ready for slaughter in 5 and half weeks, 
and after the second day of Week 5, the chickens were 
started to be transported to the slaughterhouse, and by 
Week 6, the pens became empty. This was followed by a 
week of cleaning, and another two weeks of the service 
period. Thus, the rearing period was 9 weeks altogether.

The day-old chicks in the trial were settled on the 29th 
of November 2012, and were transported for slaughter on 
the 7th of January 2013, when they were 38 days old. One 
of the four pens was used for the experimental group, 
another for the control group. Up to 17,800-18,200 birds 
were kept in one building. In the trial, we observed 17,965 
experimental and 18,078 control animals which were 
sorted to two separate pens, but their housing and feeding 
conditions were identical. The stocking density was 17 
chickens/m2. In the flock an ad libitum feeding protocol 
for 6 weeks was applied.

In the trial, the control group didn't receive any vitamin 
or mineral supplements. The experimental group received

the vitamin- and nutrient supplements through the drinking 
system. The drinking protocol in the experimental group 
can be seen in Table 1. The average water consumption for 
17,000 chickens in the flock was as follows: 2,200 litres 
on Week 2, 3,700 litres on Week 3, 5,000 litres on Week 4, 
5,500 litres on Week 5. During the experiment, neither the 
experimental, nor the control group received antibiotics for 
curative or preventative reasons.

Evaluation o f  the production and economic indices

In the trial we used those production indices that can also 
be expressed in monetary units in order to conduct the 
economic analysis. Therefore, we analysed the slaughter 
weight, the feed conversion ratio and the mortality - as the 
length o f the fattening was identical for both the 
experimental and the control groups. We conducted 
representative body weighings weekly to follow the live 
weight gain, and measured the total weight of broiler 
chickens marketed. We registered the total feed 
consumption for the entire fattening period. The number 
of mortalities and that of culled chickens and their live 
weight were also registered. We did pathology 
examinations for the chickens that died in order to 
determine the cause of death.

Based on the aforementioned recorded data we 
calculated the disposal rate (%) by summing the 
mortalities and cullings, which was divided by the 
number o f day old chicks settled, and afterwards 
multiplied by 100. We calculated the number of broilers 
ready to slaughter by subtracting the sum of mortalities 
and cullings from that o f day old chicks which were 
settled. We divided the total slaughter weight by the 
number o f birds marketed (slaughtered), which led to the 
average slaughter weight. We calculated the feed 
conversation ratio via dividing the total feed 
consumption by the total slaughter weight.

We also calculated the broiler index in order to evaluate 
the efficacy of broiler chicken raising better. The broiler
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index (EPEF - European Production Efficiency Factor) is 
a relative index without unit and being related to the

profitability o f broiler chicken production, which is 
calculated by using the following formula [10]:

Broiler index: s u rv iv a l  r a t e  ( % ) x  s la u g h t e r  w e ig h t ( k g )  
f a t t e n i n g  p e r i o d  ( d a y s ) x  f e e d  c o n v e r s a t i o n  ra t io

X 100.

Table 1. Drinking protocol in the experimental broiler chicken group

Age
(d ay s)

Product D o se /1000 1 
w a te r

Age
(d ay s)

Product D o se /1 0 0 0  1 
w a te r

i. Jolovit* 1000 ml 20. Norovit-Amino Forte* 500 ml

2. Jolovit* 1000 ml 21. Vaccination against 
Newcastle disease -

3. Vitaplan DCP* 200 ml 22. Norovit-Amino Forte® 500 ml
4. Vitaplan DCP* 200 ml 23. - -

5. Vitaplan DCP* 200 ml 24. - -

6. Gastroferm M+C* 250 g 25. - -
7. Gastrofenn M+C* 250 g 26. Tetravit AD3E Forte* 1000 ml

8. Norovit-Amino
Forte*

500 ml 27. Tetravit AD3E Forte* 1000 ml

9. Norovit-Amino
Forte*

500 ml 28. Tetravit AD3E Forte* 1000 ml

10. Norovit-Amino
Forte*

500 ml 29. Tetravit AD3E Forte* 1000 ml

II. Tetraselene -400-E* 1000 ml 30. Gastroferm M+C* 500 g

12. Vaccination against 
contagious bursitis

- 31. Gastroferm M+C* 500 g

13. Tetraselene -400-E® 1000 ml 32. Gastroferm M+C* 500 g
14. Tetraselene -400-E® 1000 ml 33. - -
15. Tetraselene -400-E® 1000 ml 34. - -

16. Gastroferm M+C® 250 g 35. Jolovit* + Phylamic* 1000+
2000ml

17. Gastroferm M+C® 250 g 36. Jolovit* + Phylamic* 1000+
2000ml

18. Gastroferm M+C® 250 g 37. Phylamic® 2000 ml
19. - - 38. - -

In our financial analysis, the partial budgeting method 
which takes into account only those costs and revenues that 
change after administering the feed supplements. In the 
calculations, we multiplied the total slaughter weight by 
the market price in order to get total income. The total feed 
costs were calculated by multiplying the costs o f the given 
diets (e.g. pre-starter, starter, grower, finisher) per unit by 
their quantities consumed, and summed them up. The price 
of day old chicks was multiplied by the number of birds 
settled, which resulted in the total cost of day old chicks. 
We calculated the gross margin as the margin between total 
income and the total cost o f  day old chicks and feeding 
[ 10].

The difference between the gross margin of the 
experimental group and that o f the control group gave us 
the extra margin for the experimental group, and 
afterwards, having known the price and cost data of 
vitamin and nutrient supplements, we were able to 
calculate the benefit-cost ratio (B/C) and the return of the 
investment (ROI) of the application of the feed additive 
mix [Ózsvári].

Price and cost data

In the financial analysis, we used the procurement prices 
of the different -  pre-starter, starter, grower and finisher - 
feeding diets and the slaughter price of the broiler chickens 
(Table 2).

Table 2. Cost and price data

ITEM HUF/kg
Old day chicken price 
(HUF/chicken)

94.0

Pre-starter feeding diet price 
(HUF/kg)

121.0

Starter feeding diet price 118.6
Grower feeding diet price 114.2
Finisher feedign diet price 112.0
Broiler chicken slaughter price 295.0
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The procurement prices of vitamin and nutrient 
supplements administered in the experiment were 
calculated as the average of the sale prices of three 
distributors - two private veterinary pharmacies and one 
big veterinary wholesaler and retailer corporation. The 
costs of feed supplements were calculated by multiplying 
their average price by their quantity used up.

4. Results and discussion

Return o f  the vitamin- and nutrient supplements used 
in broiler raising

The average length of broiler fattening was 38 days in both 
the experimental and the control groups. The vitamins and 
nutrients which were given as supplements in the 
experimental group via drinking water during the fattening

resulted in better production indices, compared to the 
control group (Figure 4).

Substantial improvement could be observed for cullings 
(experimental: 42, control: 74 animals) which together 
with the number of deaths diminished the disposal rate (%). 
The disposal rate was nearly 1 percentage point higher in 
the control group than in the experimental group. The 
mortality of chickens decreased significantly from Week 2 
in the experimental group, compared to the control group. 
Furthermore, at the end of the 38-day fattening time, the 
slaugther chickens in the experimental group weighted 10 
grams more on average, however their feed conversation 
rate was 13 grams lower. The broiler index was also 
significantly better, as it was 352 for the experimental 
group, and only 309 for the control group.

Deaths (animal)

■ Experimental group Control group

Figure 4. Mortality rate

The gross margin analysis for the control broiler chicken group can be seen in detail below:

Day old chicken price: 
Day old chicken costs: 
Total feed costs:

Slaughter price: 
Total income:
Total gross margin:

Average gross margin:

94 HUF/chicken
18,078 chickens x 94 HUF = 1,699,332 HUF
5,620 kg x 121 HUF/kg = 680,020 HUF (pre-starter diet)
9,990 kg x 118.6 HUF/kg = 1,184,814 HUF (starter diet)
27,100 kg x 114.2 HUF/kg = 3,094,820 HUF (grower
diet)
29,140 kg x 112 HUF/kg = 3,263,680 HUF (finisher 
diet)
295 HUF/kg
295 HUF/kg x 39,077 kg = 11,527,715 HUF 
11,527,715 HUF -  (1,699,332 HUF + 680,020 HUF + 
1,184,814 HUF + 3,094,820 HUF + 3,263,680 HUF) = 
= 11,527,715 HUF -  9,922,666 HUF = 1,605,049 HUF 
1,605,049 HUF/ 17,291 chickens = 92.8 HUF/ 
slaughter chicken

The gross margin analysis for the experimental broiler chicken group can be seen in detail below:
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Day old chicken price: 
Day old chicken costs: 
Total feed costs:

Slaughter price: 
Total income:
Total gross margin:

Average gross margin:

94 HUF/chicken
17,965 chickens x 94 HUF = 1,688,710 HUF
5,500 kg x 121 HUF/kg = 665,500 HUF (pre-starter diet)
10.000 kg x 118.6 HUF/kg = 1,186,000 HUF (starter 
diet)
26,800 kg x 114.2 HUF/kg = 3,060,560 HUF (grower 
diet)
27,900 kg x 112 HUF/kg = 3,124,800 HUF (finisher 
diet)
295 HUF/kg
295 HUF/kg x 41,093 kg = 12,122,435 HUF 
12,122,435 HUF - (1,688,710 HUF + 665,500 HUF +
1.186.000 HUF + 3,060,560 HUF + 3,124,800 HUF) = 
= 12,122,435 HUF - 9,725,570 HUF = 2,396,865 HUF 
2,396,865 HUF/ 17,339 chickens = 138.2 HUF/ 
/slaughter chicken

The total vitamin- and nutrient supplements costs 
amounted to 72,650 HUF in the experimental group.

Due to the better production parameters, the 
experimental broiler chicken group generated 45.4 
HUF/head extra gross margin and 41.5 HUF/head extra 
profit compared to the control group. The benefit-cost ratio 
(B/C) of application of vitamin and nutrient supplements 
was 10.8. In other words, on every HUF invested 10.9 
HUF income was generated, that is, 9.9 HUF profit. The 
return on investment was 990%, which means a much 
higher yield than the current financial investment options 
(Annex 1).

The results of the experiment show that the application 
o f feed additive mix containing Gastroferm M+C®, 
Jolovit®, Norovit-Amino Forte®, Phylamic®, Tetraselene- 
400-E®, Tetravit AD3E Forte® and Vitaplan DCP® makes 
broiler chicken production more profitable.

5. Conclusions

Based on the cost-benefit analysis it can be stated that for 
broiler chicken production, it is economically beneficial to 
apply mixtures of vitamin and nutrient supplements 
administered in the drinking water, but further experiments 
are required to find the optimal feed additive mixture.
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Annex 1. Economic analysis of the application of broiler chicken vitamin and nutrient supplements

Parameters Control
group

Experimental
group Difference

Number o f settled birds 18 078 17 965 -113
Deaths (birds) 713 584 -129
Deaths (kg) 438.2 262.7 -175.5
Mortality (%) 3.9 3.3 -0.6
Cullings (birds) 74 42 -32
Callings (kg) 162.8 96.6 -66.2
Disposal rate (%) 4.4 3.5 -0.9
Number o f  ready to slaughter birds 17291 17 339 +48
Total slaughter weight (kg) 39 077 41 093 +2 016
A verage slaughter weight (kg/chicken) 2.26 2.37 +0.11
Total feed consumption (kg) 71 850 70 200 -1 650

Feed conversion ratio 1.84 1.71 -0.13

Broiler index 309 352 +43

Total income (HUF) 11 527 715 12 122 435 +594 420

Total feed costs (HUF) 9 922 666 9 725 570 -197 196

Day old chicken costs (HUF) 1 699 332 1 688 710 -10 622

Total gross margin (HUF) 1 605 049 2 396 865 +791 816
Average gross margin (HUF/slaughter 
chicken) 92.8 138.2 +45.4

Total vitamin- and nutrient supplement 
costs (HUF) 0 72 650 +72 650

A verage supplement costs 
(HUF/slaughter chicken) 4.2

Average profit (HUF/slaughter 
/chicken) 41.5

Benefit-cost (B/C) ratio 10.9
Return on investment (ROI, %) 990
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Abstract

Virgin and surface treated polymers are often used in food
processing and packaging industry. Atmospheric cold 
plasma treatment can effectively modify the adhesive 
behaviour o f the surfaces. An extruded (smooth) surface of 
PA6 E and UHMW-PE HD 1000 have been treated by 
DBD plasma under air atmosphere conditions. The major 
objectives o f the present study are exploring the effect of 
DBD plasma on the surface energy and adhesive bonding 
capability o f the polymer. Where the surface energy has 
calculated, based on Owens-Wendt method and the 
adhesive (lap-shear) test carried out DIN EN 1465 standard 
with applying different adhesive types. The results expose 
that the DBD plasma treatment enhances the adhesive 
bonding capability due to increased surface energy and 
modified the topography and the chemical composition of 
the surface. However, PA6 E shows higher tensile shear 
strength compared to UHMW-PE HD 1000 because of the 
higher polarity of PA6 E after treatment.

Keywords

DBD cold plasma treatment, surface energy, wettability, 
shear strength, polymer adhesive bonding

1. Introduction

Nonpolar material and polymers (in particular) have low 
surface energy thus low adhesion force. A hydrophilic 
surface is required to obtain adequate adhesion to other 
material types. On the other hand, the superhydrophobic 
surface is required for several applications [1]. The 
development in the testing o f sticking technologies of 
machine parts made of engineering plastics comes into the 
foreground rather continually [2]. Vehicle industry is a 
good example of importance to explore quick high 
strengths and elastic component contacts [3], this made the 
surface treatment required to promote surface properties. 
Many different methods have been developed for polymer

modification, such as chemical vapor deposition, soft 
lithographic imprinting, sol-gel method, etc. [1]. However, 
there are many current and emerging wetting and adhesion 
issues which require an additional surface processing to 
enhance interfacial surface properties [4]. Plasma treatment 
has become the best method to improve the surface 
wettability of polymers [5]. Among studies have been 
extensively investigated low-pressure plasma techniques 
(plasma immersion ion implantation) and their effects on 
the surface modification of various polymers [6, 7]. 
Recently, atmospheric-pressure plasma has been rising 
interest to use for surface modification of polymeric 
materials instead of low-pressure plasma in the academic 
research and industrial applications, due to its vacuum less 
system, operable under atmospheric pressure and its effects 
of ablation crosslinking and activation.

In the present study, two commercial polymers most 
commonly used in the industrial, agricultural and medical 
applications have been selected: Polyamide 6 Extruded (PA 
6 E) and Ultra High Molecular Weight Polyethylene High 
Density 1000 (UHMW-PE HD 1000).

In literature, the results showed the that atmospheric cold 
plasma treatment in a low-pressure increase the surface 
energy of PE and they found that plasma improves the 
using of PE in the medical applications [8] and it enhances 
the shear strength of adhesive bonding also [9]. In parallel, 
PA 6 illustrated better surface energy and adhesive bonding 
over plasma treatment [10].

The main aim is finding a correlation between pristine 
and treated surface properties from the point of surface 
energy, thus adhesion and shear strength of adhesive 
bonding for polymer/polymer and polymer/ steel pairs for 
the selected polymers.

2. Materials and methods

Materials and preparation

Two types of commercially available engineering polymers 
(distributed by Quattroplast Ltd., Hungaiy and produced 
by Ensinger GmbH, Germany), were used in bulk
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conditions: Polyamide 6 Extruded or PA6 E grade 
Docamid-6-E and Ultra High Molecular Weight 
Polyethylene High Density 1000 or UHMW-PE HD1000 
grad Docalene-HDIOOO. The mechanical properties of the 
materials are as follows: PA6 E (elastic modulus E = 3300 
MPa, tensile strength a = 79 MPa, glass transition 
temperature Tg = 45 °C), UHMW-PE HD1000 (elastic 
modulus E = 680 MPa, tensile strength a  = 22 MPa, 
Melting temperature= 135 °C). Structural steel (S 235 JR 
N) was used as counterfaces for the adhesive test, it is one 
of the most common type of the general-purpose, non-alloy 
steels with low carbon content (0.17 %). In general, its 
Rm= 400-500N/mm2 (Ferroglobus Ltd, Hungary). 
Different adhesives (Henkel Loctite, Hungary) were 
applied with bond line (thickness) 0.1 mm: Loctite 406 
(Ethyl cyano-Acrylate), Loctite 3035 (Methacrylate-

Acrylic), Loctite 9466 (Two-component Epoxy), Loctite 
330 (Urethane metacrylate ester-Acrylic) and Loctite 770 
(Aliphatic amine-Primer, Cyanoacrylate) as primary 
activator, detailed technological steps specified and 
properties of each glue are available in (Technical Data 
Sheet (TDS) of Loctite) [11]. The polymer applied very 
smooth (extruded) surfaces. Before testing, the samples 
were cleaned in an ultrasonic bath with distilled water and 
96% ethanol (Reanal, Hungary). The surface energy 
evaluation samples were prepared in disc-shaped samples 
with a diameter of 10 mm and thickness of 2 mm. For 
adhesive test the samples (polymer and steel) were 
prepared in a rectangular shape with dimensions: 25.4 mm 
x 100.0 mm x 2.0 mm as shown in Figure 1. The polymer 
samples were cut from extruded plate.

Figure 1. Sample dimensions of adhesive test

Table 1. illustrates the materials and used adhesives (the Loctite made a choice based on Technical Data Sheet (TDS) 
recommendation) [11].

Table 1. The planning material and adhesives for the bonding test

Bonded
materials

Adhesive Primary activator

PA6E -  PA6E Super glue: Loctite 406 -

Two-component Epoxy: Loctite 9466 -

Structural adhesive: Loctite 330 -

PA6E-S235
Steel

Super glue: Loctite 406 -

Two-component Epoxy: Loctite 9466 -

Structural adhesive: Loctite 330 -

HD 1000- 
HD1000

Super glue: Loctite 406 Primary: Loctite 
770

Structural adhesive: Loctite 3035 -

HD 1000- 
S235 Steel

Super glue: Loctite 406 Loctite 770 only 
for HD 1000

Structural adhesive: Loctite 3035 -

Plasma treatment

The atmospheric pressure ambient air plasma was 
generated by DCSBD plasma source. The principle of 
DCSBD plasma is based on a coplanar DBD where comb- 
shape electrodes are embedded in a dielectric. The diffuse 
plasma is generated in thin 0.3 mm thick flat layer on 
alumina ceramic which designates the DCSBD to be used 
especially for treatment of flat surfaces. The DCSBD 
electrode system was powered by AC HV source of

frequency approx. 14 kHz and voltage approx. 20 kV peak- 
to-peak and the total power in plasma during the 
experiments was 400 W. The area of generated plasma of 
DCSBD is 170 cm2, thus the surface energy density and 
volume energy density at power of 400 W are 
approximately 2 W cm2 and 80 W cm3, respectively. The 
DCSBD plasma is described in detail [12]. The plasma 
treatment was performed in dynamic treatment mode and 
the distance between the treated polymer surface and 
DCSBD ceramic was 0.3 mm. The treatment has been done
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under air atmosphere conditions (T= 23°C, H= 50%), the 
apparatus shown in Figure 2. The treatment time for each 
specimen was 1 min.

Figure 2. DBD laboratory test equipment used 
for polymer surface

The marking system o f  bonded specimens

The different combination o f specimens must be
distinguished, therefore the following identification has
been introduced.

PA6 example:

О PA6 PA6 406 11 1

-1 . marking: It indicates the condition of the surface (0- 
pristine surface without plasma treatment, 1-with cold 
plasma (DBD) treated surface).

-2 . and 3. marking: refer to the conjugate materials.
—4. marking: refers to the type o f adhesive.
-5 . marking: refers to the use o f the activator. If 11 means 

activator was used for both surfaces, 00 not one of them, 
10, 01 -  only one surface.

-6 . marking: refers to the serial numbers of the specimen 
in the bonding test (from 1 to 5).

Figure 3. SEE System apparatus which used to evaluate the 
contact angle of polymer

Contact angle measurements

Contact angle measurements were done by the static sessile 
drop method at 23 °C, with double distilled water and 
diiodomethane (Sigma-Aldrich, Reagent Plus 99% grade), 
applying the SEE System apparatus (Ramé hart 100-00) as 
shown in Figure 3. A Flamilton syringe was used to inject 
2 pi droplets. Each result of the contact angle is an average 
of 5 measurements, performed always on previously non- 
wetted parts of the samples. The surface energy component 
calculations based on Owens-Wendt method.

Adhesive test

The tensile test was carried out the ISO 527-1 standard, the 
overlap joints made according to the DIN EN 1465 
standard with a lap-shear test.

The requirements for bonding of the specimens:
-5  repeated bonding at the same time with a given

materials.
-Overlapping has to be 12.5 +_0.1 mm.
-The same normal force (5 N) applied during curing. 
-Stick-free bonding-jig to prepare the bond.

The experiments were carried out according to the glue 
producer’s (Henkel Loctite, Hungary) recommendations 
(Technical Data Sheet -  TDS -  of Loctite):

-Rough cleaning with water.
-Degreasing of the surfaces with Loctite SF 7063. 
-Creating the bonds in the jig.

The two plates were bonded to each other by using the 
apparatus which made from PTFE to reduce the 
specimens sticking (knowing, hydrophobic surface of 
PTFE) as in Figure 4. The specimens prepared 
adequately on a tensile test machine, according to DIN 
EN 1465 standard (as mentioned). Although the standard 
mentions more solutions onto the forming of the 
specimens, the simple overlap joining was selected. The 
adhesive test was done within 24 hours after the plasma 
treatment, To ensure a full effect of DBD plasma. Where 
the best results of plasma surface modification were 
performed immediately after treatment, then the surface 
starts recovering to the reference state after 24 hours [13, 
1]. The overlap area of the polymer plates (immediately 
after plasma treatment) coated with a primary activator 
(for the glues that have been recommended to use them 
with primary activator) before adding the adhesives. The 
glue amounts are 0.035 ml of Loctite 406 and 0.1 ml for 
the other structural adhesives after the adhesives adding, 
the plates set up with each other in the apparatus. The 
test has been repeated 5 times for each polymer and 
different pairs polymer/polymer and polymer/steel. The 
tensile test was managed by a (Zwick Roell Z 100) tensile 
machine as shown in Figure 5, with 1.3 m/min pulling 
speed and lOOkN maximum tensile load. The shear 
strength is equal to the maximum failure force dividing 
the bonded area.
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fixed clamp }

Figure 4. Zwick Roell Z100 tensile test machine

bonded specim ens

moving clamp

Figure 5. The apparatus which used to bond the pairs

flexible inserts

body of apparatus

Table 2. Contact angle and surface energy values for pristine and treated surfaces

Sample © w  (d e g ) ©cH2i2 (d e g ) Y p 0 , ( m J / m 2 ) Y d i s p < m J / n f

)
y t o t ( m J / m : )

PA6 untreated 70±7.2 32±2.1 6.3 43.6 50.0
PA6 treated 21 ±0.5 26±1.5 29.1 45.8 74.9
PE 1000 untreated 87±0.4 47± 1.9 1.9 36.2 38.1
PE 1000 treated 35±2.3 35±5.8 24.7 42.2 67

b)

Figure 6. The change in the surface energy values after DBD plasma treatment with 24 hours 
and 80 days; (a) PA6 E and (b) UHMW-PE HD 1000
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3. Results and discussion 

Surface energy evaluation

The Table 2. Shows the surface contact angle (water and 
diiodomethane) and surface energy components: polar 
( T p o i ) ,  dispersive ( T d i s p )  and total energy(Ttot) values. 
Where Figure 6 illustrates the surface energies change for 
pristine and a DBD plasma treated surface (after 24 hours 
and 80 days shift time). It can be seen the significant 
increase of wettability(decrease the contact angles), thus 
the surface energies. In the case of PA6 E due to DBD 
plasma treatment, the surface energy increased based on 
Owens-wendt calculation. Both the polar and disprsive 
components increased, in particular, the polar component 
increased 350% more than the original state. The 
hydrophobic recovery decreases the polar and disprsive 
components, thus the total surface energy with the function

of time, where the polarity decreased 38% and the total 
energy 15% after 80 days shift time as shown in Figure 6a.

On the other hand, UHMW-PE HD 1000 surface energies 
also increased due to DBD treatment based on Owens- 
wendt calculation, but the results have Observed that the 
increasing percent of the surface energy was higher relative 
to the original surface energy values compared to PA6 E. 
Where the polar component increased more than 1200% 
after treatment, within 24 hours. Nonetheless, the action of 
Hydrophobic recovery decreased the polar and disprsive 
thus total components with time function, where the polar 
component and total surface energy expose 32% and 18% 
less, respectively, after 80 days shift time as shown in 
Figure 6b. The change in the surface energies with the 
function of time is very slight (they can be described as 
negligible) compared to the change due to the effect of 
DBD plasma treatment.

b)

Figure 7. Lap-shear test results of PA6 E (polymer/polymer and polymer/steel pairs) with different adhesives for pristine and 
DBD plasma treated polymer: (a) average of maximum tensile test and (b) average tensile shear strength

Adhesive tests

The average of maximum force and average shear strength 
of five repetitions (polymer/polymer and polymer/steel 
joints) summarized in Figure 7 for PE6 E and Figure 8 for

UHMW-PE HD 1000. The statistical deviation of PA6 E on 
the shear strength more low after DBD plasma treatment, 
whereas slightly reduce due to plasma treatment for 
UHMW-PE HD 1000, irrespective the counterface. In 
general, the DBD plasma enhances the shear strength,
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irrespective, adhesive type and counterface as a 
consequence to increasing the polymer polarity after 
plasma treatment and modified the topography and the 
chemical composition. Using different groups of adhesives 
for each polymer makes the comparison not easy. 
Generally, PA6 E average shear strength is higher than 
UHMW-PE HD1000, it is expected, according to the 
higher polarity which PA6 E was exposed after plasma 
treatment.

In the case of PA6 E, Loctite 330 shows the highest 
increasing in the shear strength and Loctite 406 shows the 
lowest change of shear strength due to plasma treatment. 
In spite of increased shear strength after plasma treatment 
for Loctite 406 and Loctite 9466, but they still show 
comparable shear strength to the pristine surfaces. Where 
the tensile shear strength of Loctite 406, Loctite 9466 and 
Loctite 330 increased after plasma treatment: 4%, 70%, 
and 110% respectively for polymer/polymer joints and:

l?O0

34%, 53%, and 116% respectively for polymer/steel joint. 
The failure type change from adhesive failure on one or 
two surfaces of the pristine surface to cohesive in the 
adhesive layer failure or adhesive failure on one or two 
surfaces after plasma treatment of almost 5 repetitions 
expect polymer/polymer joints with Loctite 406 where kept 
the same failure type.

In contrast, polymer/polymer joints of UHMW-PE 
HD 1000 expose higher shear strength compared to 
polymer/steel joints during lap-shear test regardless 
adhesive type. The increasing in the tensile shear strengths 
of Loctite 406 and Loctite 3035 joints are 88% and 40% 
respectively for polymer/polymer joints, and: 1% and 6% 
respectively for polymer/steel joints. The failure type of 5 
repetitions is an adhesive failure on one or two surfaces of 
the pristine surface and it has remained the same failure 
type after treatment.

N'

b)

Figure 8. Lap-shear test results of UHMW-PE HD 1000 (polymer/polymer and polymer/steel pairs) with different adhesives for 
pristine and DBD plasma treated polymer: (a) average of maximum tensile test and (b) average tensile shear strength

4. Conclusion

Atmospheric DBD plasma is a very efficient technique to 
modify the polymer surface. The results of PA6 E and

UHMW-PE HD 1000 surface modified by DBD plasma 
under air conditions show:
-Increase the wettability of polymer (decrease the contact 

angle value) and the surface energy components based
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on Owens-Wendt method, where the polar component of 
PA6 E increased more than 350% for PA6 E and 1200% 
for UHMW-PE HD1000.

-Enhance the average tensile shear strength of adhesively 
bonded pairs of different couples (polymer/polymer and 
polymer/steel) and different adhesives during lap-shear 
test (carried out DIN EN 1465 standard) due to DBD 
plasma treatment due the surface characterizations 
modification after plasma treatment. Generally, PA6 E 
shows higher change in shear strength after plasma 
treatment because of the high polarity of PA6 E. 
Regardless pairs type of PA6 E, Loctite 330 shows the 
highest shear strength, where increased (110-120%) after 
treatment compared to the pristine surface. However, 
UHMW-PE HD 1000 exposed converse behaviour after 
plasma treatment, where polymer/polymer pairs showed 
higher shear strength compared to polymer/steel pairs 
irrespective the adhesive type. The increase of UHMW- 
PE HD 1000 (polymer/polymer pairs) was (40-90%) 
compared to the pristine surface.
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