








Abstract

Photovoltaic modules can generate more electricity
when receives a big quantity of solar radiation, but the
efficiency of (PV) modules will drop when the
temperature of solar cells is high. Therefore, reducing
the high temperatures of (PV) modules will contribute
to increase the electrical efficiency of (PV) modules by
extraction the thermal energy associated with the PV
modules and achieve an appropriate conversion
efficiency of (PV). The aim of the study in this paper is
to recognize the performance of hybrid (PV/T) systems
in different places, conditions, module designs which
can be used in household applications, hotels, etc.
Aiming to supply of electricity and thermal energy. The
study indicates to use of cooling technique (water or
air) to cooling (PV) modules will contribute to a large
extent to strengthen the work of solar cells and the
efficiency of (PV/T) system as well. And the rate return
of the system of electricity and thermal energy will
increase, especially when the hybrid photovoltaic/
thermal (PV/T) solar systems were properly designed
and the conversion rate of absorbed solar radiation for
(PV) modules will increase as well.
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Introduction

Hybrid photovoltaic/thermal system experiencing
rapid growth which provides simultaneously both
electrical and thermal energy making it interesting for
many applications [1], For that many researches has
been conducted in developing and improving the
performance of the system by increasing its
efficiency, use (water or air) as a technique to cooling

solar cells the temperature reaches high levels and the
negative effects on the work of the solar cells will
appear [2]. This system contributes to reduction of
environmental problems by reduce CO2 emissions
are needed in houses and buildings and concentrate
on use renewable energy that should be more actively
[3], the amount of energy that produce from hybrid
PV/T system depend on the photovoltaic which
convert only a small part of the absorbed solar
radiation into electricity and type of solar cells use,
where the greater part of solar radiation converted
into heat and that lead to  increasing their temperature
and decreasing their electrical efficiency [4], Hybrid
PV/T system produces electricity and heat (air or
water preheating), that will contribute to improve
efficiency of PV(/T) modules by extracting the heat
loose by using (air or water) as a removal fluid and
take this advantage for using in many applications [5].
Several study have been done about using air or water
PV/T systems some of research found that use water
systems seem desirable because of the nature of this
fluid allowing better recovery of the heat [6], while
other researches find that the results from an applied
air type PV/T system gives a variety of results
regarding the effect of design module and operational
parameters on the performance of air type PV/T
systems [7, 8], where can use the air to cool the
surface temperature of the PV panel after pick up the
surface heat which can use for household application,
drying and other industrial purposes [9]. To ensure
solar cell operate at low temperature and keep the PV
module efficiency at a sufficient level, where used
natural or forced (air or water) circulation as a simple
method to remove heat from PV modules, but this
method is less effective, especially if the ambient
temperature is more than 20ºC, to overcome that can
be extracted the heat by circulating (air or water)
through a heat exchanger that is mounted at the back

5

HUNGARIAN AGRICULTURAL ENGINEERING 
N° 32/2017 5-15
Published online: http://hae-journals.org/
HU ISSN 0864-7410 (Print) / HU ISSN 2415-9751(Online)
DOI: 10.17676/HAE.2017.32.5

A REVIEW OF PERFORMANCE HYBRID PHOTOVOLTAIC/THERMAL
SYSTEM FOR GENERAL - APPLICATIONS
Author(s):
M.H.R. Alktranee

Affiliation:
Department of Mechanical, Technical Institute of Basrah, Southern Technical University, Basrah, Iraq.

Email address:
mohammed84alktranee@gmail.com

PERIODICAL OF THE COMITTEE OF
AGRICULTURAL AND BIOSYSTEM
ENGINEERING OF
THE HUNGARIAN ACADEMY OF SCIENCES
and 
SZENT ISTVÁN UNIVERSITY
Faculty of Mechanical EngineeringReceived: 2017.08.12. - Accepted: 2017.11.18.



surface of the PV module. Where PV/T systems
provide a higher energy output than standard PV
modules and could be cost effective additional to that
thermal unit is low [10-12]. These systems which
working as solar active devices need requires to good
oriented surfaces that towards the equator by suitable
orientations on the surface must be exploitation for
each square meter with orientation in order to achieve
maximize the energy yield with keep the efficiency
in suitable level [13]. Therefore, numerous researches
done on the analytical and experimental studies of
PVT systems in different places and conditions,
intended to find out the methods that Contribute to
increase the efficiency of these systems [14].

2. Behavior of hybrid photovoltaic/thermal
system by using water

Modeling and simulation of hybrid PV–thermal
solar system by use TRNSYS

The hybrid photovoltaic/thermal system which can
provide at the same time both electricity, thermal
energy and according to Cyprus conditions, it has
worked both of “Soteris and Kalogirou” by used the

system it has been modeled using TRNSYS. Where
the system consists of collection of series of PV
panels included on a normal PV panel at the back of
the heat exchanger fixed fins, a battery, an inverter,
hot water storage for thermal system, pump through
experiments daily, monthly and performance that
done by the system. The results show that the average
annual efficiency of the PV solar system was between
2.8% to 7.7%, thus increasing the mean annual
efficiency of the system to 31.7%. And the best water
flow rate of the system was 25 l/h. That would cover
49% of the hot water needs of a house [15].  A hybrid
system which could be generating both electricity and
hot water warming, it has been modeled number of
cases in order to improve the water flow rate to
collector. The outcome found that the electricity
produced from the PV panel increases with the flow
rate increases. Also, the outcomes show the primary
value corresponds to 25 l/h, which mean low flow
rate value for the system can be used in a
thermosyphon module without depending to use a
pump and which will improve the economic
feasibility of the system [16].
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Figure 1. Field experimental results of the hybrid solar collector: (a) operating results of hybrid solar
collector, (b) alternating current power generation, (c) heat fractions for domestic hot water supply [3]



Perform experiments on a hybrid PV/ T solar
collector

Conventional flat plate collector solar thermal with
PV cells composite working in the absorption solar
radiation for the output of both electrical and thermal
energy, has removed the heat from PV cells that led
to higher electrical efficiency of the photovoltaic and
useful thermal energy extracted from one of the ends
the ducts [17], as well as conducted tests and analyzes
on performance the hybrid PV/T system which
generation electricity and thermal both, this
experiment done by constant temperature processing
of marinade made. Where found that the conversion
efficiency ranged from 10% to 13%, and collector
efficiency was from 20 to 40 ºC marinade than 40%
heat and 50% and about 20% of successive [3].
Although there was reduced of collector efficiency, it
has compared the efficiency of the hybrid solar
collectors for this photovoltaic solar collectors, where
were reads in the observational results of this study
annual operation to assemble solar hybrid and the
Figure 1a below show the maximum monthly amount
of current energy 45.3 MJ / m2 in June, and the
minimum 2.8 MJ / m2 in January, it means conversion
efficiency groups. 

Where stabilized about 25-28% with the exception
in the winter season, it was stable at around 8-9%, only
in the winter and the maximum value was 28.1% in
august. In Figure 1b shows the difference monthly,
current energy of the hybrid system and amorphous
silicon photovoltaic per unit area of the panels 0.7 and
0.4 MJ / m2 d, respectively, with the value of hybrid
solar collector energy it was about 80%,A  Where the
efficiency decreased because snow due to thickness of
snow in Figure 1c below shows the monthly and
annual variation of provider of domestic hot water
energy, where it was 13.1 GJ which was comparable
to that value for the flat plate solar collector 46.3% [3].

Production electric and thermal energy of hybrid
PV/T solar systems 

Exploitation the amount of energy from hot water and
electricity led to motivate many researchers to
develop the performance of hybrid PV/T system in
order to maintain the electrical efficiency of
photovoltaic cells at the adequate level at high
temperature, it is necessary for the operation of PV
modules at low temperatures by using natural or
forced air circulation simple and low-cost methods
for transferring heat from the PV modules [18, 19].
The study was conducted at three sites in different
regions of, Nicosia, Athens and Madison. As well as
used in this study the prototype from polycrystalline

silicon (PC-Si) and amorphous silicon (a Si) and used
to analysis the outcome a simulation TRNSYS.
However, during the test found the production of
electric power from the hybrid system is less than
standard PV modules (maximum 38%) units Si PV
gives increased total energy production compared to
Si PV modules, Nevertheless, the contribution of
solar energy to heat water rising in cold climates.
Results showed and PC-Si cells produce more
electricity (PEL) than identical a-Si cells, this due to
higher efficiency of PC-Si cell. The a-Si cells produce
more useful thermal energy at all three sites into
Madison, Nicosia and Athens. The outcomes
indicated that the electricity yield of solar system
employing polycrystalline solar is more than that
employ these amorphous, but the solar thermal
contribution a little less. PV is a hybrid system
produces about 38% of electric power and the
domestic thermosyphonic system effective and
largest system appropriate for residential construction
or low office buildings [20].

Use direct solar floor for hybrid PV/T collectors to
experiment Energy performance

The energy performance of water hybrid PV/T
collectors where worked on this application both of
Sorensen, Monroe, it has applied on combisystems of
direct solar floor type. The target of this study was to
take advantage of the hybrid solar collector to achieve
maximize the contributions of solar energy to
generate electricity and thermal profits useful. This
application operates in the integration of photovoltaic
(PV) modules in buildings allows one to view the
multifunctional and then to trim back costs by
replacing frame ingredients, used with this
application amorphous cells or composed to improve
the thermal output PV /T collector. To consider that
hybrid PV/T solar water collectors as a one piece that
including thermal absorption the heat exchanges and
PV functions, by one day in summer (June) noticed
the PV cell temperature there are evolving   in their
efficiency when the cell temperature increases, also
in their efficiency which strongly dropped decreases
from 7% to 4% [21]. As shown in Figure 2. On the
same day the cell efficiency was stable around 8.4%,
which represents a reduction of 28% and the annual
efficiency of the conventional photovoltaic
component was 9.4%.  This is obviously due to the
high temperature on the cover and the incident
radiation on the PV cells decreased due to glass cover.
It has found that without a glass cover the efficiency
was 10%, this is 6% more in effect than a standard
module because of the cooling effect [22]. Thus, it
has gone from the traditional combisystem associated
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control system which purports to extend the solar
thermal energy output. As well as for heating water
in homes by the water glycol flow in the back side of
the PV modules. It has considered that at least one of
the two hybrid solutions (with covered or not) is more
efficient than the traditional one (PV + T), in order to

avoid the reduction of the age of solar hybrid
assembly found two choices. The first one is obvious
to imagine the collector is covered and the second is
to study the PV modules which can be stable at high
temperature [23].
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Figure 2. The PV cell temperature and efficiency evolutions [22]

Energy generation with a photovoltaic (PV/T)
solar hybrid system

Many combinations of electricity generating solar
systems and heat generating have been studied to
cover the needs in large quantities to a residential
house typical for a family without any fuel cost with
average daily consumption of electric power for
domestic about 7 kWh. Where the hybrid system
consists of (PV) module and compound solar thermal
collector energy are constructed and tested for energy
collect, the study was conducted in Cyprus have
comparatively high averages of exposure solar
radiation throughout the year, hot summer days
somewhat and for long periods and mild winters to
some extent [24]. Depending on the type of solar cells
with occupies an area of about 10 m2, found that the
amount of energy can be produced in electric with a
1600W (PV) system. Therefore large area solar
modules will absorb large amounts of solar
irradiation, so that will causes loss at the same time
in heat units, it has examined experimentally some of
hybrid system and found that when using of a booster
diffuse reflector will contributed increased the
performance of the system and gave giving
possibilities for more active for practical applications
take the benefit of absorbed solar energy which is not
converted into electricity to utilized for thermal
applications  [25]. A result of this excessive heating
of the modules will led to reduction of conversion
unit’s efficiency, for this reason some of this type does

not convert 80-95% of the energy collected to
electricity to remove the extravagant heat. many
systems have been designed to use it as an energy
source for some other applications like household and
industrial applications. As will  found that the
structure of the unit required some adjustment like to
allow to distribute the medium cooling in order to  the
heat extraction when it is heat fluid transfer system
either air or water and to enable watertight and
corrosion free construction used water need a more
overall amendments [26], The results obtained from
these study PV modules absorb a significant sum of
solar radiation that generates unwanted heat;
however, this loss represents only 1% of the energy 7
kWh that is consumed by the typical family the
proposed hybrid system produces thermal energy
roughly 2.8 kWh per day. That led to total loss about
11.5% in electric power generation, because the
different parts that are placed over the hybrid
modules. The payback adjustment period was less
than 2 years old, the low investment cost and pay
back a relatively short period makes this hybrid
system economically attractive, add to that, these
hybrid systems that combine to produce electricity
and hot water from one system in the same time [27].

Performance of a hybrid   photovoltaic/thermal
(PV/T) under active solar 

A simple design of hybrid (PV/T) double-slope active
solar still has been fined and its performance is



evaluated in field conditions, the solar energy
productively still can be improved by increasing the
temperature of the water in the solar energy is still
one of the parameters,  where it has designed,
manufactured and evaluates the performance of a
hybrid photovoltaic thermal system (double slope of
the active solar still) and modifies the
photovoltaic/thermal (PV/T) dual-slope active solar
energy is still designed and fabricated to remote sites.
And under field conditions in the natural circulation
and forced mode (series and parallel), It had been
experimented evaluating performance in order to
improve the productivity of a dual slope solar energy
solar still [28]. The water pump has been used
between solar and photovoltaic (PV) integrated flat-
panel collector for re-circulation of water during the

collectors and converted into solar still, from Figure
3 noted that the daily energy efficiency of 17.4% was
gained for the parallel forced mode arrangement and
higher than the series (16.4%) and of the natural
circulation models (16.3%), still will produce a higher
yield than the other configurations and obtained as
7.54 kg/day for each hour exergy efficiency is also
found to be highest for the same shape and hit as high
as 2.3%. The comparative yield obtained is about 1.4
times higher than that obtained for hybrid (PV/T)
single slope, solar still, also found that the total cost
of the fabricated still is about 14% less than hybrids
(PV/T) single slope, solar still and the price will be
further reduced substantially once production is held
up on a commercial scale [29].
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Figure 3. Hourly variation of thermal and exergy efficiencies of solar still during sunshine in different
functional styles of hybrid double slope active solar still [29]

Application simulation of solar heating on hybrid
photovoltaic/Thermal collectors (PVT)

To achieving the solar energy which can offer a
suitable solution for the electricity and heat in solar
panels and/or photovoltaic thermal panels because in
this system of electricity production is specially
priority for fields that do not have potential high solar
energy, where  totally recognize that the cell
temperature affects on operate  photovoltaic panels
and efficiency which limits the growth of
photovoltaic  panels, Nevertheless, suggested one
good solution to analyze the hybrid operation of PV/T
integrated system that  increase  solar contributions
for electricity and useful thermal profits [10]. Based
on the energy and transfer of exergy analysis will use
cooling cell panel as a resolution in the photovoltaic
thermal (PV/T), where it is obtained on both
electricity and warmth (air and water) as the heating

fluid in the PV/T collectors which can be used for
heating purposes or in industrial applications, it is
necessary for the performance of PV modules at low
temperature will dilute the value of the gain heat and
the efficiency of exegetic will be very small [30].
Used TRNSYS platform simulation PV/T system,
cogeneration heating,  established to look at the
system performance of solar PV/T  where in a typical
day studied production of electrical energy from the
collector PV/T, heat consumption, the exit
temperatures of assistance the heat source and outlet
temperatures from the heat storage tank as Figure 4
below shows the change graphs inlet and outlet
temperature of PV/T collector work the fluid  with
solar radiation intensity the ambient temperatures in
a typical day in the heating season. The average
temperature outdoors was - 4.6 ºC, and approach the
highest solar radiation intensity 370 W/m2, and the
difference in the inlet and outlet temperature of the



working fluid inside collector PV/T increases with an
increase in the intensity of solar radiation, the
maximum difference in the inlet and outlet
temperature appear in 12, which reaches 5.42 ºC.
After the flow of water through the collector the
collector heat dissipation to the environment as it is
able to earn more heat, in Figure (5) below shows the
changes in heat consumption, outlet temperature
assistant heat source, the outlet temperature of heat
storage tank in the collector system along with
changes in ambient temperatures in the outdoor, the
startup assistant heat source is consistent with
changes in ambient temperatures outdoors,
temperature of the working fluid in the heat storage

tank to meet the demand of pregnancy, when the
value of the highest solar radiation, heat storage tank
will get more heat. The results of this study can be
seen from the results of the simulation direction
operating for the full year in the system to PV/T
collector 32m2 in size in the system can achieve
annual energy production 4195 kWh, which means
that the unit square meters of collector PV/T can
output 131 kWh electricity annually, through the
analysis of simulation results   found the heating
season that the solar part of the solar heating system
is 31.7%, which is close to the design value of 30%
[12].
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Figure 4. Graphs of the inlet and outlet temperature of PV/T collector working fluid 
with solar radiation intensity [12]

Figure 5. Graphs of heat consumption outlet temperatures of auxiliary heat source and outlet temperatures
of the heat storage tank with outdoor ambient temperature [12]



3. Behavior of hybrid photovoltaic/thermal
system by using water and air

Considerations about Design for flat-plate
photovoltaic/thermal collectors

Several investigations have been conducted on flat
plate PV/T collector in theory, as well as, the
experience of development of cogeneration
components such PV thermal (PV/T), which consists
of a combination of photovoltaic (PV) cells and solar
thermal energy. This is one of the causes behind the
great total of research underway on the growth and
integration of solar active devices in the building
envelope, where the flat plate collectors PV/T can be
split into various categories, for instance according to
the nature of the heat transport medium (air or water)
and there is an additional glass cover (covered and
non-covered collectors) [13], In this design have been
integrated two main types of solar active devices to
produce energy into the building thermal solar
collectors to convert sunlight into usable heat and
photovoltaic (PV) panels to convert solar radiation
into electrical [19], found that relatively low
conversion efficiency of photovoltaic cells (usually
in the range 10-20%), and the cells have a high
absorption of all the sun's rays, leading to  most of the
solar radiation absorbed by the PV cells in heat
transfer will increase the cell temperature, therefore
the reduced efficiency. For evaluation of solar

radiation absorbed by a c-Si solar cell and to evaluate
the percentage of solar radiation converted into
electricity performed measurements on commercial
solar cells. It was a reflection of the spectrum and the
spectral response of the cell was measured and is
summarized in Figure 6 it absorbs about 90% of the
radiation from the inside of the cell while only 15%
is converted to generate electricity [10, 12].  Solar
thermal energy absorption components can provide
more effective solutions by beneficial capturing the
heat produced in the PV cell and PV cell temperature
PV/T collectors represented in case use of solar
energy [31]. During Comparison between thermal
hybrid systems in the building and the operating with
the standard solar system and through simulations
using TRNSYS, where tests showed the thermal
efficiency is almost up as a good complex solar
thermal and electricity efficient almost as high as the
standard PV panel of the same quality and mode these
active solar devices need a well-directed surface,
usually towards the equator. Nevertheless, these
surface areas on the surfaces or interfaces with limited
suitable orientations, in order to maximize energy
production, every square meter is available with
suitable for solar applications orientation and should
be used in the most effective way possible and that
lead to an improvement in the thermal and electrical
performance [32].
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Figure 6. Spectral representation of the absorption, reflection and PV conversion of real 
c-Si solar cell [13]

Temporal analysis of PV/T solar system for
generation of electricity& thermal (hot air/water)
energy

To get electric and thermal energy simultaneously
during use a appliance which has been developed and

new hybrid systems commercially as photovoltaic/
thermal collectors, the system has been designed
according to type and size of the solar cells which are
identical with requirements of the environment,
depends on the design of particular solar collectors,
either water or air can be used as medium and works



as a carrier of heat it depend on the usage [10], this
idea was based on two parts, the photovoltaic
technology that derives from the solar cell technology
and converted into electrical energy, and solar thermal
technology, which is derived from the thermal
collector and convert solar energy into thermal energy
[33], where expected that lead to improve the
performance with low cost of production and
technology of the new energy future technological
developments in the use of solar energy. The hybrid
system (PV/T) designed to generate thermal and
electricity simultaneously and utilization of a hybrid
system can offset the need for an outside source of
electric power it was experimental conducted in many
cases.
1- (Double, pass PV/T collector with fins): As shown

in Figure 7 this collection includes three main
components: glass cover on the top, panel with
photovoltaic cells and absorber at the bottom. The
fins were fabricated using aluminum sheet to
increase the ability to remove heat from PV cells
and thus increase the efficiency and air was flowing
through the upper part in the middle of glass cover
and PV Panel and then going through the lower part
below for PV panel.

2- (Single pass PV/T collector with V-groove
absorber) in Figure 8 below shows the schematic
diagram of this design, the PV plate is exposed to the
sun, which later absorbs the heat and gain electricity
simultaneously. By doing this, more heat can be
transferred to the air and the PV plate becomes cooler
without altering the shape of any Commercial PV
module Based on the previous design, the efficiency
of the electricity is reduced more than 50% when the
PV plate is covered by the glass.

3 - (Double, pass PV/T collector with fin and CPC):
As shown in Figure 9 below the parabolic
concentrator (CPC) was added to increase the
efficiency of the collector. The air flow as the same
way as the collector with fins, but the solar irradiance
increased using CPC. Fins attach underneath the PV
cell help to remove the heat from a PV panel.

4 - (PV/T collector with rectangular tunnel absorber):
As shown in Figure 10, the PV/T collector with
rectangular tunnel absorber has the same functions
and targets as other collectors, which is, to increase
its efficiency. The main difference in this collection
is the shape of the absorber with is in a rectangular
design.

5- (Water based PV/T collector): The water based
PV/T collectors are one of the research that being
studied at the solar energy research institute. The
principle of water based PV/T is similar to the air
based collector where cold water is practiced as a
medium to soak up heat from the sunlight which is

later can be used for low heat temperature processes
[34]. Some various designs of PV/T collector based
on water and air, every design had its own specific
way of converting solar energy to electricity and
thermal energy simultaneously, where preserve PV
module in the current market showed enough
potential in application, but these PV modules can
only provide electrical energy by changing the
preserve PV module with some specific
modification, can thus produce electrical energy
and caloric energy with the new blueprint of this
PV/T. It is well known that using a hybrid system
can eliminate the need for an external source of
electrical energy, new technology developments in
solar energy utilization are expected to result in the
improvement of the photovoltaic performance with
lower production cost. This will increase the
demand and viability of commercial applications
[35].

Figure 7. The schematic diagram of double pass
PV/T collector with fins [33].

Figure 8. Schematic diagram of the PV/T collector
with V groove absorber collector [33].

Figure 9. Schematic diagram of double 
pass PV/T [33].
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Figure 10. Schematic diagram of the PV/T collector
with rectangular tunnel absorber [33].

Experimental yield of different combined hybrid
PV-thermal designs

Have been working many test orders to improve the
overall efficiency of solar energy devices by taking
advantage of the heat discharged from the PV module
system and use in other fields, in other hand increase
the efficiency by absorbing the high temperatures
from PV cell and achieve a higher energy conversion
ratio of the absorbed solar radiation. [36], in addition
the research has been conducted in PV/T associated
with heating and cooling facilities and the thermal
energy from the water-type PV/T collector systems,
which can be used in buildings, and a solar collector
for domestic hot water and space heating [37], which
is similar in manufacturing to conventional thermal
solar energy collector, Which can be achieved by
circulating cooler fluid, water or air, by along the
underside of the PV module PV/T collectors can be

classified according to the type of working fluid used
(water, air or both). Most studies that examine the
performance include estimates of the different types
of panel absorption, such as sheet and tube,
completely wet and the channel box types, analysis
of several different types of collectors PV/T (sheet
and tube, channel, free-flowing dual absorption), as
shown in Figure 11 [38]. The experimental results
indicated that the overall gain heat from the collector
is 9.7 kWh, while the average thermal and electrical
efficiency of the system is 30% and 17% respectively.
It was also shown that the heating energy of the house
can be reduced by 47%, and the heat gained from the
integrated roof PV/T system by the water used for
heating in the heating system, this means that the
energy required in the building can be reduced
dramatically by 47% at a temperature of water
heating from 40°C heats. Therefore, it can be
concluded that this system can reduce the energy
required for igniting the building by nearly half by
heating water and heating at low temperatures.
Related to electrical efficiency and the highest level
of performance, with an efficiency exceed 16.5%
when the heating system with BIPVT (Building
Integration photovoltaic/thermal) collector was
working, has happened because the relatively low
temperatures of liquid which had been circulated. So,
the system very suitable to increase the energy
performance of buildings also confirmed that the
water temperature of the thermal storage tank [39].
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Figure 11. Types of PVT Collectors: Sheet-and-Tube (a), Channel (b), Free-Flow (c) 
and Dual-Absorber (d) [39]



4. Conclusion

Performance evaluation of (PV/T) hybrid systems for
a lot of experiments were various where the amount
of falling solar radiation, design, orientation and
selection type solar cell, all of that plays essential role
in the amount of energy produced. Where found
during this study receive more direct exposure to
solar radiation that will effect on the work of (PV)
modules by increase temperature and drop the
efficiency of solar cells. Therefore, use hybrid
photovoltaic/thermal (PV/T) collector with mediums
such as (water or air) will contribute to raising system
efficiency during the absorption of excess heat from
solar cells, and avoid the high temperatures absorbed
by (PV) modules by the piping that fixed in the face
back of the panel and take the advantage of heat
which absorbed for household applications or heating
purposes. That led to increase the rate return of the
system of electricity and thermal energy, where
contribute to a large extent to strengthen the work of
solar cells, system efficiency and the conversion rate
of absorbed solar radiation for (PV) modules will
increase as well, especially when the hybrid
photovoltaic/thermal (PV/T) solar systems were
properly designed.
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Abstract

The present research was conducted in July 2017. We
get information about what kind of software is used in
the areas we are investigating. It was examined, whether
IT systems are used for enterprise resource planning. It
was reviewed how the failure mode and effect analysis
(FMEA), the rapid prototype modelling and the quality
function deployment (QFD) are extended among the
agricultural machinery manufacturers. We compare the
results with the International Manufacturing Strategy
Survey and an earlier survey conducted by us in the
Hungarian cob cracker industry. The comparison of the
agricultural machinery manufacturers, Hungarian and
international companies’ average shows us the areas we
should develop

Keywords

product planning, quality management techniques,
Hungarian agricultural machinery manufacture.

1. Introduction

The research is based on the questionnaire of the
International Manufacturing Strategy Survey (IMSS)
[1]. The IMSS was set up in 1992. The goal of the
participant researchers was to have an overview about
international production strategies, their introduction
and their results in production and related areas (eg
supply chain management, new product development
etc.) [2]. The data collection was carried out
internationally in Europe, America and Asia. The
international data include the results of the 2009
IMSS research (562 company data). After the
international research it was realized a Hungarian
survey with a participation of 71 companies [1] [3].

2. International and Hungarian surveys

The surveys about the manufacturing strategy play an
increasing role in the research of manufacturing
management. We collected these surveys and
summarized in the table 1. An overview about the
researches is very important to be able to make
proposals to develop the IMSS.

3. Methods

Next to the international and Hungarian IMSS we
made a new research among Hungarian agricultural
machine manufacturers. Within the framework of this
survey 57 companies have been asked. In the survey
the whole cob cracker adapter manufacturing sector
was represented, which made us possible to compare
the performance of this sector with the results of the
other surveys (international, Hungarian and
agricultural machinery sector) [12].

It is important for Hungarian agricultural machinery
sector to meet the needs of the domestic agriculture.
Domestic-built machines include, machines for
tillage (plows, disc harrows, seedbed makers,
cultivators, rollers), sprayers, harvester and thresher
adapters, stalk crushers, tractor-loading machines and
trailers, animal husbandry tools, handling, storage and
farm machinery. These machines and tools can be
used by small and big farms. The domestic
agricultural supply offers a choice for all kind of
farmers [13].

The aim of our quantitative research was to
compare the cob harvesting adapters industry and the
agricultural manufacturers with the results of the
domestic and international IMSS. The questionnaire
uses a measurement scale in some cases. The scale
has values from 1 to 5. 1 represents the worst value,
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3 is neutral, and the higher values are positive [14]
[15].

When reporting the results, the term "industry",
"machine manufacturers", "Hungarian" and
"international" are used in the table header. In this
case, the industry means the Hungarian cob cracker

industry, “machine manufacturers”, the Hungarian
agricultural machinery manufacturers, “Hungarian”
referring to companies operating in Hungary, and the
“international” reflects the corporate data collected in
other countries. It was presented in all figures the
average value of the sectors.
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Figure 1. Usage of CAD/CAM software (scale 1-5, 1= not used, 5= frequently used)

Table 1. International surveys about manufacturing strategy [4] [5] [6] [7] [8] [9] [10] [11]

4. Coordination of the product planning and
manufacturing at the Hungarian agricultural
machinery sector

The coordination of product planning and
manufacturing was examined with seven questions.
CAD / CAM software help engineers and other

design specialists in the cob cracker industry in their
planning activities. The values are higher than the
Hungarian and international average. This may be due
to the fact that CAD software is nowadays the most
basic design tool for engineers (engineers, builders,
architects). As in the case of Hungarian agricultural
machinery manufacturers, like the international one,



the more modern design programs (Inventor,
SolidWorks, ProE, CATIA) are widespread (Figure
1). It can be assumed that there are several
manufacturers among the examined companies,

which are multinational firms, where the parent
company is a foreign owner and a larger amount is
spent on upgrading software.
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Figure 2. The role of planning (scale 1-5, 1= not used, 5= frequently used)

Figure 3. Usage of shared databases (scale 1-5, 1= not used, 5= frequently used)

In the case of product planning and manufacturing
coordination, we consider, it is important to study
how the planning is being implemented. Machine
manufacturers, with an average of 3.45, are on a
similar level with the other investigated groups
(manufacturers 3.45, Hungarian 3.13, international
3.12). The manufacturers of corn harvester adapters

have the highest value of 4.67 (Figure 2). It can be
deduced from the results of the other examined areas
round the middle vale that they don’t focus so highly
on the planning of production and assembly. In spite
of this, the planning plays an important role in
engineering.

When analysing the shared databases, it can be seen
that the area of production of agricultural machinery
(3,17) had the lowest value among the four areas. The
Hungarian average did not differ significantly from
the previously mentioned value (3,30). Figure 3

shows that the industry and international average are
very close to each other. So, in all four areas, the
average is higher than 3 that reflects the importance
of reliable and long-term storage of data and the
relatively quick retrieval of data.



We investigated the presence of corporate resource
planning systems for agricultural machinery
manufacturers. The results were compared to the
averages of industry, Hungarian and international
survey (Figure 4). In ERP systems, procurement,
logistics, billing, shipping, financial, corporate
governance, etc. processes can be integrated. All the
operations can integrate that are part of a company's
management, production and sales tasks. In the
industry, 3.33; machine manufacturers 2.48; for
Hungarian companies 2,68; international 3, 68 were
the values. The background of the very low value of
manufacturers, is that the questions were answered
mainly by micro and forced enterprises.

In case of forced enterprises, the reason is often that
they do not know the corporate governance system.
In case of micro companies owner and the company
manager coincide in almost every case. There are no
different groups involved, the owners work with a

small number of employees. However, information is
also a competitive advantage for them, so from the
low value it can be seen that micro company /
computing companies employ a small number of
enterprise resource planning systems.

The low value of Hungarian companies means that
most of the respondents are small and medium-sized
companies, so introducing the ERP system is a big
challenge for them. Based on the industry average, it
can be said that the introduction, the software and
systems are not a local decision, but rather the needs
of foreign owners determine the process of the
investment.

The FMEA (Failure Mode and Effect Analysis, for
error, cause, and impact analysis) method can be used
for product design and manufacturing process in
parallel. In our study it becomes clear that the four
areas use this method to a lesser extent (Figure 5).

19

Figure 4. Enterprise resource planning (ERP) (scale 1-5, 1= not used, 5= frequently used)

Figure 5. Failure Mode and Effect Analysis (FMEA) (scale 1-5, 1= not used, 5= frequently used)



It can be explained that FMEA has been slightly
expanded due to its time requirement and that
subjectivity is present in the risk assessment,
therefore we cannot get sufficiently objective results
in many times. 

The benefits provided by the method would be
advantageous, regardless of industry and size of the

company, for example, ranking mistakes based on
estimated risks, dealing with future defects in a
product, process, or system, this can be prevented so
you can save costs.

20

Figure 6. Rapid Prototyping (scale 1-5, 1= not used, 5= frequently used)

Fast prototype modelling was below middle value
in all four areas. This is because maximum efficiency,
high cost, too much work-saving and control cannot
be solved for small-scale models of rapid prototype
(RP) technologies (Figure 6). We would be desirable
to put more emphasis on quick prototyping, because
the insertion time of the pieces would decrease,
design errors could be discovered, repaired and tested
more easily.

The QFD model (Quality function deployment -
“Quality House”) is a tool for quality systematic
development that can be used for product design,
construction and technology. Used to a small extent
in the four areas under investigation (industry - 1.67,
machine manufacturers - 1.66, Hungarian - 2.03,
international - 2.65) (Figure 7). The reason for this is
that the team needed to produce the QFD model is
missing (due to lack of expertise). A leader needs for
the team who leads a QFD project, motivates and
educates the team members.

A QFD expert is needed in the team also. He is the
one of them who develops his knowledge from
conferences and literature, passes on it, controls the
method and highlights the main issues. The members
of the group must implement the QFD project, using
their own experiences. By team-building and using
the QFD method, customer requirements can be
fulfilled and can reduce the loss costs that could
hinder work.

5. Conclusion

We examined and compared four areas (Hungarian
corn harvester adapting industry, Hungarian
agricultural machinery manufacturers, other small
and medium enterprises in Hungary together, and
international companies with different production
activities) in our qualitative research, bearing in mind
the production technology.

Our research has resulted that the product design
and production coordination (from a technological
point of view) structured as follows by regions:
–corn harvester adaptation industry: 3.29
–Hungarian agricultural machinery manufacturers:

2.66
–other small and medium enterprises in Hungary

together: 2.03
–companies carrying out different production

activities in other countries: 2.65
In summary, in the field of agricultural machinery

manufacturing, product design and production iare
mainly based on CAD / CAM software and shared
databases, its values are higher better than middle
value. 

The enterprise resource planning systems, FMEA,
QFD and rapid prototyping have reached a weaker
value. Therefore, in the future, more emphasis should
be placed on these areas in order to improve quality
and cost-efficiency. Calculating an average value of



all these areas we receive 2,66 in the field of the
agricultural machinery manufacturers.

As a conclusion, it can be deduced that the
manufacturers mainly spend for technological
development if they are able to implement them with
support. These tenders are available in limited
numbers in this area. The agricultural manufacturers
would have opportunity for technological
development if they could save costs. For reducing
costs we would like to propose some fields to
develop.

We propose to use more frequently the prevention
technics like FMEA or QFD.

The benefits of the FMEA model would be useful,
regardless of the size of the company. The ranking of
the errors based on the estimated risks, and dealing
with errors which have not yet occurred makes
possible the prevention and thus can save costs.

In the examined sector we see a great potential for
applying the QFD model. With introduction of QFD
model, the time and cost of development could be
reduced by 30-50% and less technical changes would
be needed during the manufacturing process. The
savings originate from the decline of technical
changes, the improved production quality and the
decrease of losses.

Additionally, it would be expedient to place greater
emphasis on rapid prototyping because the time of
product’s introduction into the manufacturing would
decrease, the errors of planning could be discovered
and repaired earlier, and the structure of the product
could be tested. With these results, working time and
cost-effectiveness would change in a positive
direction.
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Abstract

As one of the most often used natural sweeteners,
honey has recently been reconsidered and more
commonly used. Although Hungary is one of the
main honey exporter countries, data referring to
Hungarian honeys is very limited. Our aim was to
investigate the analytical, physical and rheological
properties of different honey samples and use these
attributes to identify their geographical and botanical
origin. Our results show the application of
colorimetry, analytical and rheological measurements
might be a promising combination of affordable
methods for authentication of honey origin, however,
further experiments are proposed to build up a robust
database.

Keywords

honey, polyphenols, colorimetry, rheology, near-
infrared spectroscopy

1. Introduction

The latest trends in nutrition shows towards the
consumption of more natural and less processed food
products, for instance honey. It is produced by
honeybees (Apis mellifera) either from nectar, sap of
plan parts or from the juicy material secreted by
sucking insects. Honey is also a particularly valuable
product because it is rich in nutritional components
like vitamins, minerals, organic acids, proteins, and
amino acids. Furthermore, every kind of honey or
honeydew has a specific aroma, flavor and scent [1].
The quality of honey highly depends on its botanical

and geographical origin [2]. Physico-chemical and
sensory properties of honey vary based on their origin
[3][4]. Although Hungary is one of the main honey
exporter countries, data referring to Hungarian
honeys is very limited.

However, honey has been also target of food
adulteration due to its emerging use and relatively
high price. Methods for adulteration have a wide
range from feeding bees with different kinds of sugar
syrups to blending European honey with cheaper
honey from different countries or with syrups like
high fructose corn syrup (HFCS), beet syrup, or rice
syrup [5]. Authorities and scientists apply different
methods to detect adulteration, for example high-
liquid chromatography (HPLC), gas chromatography/
mass spectrometry (GC/MS), atomic emission
spectroscopy (AES), nuclear magnetic resonance
spectroscopy (NMR), etc. [5][6]. These methods are
time-consuming and need very strict controlled
operation criteria [7]. They also need high-cost
instruments which are usually non-portable and need
highly qualified, trained persons [8]. Therefore, there
is an increasing need to develop rapid evaluation
methods for identification of honey from different
sources. Determination of parameters such as ash
content, electrical conductivity, pH, color [9][10] and
near infrared spectra [11][12] can be a good way to
estimate the origin of honey and also for tracing
quality [13][14]. Rheological properties of honey
may also depend on the floral source [15]. The
measurement of the total polyphenol content (TPC)
is also a well-known method for the determination of
floral or geographical origin of honey [9][16].
However, the determination of individual parameters
does not always provide satisfactory accuracy for
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origin identification or detection of adulteration.
Therefore, simultaneous measurement of main
physical and chemical parameters of honey,
combined with chemometric methods could be more
efficient. 

Our aim was to investigate the analytical, physical
and rheological properties of honeys and to use these
attributes to identify their geographical and botanical
origin using appropriate statistical methods.

2. Materials and Methods

Honey samples

In this study 29 honey samples were analysed with
several methods explained in the Methods section
(Figure 1). Most of the honey samples were collected
directly from beekeepers. 

Figure 1. Geographical origin of honeys

Honey samples are from different botanical origin
such as acacia (10 samples), linden (6 samples),
chestnut (5 samples) and polyfloral (8 samples).
Samples were collected from different geographical
regions, most of them are from different parts of
Hungary. Some samples were collected from
Transylvania and 1 honey from the market, being
labelled as a blend of honeys from the European
Union and outside this.

Methods

Main physico-chemical parameters like ash content,
pH, electrical conductivity, refraction index and total
soluble dry material content of honey samples were
determined according to the methods recommended
by the International Honey Commission [17].

Ash content

Three to seven grams of honey sample was measured
to a porcelain jars and two drops of olive oil were
given in each jar. Then the samples were pre-

combusted with a gas burner and put in the electric
furnace at 600 °C until constant weight was reached. 

pH determination

1.333 g honey sample was weighted in and dissolved
in 10 ml carbon dioxide-free distilled water and
measured with a pH meter. 
Electrical conductivity

An amount of honey, equivalent to 20.0 g
anhydrous honey, was dissolved in distilled water,
then it was transferred quantitatively to a 10 ml
volumetric flask and made up to volume with distilled
water. The electrical conductivity of the solution was
measured.

Refractometry

Honeys were also analyzed using an Abbé
refractometer to read their refractive index which
provides information about the dry matter content of
the sample using the tables of the International Honey
Commission [17].

Total polyphenol content (TPC)

1 g of honey sample was measured in a 10 ml
volumetric flask and made up to volume with distilled
water. Total polyphenol content was determined by
the Folin–Ciocalteu colorimetric method using gallic
acid as a standard: 1ml of the honey sample solution
was put in a test tube and 7.5 ml distilled water was
added. Then 0.5 ml of the Folin–Ciocalteu reagent
was given to each tube and after 3 minutes 1 ml
Na2CO3 solution was added. Absorbance was read on
a Helios ɑ-spectrophotometer at 750 nm, after a 30
minutes incubation period [18].

Color determination

Honey samples were measured with a Konica
Minolta 410 colorimeter in the CIE L*a*b* color
space. This color system is a three-dimensional
coordinate system which means that it gives us
information on the color properties in three
dimensions: L* (light-dark), a* (green-red) and b*
(blue-yellow).

Near infrared spectroscopy

The near infrared (NIR) spectra of the honey samples
were collected with an Enterprise Tellspec Food
Sensor g1 scanner (Tellspec Inc., Toronto, Ontario,
Canada) in several sessions acquiring multiple spectra
per sample in each session, with 2nm spectral step in
the 950-1630 nm spectral interval. Reflectance
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cuvette holder with 0.4 mm layer thickness was used
during the data acquisition.

Rheology

RotoVisco1 rotational viscometer was applied to
determine the shear stress of honey samples. The
dynamical viscosity was calculated from the ratio of
shear stress and shear velocity. Each sample was
measured twice and the average values were
evaluated. Each measurement includes three stages.
The stages were as the follows: accelerated shear
velocity up to 100 1/s during 100s; mixing at the
maximum velocity during 100s; slowing velocity
from the maximum to zero during 100s. 

Statistical evaluation

The evaluation of the combined data of the analytical,
physical and rheological parameters, as well as the
NIR results were analyzed by linear discriminant
analysis (LDA) [19]. LDA is one of the most
frequently used of parametric classification
procedures. In the LDA the classification scores
depend on the descriptive scores linearly, where the
groups are defined previously. The tasks of the model

maximize the ratio between-class variance and
minimize the ratio of within-class variance. LDA
supposes a prior knowledge of the group membership
of each sample in a training set. The classification
power of the model derived evaluate by using the
original grouped cases or using cross-validation
procedure. LDA models were built for the botanical
and geographical origin identification of the honey
samples, separately. LDA models were validated
using one sample-out cross-validation and the models
of NIR data were additionally tested by independent
prediction. R-Project, Microsoft Excel and XLSTAT
software were used for the data evaluation.

3. Results and discussion

Results of the evaluation of analytical,
colorimetric and rheological measurements

The results of LDA model built for the classification
of the different floral types of honey such as acacia,
chestnut and polyfloral honeys using the data of
rheological, colorimetric and analytical parameters
(total polyphenol content, ash content, pH, electrical
conductivity and refractive index) are shown in
Figure 2 and Table 1. 
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Figure 2. LDA score plots presenting the separation of the different floral groups of honey using
rheological, colorimetric and analytical parameters (n=145)

The LDA model presented average recognition
and prediction abilities of 89.29% and 90.48 %,
respectively for the classification of acacia,
chestnut, linden and  polyfloral samples based on

their botanical origin as shown in more details in
Table 1.

Classification models were also developed for the
discrimination of the honey samples based on their



geographical origin by counties using the rheological,
colorimetric and analytical parameters. Classification
performance of the LDA model built for geographical
origin identification provided average recognition and
prediction abilities of 66.07 % and 79.76%,
respectively, when data of all floral types were
included. 

Better results were obtained when separate
models were built for the geographical origin
identification of the individual honey types. In
case of chestnut, polyfloral and linden honey types
both recognition and prediction ability were found
to be 100%. LDA model of acacia honey presented
average recognition and prediction abilities of
100% and 80%, respectively (Table 2 and Figure
3).

Table 1. Confusion matrix of the LDA model
built for the classification of the honey samples

by their botanical origin using rheological,
colorimetric and analytical parameters (n=145)
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Figure 3. LDA score plots presenting the separation of the different geographical groups of acacia honey
using rheological, colorimetric and analytical parameters (n=50)

Table 2. Confusion matrix of the LDA model built for geographical origin classification of acacia honey
using rheological, colorimetric and analytical parameters (n=50)



Results of the near infrared spectroscopy
measurements

Results of LDA model built for the classification of
the different honey samples based on their floral types
such as linden, acacia, chestnut and polyfloral honeys
based on their NIR spectra is presented in Figure 4.
The average recognition and prediction abilities of the
NIR based model were found to be 95.65 % and
92.61%, respectively.

Classification of the honey samples based on their
geographical origin using the NIR spectroscopic data

provided average recognition and prediction abilities
of 99.13 % and 95.65%, respectively, when data of
all floral types was included. 

Similarly to the results of the rheological,
colorimetric and analytical parameters, better results
and further improvement of the identification of the
geographical origin were possible when separate
models were built for the individual honey types. In
case of all the tested honey types, i.e. linden, acacia,
polyfloral and chestnut honey types both recognition
and prediction ability were found 100%
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Figure 4. LDA score plots presenting the separation of the different floral groups of honey using data of
near infrared spectroscopy in the range between 950 and 1630 nm (n=690)

4. Conclusion

Our results show that application of colorimetry, basic
analytical and rheological measurements might be a
promising combination of affordable methods for
authentication of honey origin. Based on these first
encouraging results, we propose further experiments
to build up a robust database enlarging not only the
geographical area, but also increasing the number of
domestic honey samples. It also can be seen that these
simple tools are also fairly reliable for the recognition
of geographical origin identification if we build our
models for individual honey types, this emphasizing
the importance of characteristics determined by
botanical origin over those influenced by the
geographical origin. 

According to our results, NIR spectroscopy applied
on its own can also be an even more efficient method
for honey classification based on botanical origin. A

special and very practical advantage of this latter is
offered by non-destructive method needing no sample
preparation and the portable instrument, qualifying
thus this analysis suitable for field screenings. Also,
NIR provided some impressive results for
geographical origin determination all the tested honey
types, reaching overall 100% recognition and
prediction abilities. Based on these results, further
building of a NIR database for honeys is fully
justified and promising.
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Abstract

Producing sufficient amount of energy is critical issue
over the entire world. A rather new method of
harvesting renewable energy is taken into the focus
of our research to cover the increase in electricity
demand. The solar chimney power plant (SCPP) is
one of some solutions to produce electrical energy by
utilizing renewable source. The combination of solar
energy and chimney effect is the renewable source
that delivers the SCPP its energy. In this study, the
redesign of an axial turbine for SCPP of Manzanares
prototype is presented to simulate SCPP overall with
using radiation model. Additionally, the investigation
of flow inside the turbine is carried out by using the
three dimensional CFD model. The CFD model
solves Reynolds-averaged Navier–Stokes equations
(RANS equation) using K-ɛ turbulent model. The
solar radiation is calculated by using two different
radiation models according to the physical state. P1
radiation model is applied in the fluid zone, and
Monte Carlo model is applied in the solid zone. The
comparison of the CFD results and previous
experimental results show a good agreement, which
validates our CFD model.

Keywords

Solar Chimney, Computational Fluid Dynamics,
Turbine 

1. Introduction

Utilization of renewable resources is dramatically
essential for reducing fossil fuel effect on the human
environment. Thus, the application of renewable
energy has therefore been the goal of numerous
researchers to improve the cost of energy production.
To that end, many innovative concepts have been

proposed to capture more energy from the renewable
energy sources such as solar, wind, and hydroelectric
energy. The most promising paths towards the
sustainable development are solar energy, especially
in energy production.

One of the options that will help in global electricity
production by using renewable energy resource is the
solar chimney power plant (SCPP). The Solar
Chimney Power Plant System (SCPPs) is a natural
driving power generating system. It can convert solar
energy first into thermal energy then into kinetic
energy and finally into electrical power. The operation
of a solar chimney power plant (SCPP) is based on a
simple principle: when air is heated by the
greenhouse effect under the transparent roof of a
collector, buoyancy forces arise as a consequence of
density variation, this less dense hot air rises up a
chimney, which installed at the centre of the collector.
At the base of the chimney, the air flows through a
turbine to produce mechanical energy for driving a
generator. It combines the concept of solar air
collector and central updraft chimney to generate a
solar induced convective flow which drives wind
turbines to generate electricity. The SCPP consists of
a greenhouse roof collector, wind turbine, and updraft
chimney that is located at the centre of the greenhouse
roof collector, as shown in Figure 1. The SCPPS has
been proposed as a device to economically generate
electricity from solar energy in commercial-scale in
the future.

Cabanyes (1903) first proposed the solar chimney
power technology concept. In 1978, Schlaich again
presented the technology in a congress [1].During the
two-year period between 1981 and 1982, this
technology has been verified by the successful
construction and operation of the 50 kW Manzanares,
Spain SCPP pioneer prototype [2]. This prototype has
a 194.6 m high chimney, a radius of the collector is
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122 m, and a vertical axis single-rotor turbine without
inlet guide fans configuration installed at the base of
the chimney. This prototype designed to operate with
the peak power lying at about 50 kW for eight years,
whereas in fact, the output measured was 36 kW [3].

Figure 1. Schematic diagram of SCPP [4].

Since then, many prototypes of the SCPP had been
built by experts in various countries. Australia intends
to construct the largest SCPP in world at present with
the generation capacity reaching up to 200MW in
New South Wales of Australia. The chimney in the
plant will be 1000m in height and the collector is 7
km in diameter, the system would cover a ground area
of 38 km2 [5]. Significant research effort has been put
into the construction, simulation and operation of the
solar chimney collector. An analytical model has been
presented to study detailed performance for main
plant elements (collector, chimney and wind turbine).
Mullett [6]developed analysis for the SCPP, aimed
particularly to calculate overall efficiency and
performance. He concluded that the solar chimney is
essentially a power generator of large scale. Overall
efficiency is directly related to the height of the
chimney and is shown to be about 1% for a height of
1000 m. This resultants is confirmed by Yan et al [7].

Experimental and numerical calculation method
can be used to study the performance of the SCPPs.
But the large scale system is hard to establish.
Computational fluid dynamic (CFD) take an effective
role in a solar chimney technology research.
Subsequently, with the development of computer
technology and CFD software techniques, both
temperature and pressure distribution in the large
system can easily be predicted by numerical
calculation method [8]. Rafiuddin et al [9] study the
optimization a geometry of the major components of
the SCPP using a computational fluid dynamics
(CFD) technique within software ANSYS-CFX to
investigate and improve the flow characteristics
inside the SCPP. Based on the CFX computational
results, the best configuration was achieved using the
chimney with a divergence angle of 2° and the

temperature inside the collector is higher for the lower
opening resulting in a higher flow rate and power.
Additional, other researchers is used FLUENT
software to optimize the SCPP by changing the
collector inlet opening and outlet diameter of the
chimney, and concluded that the available power was
virtually unresponsive to the variation of collector
inlet opening, as [10].

Pasumarthi1 and Sherif [11] used experimental and
mathematical model to study the effect of various
parameters on the air temperature, air velocity, and
power output of the solar chimney. Two experimental
configuration were tried on the collector: increasing
the collector base diameter and introducing an
intermediate absorber. Enhancing the air temperature
is resulted from the former modification, while the
latter contributed to increasing the air temperature as
well as the mass flow rate inside the chimney. Both
enhancements helped to increase the overall chimney
power output. Comparison of mathematical model
results to published data of the solar chimney system
built in Manzanares, Spain has been used to validate
the calculated results. Also, an economic assessment
of the system costs are presented in reference [12].

Pretorius and Kröger [13] have developed
comprehensive models to solve the governing
conservation and draught equations simultaneously,
and Bernardes et al [14] presented same techniques
to predict the SCPP performance. The results show
that the height of chimney, the factor of pressure drop
at the turbine, the diameter and the optical properties
of the collector are important parameters for the
design of solar chimneys. Gannon and Von Backsröm
[15] adapted the standard gas turbine cycle to define
a standard solar chimney cycle, and the adaption
includes chimney friction, turbine system and exit
kinetic energy losses in the analysis.

The objective of this study is to accurately
analyze the SCPP system by using CFD simulation
model, with fewer assumptions are used in the
theoretical calculation, but more detailed
descriptions of pressure and flow field could be
obtained. A 3D approach for SCPP prototype is
carried out by using ANSYS CFX v18 with axial
vertical flow turbine. The turbine is designed of
using free vortex and the matrix throughflow
method .The 3D numerical simulation incorporating
the radiation models and turbine models. Results
from the mathematical model were compared with
Manzanares experimental results for model
validation. Based on the proposed numerical
approach, the effects of solar radiation, pressure
extracted at the turbine, and mass flow rate on the
SCPP system performance were investigated in
detail.
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2. Description of Solar Chimney

A typical SCPP consists of three major components,
namely, a solar collector, a chimney and wind
turbines, as shown in Figure 1. In a SCPP, solar
radiation collected by the solar collector and
greenhouse effect, which heats up the ambient air
entering the collector; then the hot air flows into the
chimney through the collector exit, which is also the
entrance of the chimney. In the chimney, the air
density difference between the inside and outside of
the chimney causes a large pressure difference
between the system and the ambient air (chimney
effect), which will drive the wind turbine installed at
the chimney base to generate electricity (wind turbine
effect). The SCPP has no adverse effect on the
environment, needs no cooling water and has
extremely low maintenance costs. Furthermore, the
SCPP can operate even at nights since the soil under
the collector works, as a natural heat storage system.
These distinct advantages have made SCPP an
attractive option for utilizing solar energy.

Principle of solar collector 

The major component of a solar chimney power
station is the solar collector. Solar energy collectors
are special kind of heat transfer that transform solar
radiation energy to internal energy of the ambient air
(transport medium). The collector is the part of the
chimney that produces hot air by the greenhouse
effect. It has a roof made up of plastic film or glass
plastic film. This covering admits the short wave solar
radiation component and retains long wave radiation
from the heated ground. Thus, the ground under the
roof heats up and transfers its heat to the air flowing
radially above it from the outside to the chimney. The
height of the roof increases adjacent to the chimney
base so that the air is driven to the chimney base with
minimum friction loss. However, the structure of a
collector change according to consideration of
architectural and civil design [16] .

Principle of updraft chimney

The chimney is the main characteristic of the solar
chimney station. The tower, which acts like a large
chimney, is located at the centre of the greenhouse
canopy (collector). The tower utilize a temperature
differential between the cool air at the top and the
heated air at the bottom. The temperature difference
create difference in density. This creates the chimney
effect, which sucks air from the bottom of the tower
out of the top. The chimney of the plant is extremely
high and will need a stable base while still allowing

free flow of air through the turbine. It would also be
advantageous to have the turbine as low as possible
in the chimney to make its construction simpler.

Principle of air turbines

The turbine of the solar chimney is key component
of the plant as it extracts the kinetic energy from the
air and transmits it to the generator. It has significant
influence on the plant as the turbine pressure drop and
plant mass flow rate are coupled. The specifications
for solar chimney turbines are in many aspects similar
to those ones for large wind turbines. They both
convert large amounts of energy in the airflow to
electrical energy. However, there are also various
important differences. The following characteristic
are typical for solar chimney turbines in contrast to
wind turbines. 

The typical solar chimney turbine is of the axial
flow type. It has characteristics between those of wind
turbines and gas turbines: it has more blades than the
typical two or three of wind turbines, but not as many
as gas turbines. The rotor blades are adjustable, like
those of wind turbines, but as in gas turbines, the flow
is enclosed, and some of solar chimney turbine may
have radial vanes of inflow inlet guide. The main
function of the turbine is the efficient conversion of
fluid power to shaft power. A secondary function of
solar chimney turbines is flow and output power
control by adjustment of its blade angles [17].

This Characteristic of solar chimney turbines leads
the researchers to take different method during the
design of the turbine. Gannon and Von Backström
[17], Denantes and Bilgen [18], and Fluri and von
Backström [19] used the free vortex design. The free
vortex approach is used in an axial flow gas turbine
stage annulus and is assumed to be fully cascaded
aerofoil (two dimensions) when the flow parameters
are functions of two space coordinates, which the
radial effect on the flow is ignored. On the other hand,
Y Zhou et al. [20]used Wilson design theory to design
of the SCPP turbine. Wilson design is classical theory
to design horizontal axis wind turbine.

3. Turbine Design of the SCPP

Solar chimney literature has little to say about factors
affecting efficiency of the turbines, but merely
assumes various fixed values of efficiency in the
range 40-80%, according to Backström & Gannon,
[17] and Mullett [6]. In this study, a new approach is
present for redesign of the solar chimney turbine.  The
Matrix Throughflow Method (MTFM) usually design
the axial flow turbine and fan. The MTFM is a two-
dimensional analysis tool that is effective in the
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design phase of turbine of SCPP. It simulates the
machine as an axisymmetric duct with the blade rows
represented by actuator discs or volumes. The MTFM
considers the free vortex method assumed that all
flow changes occurred within the blade row while in
a real machine the velocity profiles change in the
space ahead and behind the blades as well. Its main
use in this analysis is to calculate the correct gas inlet
and outlet angles to produce the correct amount of
absorbed power from the fluid. In the next design
step, profile shapes are designed based on these gas
inflow and outflow angles. Using the MTFM method,
the flow in the duct is also analysed to check and see
that there are no adverse pressure gradients as the
flow turns into the turbine as this could lead to
separation at parts of the wall. This is achieved by
using the interpolation method that allows values on
a local orthogonal grid from the quasiorthogonal grid
to be calculated using a simple linear interpolation
method, by (Harms et al. [21] .This approach is used
in an almost identical form in the application of the
streamline through flow method (STFM) and detail
of the implementation is given, which done in thesis
presented by Gannon [22].

The Vista AFD under ANSYS Workbench v 18 is
used to design the turbine of the SCPP. It is applied
MTFM to design the axial fan. However, the design
of the turbine is carried by entering the inlet flow
condition as output of fan, and outlet flow condition
is an inlet of fan. This condition is correct under free
vortex design for 0.5 degree of reaction. Figure 2
shows the velocity triangle of free vortex at 0.5
degree of reaction in a turbine stage, where the blade
angle is β, absolute flow angle is α, relative velocity
is w, absolute velocity is c, and U is the blade speed.
This condition allows reversing the turbo machine
with same efficiency. The input aerodynamic
parameter to Vista AFD is calculated from free model
of the SCPP. The geometry parameter of the SCPP is
also need to design the turbine, as shown in Table 1.

Figure 2.  Velocity profile of half degree of reaction
of the blade [23].

4. Simulation Model

A solar chimney power plant has many physics
principles. The heating collector is work as air heater
by solar energy, where all terms of heat transfer are
applied to predict his performance. To analysis of
chimney, the heat transfer is neglected but buoyancy
force (fluid mechanics) is taken into account. The
turbo machine theories should be applied to design
and analyse the turbine.

Table 1. Boundary condition for Vista AFD

The Computational Fluid Dynamic (CFD) involves
the numerical solution of the differential governing
equations of fluid flows and heat transfer, with the
help of computers. This technique has a wide range
of engineering applications. In the field of solar
energy research, this technique has become
increasingly important and it is prominent for
studying the SCPP.

ANSYS-CFX v18 was used for simulation purpose
in this research project. ANSYS-CFX v18 uses
unsteady Navier– Stokes equation in their
conservation form to solve set of equations. The
instantaneous equation of mass (continuity),
momentum, and energy conservation are presented
below:

Mass conservation: 

where ρ is density of the fluid,      is the velocity
vector, and t is time

Momentum conservation:

where p is the static pressure,      is the stress tensor,    
is the gravity force and      are the other external

body forces.
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Energy conservation: 

where e is energy of the fluid, which write by total
enthalpy             , the term               represents the work
due to viscous stresses and is called the viscous work
term. This models the internal heating by viscosity in
the fluid, and is negligible in most flows, and the term   

represents the work due to external momentum
sources and is currently neglected.

In commercial codes, a friendly interface gives the
user the possibility of easy setting the various options
and analyzes the results. As an example, ANSYS
CFX v18 that is used in present study. When
approaching the study of fluid dynamics problems,
the mathematical model is based on the fundamental
mass, momentum and energy conservation principles.
The Reynolds’s Averaged Navier-Stokes (RANS)
equations for the compressible fluid flow are included
the equations of the conservation of mass and
momentum. Therefore, the conservation laws are
invoked in the following, in the vectorial notation and
conservative form for unsteady, three–dimensional
compressible flow [24]. 

For the prediction of solar chimney performance in
this study, the k- ε turbulence models have been
chosen which type of Two-equation models. Two-
equation models have been the most popular models
for a wide range of engineering analysis and research.
These models provide independent transport
equations for both the turbulence length scale, or
some equivalent parameter, and the turbulent kinetic
energy. With the specification of these two variables,
two-equation models are complete; no additional
information about the turbulence is necessary to use
the model for a given flow scenario. While this is
encouraging in that these models may appear to apply
to a wide range of flows, it is instructive to understand
the implicit assumptions made in formulating a two-
equation model [25].

As mentioned, the SCPP unit consists of ground,
cover collector, chimney and fluid zone. All
component geometry is drawn as 3D using
SOLIDWROKS, as shown in Figure 3 (light green is
Cover collector, blue is Fluid zone and yellow is
ground area). The ANSYS Design Modeler is used to
enter CAD file, which is a part of ANSYS Workbench
18. It able to read CAD file and transfer data reading
to grid generation program such as Meshing or turbo
grid. However, ANSYS Meshing is used that suitable
for SCPP geometry. This technique has many
advantages, reading shape with high accuracy and
save time and labor needing to enter data.

Grid generation converts the geometry into a format
that can be understood by the CFD solver. It is often
the most time consuming and tedious jobs in
achieving the CFD solution. Grid generation is the
most important before pre-processing step. It is very
important to generate accurate grids for the solver to
obtain correct results. The accuracy of the CFD
solution depends on the quality of the grid used to
perform the calculations. Figure 4 show the overall
model gird.  

Figure 3. The 3D geometry of difference zone for
the solar chimney unit.

Figure 4. Grid of the solar chimney unit.

For generation turbine grid, turbo grid program is
used that is specialized in turbo machine grid
generation. One passage of flow is generated and the
flow regions hub, shroud, inlet and outlet are defined.
Figure 5 shows the turbo grid passage that used
H/J/C/L-grid to make the flow region and O-grid in
close to blade surface. This passage has rotating
boundary condition.
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Figure 5. Turbo grid flow passage.

The interface between these two meshes is the GGI
interface. The frozen rotor model is type of GGI
interface, which available to use in ANSYS CFX
v18.The two frozen rotor interfaces are used in this
model. The first one is used between the passage inlet
and side outlet from collector. The second interface
is used between the outlet of passage and under
surface of the chimney.

5. Results and Discussion

The axial turbine is designed by using the operation
condition in the Table 1. Vista AFD software is
carried out free vortex analysis to find a first
approximation of the blade configuration. The next
step of the analysis is to perform an axisymmetric
simulation of the turbine. A Matrix Throughflow
Method (MTFM) is used for this purpose, which able
to handle the radial inflow and axial outflow that are
found inside the solar chimney turbine. The airflow
inflow and outflow angles from the turbine is then
calculated by the MTFM approach. The values are
slightly different from the free vortex prediction.
From this calculation, the blade angle and chord
distribution can be obtained for the most efficient
design possible over the required operating range.
Figure 6 show the 3D rotor geometry of the designed
SCPP turbine. The BladeGen program under ANSYS
Workbanch v18 is used to present and modify the
thickness distribution of the designed blade.

Beta angle is airflow angle of the designed blade,
which is shown at leading and trialing edge along of
the blade by Figure 7. In hub section generate (Range
0 to 0.5 of the blade length), the sharp change of the
angle specifically at leading edge, the high twist angle
of the blade. The blade with high twist angle has some
difficult in his fabrications. Thus, more optimization
will be required to reach the efficient performance
and easy to fabrication.

Figure 6. 3D axial turbine for the SCPP unit.

Figure 7. Beta angle at leading and trailing edge
along the blade.

The blade thickness has serious influence in the
turbine performance and toughness of the blade.
NACA 0006 is selected to able the blade to perform
well. Another factors are shape of NACA 0006 is easy
to manufacture and the ratio of lift to drag coefficient
in the work range of the SCPP turbine. The NACA
006 thinness is applied to the designed turbine by
BladeGen software. Table 2 show the final chord
distribution and twist angle of the design blade. The
rotor is consisted from 4 blades that is described in
Table 2.
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Table 2. Designed blade configuration.

To validate the CFD model, calculated results are
compared with the experimental results of the
prototype from Manzanares, Spain. The measured
data on September 2nd, 1982 are adopted from
Reference (Haaf, 1984). The plant dimensions are
given in Table 3.  The comparisons between the
calculation results and the experimental values are
presented in Table 4. There is good agreement
between measurement and calculation results, which
are acceptable value.

Table 3. Geometrical dimensions of the pilot plant
in Manzanares, Spain.

Table 4. Comparison between measured data and
mathematical model results.

The air velocity is calculated at different locations
in the all domain of the SCPP unit. The upstream and
downstream lines of the air velocity are calculated.
As shown in Figure 8, the maximum velocity
according at near close to the chimney entering, and
uniform airflow in the collector region. The range of
the velocity in the chimney is approximately 4 times
the range of velocity in the collector. To capture more
output power, the turbine should be located at high
air velocity, which is achieved in near enter of the
chimney.

Figure 8 illustrates contours of the pressure
distribution at different zones of the chimney in a
vertical intersection. The pressure around turbine
has significant influence of the SCPP performance.
Figure 9 shows that the pressure increases
gradually as the air is flowing inside the chimney.
It indicates also that the minimum static pressure
is reached near the chimney base at the exit of the
turbine due to extract the energy from the flow by
the turbine.

The blade of an axial turbine flow depends on the
airfoil theory. The pressure distribution around the
airfoil surface controls in the lifting properties of the
airfoil. Figure 10 show the pressure distribution at
different lengths of the blade. As shown, the tip
section of the blade has enough large pressure
difference between the upper and lower surface. On
other hands, the hub section has less pressure
difference between its surfaces. Consequently, static
pressure increases from root to tip. The degree of
reaction control of the pressure distribution, which
increases from root to tip according to free vortex
assumption. However, the power production is
constant a long of the blade. The energy production
and degree of reaction is an agreement of the free
vortex principle. 
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6. Conclusion

In this study, the main aims were: design and analysis
of the axial flow turbine performance for solar
chimney power plant. The advantage of free vortex
design is used to calculate the geometric shape (chord
distribution and twist angle) for the turbine blade. To
simulate the turbine of the solar chimney, the standard
k-ε turbulent and radiation model within ANSYS-
CFX v18 is chosen, which predicts its performance.
The comparison the CFD result and previous
experimental data reveals a good agreement.
The results have shown that free vortex theory and
Matrix Throughflow Method have reasonable
accuracy to obtain the good blade shape. The
designed blade can be easily manufactured. However,
the hub section needs more work in the fabrication
phase. NACA 0006 airfoil is very close to thickness
distribution calculation of MTFM. The characteristics
of the NACA 0006 match the working condition of
the SCPP. Thus, makes it is suitable to design the
turbine for the SCPP. 

The present study conclude the capability of CFD
model, as a powerful research tool and engineering
analysis method for analysis of complex thermal and
aerodynamic system, such as the solar chimney power
plant. The theoretical modeling approach can help to
create an experimental study of a solar chimney plant
to make it more effective and economical.
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Abstract

Honey is one of the most commonly adulterated
product in the food market. The different types of
adulterations affect the market negatively, therefore
an effective honey evaluation method is required. The
electronic tongue could be a new alternative tool for
inspection. In this study 78 authentic Hungarian
honey samples were analysed with electronic tongue.
The main analytical and physical parameters of honey
samples were also determined, with classical
analytical methods. Multivariate regression models
(PLSR, MLR, SVM) were built to predict the main
physicochemical properties of honey based on the
results of electronic tongue. Results showed that the
merged data of electronic tongue and electrical
conductivity provided the best models for the
prediction of main physicochemical properties of
honey. 

Keywords

honey, taste perception, chemometric, antioxidant
capacity, polyphenol content

1. Introduction

Honey is a multipurpose natural product with high
nutritional value. It has a relatively high price,
making it one of the most commonly adulterated
products on the food market. Examples of honey
adulteration include blending of honeys with sugar
syrup, pollen filtration, heating. Food adulteration
affects both customers and the beekeepers
negatively. Current methods of honey inspection are

primarily based on rather expensive analysis
instrumentation (e.g. NMR, LC-IRMS) and skilled
operators [1]. Even these methods have their own
limitations in terms of detection limit and detection
of some types of adulterants. However, there is no
efficient rapid technique available to determine the
quality of honey, thus evaluation of new methods is
strongly required and fully justified. Among the
possible alternatives, different physical and
analytical parameters, such as antioxidant capacity,
polyphenols, ash content, electrical conductivity
(EC), etc. have been largely investigated. [2].
Although these simple and fast methods are usually
not satisfactory for the clear differentiation of
different honeys and their blends, their combination
with sensory analyses may offer promising pathways
in authentication. The electronic tongue (ET) is a
robust sensor based electronic device used to build
fingerprints for food products based on their
chemical patterns. It has several advantages such as,
short analysis time and minimal sample preparation.
There are various studies with promising results on
honey investigation with ET, consequently it could
be a new honey investigation tool. Major et al. (2011)
[3] showed that ET combined with artificial neural
networks (ANN) is a reliable tool for geographical
discrimination of honey samples. In another study,
voltametric and potentiometric ETs were compared
to classify honey samples based on floral and
geographical origin [4]. They utilized Principal
Component Analysis (PCA) and Discriminant
Analysis (DA) methods for this purpose and
achieved 100% correct classification. According to
Dias et al. (2015) [5], floral origin classification
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using the ET yielded 92% and 100% correct
classification for monofloral and polyfloral honeys,
respectively. This was in combination with multiple
linear regression (MLR), and the successful
assessment of ratio of the main pollens in the
samples (R2=0.92) [5]. Thus, the ET proved to be
more reliable than the Pollen analysis
(melissopalynology), a common but very tedious
method of honey origin determination. To clearly
define honey quality however, there is a need to
match these floral origin classifications with the
main characteristics of the honey, especially in
Hungary, where honeys have never been analyzed
with the ET. From preliminary studies, ET
measurements analyzed with different multivariate
statistical methods (PCA and LDA) showed the
applicability of ET for geographical and floral origin
identification, giving the rise to use electronic tongue
for determination of main analytical and physical
parameters of honey samples. The objective of this
work therefore, was to build models based on the
results of ET for rapid prediction of main analytical
and physical parameters of honey samples.

2. Materials and methods

Research design and sampling

Honey samples (78) were analyzed from different
floral and geographical origins, focusing mainly on
authentic Hungarian products. Most of the samples
were collected directly from beekeepers and
aseptically stored during the analysis, to ensure
quality preservation. Commercial honeys, and
samples collected from other countries were also
analyzed, to compare them with Hungarian honeys.
Standard methods were used to determine relevant
parameters of the honey samples as described below.

Determination of the physico-chemical properties

Ash Content. Honey (3-7 g) was measured in a
porcelain jar and two drops of olive oil were given to
each jar. The samples were first pre-combusted on
flame, then kept in an electric furnace at 600°C for
four hours. After that the samples were put in a
desiccator and the ash content was calculated [6].

Total polyphenol content and antioxidant
capacities. 

Honey (1 g) was measured into a beaker, dissolved in
water, then integrally transferred to a 10 ml
volumetric flask. The flask was made up to volume
with distilled water. This stock solution was used for
each antioxidant method.

Total Polyphenol Content (TPC).

The Total Polyphenol Content was determined by the
Folin-Ciocalteu colorimetric method, which is based
on the oxidation of phenolic compounds in honey.
Briefly, 1ml of the honey stock solution was put in a
test tube, then 7,.5 ml distilled water was added,
followed by 0,.5 ml of the Folin–Ciocalteu reagent
and - after 3 minutes - 1 ml Na2CO3 solution was also
added. After 30 minutes of incubation at room
temperature the solution was measured at 750 nm
with a Helios ɑ-spectrophotometer. Gallic acid was
used as standard [7]. 

CUPRAC (Cupric Ion Reducing Antioxidant
Capacity) assay.

The procedure based on reduction of Cu2+ ions was
developed by Apak et al. (2007) [8]. For the
measurements, 200 µl honey stock solution was
mixed with 1 ml of CuCl2, 1 ml of NH4-acetate
puffer solution (pH=7.4), and 0.9 ml distilled water.
After 30 minutes of incubation, the samples were
measured at 450 nm spectrophotometrically.

ABTS assay

The method is based on the spectrophotometrical
monitoring at 734 nm of the scavenging of the
ABTS·+ (2,2′-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid) radical cation by the antioxidant
compounds of the sample. 0.1 ml of the sample
solution was put in a test tube and 3.9 ml ABTS
reagent was given. Then it was incubated for 12
minutes in dark before the measurement. Trolox was
used as standard [9].

Ferric Reducing Antioxidant Power (FRAP). 

Honey stock solutions (500 µl) were mixed with
previously prepared 7.5 ml FRAP reagent solution,
according to literature. After an hour incubation at
37°C the solution was measured photometrically at
593 nm, using ascorbic acid as standard [10]. 

Measurement with electronic tongue

An αAstree electronic tongue (ET) (AlphaM.O.S.,
2003) was used to determine the taste pattern of the
honey samples after calibration and conditioning
(according to the manufacturers direction). The
instrument is able to recognize and analyze the
compounds in liquid samples and includes an Ag/AgCl
reference electrode, with seven potentiometric sensors
developed for food analysis. For ET measurements 10
grams of honey sample was measured and diluted in a
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100 ml volumetric flask with distilled water. The tests
were done at room temperature.

Statistical analysis

Multivariate statistical methods were applied to
evaluate the result of the ET measurements. Principle
component analysis (PCA) [11] was used to describe
multidimensional patterns of the ET dataset and to
discover outliers. Quantitative models were built
using partial least squares regression (PLSR) [12],
multiple linear regression (MLR) [13] and support
vector machine regression (SVM) [14] for the
prediction of the physicochemical properties using
the data of electronic tongue, pH and EC. The
quantitative models were validated using one sample-
out cross-validation and the models were evaluated
by comparing the determination coefficients (R2) and
root mean square errors (RMSE) of calibration and
cross-validation. The statistical analysis was
performed with Matlab (v. Matlab 2016a 64-bit).
Graphs made for the comparison of the different
models were prepared using Microsoft Excel
(Microsoft Corporation, USA).

3. Results and discussion

Results of the regression models built based on the
results of electronic tongue

Results of the regression models built for the prediction
of the tested physicochemical properties of the honey
samples using the data of ET is summarized in Figure
1. Models calculated with the SVM method showed the
worst results (Figure 1. a,). In spite of using SVM there
was no model achieved for the prediction of ash
content, PLSR and MLR however, showed the best
accuracy for ash content determination followed by
FRAP and ABTS (Figure 1. b, and c,). All the three
methods showed the lowest R2 for TPC and CUPRAC.
Common problems such as drifts, non-idealities or
interferences are often present in measurements with
sensor based instruments such as electronic tongue
especially in case of long term experiments [15]. In this
study, mathematical drift correction was applied which
resulted in slight improvements of the prediction
models. Further improvement of the models were
observed when fused data of EC, pH and ET were used.

Results of the regression models built based on the
fused data of electronic tongue electrical
conductivity and pH

Generally, models built based on the fused data of ET
and EC resulted in significantly more accurate models
(Figure 2) compared to those built based on the ET

results alone (Figure 1). The organic acids and mineral
salts in honey are ionizable in solution with a property
to conduct electric [16], affecting the electrical
properties of the samples. The addition of the results
of pH did not provide significantly better models
probably because ET often shows high correlation with
pH. Most noticeable improvement was found for the
prediction of the ash content. This may be due to the
linear relationship between ash and EC. Better
accuracy was observed for all the tested physico-
chemical properties of the honey with all the three
antioxidant methods, except for ABTS (Figure 2).
There was no reliable model for the ash content with
SVM. Irrespective of the high determination
coefficient observed during the model building, the
testing of the model failed using the one-sample-out
cross-validation (Figure 2. a,).

Figure 1. Performance summaries of a, SVM, b,
PLSR, c, MLR calibration models and leave-one-
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sample-out cross-validation fitted on the different
physicochemical parameters of the honey samples

using the data of electronic tongue (calibration: blue
and cross-validation: red). R2=determination
coefficient; RMSE=root mean square error;

C=calibration; CV=one-sample-out cross-validation.
RMSE values of CUPRAC and FRAP are divided by
10, ABTS is divided by 100, ASH is multiplied by 10

for better visualization.

Figure 2. Performance summaries of a, SVM, b
PLSR, c, MLR calibration models and leave-one-
sample-out cross-validation fitted on the different
physicochemical parameters of the honey samples
using the fused data of electronic tongue (after drift

correction) and EC (calibration: blue and cross-
validation: red). R2=determination coefficient;
RMSE=root mean square error; C=calibration;

CV=one-sample-out cross-validation. RMSE values

of CUPRAC and FRAP are divided by 10, ABTS is
divided by 100, ASH is multiplied by 10 for better

visualization.

Although more accurate models could be built for
the prediction of the tested parameters using the
combined data of electronic tongue after drift
correction and data of EC, the prediction of some
parameters still did not achieve satisfactory accuracy.
Furthermore, results of the regression models showed
a different trend of the fitting of the predicted data
points in the higher range compared to the lower one.
Therefore, separate models were built for honey
samples with high ash content (Table 1) and those
having low ash content (Table 2).

Performance summary of the best models found for
the prediction of the tested physico-chemical
parameters of the honey samples with higher ash
content is provided in Table 1. Better accuracy was
reached when only the data of honey samples with
higher ash content was used for modelling, compared
to results found for all the samples (Figure 2).

Table 1. Performance summaries calibration models
and leave-one-sample-out cross-validation of the best

models fitted on the different physicochemical
parameters of the honey samples containing high ash

content (0.321%-0.918%)) using the fused data of
electronic tongue (after drift correction) and EC.
R2=determination coefficient; RMSE=root mean
square error; C=calibration; CV=one-sample-out

cross-validation.

Results of the models built based on the data of
honey samples with lower ash content is summarized
in Table 2 showing weaker results than those in Table
1, especially for ABTS. These results suggest that
when honey samples with lower ash content is
analyzed with ET we may reach the sensitivity level of
the sensors involved in the experiment for the diluted
honey samples

Table 2. Performance summaries calibration and CV
models of the best models fitted on the different

physicochemical parameters of the honey samples
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containing low ash content (0.036-0.169%) using the
fused data of electronic tongue (after drift correction)
and EC. R2=determination coefficient; RMSE=root
mean square error; C=calibration; CV=one-sample-

out cross-validation 

The application of drift correction together with the
data of EC resulted in significantly better accuracy
models as showed above, therefore, the ability of ET
has been tested in an ideal situation, i.e. data of one
measurement day was used to build models. Figure 3
shows some selected results when data of one-day
experiment is used for modelling. The results showed
that, if there is no long-term experiment (i.e. reduced
drift), fairly good results can be achieved. Full sized
figures show the results of the models built using the
fused data of ET and EC while the miniaturized figures
show the results of the models built using only data of
ET. In this case models built based on only the results
of ET provided similar accuracy as the ones built based
on the combined data of ET and EC.
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Figure 3. Selected PLSR models (based on data of only one-day measurement) on a, total polyphenol
content b, Cupric Reducing Antioxidant Capacity c, ABTS d, ash content of the honey samples. Full sized

figure shows the results of fused data of electronic tongue and EC. Miniaturized figure shows results of
electronic tongue. Calibration (blue line and points), one-sample-out cross-validation (red line and points.

4. Conclusion

The objective of this work was to build models based
on the results of electronic tongue for rapid prediction
of main analytical and physical parameters of honey
samples. The physicochemical properties of honey
samples were determined with classical analytical
methods.  

Regression models were built to predict the tested
analytical properties (total polyphenol content,

antioxidant capacity measured by different assays,
ash content) of the honey samples, using the data of
electronic tongue and SVM, PLSR, and MLR
methods and leave-one-sample-out cross-validation.
The models built based on the raw measurement
results of electronic tongue showed weak prediction
performance especially for ash content. Drift
correction of the electronic tongue measurement
results provided some increase in the accuracy of the
models. However, significant improvement of the



prediction models were achieved when fusion of the
data of electrical conductivity and electronic tongue
was applied, especially for ash content determination.
The most reliable solution was found by dividing the
samples into two subgroups based on their high or
low ash content, when models were more accurate for
higher ash levels. Our results showed that application
of electronic tongue as a fast, convenient method,
with practically no environmental burden, might be a
promising tool for predicting main analytical
parameters of honey like total polyphenol content,
antioxidant capacity and ash content. However, the
improvement of long term stability of the electronic
tongue results is indispensable for the field
applications of this technique.
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Abstract

To reduce bark damaging moments on the fruit tree
trunk, a new shaker head arrangement is proposed.
By applying two identical complete shaker units
symmetrically on both sides of the trunk, the resulting
shaking force will be normal to it and uniform in any
direction. To prove the assumption, a theoretical
model was set up and a laboratory model was built
and tested. The theoretical model made the
calculation of pure centrifugal forces of the eccentric
shaker masses possible. Besides the new shaker head
arrangement, the laboratory model enabled the study
of the performance of present shaker heads. Test
results lived up to the expectations: In case of the new
shaker arrangement, the acceleration pattern was
nearly uniform in all directions, both in the free and
“tree” shake mode. In case of the usual shaker
arrangements, asymmetric acceleration distributions
were measured, which, besides injuring the bark, may
result in lower fruit detachment rate.

Keywords

fruit harvest; inertial shaker; shaker head; bark injury

1. Introduction

In the mechanical stone fruit harvesting practice, both
uni- and multidirectional inertial shaker machines are
used. The unidirectional shakers cause theoretically
only normal force to the trunk. In the praxis however
there are other effects, which may damage the bark.
Maximum displacements were found by Affeld et al.
[1] to be 2,5 times greater during start-up and shut-
down, than at steady-state. Relative displacements
between the shaker and the trunk were also excessive
and can exceed tolerable bark strength limits.

According earlier experiments the effect of shaking
direction influences the detachment rate [2]. By
shaking the trees in multiple directions, nearly
uniform acceleration acts on fruits in all directions.
This results in higher detachment rate, compared to
the uni-directional shaking. The phenomenon was
also modelled and proved by FEM [3] [4].

Multidirectional shakers produce forces not only in
normal, but in tangential directions. The tangential
forces tend to separate the bark from the cambium
layer, which can cause long-lasting damage to the
tree. In practice in order to reduce bark injuries,
lubrication is applied between the sling surfaces of
the shaker head [5] [6]. 

In all cases, the shaker head is clamped to the trunk
and is free to move, relative to the frame of the carrier
machine. The present multidirectional shakers use a
pair of counter-rotating eccentric masses to generate
centrifugal forces changing in value and direction.
The freedom of moving relative to the carrier is
assured by the suspension of shaker head via 3 rubber
isolators or chains (Figure 1).

Figure 1. Tractor-mounted tree shaker by the
company Agrícola Noli, S.A.

One possible arrangement of eccentric rotating
masses in the shaker head is stacking, where those are
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rotating around the same axle. The dynamics of such
shakers was studied by Snell and Birrell [7].
According to their findings beside normal forces, tri-
axial torsion moments are raised on the tree trunk,
which may damage the bark (Figure 2).

Figure 2. Typical stacked eccentric mass counter
rotating system as it awakes tri-axial torsion

moments on the trunk

In practice two other arrangements are also used as
Figure 3 shows. To the left the eccentric masses are
symmetrically placed on both sides, to the right on
one side of the trunk. In both cases the energy-wheels
rotate in the same plain, their centres of rotation and
the centre line of the shaker head clamps are in line.
Thanks to these designs two of those harming
moments are excluded. The only remaining one is still
harmful as it tends to turn off the bark of the trunk in
the plane of the wheels (Figure 3).

Figure 3. Shaker head with two rotating eccentric
masses placed on both sides of the trunk and on one

side in line with the tree trunk

Theoretically, by choosing different angular
velocities and eccentric masses for the rotating

eccentric masses, a large scale of shaking forces or
acceleration patterns can be achieved [8]. Horváth [9]
studied and compared the shaking patters in x-y plane
of two uni- and one multidirectional shaker. As
expected, the acceleration pattern of the
unidirectional shakers was a narrow stripe, while the
multidirectional shaker, working according to Figure
3 on the left, has shown a multidirectional pattern in
tree shaking. Abdel-Fattah et al. [10] evaluated the
shaking patterns of 21 commercial multidirectional
shaker machines in x,y and z directions. They found
that the displacement in the x and y direction differed
significantly in all cases: on average 9.3 versus 4.4
mm respectively. The direction x is explained in
Figure 2.

To avoid the third moment (Figure 3) the shaking
force should act normally to the trunk axis in any
shaking directions. Presuming vertical trunk position
and symmetrical limb distribution, the shaking pattern
would be symmetric and would not harm the bark of
the tree in this case. Fodor [11] studied many
technical solutions, which could fulfil these
requirements. His final design enabled a pulsating
force to rotate along curved rails around the centre of
the trunk during shaking. Force pulsation was
generated by two counter rotating eccentric masses.
Unfortunately the construction would be complicated
compared to the present shaking heads. There is no
report of its realisation and field testing. 

2. Materials and Methods

In this paper a new construction model is presented,
which is able to fulfil the requirements of non-
damaging shaking by a simple method. The principle
of the idea is explained in Figure 3. If two identical
and parallel forces F/2 are acting on a symmetrical
body as shown in Figure 4, their effect is summed up
in the midpoint, independent of the direction of
forces, without causing any moment around it. Let’s
now place the tree trunk in the midpoint.

Following from the above, two identical and
synchronised shaking unit can generate a force
pulsating and changing directions on the tree trunk
without generating harmful moments. 

In order to prove the idea, a small laboratory model
was designed and constructed. The arrangement of
the model is shown in Figure 5. The shaking unit
included a pair of two synchronised counter-rotating
eccentric masses, the catching part and the drive. 

The eccentric masses were of different size and had
the form of half rings. This way they were able to
rotate in the same plane without resulting in undesired
moments. The rings were driven by chains from an
external point by an electric drilling machine through
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a flexible axe. This arrangement made possible the
clamping of trunks with different diameters. As
Figure 4 shows, the internal and external rings were
rotating in opposit directions and at different speeds. 
The shaking unit was suspended from an external
frame by tree cables (see in Figure 4 to the right).
These made possible for the shaker to move
independently from the frame. The tree trunk was

replaced by a polyethylene tube of 25 mm external
diameter in “tree” shaking mode.   
When applied, the lower part of the plastic tube was
strongly fixed to bottom of the external frame, the
upper part to the shaking head. That’s why the
acceleration of the tube at its fixing point to the shaker
was regarded to the same as of the shaker itself. 
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Figure 4. Two parallel and identical shaking forces don’t result turning moment

Figure 5. The design of the model and its realization (on the photo one of the diving chains is removed) 

Figure 6 shows the dynamic model for both sides
of the shaker head. The equations (1-4) of centrifugal
forces for each side (according to Figure 5) are:

where 

The values s1 and s2 are the distances between the
centre of rotation and the centre of gravity of the half
rings, m1 and m2 are the masses of rotating rings, ω1

and ω2 are their angular velocities. 

(1)

(2)

(3)

(4)

The equations (5-6) for those distances are

and

where the indexes i and e mean internal and external,
α1and α2 are the half central angles of the rings (see
Figure 6 in right) In this case α1 = α2 =90°

Ortiz-Canavate [8] declared that the shaking pattern
of a double-eccentric-mass shaker depends on the
ratios m1.s1/ m2 .s2 and  ω1 /ω2 .  

On the model design the aim was to achieve a star
shape shaking pattern. With the appropriate choice of

(5)

(6)



eccentric masses and geometrical sizes, the ratio for
m1.s1/ m2 .s2 resulted in 0.46, for ω1 /ω2 1.22  (Re =

3.7 cm, Ri = 3.2 cm,   re = 2.8 cm, ri = 2.1 cm, s1 =
1.6 cm, s2 = 2.2 cm, m1 = 0.07 kg, m2 = 0.108 kg.) 
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Figure 6. Geometry of the rotating rings

Figure 8. Accelerations measured in free (to the left) and in “tree” shaking arrangement of the model

The shaking pattern for the system with ω1=90 1/s,
ω2=73,8 1/s, s1 = 1.6 cm, s2 = 2.2 cm, and doubled m1
and m2 (due to the two shaker units) is shown in
Figure 7. This pattern however is valid for a system
composed of a pair of rotating masses. It doesn’t
include either the frame of the shaker and its drive or
the effect of shaken tree.

Figure 7. Calculated shaking force pattern with the
data of two shaking units

To study the new and the conventional shaker
head’s behaviour laboratory tests were carried out in
the following arrangements:

2.1  Both shaking units are driven, free shaking 
2.2  Both shaking units are driven, “tree” shaking

(left in Figure 5). 
2.3  One shaking unit is driven only, free shaking
2.4  One shaking unit is driven only,, “tree” shaking

(right in Figure 5).
2.5 The rings are coupled on both side (m1 + m2

=0,178 kg) and driven ω1 /ω2 =-1.22, free shaking
2.6 The rings are coupled on both side (m1 + m2

=0,178 kg) and driven ω1 /ω2 = -1.22, “tree” shaking
2.7 The rings are coupled on both side (m1 + m2

=0,178 kg) and driven ω1 /ω2 = -1, “tree”   shaking

Accelerations in x-y-z direction were measured and
registered by an accelerometer built in a mobile
phone with the following specifications: Name:
BMA254, vendor: Bosch Sensortec, version 1.
Resolution: 0.019153614. Max. range: 39.2266.
Power: 0.13 mW.  



The mobile phone was fixed to the shaking frame
as Figure 8 shows. Fixing was made by placing the
phone in an aluminium plate with flanges and framed
by a thin robber stripe. It was presumed, that this way
the natural frequency of the plate-phone system
resulted in higher natural frequency than the applied
shaking frequency. This latter was kept in the range
of 14-18 Hz during all tests.

2.1 Both shaking units are driven, free shaking 
2.2 Both shaking units are driven, “tree” shaking

To the left in Figure 8 the acceleration diagram of
the proposed new shaker head arrangement is

presented at free shaking (without the plastic tube).
To the right in Figure 8 the same shaker was
connected to the plastic tube („tree” shaking). 

2.3 One shaking unit is driven only, free shaking
2.4 One shaking unit is driven only, “tree” shaking
Figure 9 shows the acceleration patterns when one

of the driving chains was removed. The photo in
Figure 5 shows this setup: it complies with the
stacked eccentric mass counter rotating system
without its first two undesired moments (Figure 2).
To the left, the pattern for free shaking is presented,
to the right, “tree” shaking.
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Figure 9. Acceleration pattern when shaking with one counter rotating system. 
To the left: free shaking, to the right: “tree” shaking

Figure 10. Acceleration pattern, when shaking with two counter rotating and uniform size eccentric
masses. To the left: free shaking, to the right: “tree” shaking

2.5 The rings are coupled on both side (m1 + m2

=0,178 kg) and driven ω1 /ω2 =-1.22, free shaking
2.6 The rings are coupled on both side (m1 + m2

=0,178 kg) and driven ω1 /ω2 = -1.22, “tree” shaking

This arrangement imitates the shaker in Figure 3 to
the left. The eccentric rings on both side of the model

were coupled so that the internal and external ones
overlapped each other. This way the rotating eccentric
masses in both side resulted in 0,178 kg. Their speed
ratio was ω1 /ω2 = -1.22. Tests were carried out in free
and “tree” shaking mode. The acceleration patterns
were similar to that what Horváth [9] has experienced
(Figure 10). 



2.7 Single eccentric mass is driven on both sides
with m1= m2, “tree” shaking

The setup on Figure 11 imitates the one-directional
shakers with a pair of counter-rotating uniform size

masses [7] [9]. In the model the rings on both side are
coupled, so m1= m2, =0.178 kg, the speed ratio: =-1.  
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Figure 11. The setup when one eccentric mass is driven on each side with m1= m2

Acceleration patter for one-directional shakers
should be theoretically one single line both in free and
“tree” shaking. Figure 11 shows instead a stripe of
lines. This may be the consequence of inaccuracy in
the mechanical system.  The tilt angle of the stripe is
the angle of the two rotating eccentric masses when
in uniform position.  

3. Results and Discussion

As expected, in the proposed arrangement the two
identical and synchronised units worked in harmony:
the resulting shaking pattern was nearly symmetric in
both the free and “tree” shaking mode. The slight
asymmetry can be explained by the asymmetric mass-
distribution of the shaker head: as mentioned earlier,
the new shaker arrangement works perfectly only
when the shaking unit is symmetrical both in x, y and
z direction (Figure 4).

Figures 10 and 11 coincide well with the test results
of Horváth [9] as well as of Abdel-Fattah [10].
Concerning the direction of asymmetry in shaking
patterns, in contrast to the shape in Figure 9, Abdel-
Fattah et al. [10] measured larger accelerations in
direction y than in x.  This may be in conjunction with
the different suspension geometries and centre of
gravity positions of the model and real shaker
machines. 

Comparing the model results of the shakers in
Figure 2 and left in Figure 3, the latter produced more
equalised acceleration pattern (see Figures 9 and 10).
However its torsion moment around the axis z is still
harmful for the bark.  

The advantage of the new shaker head arrangement
is proven by the comparison of Figures 8, 9 and 10
both in free and “tree” shaking.  The new concept
enables the symmetric shaking of trees in any
directions. 

The model was also able to present the typical
shaking pattern of one-directional shakers. The test
results can be applied to the estimation of inertial
masses in the model. The maximal calculated
centrifugal force is Fc=44 N (in Figure 7), which is
generated by the two sets of shaker units. In case of
the model, the maximal acceleration amax at free
shaking was measured to be approximately 20 ms-2
(Figure 8). According to Newton’s law (Equation 7)
the inertia force:

Fi=mt·amax (7)

whereas mt is the total mass of the shaker unit, amax
is its maximal acceleration. The inertia force is
generated by the centrifugal force, hence  Following
from this, in free shaking the total mass, including the
frame (Equation 8), drive and the eccentric masses is

mt = Fc/ amax= 2,2 kg. (8)

The weighing of the shaking unit has led to similar
result: mtmeasured=2,13 kg, which is near to the
calculated value. By accomplishing the same
calculation for the “tree” shaking mode, where
amax=13 ms-2, the total mass, including now the
“tree” as well resulted mtt= 3,38 kg. In this case the



“tree” load in the system is the difference between mtt
and  3,38-2,2=1,18 kg.

4. Conclusion

The presently used three different shaker head
arrangements cause harmful moments to the tree
trunk, which are eliminated on the most sophisticated
products by lubrication between clamping head
layers. The shaking pattern of the three type units is
more or less asymmetric, which is disadvantageous
from the point of view of fruit detachment.  The new
shaker concept, presented in this paper as a laboratory
model, excludes all of those moments and generates
a symmetric acceleration pattern. The shaking force
is generated here by a pair of two synchronised
counter-rotating eccentric masses which result in
uniform size acceleration in any direction. The
eccentric masses in the model are of half-ring shape,
rotating around the same axle. This arrangement
excludes all the disadvantages of stacked eccentric
mass units by not generating any harmful moments. 

The two pair of rotating eccentric masses could be
replaced by two linear pulsators, turning around their
own vertical axis. Calculations with the model data
coincided well with the laboratory test results, which
prove the conformity of the model for designing full-
sized shaking machines. The calculated and measured
total mass of the shaker system coincided well, which
is another prove of the right modelling. Further
research is planned to detect the reason of asymmetry
in shaking patterns of conventional harvester
machines. 
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Abstract

This paper represents the motivation behind
modelling rocks and the technique. Several possible
agricultural engineering and other applications are
introduced. The need for tracing each grain makes the
discrete element method (DEM) ideal for the task.
There are several types of rock aggregates, which
need different models and parameter sets. Grains
were represented with clumps and crushed rocks were
approximated with convex polyhedral particles. The
behaviours of the models were tested in simulations.

Keywords

discrete element modelling, gravel, crushed rock,
clump, polyhedron

1. Introduction

Numerical computational simulations provide an
excellent way to examine the behaviour of complex
processes. A proper model can provide data, which
are hardly accessible with measurements or would
have high cost requirement. The simulation also gives
a way to examine the effect of process parameters on
the behaviour of the material independently.
There are many cases where engineering structures
interact with rock aggregates. The modelling of these
processes creates the opportunity to test the machines
virtually, creating the possibility to improve the
design, decrease the necessary manufactured
prototype variants, and thus reduce development cost
and time.

Several examples can be found for stone-tool
interaction in the field of agricultural engineering.
The modelling possibilities of soil-tillage interaction

was already examined [1, 2], which can be extended
to study the effect of rocky soil on the cultivation
tools. Rock crushers are often used to reclaim fields
and also rock pickers for collecting stones. Internal
parts of forage and combine harvesters can be
damaged by rocks getting into the machine. In
combine harvesters, there is a stone trap to avoid rock
reaching sensitive parts, which indicates that this
issue cannot be neglected.

A proper rock model also can be used in other
fields, for example railway ballast conditioning,
mining and roadwork.

The first phase of creating a rock-tool interaction
model is defining a proper rock model. The finite
element method (FEM) describes bodies by dividing
them into elements and creating the so-called finite
element mesh. These elements have prescribed
number of common nodes, with defined number of
degrees of freedom. In case of contacting bodies, the
proper definition of every contact surface is needed.
This makes very difficult and time-consuming to
model aggregates with considerable amount of grains,
therefore the discrete element method (DEM) was
applied instead, as it was developed to model granular
media.

DEM involves particles (elements) with
independent motional and rotational degrees of
freedom and arising forces between them [3, 4], so it
creates the possibility to model and trace the grains
independently. The displacements of the particles are
computed via numerical integration, relying on the
principle laws of dynamics. The time between two
successive iteration steps is called the timestep. 

The definition of the technique makes it ideal for
modelling the mechanical behaviour of granular
media e.g. soil [5], rock aggregates, fractured solid

51

HUNGARIAN AGRICULTURAL ENGINEERING 
N° 32/2017 51-55
Published online: http://hae-journals.org/
HU ISSN 0864-7410 (Print) / HU ISSN 2415-9751(Online)
DOI: 10.17676/HAE.2017.32.51

THE FEASIBILITY OF MODELLING ROCKS IN ENGINEERING
APPLICATIONS WITH THE USE OF DISCRETE ELEMENT METHOD
Author(s):
Á. Orosz – K. Tamás – J. P. Rádics

Affiliation:
Department of Machine and Product Design, Budapest University of Technology and Economics
Műegyetem rkp. 3., Budapest, H-1111, Hungary

Email address:
orosz.aakos@gmail.com, tamas.kornel@gt3.bme.hu, radics.janos@gt3.bme.hu

PERIODICAL OF THE COMITTEE OF
AGRICULTURAL AND BIOSYSTEM
ENGINEERING OF
THE HUNGARIAN ACADEMY OF SCIENCES
and 
SZENT ISTVÁN UNIVERSITY
Faculty of Mechanical EngineeringReceived: 2017.10.18. - Accepted: 2017.12.22.



stones [6] different seeds [7, 8], crops [9] and even
buildings made of blocks [10]. The main challenge in
the creation of a DEM model is that it needs
calibration [11] for each material model.
The oldest and simplest element shape in DEM is the
sphere, however more complex particles are used in
our research, which can simulate the sliding of grains
and interlocking effect between rocks more
realistically.

2. Properties of rock aggregates

Different types of rock aggregates are distinguished
based on the material, size and shape of the grains.
Widely used construction materials are e.g. andesite,
limestone, dolomite, quartzite and basalt. The desired
gradation of a yielded aggregate is obtained by
sorting it with different sizes of sieves. The properties
of the aggregate are highly influenced by its origin.
The naturally formed (river) gravels (Figure 1. a)
have smooth surface with round edges and corners
unlike manufactured crushed rocks (Figure 1.b)
which have rough surface and sharp edges and
corners. The grain shape theoretically can be
classified as equant, flat, elongated or flat-elongated
relying on the ratio of the length, width and height
dimensions. However, only equant and flat classes are
used in practice due to economic reasons and the
features of separation processes. These dimensions
are defined by the size of the imaginary bounding
cuboid around the grain. This introduction to the
different aggregates and grains shows that there is a
wide variety of properties, that must be taken into
account during the creation process of their numerical
model, especially in defining the particle shape.

Figure 1. Aggregates made of a) gravels and b)
crushed rocks

3. Definition of particle shapes

The gravel and crushed stone aggregates were
modelled with different approaches in our research.
The smooth gravels are approximated with clumps,
which are particles made up by spheres with rigid
connection between them. The elements that

represent equant (Figure 2. a) and flat (Figure 2. b)
gravels, have spheres with different size ratio and
constellation.

Figure 2. a) Equant and b) flat clump particles

Crushed rocks were approximated by randomly
generated [12] convex polyhedra, with predefined
size and shape index, which allows the creation of
equant (Figure 3. a) and flat (Figure 3. b) particles.
Polyhedra can simulate the significant interlocking
between grains effectively, and effect of rough surface
can be modelled with a properly set coefficient of
friction.

Figure 3. a) Equant and b) flat polyhedral particles

4. Interaction laws of arising forces

The interaction (constitutional) law computes the
arising forces between the particles. Two of them was
chosen from the many existing laws, one for the
clump elements and one for polyhedra. The
definitions of laws belonging to the corresponding
particle types necessarily differ, but the aim was to
find such ones that have the same base in some point.

Following from the behaviour of the rock
aggregates, forces only need to be risen, when the
particles come into contact, so the models have to be
cohesionless. For clumps, the model of Cundall and
Strack [13] was chosen and the law of J. Eliáš [14]
was used for polyhedral particles. Both are
implemented in Yade DEM software [15]. The
particles are ideally rigid in both models, and their
stiffness is represented by definition of the interaction
law.
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Clumps

The model of Cundall and Strack [13] is originally
applied to spheres, but it can be also adapted to
clumps. In the clump model, two kinds of forces arise
between the particles during contact: normal
(repulsive) and shear forces. The magnitude of the
normal force (Fn) is linearly proportional (Equation
1) to the compression (un) of the imaginary linear
spring between particles with normal stiffness kn

(Figure 4.).
Fn=knun (1)

Figure 4. Visualization of normal force 
definition [15]

The shear force (Fs) is linearly proportional to the
displacement (us) from the relative rotation and
translation of the elements (Equation 2), and its
maximum value (Fs

max) is regulated by the Coulomb
friction law (Equation 3).

Fs=ksus (2)

Fs
"max" =Fntan(φ) (3)

where:
Fs shear force [N]
Fs

"max" maximum shear force [N]
Fn normal force [N]
ks normal stiffness [N/m]
us relative displacement [m]
φ inter-particle friction angle [rad]

Polyhedra

The polyhedral interaction law has several similarities
to the clump law, as it only differs in the definition of
normal force. The magnitude of normal force (Fnv) is
linearly proportional to the size of the Vc intersecting
volume (Equation 4). The same law is visualized by
Figure 5. in profile. Because of the volumetric
behaviour of the definition, the so-called volumetric
normal stiffness (knv) is used as the proportional factor
between the normal force and mutual volume, with
the unit N/m3.

Fnv=knvVc (4)

Figure 5. Visualization of normal force 
definition [14]

The computational method of the shear force is the
same as seen in case of the clump constitutional law
(Equation 2 and 3).

Damping

The applied interaction laws do not involve any kind
of damping, which is essential to dissipate kinetic
energies and to reach equilibrium state. Considering
that, a so-called global damping [16] was applied in
both models. Equation 5 refers to each particle
separately. Fdw is a numerical, artificial, non-viscous
damping, which decreases the forces that cause
velocity increases and vice versa, with a damping
coefficient factor which is between 0 and 1. Global
damping has a restriction that it can only provide
reliable results in quasi-static simulations.

where:

F force [N]
ui-1 velocity of particle in the previous timestep[m/s]
üi acceleration of particle in the current timestep

[m/s2]
w index of dimension (x, y, z)
ΔFddamping force [N]
Δt duration of a timestep [s]
λ damping coefficient (0-1) [-]

5. Simulation test setup

The behaviour of the clump and polyhedral models
were tested in a uniaxial compression simulation. The
aggregate is placed in a cylinder (Figure 6. and 7.)
and a top plate applied a normal force to the aggregate
up to 600 kN with constant velocity, then unloading
began. The normal force on the plate and its
displacement was registered.
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Figure 6. Sketch and dimensions of the test setup

Figure 7. Initial state of the polyhedral pack before
the pressing process

The applied micromechanical characteristics of the
polyhedral model were:

stones plate + cylinder
ρ 2600 7800 [kg/m3]
knv 2·1013 2·1014 [N/m3]
ks 2·108 2·109 [N/m]
φ 0,6 0,4 [rad]

The parameters of the clump model were:
gravels plate + cylinder

ρ 2600 7800 [kg/m3]
kn 3·1010 2,1·1011 [N/m]
ks 3·106 2,1·107 [N/m]
φ 0,6 0,4 [rad]

Where ρ is the volumetric mass density. The value of
the damping coefficient (λ) was 0,3 in every case.

6. Results

Figure 8. and 9. shows the results of compression
simulations. Normal force, which was registered on
the load plate, is shown in respect of the negative

displacement of the plate. Equant and flat aggregates
were tested both in clump and polyhedral cases. The
results in the case of clumps (Figure 8.) show little
difference between the two particle shapes, although
the flat grains can be compressed slightly better.
However, there is a significant difference in case of
polyhedra (Figure 9.). Studying the load curves of the
polyhedral particles, peak forces can be observed.
This behaviour is presumably due to the interlocking
and stick slip of certain elements and it is assumed
that it can be neglected.

Figure 8. Load curve of the clump aggregates

Figure 9. Load curve of the polyhedral aggregates

7. Conclusion

The paper discussed the motivation of the research on
creating the numerical model of rocks and its the
usability in the field of agricultural machinery
engineering. The chosen tool was the discrete element
method, which is suitable for modelling the distinct
rock grains. Models for simulating gravels and
crushed rocks with equal and flat shapes were
introduced and studied.

In DEM models, the definition of particles and the
law of interactions have to be defined. Our focus was
on creating a model with a complex element shape,
which is, in contract with the simple sphere, able to
model the interlocking and sliding between particles
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accurately. The behaviour of the models, especially
the effect of grain shape, was tested in the simulations
of a uniaxial compressing test setup.

The evolution of the normal force acting on the top
plate, in respect of the displacement of this plate,
showed same characteristics in each test and fulfils
the theoretical expectations. The load curves show the
typical, highly nonlinear behaviour of rock
aggregates. In the early phase of the process, the force
raises slowly, as the result of the relatively high initial
porosity of the aggregate. As interlocking and
consolidation occurs, the aggregate becomes stiffer.

The particle shape, besides the application of the
same constitutional law and parameters, have a
noticeable effect on the compressibility of clump
aggregates, and shows a significant influence in case
of polyhedral bulk materials. This nature confirms the
benefit of using complex element shapes in situations,
where the influence of the grain shape on the behaviour
on the whole aggregate cannot be neglected.
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Abstract

The aim of our work was the non-invasive maturity

determination of Golden Delicious apples during 35

days long cold (2°C) and shelf-life storage (20°C).

Significant difference was found between cold and at

20°C stored samples in case of mass loss, acoustic

stiffness coefficient, RGB color parameters and

chlorophyll content related parameters (IAD, F0, FM,

FV/FM). The DA-value and the chlorophyll

fluorescence values did not show significant

differences between the blushed and shaded sides of

the samples.

All the applied non-invasive measuring methods were

found to be suitable for the detection of postharvest

maturation related quality changes of apple.

Keywords

DA-index®, chlorophyll fluorescence, acoustic

stiffness, computer/machine vision system.

1. Introduction

Nowadays, the consumers’ demand for fresh apples

in excellent quality became more and more

important. Apple is one of the main fruits available

during all the year in Hungary for fresh

consumption and postharvest storage. Concerning

this, the objective quality determination of fresh

apple samples is also an important task to solve. In

order to store the apples for months it is essential

to know the internal processes. Internal and

external quality features such as stiffness, taste and

color are the most valuable parameters for the

consumers.

The new non-destructive quality evaluating

methods offer the possibility to supply precise

information about the quality and its changes during

the postharvest period. Abbott et al. [1] found the

relationship between the resonance frequency of the

apples and their firmness. Since then, more and more

research groups carried out experiments using the

acoustic method. More fruits’ and vegetables’

stiffness, such as pear [2], peach [3], tomato [4],

carrot [5], were measured successfully by this

technique.

The outlook is a very important parameter during

quality evaluation and purchase. Computer aided

machine vision system offers the possibility for size,

shape and color analysis [6, 7]. 

The maturity related surface color change can be

characterized by the logistic curve related color

changes in case of many fruits and vegetables [8 ,9]. 

Photosynthetically active chlorophyll content and

postharvest quality related maturity changes can be

determined by the use of chlorophyll fluorescence

analysis [10, 11] and the measurement of DA-value

(index of absorbance difference, IAD) by a DA-meter

[3, 12, 13,14, 15].

The aim of our work was the non-invasive maturity

and quality determination of freshly harvested Golden

Delicious apple samples during simulated postharvest

cold and shelf-life storage.
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2. Materials and methods

Mature green and fresh Golden delicious apple
samples (Malus domestica cv. Golden delicious L.)
were bought from an experienced grower in uniform
maturity. According to uniform size, mass, shape and
freedom from defects, 50 pieces were randomly
divided into two groups. They were stored in
temperature-controlled refrigerator at 2 ± 0.5 °C and
at ambient temperature of 20 ± 1 °C for 35 days
wrapped in thin LDPE (low-density polyethylene)
bags.

Two measuring points on the blushed and shaded
side were selected for the nondestructive
measurements as surface color measurements carried
out by a machine vision system, chlorophyll
fluorescence analysis and DA-index® evaluation. In
case of the optical methods the parameters were
calculated as the average on the two sides measured
values. Mass loss (% of fresh weight) was calculated
based upon the measured weight data of each sample
on every measuring day.

Surface color changes were determined by a
specific self-developed machine vison system
consisting homogeneous illumination provided by
halogen lamps and a high-performance camera.
Average red, green and blue color characteristics (and
additionally the normalized values too) of the
different sides of each sample were evaluated during
the 35 day long cold and shelf-life storage period. The
normalized R, B, and G values were calculated upon
the intensity of R or B or G value divided by the sum
of the R, B and G values. 

Maturity related changes of photosynthetic activity,
integrity and efficiency of photosystem II (PSII) were
characterized by the measurement of chlorophyll
fluorescence parameters. F0 (dark fluorescence
signal), Fm (maximum dark fluorescence signal) and
Fv (variable fluorescence Fv = Fm-F0) parameters at
the above mentioned two points of each apple side
were measured by a PAM WinControl-3 controlled
MONI-PAM multi-channel chlorophyll fluorometer
(Heinz Walz GmbH, Germany). The calculated index
of Fv/Fm reflects the potential maximum photon
yield of photochemistry, i.e. the maximum
photochemical efficiency. It is a valuable tool to
determine both photosynthetic capacity and stability
in connection with chlorophyll degradation related
postharvest maturation.

In order to characterize the change in fruit surface
color or tissue related chlorophyll content, the DA
index® was measured by a FRM01-F type Vis/NIR
DA-meter® (Sintéleia s.r.l., Italy) on every two
measurement points per side of each apple. Index of
absorbance difference (IAD = A670nm-A720nm) is

calculated upon the absorbance difference between
670 nm (near the Chl-a absorption peak) and 720 nm
(background of the spectrum). The DA index® (or
IAD) is proportional to the amount of chlorophyll
present in the fruit and varies from 0 to 5 (Ziosi et al.
[15]). For the calculation of DA index®, back light
luminosity value (BK), Red light value (RED) and IR
light value (IR) were also measured automatically by
the device. 

Textural changes were measured by a purpose-built
laboratory device using the acoustic impulse response
technique. Samples were tapped lightly on the
equator with a wooden stick. The apples’ acoustic
response was collected by microphone located under
the cushioning sample holder. The microphone’s
output was recorded by a sound card in a PC-
compatible computer. Custom Fast Fourier Transform
software was used to analyze the recorded acoustic
response. From the resulting frequency spectrum, the
characteristic frequency was selected. The
characteristic frequency and the sample mass were
used to calculate the acoustic stiffness coefficient [5,
16] by the equation below (Equation 1), where f is the
characteristic frequency of the sample (Hz), m is the
sample mass (g) measured with a high precision
balance:

S= f2*m*10-6 [N/mm] (1)

Data were converted by means of routines in MS-
Excel and were analyzed using the SPSS for
Windows ver. 14. Statistical analysis was performed
at 95 % significance level (in figures marked with 
95 % CI).

3. Results and discussion

During the postharvest storage the firmness, the mass
and the color changes of the apple samples were
observed. Figure 1 shows the mass loss changes of
the samples in the two different storage temperatures.
It can be seen, that the mass loss of the 2°C stored
apples was only 3% during the 35 days long storage
period. Compared to that, the 20°C stored apple’s
mass loss was more than 10% with significant
difference from the 4th day.

During the storage the mass loss and the firmness
changed together. Figure 2 represents the changes of
the acoustic stiffness coefficient. The trend is similar
to that of mass loss changes versus time. Here also
significant difference was found between the two
groups from the 4th day.

In contrast to that, in case of the 20°C stored
samples, the degree of the decrease in the acoustic
stiffness coefficient after the 25th day was not as
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significant compared to the mass loss changes. It is
worth evaluating the relationship between the mass
loss and the relative acoustic stiffness coefficient
(Figure 3). Based on the observed changes, it can be
concluded, that the acoustic stiffness coefficient is
much more sensitive parameter compared to the mass
loss (note the change of the relative acoustic stiffness:
it was more than 80 %, and the mass loss changes was
about 15 % during the 35 days).

Figure 1. Mass loss changes of the apples stored at
2°C and 20°C.

Figure 2. Acoustic stiffness changes of the apples
stored at 2°C and 20°C.

Figure 3. Relationship between mass loss and
relative acoustic stiffness coefficient

The acoustic stiffness coefficient’s change also clearly
and objectively showed the significant difference
between the cold and room temperature stored samples
quality decrease (tissue softening) during postharvest.
Until having reached about the 4 % of mass loss, the
stiffness change intensity was almost the same as the
mass loss change suggesting a linear relationship
(Figure 3). After this point, the stiffness change is less
intensive compared to the mass change.

Figures 4-6 show the changes of the normalized R,
G, B color parameter of the samples, respectively. The
dominant color component was found to be the red.
During maturation, the red color parameter increased,
while the green and the blue parameters decreased
continuously, following a logistic like trend. 

In case of all three parameters, significant
difference was found between the two storage
conditions. Regarding the normalized color
parameters, the speed of the color changes was
approximately two times higher and more intensive
in case of the 20 °C stored apples compared to the 2
°C stored samples. The large-scale changes were
observed on the same day (after the 11th day) in case
of the two groups. During the storage, the initially
green samples became yellow due to the postharvest
maturation process.

Figure 4. The changes of the normalized red color
parameter of the samples

Figure 5. The changes of the normalized 
green color
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Figure 6. The changes of the normalized blue color

In Figure 7 the change in chlorophyll content
related DA index® (IDA) values can be seen. It was
about 1 at the beginning of the storage and decreased
continuously during the measurement period. From
the 4th day of storage, significant difference was
observed between the two groups. The decrease was
only about 0.2 DA value in case of 2°C sample and
about 0.7 in case of 20°C stored apples. In case of
20°C stored apple it means that almost all the
chlorophyll content decayed during this 35 days long
storage period. It confirms that the initial green color
of the samples changed to yellow. That change was
also shown in case of the normalized color parameters
(Figure 4-6). 

Figure 7. The changes of the DA index® during the
storage

Compared to the initial values, the average IR value
increased during the storage (Figure 8). From the 4th
day of storage, in case of this parameter significant
difference was found between the two groups stored
at different storage conditions too. The IR parameter
of the 20°C stored samples increased to almost twice
as the initial.

The changes of the chlorophyll content related Fv
parameter are shown in Figure 9. During the storage,
the content of the photosynthetically active
chlorophyll content decreased as it was already
shown earlier by the DA index® values (Figure 7).

From the 4th storage day, significant difference was
observed between the two groups. The Fv value
decreased from 2500 to about 2000 relative value in
case of 2°C stored apples and to about 250 in case of
20°C stored samples clearly representing the negative
effect of higher storage temperature on postharvest
maturity changes. After the 21st day, the rate of the
decrease was almost negligible in case of the 20°C
stored group.

Figure 8. The changes of the IR-value during the
storage

Figure 9. The changes of the Fv parameter during
the storage

Figure 10. The changes of the Fv/Fm parameter
during the storage

The Fv/Fm value decreased also (Figure 10), but in
the first week there was no significant difference
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between the groups, the way of decrease showed a
similar trend. In contrast to that, after the 7th day
significant difference occurred in the way of the two
groups behavior. The change of the Fv/Fm value of
2°C samples was only 0.1, compared to the higher
change of 0.3 in case of 20°C stored samples
revealing a fast and rapid maturity change at improper
storage conditions.

4. Conclusions

Non-destructive measurements such as chlorophyll
fluorescence analysis, DA index® measurement,
acoustic stiffness measurement and computer aided
machine vision system-based surface color
measurement were carried out during the test period
of 35 days on the Golden delicious apple samples
stored at 2°C and 20°C.

According to our results shown above, all the
applied non-invasive quality measurement methods
were found to be suitable for the detection and
follow-up of postharvest maturation related quality
changes of apples stored at different storage
temperatures proving the positive effect of reduced
temperature on apple quality.

As a main conclusion, it can be declared that by the
use of the applied methods, significant differences
were determined between at cold and ambient
temperature stored samples quality from the 4th day
of storage in case of textural changes such as mass
loss, acoustic stiffness, surface color related DA
index® values, and additionally from the 7th-11th day
of storage in case of chlorophyll fluorescence related
parameters.
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Abstract

In this study, an investigation was made of the effect
of length on the mechanical durability of pellets made
from Valonia Oak industrial waste, Calabrian Pine
residue and sawdust at various mixture ratios of these
materials. The pellets were classified into six length
classes of 3.15 mm < PL ≤ 20 mm, 20 mm < PL ≤ 35
mm, 35 mm < PL ≤ 38 mm, 38 mm < PL ≤ 40 mm,
40 mm < PL ≤ 45 mm and 45 mm < PL, and each
length class was classified into four categories (C-I,
C-II, C-III and C-IV) according to surface cracks. 
Mechanical durability test results showed that, in the
66.5-33.5% acorn-pine mixture ratio, only the 20 mm
< PL ≤ 35 mm-C-I pellets met the 97.5% mechanical
durability limit of ENplus, but most of the other
classes met the minimum PFI standard mechanical
durability limit of 95%. 
In the free fall tests, all length classes showed the
same results for C-I pellets: these did not break into
pieces easily, whereas C-IV pellets broke into pieces
at the first fall. Also, their weight loss was greater
than that of the other categories.

Keywords

wood pellet, forest residue, valonia waste, length,
mechanical durability

1. Introduction

Turkey has approximately 22 342 000 ha of forest, of
which 5 886 195 ha or 26.34% is oak, and 5 610 215
ha or 25.11% is Calabrian pine [1]. These tree species

are widely used in the timber industry, especially in
furniture making [2]. Also, acorns are used as a raw
material in the leather industry in the tanning process
[3] and in the animal feed industry [4] [5].
It is estimated that the sawdust and other wastes from
the processing of these and other tree species,
together with the branches, shoots and other pruned
materials have an energy value of 859 899 TOE
according to BEPA data. The min-max oven-dry
calorific values of oak and pine are 3972-4287 cal/gr
and 4216-4531 cal/gr [6] respectively, so that these
materials could be used as an important source in the
production of heat energy.

Because of its dispersed state and various other
physical characteristics, this biomass must undergo
some pre-treatment in order to convert it into a
productive form. Pelleting technologies are widely
applied in order to increase the energy density of
biomass and to reduce the costs of storage and
transport [7]. In order for pellets to be easily
transported and to have a long shelf life, it is
necessary to set up standard accepted mechanical
durability values for pellets [8]. 

In this study, an investigation was made of the
mechanical durability of pellets made at a factory
producing valonia from acorns, using the waste from
the valonia production process (Figure 1), [9] mixed
at a proportion of 60-81% [3] with Calabrian pine
forest residue and sawdust. These pellets are used to
meet the heating needs of the factory itself and some
are sold commercially. The effect of cracks on the
pellet surface was also investigated, separating the
pellets into length classes.
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Figure 1. Valonia production process

2. Materials and Methods

Materials

Raw Materials

Pine forest residue, industrial waste from the acorn
industry and sawdust waste from the furniture
industry were used (Figure 2). The pine residue
contained 10.14% moisture, the acorn waste 40.59%,
and the sawdust 10,92%. The acorn waste was spread
on the ground and dried naturally, reducing moisture
content to a value of 28.56%.
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Figure 2. Raw Materials

Figure 3. Pelletizing machine with 8 mm disc and pellets

Pellets

The pellets used in the study were from a biomass
mixture consisting of 66.5-33.5% acorn-pine and 50-
25-25% acorn-pine-sawdust. Granule size was

reduced in a hammer mill, and the pellets were
produced in a disc-type pelletizing machine with a
capacity of 1000 kg/h and holes of 8 mm diameter,
and cooled naturally (Figure 3).  

Devices and Equipment

A drying oven (a) was used in moisture analysis of
the pellets, digital calipers (b) with an accuracy of
0.001 to measure length and diameter, a scale (c) with
an accuracy of 0.001 to measure weight, a durability
tester (d) and sieves (e) to determine mechanical

durability, a steel plate (f) as the surface on which the
pellets fell in free fall tests, a digital microscope (g)
with a five megapixel sensor, adjustable polarizer, up
to 200x magnification depending on working
distance, and a resolution of 2592x1944 to
photograph cracks. Sample containers (h) were used
in all analyses (Figure 4).



2.2. Methods

Moisture Analysis

Samples of at least 50 g were weighed with five
iterations on a sensitive scale and dried in a drying
oven at a temperature of 105°C for 24 hours.
Moisture values were calculated on the basis of wet
weight (MWb) by Equation 1, and on the basis of dry
weight (MDb) by Equation 2 [10].

Wfi = First Weight of Sample and Container (g) 
Wf = Final Weight of Sample and Container (g) 

Wwater = Wfi - Wf (g)
Wdrysample = Wfi – Wcontainer – Wwater (g)

Distribution of Pellets by Size

Pellet lengths (PL) of each mixture were separated
into six classes of 3.15 mm < PL ≤ 20 mm, 20 mm <
PL ≤ 35 mm, 35 mm < PL ≤ 38 mm, 38 mm < PL ≤
40 mm, 40 mm < PL ≤ 45 mm, 45 mm < PL, and
percentage distributions of the length classes were
calculated according to weight and number. The
original length class designations were written in the
text but were named in the tables as follows: 

–3.15 mm < PL ≤ 20 mm = PL1
–20 mm < PL ≤ 35 mm = PL2
–35 mm < PL ≤ 38 = PL3
–38 mm < PL ≤ 40 mm = PL4
–40 mm < PL ≤ 45 mm = PL5
–45 mm < PL = PL 6

It was determined that in general, pellets produced
on the market have a length of 3-4 times their
diameter [11], and so the ideal length of pellets
produced with an 8 mm disc would be 20 mm < PL ≤
35 mm. Maximum pellet length is 38.1 mm according
to the PFI standard [12] and 40 mm according to the
ENplus standard [13]. The proportion of pellets
accepted longer than the maximum pellet length is
1% for the two standards, while according to the
ENplus standard [13], pellets longer than 45 mm are
not accepted at all. Therefore, the length classes of 35
mm < PL ≤ 38 mm, 38 mm < PL ≤ 40 mm and 45 mm
< PL were selected. Also, because pellets with a
granule size of less than 3.15 mm are classed by the
PFI [12] and ENplus [13] standards as dust, the
proportion by weight of dust was calculated with the
help of a 3.15 mm sieve.

Distribution of Length Classes by Crack Categories
The pellets were examined under four categories,

C-I, C-II, C-III and C-IV, according to the cracks on
their surfaces. 

The categories were defined as follows:
–C-I: No visible cracks on the surface
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Figure 4. Devices and Equipment

(1)

(2)



–C-II: At most two cracks on the surface in the form
of scratches or slightly deepened

–C-III: More than two surface cracks in the form of
scratches, or deep

–C-IV: Shape changed by cracks; pellets about to
break up (Figure 5).

Because pellets in the 3.15 mm < PL ≤ 20 mm
length group were too short, pellets in this group were
not examined for division into crack categories.

The distribution of crack categories was calculated
within each length class and as a percentage of all
samples.
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Figure 5. Crack Categories

Length – Diameter – Weight Measurements

The length (mm), diameter (mm) and weight (g) of
100 selected pellets was measured, and the maximum,
minimum, mean and standard deviation were found.

Mechanical Durability by Length and Crack
Categories

Test with a Pellet Durability Tester

The testing stages were as follows:
–Pellet sample were taken 500 g ± 10 g in

accordance with the ASAE S269.5 standard and
weighed after removal of dust. This was recorded
as the Pellet Sample Weight (PSW).

–The tester was operated for 10 minutes at 50 ± 2
rpm.

–The samples were removed from the tester, and in
accordance with the ASAE S269.5 standard [15],
the broken pellet pieces and dust were separated
from the sample using a 6 mm and 3,15 mm sieve,
and weighed. Their weight was then recorded as the
Pellet Final Weight (PFW).

–Pellet Durability (PD) was calculated using
Equation 3, which showed the relationship between
the variable PSW (the mass of the pellet pieces
before tumbling) and the variable PFW (the mass
of the pellet pieces after tumbling) [14].

Free Fall Tests

Pellets of each length class and crack category were
allowed to fall freely from a height of 1.85 m, with

five iterations. The number of falls after which the
pellet broke up was observed, and weight losses were
calculated by weighing on a sensitive scale. 

Photographs of Cracks 

Photographs of the cracks taken with a digital
microscope (Figure 4) were used to show the
differences between the crack categories according to
the surface cracks.

3. Results & Discussion

Results

Moisture Analysis

It was found that the average moisture on a wet and
dry weight basis was 14.16% and 16.49% for 66.5-
33.5% acorn-pine mixture ratio pellets, and 14.30%
and 16.69% for 50-25-25% acorn-pine-sawdust
mixture ratio pellets. The moisture of both samples
was above the 10% maximum on a wet weight basis
of the PFI [12] and ENplus [13] standards. 

Distribution of Pellets by Size 

Pellets of neither mixture accorded with the PFI
standard, which states that the proportion of pellets
exceeding the maximum pellet length of 38.1 mm
should be 1% [12]. In the case of the acorn-pine mix,
the total proportion of pellets longer than 38 mm was
13.55%, while for the acorn-pine-sawdust mix this
figure was found to be 7.76%. According to the
ENplus standard, the maximum pellet length is 40
mm, and at most 1% of pellets must be in the 40 mm
< PL ≤ 45 mm class [13]. The 45 mm < PL class is

(3)



not accepted [13]. It was determined that the mixtures
did not conform to these standards.

According to both standards, pieces smaller than
3.15 mm are counted as dust [12], [13]. The amount

of dust in both mixtures was below the maximum
proportion of 1%.
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Table 1. Distribition of Pellet Length Classes by Number and Weight

Table 2. Distribution of Each Length Class by Crack Categories

Distribution of Length Classes by Crack Categories

Distribution of Each Length Class

Table 2 shows the numerical and percentage
distributions of crack categories within each length
class of pellet. It can be seen from this that in the
length classes of both mixture types, there were more
pellets in C-II than in the other crack categories. In

66.5-33.5% of acorn-pine-sawdust mixture ratio
pellets, C-II, C-III and C-IV cracks were found most
in the 38 mm < PL ≤ 40 mm class. 

In 50-25-25% of acorn-pine-sawdust mixture ratio
pellets, there were fewer  in the C-III crack category
as size increased, but the number in the C-I category
also decreased apart from in class 45 mm < PL. Most
C-IV cracks was found in class  40 mm < PL ≤ 45. In



each mixture, most C-I cracks was found in class 45
mm < PL.

Distribution in the Whole Pellet  Sample

The first five rows in Table 3, which are arranged
according to crack categories in both mixtures apart
from the 3.15 mm < PL ≤ 20 mm class, were the same
for both mixture ratios. For all samples, the length
class 20 mm < PL ≤ 35 mm and C-II cracks were the
most frequent. It was calculated that in the 66.5-
33.5% acorn-pine mixture pellets, the proportions of

C-I, C-II, C-III and C-IV cracks were 20.2%, 31.83%,
8.32% and 0.44% respectively, while they were
13.12%, 28.83%, 7.52% and 0.64% for the 50-25-
25% acorn-pine-sawdust mixture.

The increase from C-I cracks to C-II cracks reduces
mechanical durability. C-III cracks is not preferable for
high mechanical durability, but also, C-IV cracks are
definitely not desirable. Pellet durability will decrease
because of this length class which was calculated in the
acorn-pine mixture and the acorn-pine-sawdust mixture
respectively as 39.21% and 49.91%.
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Table 3. Distribution of Length Classes by Crack Categories in the Whole Pellet Sample and
66.5-33.5% Acorn-Pine and 50-25-25% Acorn-Pine-Sawdust Mixture Ratios

Length – Diameter – Weight Measurements

For 66.5-33.5% acorn-pine mixture ratio pellets,
the following measurements were found: length
(mm), maximum 50.15, minimum 12.14, mean
25.80, standard deviation 9.44; diameter (mm),
maximum 8.10, minimum 7.62, mean 7.84,
standard deviation 0.12; weight (g), maximum
2.82, minumum 0.57, mean 1.35, standard
deviation 0.53, while for the acorn-pine-sawdust
pellets, the measurements were length (mm),
maximum 53.89, minimum 8.57, mean  21.90,
standard deviation 9.28; diameter (mm), maximum
8.29, min 7.52, mean 7.92, standard deviation 0.17;

weight (g), maximum 2.92, minimum 0.40, mean
1.09, standard deviation 0.52.

Deviations in pellet diameter were greater in the 50-
25-25% acorn-pine-sawdust pellets than in the 66.5-
33.5% acorn-pine mixture ratio pellets.

Mechanical Durability by Length and Crack
Categories

Pellet Durability Tester Results

The mechanical durability test results showed that,
with the 66.5-33.5% acorn-pine mixture ratio pellets,
only the 20 mm < PL ≤ 35 mm-C-I pellets were
within the 97.5% mechanical durability limit of the



ENplus Standard [13]; however, the other classes met
the minimum PFI standard [12] mechanical durability
limit of 95% except for 3.15 mm < PL ≤ 20 mm-all
cracks and 20 mm < PL ≤ 35 mm-C-III. With the 50-
25-25% acorn-pine-sawdust mixture ratio pellets,
none of the pellet classes were within the mechanical
durability limit of the ENplus Standard, and only the
20 mm < PL ≤ 35 mm-C-I, 20 mm < PL ≤ 35-all
cracks, 40 mm < PL ≤ 45-all cracks and 45 mm < PL

mixed cracks classes were within the mechanical
durability limit of the PFI standard (Table 4). 

With both pellet mixtures, even though pellets of
the ideal pellet group of 20 mm < PL ≤ 35 mm were
a mixture of all crack categories, they met ENplus or
PFI standards. However, when only crack categories
C-II and C-III are considered, mechanical durability
progressively falls. 
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Table 4. Mechanical Durability of Pellets

Figure 6. 66.5-33.5% Acorn-Pine Mixture Ratio Pellet
Mechanical Durability by Length Classes



Free Fall Test Results

Three pellets were to be taken from each of the six
length classes and crack categories, so that a total of
72 pellets were to be examined from each mixture.
However, pellets of the class 3.15 mm < PL ≤ 20 mm
was not separated into crack categories, there were
few or no examples of C-IV cracks, and some of
pellets had been used in the mechanical durability
tests,  and so as a result of that 52 samples of 66.5-
33.5% acorn-pine mixture ratio pellets and 50 of the
50-25-25% acorn-pine-sawdust mixture ratio pellets
were examined.

According the results, all length classes generally
showed the same results for the two types of pellet
mixes, namely that C-I pellets did not break into
pieces easily, fragmentation and loss of weight of C-
II and C-III pellets was greater than that of C-I, and
C-IV pellets broke into pieces at the first fall and their
loss of weight was determined as higher than the
other categories. 3.15 mm < PL ≤ 20 mm class did
not break into pieces because of their short length, but
their mechanical durability was calculated to be the
lowest in the durability tester results as shown in
Table 4. Breaking and weight loss increased with
increase in length. In general, longer pellets began to
break from the end. (Figure 8). Breaking into four
pieces was most commonly seen in 50-25-25% acorn-

pine-sawdust mixture ratio pellets of the 40 mm < PL
≤ 45 mm length class (Figure 9).

Figure 8. Longer pellets beginning to break from
the end

Figure 9. 50-25-25% Acorn-Pine-Sawdust mixture
ratio 40 mm < PL ≤ 45 mm

Length Class Pellet

It was calculated from the results of the free fall test
when 66.5-33.5% oak-pine mixture ratio pellets of the
C-I crack category, which had shown the best
mechanical durability, were examined by length class,
that weight loss was 0.023 g in the 20 mm < PL ≤ 35
class, 0.037 g in the 35 mm < PL ≤ 38 class, 0.043 g
in the 38 mm < PL ≤ 40 class, and 0.050 g in the 40
mm < PL ≤ 45 and 45 mm < PL classes. In the 20 mm
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Some samples were found to be under 500 g. In
these samples it was expected that the PDI value
determined by the durability tester would be
somewhat higher [15].

According to Figures 6 and 7, in which the
mechanical durability of pellet lengths was examined
against all crack categories, general mechanical
durability fell with both mixtures between the length
classes 20 mm < PL ≤ 35 mm and 38 mm < PL ≤ 40

mm. However, the lowest mechanical durability in
both mixtures was found in the length class 20 mm <
PL ≤ 35 mm. This is thought to arise from the large
number of cracks in small pellets. Generally, it was
found that the durability of 66.5-33.5% mixture
pellets was higher than that of 50-25-25% mixture
pellets. Adding sawdust to the pellet mixture had a
negative effect on mechanical durability.

Figure 7. 50-25-25% Acorn-Pine-Sawdust Mixture Ratio Pellet 
Mechanical Durability by Length Classes



< PL ≤ 35 class, only one pellet broke up; as length
increased pellets broke into two, and in the 45 mm <

PL class, some pellets were seen to break into three
pieces (Table 5).
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Table 5. 66.5-33.5% Acorn-Pine Mixture Ratio Pellets: Free Fall Test Results of C-I Cracks by Length  

Crack Photographs

As seen in Figure 10, cracks on the surface of pellets
increased in size from C-II to C-IV. An increase in

pellet storage time or storage in unsuitable conditions
increased deterioration, and cracks became
progressively larger [16].

Figure 10. Photos of crack categories taken by digital microscope

4. Conclusions

Mechanical durability has great importance for pellet
quality under market conditions, and there are many
factors such as raw material properties, moisture
content, pellet length and surface cracks which affect
the mechanical durability of pellets. 

Generally, if the length of pellets increases, the
mechanical durability decreases, but pellet length and
surface cracks should be investigated together. Even
if the ideal pellet length shows high mechanical
durability, mechanical durability will decrease as a
result of an increasing percentage of C-III and C-IV
cracks.



The shortest pellets showed low mechanical
durability. In our opinion, pellets in this group are
parts of longer ones. Also, some of the longer pellets
showed high mechanical durability according to
durability test results, but they easily broke into
pieces in the free fall tests. This indicates that the
results of durability and free fall tests must be
evaluated together.

Also, considering that longer pellets have a lower
burning efficiency and have higher emission values
[17], producers should adjust the cutting knives of
their pelletizing machines according to the maximum
length limits given in pellet standards.
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