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DRYING OF HARDWOOD TIMBER - SCIENCE AND INDUSTRY
(Keynote lecture)

Goran Milié

University of Belgrade — Faculty of Forestry,
Department of Wood Science and Technology,
Belgrade, Republic of Serbia
e-mail: goran.milic@sfb.bg.ac.rs

ABSTRACT

Despite the worldwide production of softwood timber being considerably greater, the importance
of hardwood timber remains undiminished, especially when it comes to high-value wood products.
The demand for high-quality dried hardwood timber has been experiencing continuous growth over
the past decades and it predominately relies on timber dried in conventional kilns. While numerous
improvements in kiln equipment have been implemented over the last decades, conventional drying of
hardwoods remains a very slow process, mainly based on empirical knowledge. This paper provides
an overview of the current situation related to hardwood drying in Europe and offers a discussion on
potential research directions and overall industry situation by bringing into focus drying schedules and
energy aspects of hardwood timber drying process. Present growth of research and technology should
be accompanied by education, that is to say that the emphasis should be put on sharing and
transferring knowledge to practitioners.

Key words: conventional drying, hardwoods, drying schedules, energy consumption
1. INTRODUCTION

The wood sector — a cornerstone of world’s bio economy — has a long history of providing for the
needs of a growing population. Annual global industrial roundwood (pulpwood, sawlogs, veneer logs
and other industrial roundwood) production has now reached almost 2 billion cubic meters — the
highest value in the history (FAOSTAT-Forestry database). However, due to the population growth,
the global per capita wood supply has fallen during the last 50 years from 0.40 to 0.25 cubic meters
(fuelwood excluded). Wood value-chain, although the best solution for climate change, is at the same
time directly affected by increasable, but ultimately limited, wood supply and changing consumer
demands and demographics. Stress to find more efficient and optimal ways to use wood is evident and
that is where drying, the oldest operation in wood processing, plays a vital part. Drying quality, drying
time and energy consumption are three parameters that should be in the focus when considering
improvements in wood drying.

Drying, in general, represents a significant fraction of the industrial energy use. Energy
consumption is especially important in wood drying because it is a process that consumes the most
energy (70% or more) in the entire timber industry chain of production (Mili¢ et al. 2014). At the same
time, conventional Kilns, type most frequently used around the world, consume around 50% more
energy than it is required to evaporate the water (Elustondo and Oliveira 2009). These are the reasons
for wood drying being the most energy-intensive industrial process, even more intensive than in other
industries such as textile or paper production (Kudra 2004). Wood is the most environmentally
friendly material on the planet, but drying — due to its relatively high energy consumption and long
drying times — can easily cast doubt on how environmentally responsible is the use of wood (Milota
2010).

It is generally accepted that the drying of hardwood is more difficult and causes more problems
than the drying of softwood timber (Welling 2009). This is due to a more complicated and diverse
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anatomical structure, generally higher density and often higher extractive content. It should be added
that the products made of hardwood usually demand higher drying quality as compared to softwood
products (that are primarily used in construction as structural wood).

2. HARDWOOD DRYING - CURRENT STATE IN EUROPE

The European forest-based sector provides around 8% of the Europe’s total manufacturing added
value and creates almost 4 million jobs. Despite having only 5% of the total world forest area, forest-
based sector in Europe produces almost 30% of all high-value wood products on the global level
(Wegener 2016). Although European production of sawn softwood (more than 100 million m®) is
considerably higher than that of sawn hardwood (ca. 13 million m®), the importance of hardwood
drying remains high throughout the whole sector.

Mayor drying technologies

Conventional technology still holds the leading position within the range of drying methods
applied at an industrial scale, especially for hardwood. Over 95% of timber for industrial use is dried
in conventional kilns (Cividini 2001). Conventional kiln is the common name for the closed chamber
in which heated, humidity-controlled air is rapidly circulated over the surface of the wood being dried.
Excess moisture is exhausted through vents. In recent years, especially in the Southeast Europe, there
is a renewed popularity of the so-called dehumidification kilns. These kilns are a sub-type of the
conventional ones, main difference being the relative humidity regulation (more on this in the Energy
aspects chapter). The next type of kilns, commonly used to dry especially thick hardwood timber, are
the vacuum kilns. Different vacuum drying technologies are used in regard to heat transfer (Espinoza
and Bond 2016): conductive heating vacuum (hot plates vacuum drying), convective heating vacuum
(cyclic vacuum, superheated steam vacuum) and dielectric vacuum (radio frequency or microwaves
are used).

2.1 CONVENTIONAL KILN-DRYING

Conventional kiln design is continuously improved in terms of materials used, fan design,
humidification system, etc. Adaptive control systems with user-friendly touch screen operation and
more accurate measuring and adjusting equipment, more effective climate control, air flow
adjustment, etc. are other current developments (Campean 2010). Most of these improvements have
come directly from industrial experience. Optimisation of energy consumption is one of the most
important aspects of equipment improvement. Rise in the energy pricing (both heat and electrical) has
led the European kiln manufacturers to implement heat recovery system that reduces heat energy
consumption, and — even earlier — variable fan speed control (frequency converters) that reduces
electrical energy consumption. In Europe, conventional kilns for hardwood drying usually have EMC
sensors with cellulose wafer instead of previously used psychrometers. Recently some manufacturers
started relying more on the use of wireless EMC sensors or wireless capacitive humidity sensors for
determination of air humidity in the kiln (Fig. 1).

This is an evolving manufacturing trend, and can also be observed with wireless moisture meters
with tipped electrode pairs. Wireless measuring gives more freedom during loading of the kiln and
promises fewer sensor defects.

Despite these technology improvements, conventional drying of hardwood timber is still very
time consuming. This applies particularly on impermeable and refractory wood species such as oak
(conventional drying takes more than 3 months for 50mm oak timber). However, only low-investment
ideas on improvements of conventional drying can reach industrial application because the process has
to stay relatively inexpensive. At the moment, this prevents the use of microwaves, X-rays or NIR in
the conventional kilns for measuring the moisture content of wood. Up-scaling some concepts is
another problem, considering that one batch of hardwood timber can be more expensive than the kiln
itself. One of the potential improvements is the so-called oscillation drying — a form of conventional
drying in which air parameters in the kiln (temperature/EMC) oscillate in comparison to the previously
set scheduled parameters in predetermined time intervals (Mili¢ et al. 2013). Drying in oscillation

2
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climates results in an enhanced mechano-sorptive creep which leads to a decrease of internal stresses
of the boards. This concept has been successfully applied in a number of wood industry companies in
this part of Europe, but further research and modelling are needed to improve an easy-to-use drying
concept. In general, the modelling work in the future will probably focus on moisture-induced stress,
sorption hysteresis, environmental impact, discolouration (Salin 2010). As customers increasingly
favour lighter colours in high value-added products, discolouration (stain) in hardwoods, but also
wood colour in general, is becoming more important and such market trends will to some degree
dictate the direction of research in the industry as well.

Figure 1. Testing of wireless sensors in Nigos-elektronik (kiln manufacturer):
upper left — capacitive humidity sensor, upper right — EMC sensor, down — moisture meters

Some of the innovations in conventional drying and processes related to it in the European market
(that were not present in the previous decades) are related to practices of artificial drying of fuelwood
(material for pellet production, but also firewood). When it comes to the industrial wood, drying of
hardwood lamellas which are used for top-layer of flooring should be mentioned. Usually, they are
sawn from raw material and dried in conventional or dehumidification kilns. The main species utilised
are oak and ash, with common thickness 4-6mm. Oak lamellas can be easily dried in 5 days, which —
together with lack of high-quality oak wood — makes flooring companies increase the demand for this
product.

Related to oak timber, some producers are discontinuing the practice of air drying and deciding on
strategies where raw material is directly introduced into the kilns. One of the reasons is that air drying
slows down the turnover of money, but it can also be ascribed to the issue of suitable locations that can
provide good conditions for air drying of oak timber being scarce. Wood companies that maintain air
drying often invest in sheds, mobile fans, even insulated walls... Drying quality of oak timber is
becoming more important than ever, that is to say that the equipment that can enable better results is
becoming more and more important.

From Southeast Europe, but also from other ,,beech regions*, a lot of beech timber is exported to
China (China is by far the world’s largest importer, accounting for a whopping 50% of the total sawn
hardwood imports at a global level). Usually, this timber is kiln dried to a moisture content of 12-13%.
There is an interesting change in consumer demand concerning beech. The so-called ,,white” beech
(the light coloured, unsteamed beech timber) was high in demand up until about 10 years ago. A lot of
research work had been invested in the appropriate drying schedule (low temperature and high air
velocity are necessary) but in recent years there has been practically no demand for white beech and
almost all beech timber is light-steamed before drying. However, steamed beech is much more
susceptible to problems with mould during air drying process (particularly during spring months).

Considering that there is a rising trend in exploiting and kiln drying less frequently used
hardwood species in Europe (such as aspen, lime, Turkey oak...) it falls to kiln manufacturers and kiln
operators in practice to create new drying schedules for this kind of timber.
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Drying schedules

In conventional kilns hardwood timber is usually dried according to MC based drying schedules.
These schedules are species and thickness dependent and differ for each kiln manufacturer. Joint
characteristic is that they are usually “milder” (particularly related to temperature) compared to the
schedules developed decades ago, that can be found in the literature (e.g. schedules developed by the
Forest Products Laboratory (USA) or British kiln-drying schedules). These schedules, especially for
oak, were developed for high-quality wood — lower quality timber was rarely kiln dried 50 years ago.
Today, the quality of wood is often not as good as in the past and lower quality classes of timber are
also kiln dried. Finally, nowadays the market demands drying quality much higher than ever before.

Having said this, it should be noted that kiln manufacturer’s schedules are very conservative,
which is understandable for they aim to avoid possibility and responsibility for the eventual low
drying quality. For most hardwoods, the initial drying temperature is between 30 and 40°C and during
final stages it goes up to 60°C. For oak timber (but also some other species when light colour is
demanded) initial temperature is even below 30°C which is often impossible to maintain in summer
months. This results in problems related to EMC adjustments in order to compensate for overheating.
In general, at least in Southeast Europe, in more than 90% of companies kiln producer’s drying
schedules are not optimised by users which results in longer drying times and often more defects.

It should be emphasised that even with the implementation of fully automatic drying process
control, the ultimate result still entirely depends on the kiln operator. Operator is the one responsible
for choosing boards for planting MC probes, deciding if the MC probes will be set on % of thickness
(more cautious approach) or 1/3 of thickness (riskier approach) etc. Finally, it is the operator’s choice
which MC probes will be active during drying and that is often a deciding factor that can transform the
very same drying schedule from mild to severe or vice versa (Fig. 2). If the process is run according to
the maximum MC value, the climate in the kiln will be much milder than if the average MC value is
taken into account.

MC (%) Temp. (°C) EMC (%) MC probes MC (%)
45 37 15.5 1 24
40 37 14.8 2 35
<35 37 14.1 > 3 29
30 39 13.4 4 20
27 42 11.3 > 5 26
24 47 9.1 6 32
7 28
8 22
Maximum 35
Average 27

Figure 2. The influence of MC probes selection on the climate in the kiln
Energy aspects of conventional drying

It had already been said that — due to high energy consumption — drying can change the shade of
green of wood products, casting a shadow over their fundamentally ecological nature. However, a
broader picture will show that this energy is only a fraction of what is usually produced from wood
residues in the sawmill. Latest research (Popadi¢ et al. 2019) shows that drying beech timber obtained
from one log uses only 10%-30% of the heat energy obtained by burning wood residues from the same
log (coarse residues, sawdust and bark). Even though these results show beyond a doubt that this
process is more than sustainable, energy efficiency in drying is an essential aspect in obtaining wood
products that can outsell competitors on the market.

The structure of energy consumption (heat and electrical energy ratio) is different when it comes
to hardwood drying in comparison to softwood drying. This is due to the fact that softwood drying
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process is short (high production rate of low-value products) and hardwood drying process usually
takes much longer (low production rate of higher-value products). Research results demonstrate that
with softwood drying heat energy cost is much higher than electrical energy cost, and within a few
years accumulated sum of energy costs easily surpasses the price of the kiln itself and the boiler
(Milota 2010). For drying of high-density hardwoods (oak, beech, ash) ratio of electrical energy cost is
greater due to much longer drying time. In Europe, and especially in Southeast Europe where energy
prices are still low, when it comes to hardwood drying the overall cost of energy still remains small in
relation to the investment cost. However, looking at the costs per cubic meter of dried wood,
hardwood drying energy costs are high (in comparison to softwood). This is the reason why almost all
new conventional kilns have heat exchangers (heat recovery system), despite the fact that research and
manufacturer data show variable conclusions pertinent to the energy saving possibilities of this system
(5-25%). As fuel prices continue to grow, looking for additional ways to reduce drying costs is
becoming more and more important.

Dehumidification kilns, as a sub-type of conventional technology, have energy efficiency that
appears to be a step forward. Although they represent an old concept, new improvements of equipment
and construction materials brought about a renewed interest for this type of kiln in recent years.
Nowadays they are capable of reaching temperatures up to 60°C, which is adequate for most
hardwoods even during the final phases of drying. With modern compressors about 0.3 kWh of
electrical energy is needed to remove a kilogram of water, making them overall more economical than
conventional kilns. Recent measurings (unpublished data) showed that drying of 50mm thick beech
timber in dehumidification kiln consumed ca. 250 kWh/m3 of energy, which is much lower than in
conventional kiln (usually over 400 kwWh/m3). In addition, they do not need a boiler and that makes
them a good solution for small businesses that don’t produce enough wood residues for burning.
However, due to the intensive growth of pellet production in Southeast Europe and resulting growth of
wood residue prices, these kilns are also being implemented by big manufacturers which then deal
with their surplus of wood residue by either selling or processing wood residues into pellet. Naturally,
market share of dehumidification kilns is much smaller than that of conventional ones due to
availability of wood residues in wood processing companies, but also due to maintenance costs. In the
future, carbon footprint of such kilns should be thoroughly evaluated (fossil CO2 associated with
electricity and refrigerant).

Finally, when considering energy consumption, the trend of using more and more cogeneration
plants in wood industry should not be overlooked. Cogeneration plants and kilns are closely linked (as
they provide heat energy for drying), therefore a new kilns investment cycle can be expected in the
near future.

3. CONCLUSION

Numerical simulation and modelling are powerful tools able to synthesise present knowledge, but
wood drying research is still impossible without heavy investment of time, manpower and funds. This
is only part of the reason why there were no new sensational wood drying technologies but only
innovations based on the existing knowledge during the past few decades. It looks as though the
scholars are more knowledgeable and interested in the equipment and kilns themselves than in the
material that they process — paradoxically, the material in question being in use since the dawn of
human history. There is still a need to better understand the mechanical and rheological behaviour of
wood during drying — while the moisture content and temperature of the wood change with time. This
is a complex phenomenon, it involves anisotropy, elasticity, viscoelasticity, mechanosorption, thermo
and hygro-activation, variability of wood... Be that as it may, it is apparent that substantial foundation
knowledge of fundamental traits of wood is a prerequisite for enabling further improvements of the
drying process.

The three major aspects of successful drying process — time, cost and quality — influence each
other in a complex manner, but it is usually necessary to find some kind of compromise. Within the
drying costs, energy costs will continue to be an important research field. However, for hardwood
timber, high drying quality will remain the main aim, more important than drying time and energy
consumption.
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It seems that, along with improvements of drying software and controls, fundamental and
practical knowledge of users (kiln operators) is heading in the opposite direction. Even the existing
knowledge about wood drying has not been fully applied in practise. This (rising) gap between
industrial practices and academia needs to be bridged (training, technical brochures). It is imperative
that key concepts of drying are interpreted correctly by kiln operators and adapted to real conditions of
the timber and the kiln. In other words, drying practitioners must be able to understand, imagine,
implement and improve their knowledge and scholars must be open and able to receive their feedback.

The fact that even with the hi-tech equipment we are still not able to (fully) understand wood
behaviour during drying, even with tests in controlled laboratory conditions, can be frustrating. On the
other hand, the day when we know and can predict everything regarding wood drying is the day wood
drying stops being an art. In my humble opinion that would mark a beginning of a tedious future — so
for better or worse, we are nowhere near that.
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ABSTRACT

Forest based sector plays a significant and inseparable role, through the transition and
implementation of ‘bioeconomy’, ‘bio-based economy’, ‘circular economy’ concepts and strategies.
This paper aims to report few bio-based economy case studies conducted at the University of Sorpon,
and is divided in three parts. The first part describes the investigation efforts on the utilization of bark
residues as a raw material for the manufacturing of thermal insulations panels. The second part is
focused on the delignification of agricultural residues through an alkaline-hydrodynamic cavitation
and examines their exploitation in paper and bioenergy production. Finally, the third part presents
studies related to the fabrication of nanocellulose films and composites for various purposes.

Key words: resource efficiency, bio-based insulation, hydrodynamic cavitation, nanocellulose
1. INTRODUCTION

Forests and other wooded lands cover over 40% of the EU’s land area, with a great biodiversity.
The forest-based industries in Europe provides society with a wide variety of products and services
and include: (i) the wood working industries, (ii) pulp and paper industries and (iii) multi-product
integrated bio-refineries. The most significant sub-sector is the woodworking sector [sawmilling,
planning and wood impregnation (12%), furniture (41%)] and other woodworking industries (47%)
which had a turnover of €129 billion in 2015, employed more than one million people in around
170,000 small and medium-entersized companies. Additionally, 120,000 companies were active in the
furniture domain. The second largest sub-sector i.e. the pulp and paper industry, was comprising of
around 700 enterprises with an estimated turnover of € 81 billion in 2016, by employing about
175,000 people (Forest-based Sector Technology Platform, 2019).

The bioeconomy covers all sectors and systems that rely on biological resources (animals, plants,
micro-organisms and derived biomass, including organic waste), their functions and principles (EC,
2018a). Several EU policies and initiatives have an impact on the bio-based economy. The EU
Bioeconomy strategy (Figure 1) and as part of it, forest-based roadmap directions targeted in a bio-
based society is built on various pillars, covering numerous approaches and areas such as: sustainable
forest management and forest protection; ensuring food security; social, economic and environmental
considerations; mitigating and adapting to climate change; investments in research, innovation and
skills; education and training; reinforced policy interaction and stakeholder engagement; enhancement
of markets and strengthening European competitiveness; rural development, creation of jobs and
economic growth; resource efficiency and reduced dependence on non-renewable resources;
sustainable production and consumption of forest products; testing, standardization and certification
(EC, 2013; EC, 2018a; Pelli, Haapala, Pykélainen, 2017).
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Figure 1. Bioeconomy strategy graph (EC, 2018a) and biobased UN sustainable development
goals (Biobased Industries Consortium, 2018)

During the past few decades, the concepts of sustainability, bioeconomy, biobased economy,
circular economy, green economy have appeared as frameworks for the visions and strategic
orientations of the forest-bases industries (Hurmekoski et al., 2019; Pelli, Haapala, Pykaldinen, 2017).
For instance, Nayha (2019) in his study performed by interviews and surveys with Finnish forest-
based companied concluded that bioeconomy was usually thought as a response to climate challenge
by bio-based, renewable material while circular economy was characterized by ideas such resource
efficiency, closed loops, recycling. Additionally, neither of them could be considered as inherent
sustainable or green economy approached concepts. Likewise, according to Nayhad many other studies
connect the three Rs of ‘Reduction, Reuse and Recycle’ to circular economy. Moreover, Bugge,
Hansen and Klitkou (2016) identified three visions for a bioeconomy: biotechnology, bio-resource and
bio-ecology. Staffas, Gustavsson, McCormick, 2013 report that the term BE is most often used by
those who define the concept as biotechnology, life science and related technologies and applications,
whereas the term BBE is based on the use of biomass resources rather than fossil-based products and
systems.

In line with the studies mentioned above it can be deduced that the principles such as sustainability,
bioeconomy and circularity should deep down at the heart of a successful European bioeconomy. Even
it seems that i) that these concepts are used interchangeably and diversly comprehended by different
actors’ and stakeholders’ sight and ii) these are overlapped and strongly interlinked to each other, still
there are also descriptive differences among them. Furthermore, there are miscellaneous strategies
according to the natural policies and legislation, geographical characteristics, economic growth and
development and market opportunities, but all of them are identified by common characteristics.
Therefore, it is obvious the existence of several and quite different explanations describing
bioeconomy, bio-based economy and circular economy concepts (Figure 2). However, these concepts
are well defined in other studies and is not purpose of this work (D’ Amato et al., 2017; Nattras et al.,
2016; Staffas, Gustavsson, McCormick, 2013).

In a relatively recent report from the EU (EC, 2011), are given the following definitions regarding
to bio-based and bioeconomy concepts: ‘...a bio-based economy integrates the full range of natural
and renewable biological resources, land and sea resources, biodiversity and biological materials
(plant, animal and microbial), through to the processing and the consumption of these bio-resources.
The bioeconomy encompasses the agriculture, forestry, fisheries, food and biotechnology sectors, as
well as a wide range of industrial sectors, ranging from the production of energy and chemicals to
building and transport...”. Mubareka et al. (2016) describe another similar definition related to bio-
based economy as stated in one of EC publications, and determine it as one using °...production
paradigms that rely on biological processes and, as with natural ecosystems, use natural inputs, expend
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minimum amounts of energy and do not produce waste as all materials discarded by one process are
inputs for another process and are reused in the ecosystem.’

The EU’s wood-based industries cover a range of forestry downstream activities, including the
traditional woodworking industries, furniture and building construction industries, pulp and paper
manufacturing and cellulose based applications and especially multi-product biomass innovative,
value-added products such as biorefineries. A key factor in the transition to a bio-based economy is
the growth of biorefinery systems. Biorefineries in a general perspective include as examples the
production of bio-textiles, bio-chemicals, bio-lubricants, bio-surfactants, bio-pharmaceuticals, bio-
adhesives, bio-plastics, 3D printing and flexible electronics etc. products, as well the bio-technology
(enzymes etc.) and bioenergy (biofuels, biogas, heat and/or electricity) (Scarlat et al., 2015).

Bioeconomy: More than Circular Economy

frs— o topomy Syt bt -e,&-mmw 2015

Figure 2. Bioeconomy and circular economy concepts (nova-institute.eu;
ellenmacarthurfoundation.org)

The scope of this review is to present a brief summary of the near past and ongoing research and
further to describe a few experimental case studies, implemented from the Innovation Center and
Macromolecules Materials and Technology research groups, based on the Simonyi Karoly Faculty of
Engineering, Wood Sciences and Applied Arts at the University of Sopron.

2. BARK UTILIZATION AS INSULATION PANELS

The circular economy is an economic system in which ‘the valuable products, materials and
resources is maintained in the economy for as long as possible, or by enabling the circular economy
actions plans with the processing of side-streams, residues and wastes into new value chain products.
This can be achieved for instance by minimizing and/or recovering the generation of agricultural and
forestry biomass waste and residues, and simultaneously maximizing their resource efficiency,
recycling and reuse, i.e. ‘circularity’. Key innovations in the wood working sector among others
include the cascading use of wood industries residues (e.g. small diameter roundwood, sawdust and
chips, thinnings, bark, tree tops and branches) as feedstocks in the manufacture of wood pulps and
biorefineries, wooden packaging, or wood based panels such as thermal, acoustic and vibration
insulation boards (EC, 2018a; EC, 2018b).

Each year, a huge amount in million tons of bark remains as a residual woody biomass in sawmills
and wood-based industries. During 1960s, Martin investigated the bark thermal properties of three
pines and seven hardwood specimens, and he was shown that bark specimens indicated lower thermal
conductivity values compared to similar density wood specimens. Lately, Kain et al. (2013, 2018)
have been investigating the utilization of usually low-density spruce and larch bark particleboards as
thermal insulation panels. Likewise, Pasztory, Mohacsing, Borcsok (2017) investigated the effect of
black locust size particles (fine fraction: 1-8mm; medium fraction: 8-13 mm; and coarse fractions: 13-
45 mm) on the thermal conductivity values of 20 mm thickness and 300 kg m™ density particleboards
(Figure 3a). As shown by the results, the bark particles sizes had no significant effect on the mean
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thermal conductivity values (~ 0.065 W/m-K) of the black locust panels and was found to be in
consistence with other relevant studies.

One of the main obstacles on the fabrication of bark particleboards, is the weak mechanical
properties observed on the manufactured end products of wood-based panels or composites. A
potential solution to overcome this issue, could be their reinforcement with synthetic polymer fibres
such as glass fibres. Therefore, the objective of a research conducted in our laboratory facilities was to
examine the mechanical strength reinforcement of three commercial fibreglass types (GFRP) overlaid
on both surface of bark-based boards, and their potential usage as insulation panels in building
construction (Figure 3b).

Figure 3. Black locust bark panels (a) and overlaid GFRP panels (b)

The mean modulus of rupture (MOR) values of the control panels was calculated to be 0.54 MPa,
while the mean MOR of fibreglass mesh 2.54 MPa, the mean MOR of fibreglass mat 2.82 MPa and
the mean MOR of fibreglass woven fabric 4.45 MPa, which represent a percentage raise of 370%,
422% and 724%, respectively. The measured thermal conductivity mean values were ranging from
0.067 to 0.074 W/m-K.

3. HYDRODYNAMIC CAVITATION AS A DELIGNIFICATION METHOD

Alkaline assisted hydrodynamic cavitation has been testified to be an effective process for the
delignification and enhancement of enzymatic digestibility of grass agricultural residues biomass for
converting it into biofuels such as bioethanol or biogas. Cavitation is the process of the generation,
growth and violent collapse of million vapor micro-bubbles within a few microseconds in the bulk of a
liquid. This collapse is strong enough to generate high temperature and pressure conditions and induce
chemical and physical transformations in the material. Cavitation can be produced by passage of
ultrasonic waves through a liquid medium (acoustic cavitation) or by pressure variation in a flowing
liquid which can be caused by constriction through a channel such as venturi tube, orifice plate or
rotor-stator assembly (Baxi and Pandit, 2012; Hilares et al., 2016; Patil et al., 2016).

Part of current research conducted in our groups, deals with the delignification of agro-waste such
as wheat straw (Badve et al., 2014) or Miscanthus x giganteus stalks and other agricultural residues,
through the combination of an alkaline-hydrodynamic cavitation approach for the production of
papermaking pulps (Figure 4).

Figure 4. Hydrodynamic cavitation device and agro-waste paper handsheets

10
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It was clearly shown from Badve et al. (2014) that as cavitation parameters, i.e. treatment time and
rotation speed was increased, tensile index of the wheat origin paper handsheets was linearly
increased. Furthermore, as the wheat to 0.3 M KOH aqueous suspension consistency ratio was
increased from 5% to 7% the tensile index was increased by 50%. This effect can be attributed to the
enhance of surface velocities generation, i.e. the growth of cavitation intensity and the formation of
more reactive hydroxyl radicals (OH-) as the cavitation conditions (rotation speed and time) was
increased, which in turn resulted to a raise on the overall delignification rate. Chemical composition
analysis of hydrodynamic cavitation treated miscanthus pulps exhibited lower lignin and
hemicellulose contents and raised percentage of a-cellulose compared to raw (untreated) miscanthus
as cited by the literature (Rodrigues, Jackson, Montross, 2016; Vanderghem et al., 2012). More
specifically, lignin content was found to be 15.90% (dry basis weight) and holocellulose content
77.28% - comprised of 60.75% a-cellulose and 15.90% hemicelluloses content - at 7% miscanthus to
suspension consistency and 20 min cavitation time at a rotation speed of 2,500 rpm.

4. CELLULOSE BASED STUDIES

The significance and importance of cellulose and cellulose derived materials is depicted by the
numerous publications and ongoing research projects due to their environmental, chemical, physical,
barrier and mechanical properties. These can be used in heterogeneous shapes and forms as
reinforcement fillers, films, aerogels, hydrogels, filaments, hybrid nanocomposites in various fields
including biomedicine and cosmetics, electronic/smart material devices, food packaging industries, in
pulp and paper industry and even automotive and aerospace industry (Nechyporchuk, Belgacem, Bras,
2016; Sabo et al. 2016).

Poly(lactic) acid (PLA) is a commonly used biodegradable, bioplastic which is used extensively in
the packaging industry. However, one of its bottlenecks is its unsuitability for storing liquid products
due to its high water vapor and gas permeability. Halasz, Hosakun and Csdka (2015) achieved to
reduce the water vapor transmission rate of PLA bottles and films, and to extend their shelf-life time
by almost 1/3, through a chitosan (CH)-cellulose nanocrystals (CNCs) nanocoating applied by a self-
assembly, electrostatic layer-by-layer (LbL) deposition method. The four times bilayer impregnating
CH-CNCs coating was found to be more efficient compared to eight times CH-CNCs LbL technique,
as it illustrated in Figure 5.
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Figure 5. Water vapor transmission rate of neat and CH-CNCs nanocoated poly(lactic) acid films (a)
and bottles (b) through a LbL method

Khatri et al. (2014) functionalized bleached pine pulp fibres with previously saccharide (glucose,
sucrose, starch and alginic acid) modified ZnO nanoparticles and then tested the suitability of the
produced handsheets on the detection of blood types, besides their antibacterial and antifungal
resistance (Figure 6). Bradford reagent was used as a media to quantify the degree of blood antibodies

11
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immobilization with the ZnO modified cellulose sheets. Results have shown that, especially the alginic
acid ZnO impregnated handsheets, could successfully differentiate the retention degree of blood
antibodies and identify the blood type at a percentage rate of about 95%.
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Figure 6. Schematic illustration and images of blood type detection tests with alginic acid ZnO
impregnated pulp handsheets

In one of our previous studies, it was shown that sonication with an ultrasound horn is an efficient
method of producing smooth, thin and relatively transparent BC films by a simple solvent casting
method (Tsalagkas et al., 2016), which potentially could be used as substrates in smart applications
such as piezoelectric energy harvesting or electric devices. Based on this study, Hosakun et al. (2018)
assessed the potential of BC blend films incorporated with silk fibroin (SF), polyvinyl alcohol (PVA)
and silver nanoparticles (Ag) as flexible organic light emitting diode (OLED) substrates (Figure 7).
For this purpose, the co-authors examined the viscoelastic and electrical properties of the obtained
films by performing complex conductivity and DMA analysis tests, under the influence of
photoelectric effect (light) and above the glass transition temperature (Tg). According to their findings,
the most favorable films was the BF-SF-PVA-Ag since both PVA and Ag displayed synergistic effect
on the final performance of the investigated films.
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Figure 7. BC-SF-PVA-Ag films (left) and specific conductance (G) measurement of the overall films at
22 kHz as a function of time performed on an Agilent 4284 A (right)

5. CONCLUSIONS
This review has provided a short outline of the recent published and unpublished investigations

carried out on the bio-based focused research fulfilled from our groups. In this paper we attempted to
summarize their methodology, main results and outcomes prompt by our studies.
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The transition from a fossil-based industrialization and dramatic climate change to a sustainable,
low carbon and environmental impact, resource efficient, profitable and competitive economy with
innovative, value added, bio-based products is a major challenge and still demands a lot of research
and emergence of new technologies. The European Commission, through its continuous research
funding opportunities, and strategic orientation policies, has already set the foundation for the
accomplishment of a green, circular economy based Europe by 2050. For the successful completion of
this long-term targets, and in compliance with the recent results and developments as accomplished
through the Horizon 2020 projects, forest-based sector had an important share. And will continue to
play a crucial part in the forthcoming framework programme Horizon Europe in line with the targets
presented in the ‘Vision 2040 of the European forest-based sector’ and ‘The forest fibre industry 2050
Roadmap to a low-carbon bio-economy’ publications as issued by the Forest-based Sector Technology
Platform (FTP) and Confederation of European Paper Industries (CEPI) organizations, respectively.
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ABSTRACT

Forest certification plays an important role in helping and guaranteeing sustainable forest
management. The interest in certification has increased in recent years. As of November 2017, the
FSC-certified forestry holdings are 72, some of which are included in group certificates of the
respective state-owned enterprises in whose territory they are located. The certified forest area in
Bulgaria in November 2017 is 1 315 594 ha. Issues related to forest certification and sustainable
woodworking management in the country are becoming increasingly important.

The main objective of the study is to analyze and evaluate the profitability of woodworking
capacities in introducing the FSC Certificate for Sustainable Management of wood processing
facilities in Experimental forestry enterprises - Yundola and Barzia These two enterprises are
considered as model forestry enterprises, located in forest areas with high-grade coniferous and broad-
leaved forests. The profitability of the wood processing plants of these enterprises over the last 5 years
has been investigated and the impact of their forthcoming certification on their effectiveness has been
studied.

The results obtained can be used as a guide in deciding on FSC FM / CoC certification for logging
and tracking the production of woodworking enterprises in the country.

Key words: sustainable management, forest industry, forest certification, economic analysis
JEL:Q01,Q23

1. INTRODUCTION

Forests are a valuable renewable natural resource, fulfilling a multitude of functions, mainly
considered in economic, social and environmental aspects. From all natural resources in Bulgaria,
forests represent the highest share and paramount importance. They offer habitats for animals and
plants and play an important role in mitigating climate change, the basis being the water zones,
reducing soil erosion and carrying many other environmental services. The societal benefits of forests,
including human health, recreation and tourism, are essential but often underestimate. Bulgarian
forests make a significant contribution to rural development and for many regions they are the only
source of financial income. Forest biomass is currently the most important source of renewable energy
for the country. Forests also provide a wide range of other products, such as cork, resins, fungi, nuts,
game and fruit. To deliver these benefits in a balanced way it is necessary to ensure sustainable forest
management.

For the purposes of this paper we use the definition for sustainable forest management, developed
by Forest Europe in 1993 and subsequently adopted by the Food and Agriculture Organization (FAO)
of the United Nations: "The stewardship and use of forests and forest lands in a way, and at a rate, that
maintains their biodiversity, productivity, regeneration capacity, vitality and their potential to fulfil,
now and in the future, relevant ecological, economic and social functions, at local, national, and global
levels, and that does not cause damage to other ecosystems."
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Forest certification is a voluntary instrument, which uses a set of standards to evaluate and
validate the practices of forest management. It ensures and promotes economically viable forest
management, in compliance with social standards, while protecting the environment. Forest
certification is a direct economic instrument to ensure the sustainable use and management of forest
resources.

In Bulgaria the forest territories are around 37% of the country’s territory. Approximately 67 % of
them are broadleaved forests. Bulgaria is the third richest in biodiversity country in Europe. There are
3 National parks, 11 Nature parks and more than 700 protected areas in the country.

Forest certification system aims to ensure and promote economically viable forest management, in
compliance with social standards, while protecting the environment. Forest certification is a direct
economic instrument to ensure the sustainable use and management of forest resources.

The certification verifies that the management of forest territories is carried out in an open
manner, balancing environmental, economic and social benefits.

In Bulgaria there are two forest certification systems offered on the market — FSC and PEFC.
Currently FSC is the preferred one and with more than 150 users. PEFC is still not very well known
and spread as there are only few companies certified according to it for chain of custody.

FSC shares the EU Commission’s broad goals of setting up a better global timber trade and
governance system. It promotes sustainable forest management, improves forest governance and
supports sustainable consumption.

Certification bodies award forest management (FM) certification to those forest managers or
owners whose practices meet FSC Principles and Criteria. As it is shown on the figure below FM
certification rose from 1,084 certificates in 2012 to 1,462 certificates in 2017. This is a significant 35
per cent rise over five years.
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Figure 1. Evolution of FSC FM certificates, 2012-2017

There are 19 forest management enterprises, which have received the FSC forest management
certificate in Bulgaria. There are 807 833, 80 ha of certified forest territories which represent 19% of
the total forest territory of the country. On fig. 5 is shown how the FSC certified territories are
growing during the years. The first two certificates were awarded in 2006. As it could be seen on the
graphic there is a tendency of growing interest to the certificate over the past few years. At least
another three forest management enterprises are under certification procedures.
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Figure 2. Changes of FSC certified forest territories

On fig. 3 is shown the distribution of FSC territories according to ownership. Most of the forest
management enterprises are state owned forest territories - 98 %. There is only one certified
municipality. The private sector is represented only with one company, which owns relatively small
territory of forest plantation. In this respect the forest certification is considered as a state policy in
Bulgaria at the moment.

2%/_ 0%

= State ® Municipal = Private

Figure 3. Distribution of FSC certified forest territories according to ownership

Certification is one of the fastest-growing "soft political mechanisms" that can be used to support
the movement of the forest sector along the lines of sustainable development principles.

Forest certification is a partnership between environmentalists who are concerned about forest
quality and biodiversity maintenance and forestry professionals who want to find ways to increase the
market for environmentally friendly forest products.

An independent forest management certificate saves buyers or investors the inconvenience of
confirming that their products come from well-managed forests. The certificate provides a seal of
confidence on the market.

The IAG values the need for rapid and adequate introduction of forest certification in Bulgaria. As
a government institution directly involved with the management and management of forests in
Bulgaria, it creates all the necessary conditions for starting and implementing this process.
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The Forestry Act of March 2011 has developed a special section (111) — “Forest Certification”.

The main objective of the study is to analyze and evaluate the profitability of introducing the FSC
certificate for sustainable forest management. In this respect a case study analysis is carried out at
Yundola and Petrohan, which are Training forest enterprises at the University of Forestry - Sofia.

These two forest enterprises and adjacent state forest and hunting forest enterprises are considered
in this case as model forest areas, including certified and subject to certification forest enterprises and
typical forest areas with coniferous and deciduous forests.

The following research objectives were fulfilled in order to achieve the stated goal:

1. Analysis and estimation of the profitability of the implementation of the FSC certificate for
sustainable forest management in Yundola Training forests.

2. Analysis and estimation of the profitability of the implementation of the FSC certificate for
sustainable forest management in the Petrohan Training forests.

3. Study and analysis of the demand for sustainable forest management products.

2. MATERIAL AND METHODS

According to the adopted classification scheme of the forest habitat types, the territory of the
Yundola training forests falls entirely in the Thracian forest-growing area. Although the territory of
the forest enterprise is situated on two subregions (Rila and Western Rhodopes), the natural vegetation
is mainly of coniferous species - pine, spruce and fir in different proportions. Significant differences
exist in the vertical distribution of plantations.

The nearest forest enterprises to Yundola training forests, which have similar characteristics and
are already FSC certified, are Borovo and Dospat state forest enterprises.

Distribution of the forest territories in Yundola
training forest by wood species

1%

3%

= Silver fir = Spruce Beech Other = Pine

Figure 4. Distribution of the forest territories in Yundola training forest by wood species

In Dospat forest enterprise the main wood species are pine with nearly 70% and spruce — 23%.
Similar is the situation in Borovo forest enterprise where the main wood species is pine. It is
commonly spred, with the exception of the lowest parts of the unit, forming pure and mixed
plantations.

The total wood-producing area of Dospat forest enterprice is 20,500.6 ha, which is 96% of its total
area. The non-productive forest area is 840.6 ha or 4.0% of the total area.

The total area of the forest enterprise Borovo is 15 046.8 ha, 14 530.6 ha (96.6%) is afforested,
wood-producing area and 496.7 ha (3.2%) is non-productive.

The state forest areas in all three forest enterprises account for over 85% of the total forest area,
with the highest share in Borovo State Forestry, which accounts for 96.4% of its forest area.
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Everywhere in the area under consideration dominate coniferous forests, most of which are state-
owned.

The average age of the plantings is around 60 years. The total average gain of 1 ha is over 4.5 m3.
The average stock of 1 ha is over 300 m3, the average yield is 111 (2.9) and the average fullness is 0.77.
State-owned forest areas, on their part, facilitate security, enforcement and compliance with the FSC
standard principles.

The difficult mountainous relief limits the development of the forest infrastructure, which
contributes to the preservation of compact, intact forest massifs and is a prerequisite for the diversity
of plant and animal species, as well as for their preservation.

The variety of soil conditions as well as the climate of the region contribute to the formation of
high-productive forests, as well as to forests with a high degree of biodiversity.

The authors have obtained the following results for the training forest enterprise Yundola, based
on the official financial data collected from the unit for 2016:

Profitability of logging:

Profitability based on cost - 71.55%

Profitability based on revenue - 41.71%

Profitability of woodworking:

Profitability based on cost - 35.36%

Profitability based on revenue - 26.12%

The above rusults show that the profitability of the forestry activity is high and on a cost basis is
between 64% and 71% and for the woodworking works is between 35% and 88%. Profitability on a
revenue basis is naturally a bit lower, but it is still at relatively high levels above 39% for timber and
26% for woodworking.

The nearest forest enterprise to Petrohan training forests, which has similar characteristics and is
already FSC certified, is Vitinya state forest enterprise.

The territory of the Petrohan training forests covers a wide range of altitudes (from 301 to 1900 m
above sea level) and falls into two zones with five subspecies (according to the forestry zoning of the
country).

No significant change in the ratio of tree species is expected. In the future, the basic wood species
will be preserved - beech, which fully corresponds to the potential opportunities of the formed habitats
and well performing its water and protective functions.

The main wood species in Vitinya forest enterprise is the beech as well which accounts for 62%,
followed by the sessile oak — 15.72%.

In Bulgaria, beech forests have an important economic importance for the forestry sector,
providing around ¥ of the total annual timber yield. Their environmental role and their contribution to
providing drinking water for the population is enormous. Over 60% of the area of beech forests falls
into the water catchment areas of the country. A significant part of them is included in the protected
area system and more than % are part of the Natura 2000 ecological network.

Areas with a predominance of beech forests are a desirable place for recreation and different types
of tourism, there is a rich wildlife and enormous biodiversity. The beech forests are a source of
significant non-wood products - healing plants, mushrooms, fruits, fodder.

The certification of the forest unit helps for the strictly monitoring of the proper and rational
distribution of tree species by habitat types that will increase forest productivity by up to 3,800 cubic
meters per year.

The territory of the Vitinya forest enterprise is part of three different municipalities and has about
50% forest area of economic significance. This implies the hiring of local residents, which in turn
helps to reduce unemployment in the area and improve its overall economic situation.

The authors have obtained the following results for the training forest enterprise Petrohan, based on
the official financial data collected from the unit for 2016::

e Profitability of logging:

o Profitability based on cost - 185%

o Profitability based on revenue - 65%
[
@)

O O € O O e

Profitability of woodworking:
Profitability based on cost - 9.8%
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o Profitability based on revenue - 8.9%

These results suggest that the cost-based profitability is between 71% and 185% for the logging
activity, but unlike the Yundola Training forests, at the woodworking works is too low, between 2.5%
and 9.8%. Profitability on a revenue basis is naturally lower, but it is still at a very high level above
71% in the timber industry, while the woodworking is too low under 9%.

The authors have carried out a marketing research to determine the demand of certified wood. The
research was part of a scientific project funded by Forestry University, Sofia. Two regions were
selected in which the two forest enterprises owned by the Forestry University operate — Pazardzhik
and Montana regions. The main aim of the research was to help the forest enterprises to successfully
position their products and support a decision making regarding FSC certification.

The selected regions are important forest regions for the country. The major findings from this
research could be used by any forest enterprise.

The research is made by interviews with woodworking companies from the selected regions,
which were essential timber buyers. The interviews were carried out with the help of questionnaire.

The purpose was to determine the fllowing:

e FSC recognition

e FSC certified wood consumption
e Interest in buying certified timber
e Willingness to pay the price

Altogether were made 15 interviews. The results from the two regions differ significantly. The

main reason is in the different characteristics of the companies operating there.
In the region of Pazardzhik operate numerous micro to small enterprises. Their main market is Turkey
where the quality requirements are relevantly low. The main species used in this region are conifers as
spruce, fir and pine. The interest in timber coming from sustainably managed forests is low and it was
very difficult to find companies willing to participate in the research.

In the region of Montana operate less but bigger enterprises. The main species used is beech and
seldom conifers and populus. Most of the companies export into EU. A clear interest towards FSC
certified timber is defined.

On fig. 5 is shown how companies recognize the FSC brand.

Do you know what FSC stands for?

Pazardzhik rgn Montana rgn
0%

29% 25%

14% 750/0

Yes Sounds familiar No

Figure 5. FSC brand recognition in the studied regions
A little more than 30% of the studied companies are certified to FSC CoC and are already buying

certified timber.
On fig. 6 is shown the willingness of the studied companies in buying certified timber.
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Would you buy FSC certified timber?

Pazardzhik rgn Montana
Yes
140/0 25 259
29% Yes, if the price does not differ
14% o significantly
No, but we expect in future to
43% . have to :

No

Figure 6. Willingness to buy FSC certified wood

In the region of Pazardzhik there is still lack of recognition of FSC brand and low interest in FSC
certificate showed by big part of the companies, which are numerous. At the same time over 70% of
the studied enterprises declared willingness to buy certified wood. Most of them are not ready to pay
price which differ significantly to the current prices.

The main reason for the low interest in FSC certified wood in this region is the fact that the major
part of the companies work for the Turkish market where the certificate is not required. In the future is
expected this situation to change and the companies realize that.

In the region of Montana there is a clear interest in the certified timber. A major part of the
woodworking companies are exporting to EU where a certificate is required.

Overall around 75% of the studied enterprises are showing willingness to buy certified timber,
most of them on the condition that the price does not change significantly.

The main marketing advantage of the forest enterprises adopting the FSC FM certificate will be
the use the FSC brand to distinguish their products, which will give them a competitive advantage and
will help them in case of market shrinkages. Furthermore they would enter new markets where there is
a demand of products from sustainably managed forests and not enough supply.

3. CONCLUSION

Currently FSC is the preferred forest certification system in Bulgaria. FSC shares the EU
Commission’s broad goal