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Abstract: A process developed at the Leibniz Institute for Agricultural Engineering and Bioeconomy
(ATB) for the supply and processing of wet-preserved fiber plants opens up new potential uses
for such resources. The processing of industrial hemp into fiber materials and products thereof is
undergoing experimental research along the value-added chain from the growing process through to
the manufacturing of product samples. The process comprises the direct harvesting of the field-fresh
hemp and the subsequent anaerobic storage of the entire plant material. Thus, process risk due
to unfavorable weather conditions is prevented in contrast to common dew retting procedures.
The effects of the anaerobic storage processes on the properties of the bast part of the plant material
are comparable to the results of common retting procedures. Harvest storage, as well as further
mechanical processing, leads to different geometrical properties compared to the bast fibers resulting
from traditional post harvesting treatment and decortication. The fiber raw material obtained
in this way is well suited to the production of fiberboards and the reinforcement of polymer or
mineral bonded composites. The objective of this paper is to present recent research results on final
products extended by a comprehensive overview of the whole supply chain in order to enable further
understanding of the result influencing aspects of prior process steps.
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1. Introduction

Natural fibers, in particular bast fibers from agricultural resources, have gained an increasing
interest in past decades. Known from numerous applications in ancient times, hemp and flax fibers have
been (re-)introduced in textile, building or automotive products [1–10]. In addition, further research has
been conducted in order to utilize non-conventional fibrous biomasses, especially for the manufacturing
of building products like fiber- or particleboards [11–13]. The influence of the selected raw material
as well as the processing method is an essential part of implementing such alternative resources into
specific product applications [14].

The legalization of industrial hemp cultivation for fiber production was followed by numerous
research activities in regard to the selection of varieties and the determination of the optimal agronomic
conditions for sowing, fertilization and crop management. Breeders, as well as farmers with great
experience, have been accompanying these developments with new and optimized varieties (biomass yield,
fiber content, multi-purpose use, cannabinoid content) [15,16]. Research and development on processing
technologies as well as on industrial applications of fibers and other intermediates of bast fiber crops
was halted in many regions worldwide for a long time. The main reasons have been both the shift from
natural fibers to petroleum based raw materials as well as legislative constraints, especially in case of
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hemp. The changed legal situation and economic support on European and national level enabled the
reestablishment of the growing and processing of natural fiber raw materials in Germany in the middle of
the 1980s (flax) as well since 1996 (hemp). Thereafter, similar developments have been reported from
other countries in Europe, North America and Asia.

The renaissance of hemp cultivation in Europe has resulted in an acreage of currently 43,000 ha.
Similar developments can be observed in e.g., Canada or China [17]. Although interest in and
production of cannabinoids as well as hemp seeds are currently accelerating this development, there is
still great industrial interest in the use of natural fibers in materials. Apart from their applications in
pulp and paper, and insulation, technical textiles, especially composites, in the automotive industry is
one of the major markets for hemp fibers. For example, a 30% increase in the use of bast fibers such
flax and hemp was recorded in this industry from 2005 to 2012 [18]. Further expectations are known
from the apparel market [19,20] and for sustainable building applications [21,22].

In general, all developments are based on the traditional value-added chain consisting of field
drying and retting of bast fiber crops followed by mechanical processing of dry straw by means of
decortication and its separation in fiber and non-fibrous fractions (e.g., shives/hurds). This traditional
processing line is characterized by several challenges such as available harvesting capacities, cost-income
relationships between cultivation of fiber plants and marketing of manifold products as well as quality
management [23–29].

The weakening or degradation of the structures which are cementing fiber elements to each other
to other stem tissues is a necessary step prior to any mechanical separation of fiber containing bast from
the rest of the plant. Different procedures like microbiological, chemical or physical retting are known
and well established in practice, while others have been under investigation or subject to research [30].
A traditional, but most common approach for this pretreatment step is field or dew retting [31–39].
However, the homogeneous properties of natural fibers as requested by the industry are hard to control
due to the high weather dependency of field retting. Alternative procedures are known or have been
developed to overcome this challenge but are not used due to environmental issues (water retting) or
high efforts in relation to the costs of their industrial realization (e.g., steam explosion).

At this point, research & development activities, in particular at the Leibniz Institute for
Agricultural Engineering and Bioeconomy (ATB), have started to investigate alternatives in order to
simplify the harvesting operations as well to reduce the weather dependency of the supply procedures
in agriculture [40]. Already in the early 1990s, Dutch scientists carried out research for alternative fiber
resources in the pulp and paper industry. Direct harvesting using forage harvesters and subsequent
wet preservation has been favored due to regional circumstances [41–43]. The results of further
investigations indicated advantages in agricultural production and suitable raw material properties
of wet preserved hemp for material applications [44]. The background for this type of preservation
is widely existing knowledge, as is the practice of fodder ensiling for animal nutrition. In principle,
related research work is also carried out to assess the influence of supply processes on the resulting
product properties [45]. In particular, a subject of recent research has been mechanical processing prior
the utilization of wet preserved biomass [46].

Based on the state of knowledge and previous research and development work, two essential
process lines can be defined for the harvesting of hemp and for provision of raw materials for further
processing (Figure 1). Specific challenges, as well as research activities to overcome them are described
in detail below.



Agriculture 2019, 9, 140 3 of 25

Agriculture 2019, 9, x FOR PEER REVIEW 3 of 27 

 

 
Figure 1. Basic design of process lines for hemp harvesting. 

2. Materials—Raw Material Supply 

2.1. Growing and Harvesting 

Since 1999, hemp has been cultivated in small field plots as part of the research activities of the 
ATB in Potsdam. In general, the cultivation itself was not scientifically planned and carried out, but 
rather operated under simplified operating conditions in order to secure the supply of raw materials 
for specific R&D projects with regard to subsequent storage and processing methods. This was 
applied in particular to a national network project that focused on new supply chain strategies and 
processing methods for domestic fiber plants (“FENAFA—Integrated supply-, processing and 
manufacturing procedures for natural fibre materials”, 2009–2014) as well as to the collaborative EU-
FP7 project “Multipurpose hemp for industrial bioproducts and biomass” (“MultiHemp”, 2012–
2017). 

Usually, the sowing of hemp took place in early to mid of May at a rate of 50 kg ha−1. The selection 
of the variety was based on the yearly availability of seeds on the market, in particular of small 
quantities for scientific purposes. Due to this fact, different varieties have been grown over the years. 
Fertilization was generally carried out according to previously determined soil conditions, but never 
more than on an 80 kg ha−1 nitrogen basis. 

Supply chains for hemp

Dry line Wet line

Hemp crop to be 
harvested

Hemp crop to be 
harvested

Mowing

Field drying and 
retting

Swath turning

Baling

Transport

Storage

Further 
processing

Dry and retted 
hemp straw

Chopping and 
loading

Transport

Densification and 
storage

Further 
processing

Wet preserved 
hemp

Figure 1. Basic design of process lines for hemp harvesting.

2. Materials—Raw Material Supply

2.1. Growing and Harvesting

Since 1999, hemp has been cultivated in small field plots as part of the research activities of the ATB
in Potsdam. In general, the cultivation itself was not scientifically planned and carried out, but rather
operated under simplified operating conditions in order to secure the supply of raw materials for
specific R&D projects with regard to subsequent storage and processing methods. This was applied in
particular to a national network project that focused on new supply chain strategies and processing
methods for domestic fiber plants (“FENAFA—Integrated supply-, processing and manufacturing
procedures for natural fibre materials”, 2009–2014) as well as to the collaborative EU-FP7 project
“Multipurpose hemp for industrial bioproducts and biomass” (“MultiHemp”, 2012–2017).

Usually, the sowing of hemp took place in early to mid of May at a rate of 50 kg ha−1. The selection
of the variety was based on the yearly availability of seeds on the market, in particular of small
quantities for scientific purposes. Due to this fact, different varieties have been grown over the years.
Fertilization was generally carried out according to previously determined soil conditions, but never
more than on an 80 kg ha−1 nitrogen basis.
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Following the growing season, hemp is harvested at different periods beginning from August
until November. The preferred procedure has always been selected according to the corresponding task
of the research project for the subsequent further processing of the raw material. The main focus within
the two mentioned projects has been the harvest of the whole crop biomass using forage harvesters
and its subsequent wet preservation (“ensiling”) [47] (Figure 2).

Agriculture 2019, 9, x FOR PEER REVIEW 4 of 27 

 

Following the growing season, hemp is harvested at different periods beginning from August 
until November. The preferred procedure has always been selected according to the corresponding 
task of the research project for the subsequent further processing of the raw material. The main focus 
within the two mentioned projects has been the harvest of the whole crop biomass using forage 
harvesters and its subsequent wet preservation (“ensiling”) [47] (Figure 2). 

 
Figure 2. Harvesting of hemp with forage harvesters (A) for subsequent wet preservation storage (C), 
fresh chopped hemp whole crop material (B), wet preserved hemp whole crop material (D). 

The background of this specific supply chain has been fundamental research activities on an 
alternative process chain for the utilization of hemp biomass for the manufacture of technical 
products, such as fiberboards, beginning from the late 1990s [40,47,48]. The key aspects of the research 
work were a reduction of the technical expenditure for harvesting and processing as well as a 
reduction of the harvest risk. Extensive investigations of the available harvesting technology have 
shown that conventional agricultural machinery typically used for fodder production can be used for 
harvesting hemp without significant modifications [48]. However, the weather risk is an essential 
aspect in the provision of hemp raw materials for traditional processing. Partially unfavorable 
weather conditions in the post-harvest period result in varying straw qualities and, in some cases, 
total losses [36,43,49]. 

2.2. Weather Related Risk of Harvesting Hemp 

Common kinds and types of machines for harvest operations are used according to available 
equipment and the targeted utilization of harvested biomass [25,26]. Many different technologies 
have been developed along with the expansion of this growing area in past years. In general, two 
process lines are known of which the so-called straw line (“dry line”, Figure 1) is most practiced 

Figure 2. Harvesting of hemp with forage harvesters (A) for subsequent wet preservation storage (C),
fresh chopped hemp whole crop material (B), wet preserved hemp whole crop material (D).

The background of this specific supply chain has been fundamental research activities on an
alternative process chain for the utilization of hemp biomass for the manufacture of technical products,
such as fiberboards, beginning from the late 1990s [40,47,48]. The key aspects of the research work
were a reduction of the technical expenditure for harvesting and processing as well as a reduction
of the harvest risk. Extensive investigations of the available harvesting technology have shown that
conventional agricultural machinery typically used for fodder production can be used for harvesting
hemp without significant modifications [48]. However, the weather risk is an essential aspect in the
provision of hemp raw materials for traditional processing. Partially unfavorable weather conditions
in the post-harvest period result in varying straw qualities and, in some cases, total losses [36,43,49].

2.2. Weather Related Risk of Harvesting Hemp

Common kinds and types of machines for harvest operations are used according to available
equipment and the targeted utilization of harvested biomass [25,26]. Many different technologies have
been developed along with the expansion of this growing area in past years. In general, two process
lines are known of which the so-called straw line (“dry line”, Figure 1) is most practiced worldwide.



Agriculture 2019, 9, 140 5 of 25

The related procedure consists of mowing and stem shortening by different cutting devices and
dropping the biomass on the ground. The optional seed harvest can be carried out either before
or during mowing. The subsequent time period shall enable field drying and dew retting in order
to reach (a) a moisture content allowing quality preserving storage of straw and at the same time
(b), the biological degradation of fiber gluing substances. This period is characterized by a high
weather-related procedure risk especially when hemp is harvested for dual-purpose (fiber and seed).
As seed ripening occurs late in August or even in September in many regions of Europe, the required
time available for harvesting of straw with a quality preserving dry matter (DM) content of ≤18% is
getting shorter and shorter [50].

Similar to plant growing in agriculture, harvesting operations are affected by climatic conditions as
well. Field operations such as mowing, and in particular natural drying on the field, are only possible in
times of favorable weather conditions. The time available is therefore a limiting factor for the planning
of such operations. The term “available working capacity” is defined similar to a number of available
field working hours in a relevant period in order to evaluate and compare certain field operations with
regard to their weather-related procedure risk. In particular, for new technology developments this
issue has to be evaluated in detail in order to carry out comprehensive and comparative assessment.

The weather-related procedure risk for the usual harvest period of industrial hemp straw has
been estimated based on real measurements of the moisture content development, the generation of
a model including respective climate data, and finally simulation with long term weather data [50].
Hoffmann et al. [51] have used a similar procedure to assess the weather-related procedure risk for
harvesting of hemp in winter. In these cases, the model simulation has been carried out with long-term
climate data from selected regions in East Germany. The available number of working hours for the
gathering (baling) of dry hemp straw is limited to 13–30 h per month in the usual harvest period in
August and September. A swathless deposition of the hemp crop on field ground, as realized by cutter
bars, seems to be favorable compared to the placement of a swath by other harvesting technologies.
The available time is reduced by 10–20 h when mowing or retting is delayed to October. Available
time periods can be enlarged when suitable harvesting technologies for an improved moisture release,
e.g., field conditioning, are used. In contrast, a winter harvest can enable an even higher number of
available hours up to 55 h (Figure 3).
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Figure 3. Available field working hours in given time periods for the harvest of storable hemp raw
materials. Values for dry line procedures already published in Gusovius et al. and Hoffmann et al. [50,51].

Harvesting of hemp in the winter period can be an option in terms of unfavorable weather
conditions in the usual time periods and seems to have potential in terms of the quality and utilization
of the resulting biomass [20,52].
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In contrast to the above-mentioned straw line, direct chopping from the plant stand and subsequent
wet preservation might be an alternative for a quality preserving storage of fiber crops. The remarkable
reduction of the weather-related procedure risk can be determined by the significantly higher number
of available working hours in the usual harvest period. These are, based on modelling with site
specific weather data, around 50–100% higher compared to the other harvesting procedures based on
field drying [53] (Figure 3). Thus, the weather-related procedure risk is significantly reduced when
chopping, and subsequent wet preservation of the harvest yield is applied.

2.3. Storage Procedures

The harvested and chopped biomass including all plant components (whole stems, leaves,
flowers respectively panicles with seeds) is directly transported to a stationary compaction unit
and stored under anaerobic conditions in bales, tubes or concrete silos. The procedure and used
machinery are similar to conventional harvest operations for animal fodder and does not require
specific technical modifications. In the case of freshly chopped hemp plants, different procedures for a
proper densification as well as immediate sealing with typical silage wrappings have been tested in the
past [26,48]. A storage system in bunker silos is highly dependent on the availability of such facilities,
while ensiling in bales (Figure 2C) or tubes has become more and more popular. Even the machine
combinations for chopping and immediate baling (partly including sealing) are available on the market
and were evaluated at hemp harvests in the Netherlands within the EU project “MultiHemp” [54].

Experience with the processes has shown that a trouble-free use of standard farm technologies is
also possible for storage. For safe preservation without the risk of spoilage, air inclusions as well as
damage to the silage wrappings must be avoided.

3. Experimental Procedures

3.1. Wet Preservation

The principle of wet preservation by natural fermentation during anaerobic storage is the
metabolization of natural sugar (mainly glucose and fructose) under anaerobic conditions by means of
microbial activity, especially by lactic acid bacteria (LAB), to a mixture of acids. As a result, the pH-value
decrease, and a breakdown of carbohydrates by undesirable microorganisms is prevented. Sugar and
dry matter (DM) contents are important parameters for the wet preservation. According to Wieringa
and Haan [55], at least 75 g sugar / kg DM is necessary for lactic acid fermentation. Carbohydrates,
e.g., glucose, sucrose or fructose, are particularly easy to convert to lactic acids by LAB. For successful
preservation, the DM content of the material should not be below 20% [56]. In order to obtain rapidly
anaerobic conditions in the silo, the biomass must be compacted. Therefore, the DM content is of
special importance. At 40% DM content the compressibility decreases considerably, at DM contents
lower than 20% the formation of silage effluent has to be expected [56]. The dry matter losses should
not be higher than the unavoidable process losses of 10% DM [56].

The main objective of the wet preservation of hemp is to keep essential quality properties of the
raw material needed for further processing and utilization. In this case, it means that in particular
the cell wall component cellulose, which is responsible for its excellent mechanical characteristics,
should not be degraded more than other the cell components.

Hemicellulose compounds are defined as being responsible for the link of fiber to fiber as well
as fiber to other tissues should they be degraded in the course of preservation. A similar effect to
dew/field retting is to be expected and enables an easier defibration in following mechanical processing
of the raw material [57–59]. This refining effect results in thinner fiber elements with a higher relative
surface area and is preferable for an improved fiber-matrix-adhesion in further applications [60].

Poor input properties of crop material (low sugar content, low content of LAB, low DM content)
and unfavorable weather conditions at harvest time can be partially compensated by additives [41].
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For this purpose, chemical, biological and sugar-containing ensiling and preserving agents from
different producers are available for feed preservation [61].

For the preservation of hemp chaff different biological and chemical additives, designed for
feed preservation, were tested in model trials and at practice scale. The preservation results were
evaluated for: biological additives (BIO-SIL, KOFASIL® LIFE “M”, SILASIL ENERGY G, SILOSTAR
GRAS), acidic chemical additives (lactic acid, LUPROSIL, FORAFORM) and alkaline chemical additives
(caustic soda). However, all additives and also trials without additives led to well preserved hemp [47,48].

3.2. Chemical Analysis

After harvesting the hemp, chaff was analyzed for DM, pH and sugar [62] as well as for
the carbohydrates cellulose, hemicellulose and lignin [63]. Furthermore, in order to evaluate the
preservation process, the following parameters were investigated at different times during the anaerobic
storage: alcohols (ethanol, propanol) and volatile fatty acids (VFA) (acetic, lactic, propionic, i-butyric,
n-butyric, i-valeric, n-valeric and capronic acid) [64]. The DM losses were calculated according to
Weissbach, and Kuhla [65] (Table 1).

Table 1. Methodical details for the analysis of hemp raw materials.

Material Parameter Unit Methods References

Fresh chopped and
wet preserved

hemp

Dry matter % FM Gravimetry VDLUFA MB Vol.
3 Chapter 3.1 [62]

pH - Electrode Sen Tix
41

VDLUFA MB Vol.
3 Chapter 18.1 [62]

Sugar % DM Reducing sugar VDLUFA MB Vol.
3 Chapter 7.1.1 [62]

Cellulose % DM Ankom2000 Fiber
Analyser system,

filter bag
technology

Herrmann et al.
(2012) [63]Hemicellulose % DM

Lignin % DM

Wet preserved
hemp

Ethanol, propanol, acetic,
propionic, i-butyric, n

-butyric, i-valeric,
n-valeric, capronic acids

% DM Gas
chromatography

Herrmann et al.
(2011) [64]

Lactic acid % DM Liquid
chromatography

Herrmann et al.
(2011) [64]

Mass losses % DM Calculation Weissbach and
Kuhla (1995) [65]

FM—fresh matter, DM—dry matter.

3.2.1. Characterization of Fresh Chopped Raw Material

To determine a favorable harvest period, sugar and DM contents in different hemp varieties
were analyzed in various years in the period from the end of July to mid-September [47]. During the
development of the hemp plant on the field, sugar and DM contents developed differently in the tested
hemp varieties. In many varieties e.g., Bialobrzeskie, Fedora 17, Felina 32, Kompolti Hybrid TC, Lovrin 110
and USO-34, the highest sugar levels develop until mid-August and then decrease again. In some
varieties, the highest levels of sugar are found only in mid-September (Kompolti, Uniko B). In most
varieties, the DM reaches in mid-September values of about 40%, which are too high for an optimum
compaction. If hemp is to be wet preserved, a harvest period between August and September with
regard to the sugar and DM content is suitable for many varieties.

In the projects “FENAFA” and “MultiHemp”, hemp of different varieties, was regularly cultivated.
The harvested hemp chaff was analyzed for different parameters before wet preservation and storage



Agriculture 2019, 9, 140 8 of 25

(Table 1). In the harvesting period from early September to early October, the contents of the examined
parameters of the chopped whole plants showed large spans in the different varieties and harvest years
(Table 1). The DM contents varied from 29.5 to 40.5% and the sugar contents from 1.2 to 3.9% DM.
In all varieties the sugar contents are importantly lower than the necessary content for a successful
preservation from amount of 7.5% DM. However, de Maeyer and Huisman [42] and Huismann et al. [66]
were also able to confirm experimentally that hemp chaff can be preserved by anaerobic storage.

The spread in the fiber fractions also showed great differences: cellulose (39–61% DM),
hemicellulose (6–16% DM) and lignin (8–12% DM) (Table 2). Results for the contents of these
parameters can also be found in the literature. De Maeyer and Huisman [41] found in hemp chaff

after harvest at mid-September the same content of cellulose and hemicellulose from 47% DM and
14% DM, respectively, as the authors. However, they found a higher lignin content with 15% DM.
Also Cappelletto et al. [67] analyzed the dried hemp stems without leaves and flowers and found
partly higher contents: cellulose contents of 49–54% DM, higher hemicellulose contents of 21–27% DM
and higher contents for lignin 11–14% DM. Similarly, high cellulose contents of 65% DM were found
by van der Werf and van Geel [68] in hemp bast. In comparison to our findings, these higher levels can
be explained by the non-leaf and flowerless study material described by the authors mentioned above.

Table 2. Dry matter (DM), sugar and fiber fractions in hemp of various varieties at different harvest
times (n = 3).

Hemp
Variety Harvest Date DM %

FM
Sugar %

DM
Cellulose %

DM
Hemicellulose

% DM
Lignin %

DM

Fedora 17 1 October 2009 38.80 2.01 38.93 15.81 8.75
USO-34 28 September 2010 28.50 1.58 49.76 8.33 7.96

Santhica 27 2 September 2011 29.25 3.89 44.50 13.04 7.84
Santhica 27 12 September 2012 32.21 n.e. 53.47 7.29 11.33
Fedora 17 25 September 2013 36.05 1.75 54.21 6.24 10.90
Futura 75 28 September 2014 40.54 1.16 60.66 10.43 11.60

n.e.—not examined.

Experiments with a further addition of extra-cellular enzymes were carried out in order to
investigate the influence of enzymes on the decomposition of fiber cementing cell wall structures
(hemicellulose) [69] as well the reduction of the silage typical odor [70]. Therefore, propionic acid
(LUPROSIL), a pectolytic enzyme (NATUZYM MAX) and the combination of propionic acid and
the enzyme were tested [71]. Various parameters and mass losses were determined before and
after preservation.

3.2.2. Characterization of Wet Preserved Hemp

As an example, the influence of different additives during the one-year preservation in 120 L
barrels of the hemp variety Santhica 27 on the chemical properties will be described (Table 3).

After one year of preservation, the pH values in all test series are in the acidic range. After only
6 months, all additives cause a decrease of the pH-value below 5. The additions of LUPROSIL and
NATUZYN MAX led to the lowest pH-values. However, even without additives all hemp samples had
a pH below 6 after one year of storage. In all test series the sugar content decreased, and acids were
formed. After one year of storage, the sum of VFA had 25.2% DM, the highest after the addition of
acid and the enzymes. As expected, propionic acid had in this test series, as well as in the test series
after the addition of LUPROSIL, the largest amount of all acids. In contrast, acetic acid dominated
in the test series without additives or with enzyme addition. In model experiments, de Maeyer, and
Huisman [43] found similar contents of lactic and acetic acid after 6 months in wet preserved hemp
without additives. In contrast to the findings of the authors, these preservations of the whole hemp
plant were almost butyric acid-free.
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Table 3. Analyses of hemp chaff after harvest at 2 September 2011 and after 6 and 12 months of anaerobic storage with and without additives (n = 3 *).

Parameter Dimension Santhica Santhica Santhica Santhica

Additives - Without LUPROSIL NATUZYM MAX LUPROSIL and NATUZYM MAX

Storage time months 0 6 12 0 6 12 0 6 12 0 6 12
DM % FM 29.25 28.19 27.23 28.86 28.49 27.48 29.87 27.78 26.90 29.04 28.75 26.42
pH - 6.87 6.30 5.82 5.14 4.86 4.49 6.86 4.75 4.43 5.39 4.39 4.19

Sugar % DM 3.89 n.e. 0.21 3.83 n.e. 0.76 3.70 n.e. 1.16 4.31 n.e. 1.81
Cellulose % DM 44.50 49.04 58.34 42.83 44.53 56.56 41.38 44.32 47.08 41.47 41.92 48.13

Hemicellulose % DM 13.04 11.76 4.84 17.74 10.30 3.80 15.37 8.28 5.06 16.16 12.51 4.79
Lignin % DM 7.84 7.70 10.83 7.95 9.41 9.74 7.07 8.63 11.67 7.52 8.45 10.63

Ethanol % DM n.e. 0.69 1.18 n.e. 0.26 0.73 n.e. 0.69 3.02 n.e. 0.41 1.82
Propanol % DM n.e. 0.08 0.47 n.e. 0.04 0.12 n.e. 0.02 0.19 n.e. 0.04 0.21

Acetic acid % DM n.e. 1.74 10.84 n.e. 1.24 4.68 n.e. 1.56 8.39 n.e. 1.33 6.74
Lactic acid % DM n.e. 1.52 n.d. n.e. 3.76 4.05 n.e. 6.34 7.02 n.e. 4.52 5.78

Propionic acid % DM n.e. 0.17 2.49 n.e. 4.01 12.42 n.e. 0.20 0.89 n.e. 3.83 12.31
i-butyric acid % DM n.e. n.d. 0.63 n.e. n.d. n.d. n.e. n.d. n.d. n.e. n.d. 0.03
n-butyric acid % DM n.e. 1.13 6.45 n.e. 0.01 0.02 n.e. 0.63 3.25 n.e. 0.01 0.22
i-valerian acid % DM n.e. 0.03 0.57 n.e. 0.02 n.d. n.e. n.d. n.d. n.e. 0.01 0.03
n-valerian acid % DM n.e. n.d. 0.34 n.e. n.d. n.d. n.e. n.d. n.d. n.e. n.d. 0.01

Caproic acid % DM n.e. 0.04 1.17 n.e. 0.01 n.d. n.e. 0.03 0.12 n.e. 0.02 0.10
Sum of VFA ** % DM n.e. 4.63 22.49 n.e. 9.05 21.18 n.e. 8.77 19.67 n.e. 9.72 25.22
Mass losses % DM n.e. 2.85 2.97 n.e. 2.61 2.64 n.e. 2.79 2.91 n.e. 2.60 2.69

* n = 2 in all test series at the storage time 0 months ** Sum of acetic, lactic, propionic, i-butyric, n-butyric, i-valeric, n-valeric and capronic acid. n.d.—not detectable; n.e.—not examined;
FM—fresh matter; DM—dry matter; VFA—volatile fatty acids.
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With regard to the content of hemicellulose, there was a clear decrease over the storage period of
12 months (Table 3). However, the analysis of the content of cellulose revealed partly contradictory
results. The apparent increase in cellulose, especially for a storage period of one year, cannot be
explained by biological processes during storage. On the one hand, the existing analysis models of
the substance analysis reflect the relative relationship of the substance components to one another.
On basis of the presented data it can be assumed that a higher purity of the cellulose component can be
expected with increasing storage time. On the other hand, the results can also be attributed to the very
inhomogeneous starting material, consisting of shives, fiber containing bast, and leaf components.

3.3. Further Raw Material Properties

3.3.1. Odor

If the preservation of hemp is to be carried out inexpensively without additives, the high contents
of butyric acids, in particular, should be considered. The odor of butyric acid could negatively
influence further processes. The extent to which high butyric acid contents influence the odorant
concentration [72] and the hedonic odor [73] was investigated on hemp preserves of the variety USO-34
(harvest at 28 September 2010) after addition of LUPROSIL and NATUZYM MAX as well as without
additive after 2 and 4 weeks and after 6 months of the anaerobic storage (Table 4). The results showed
that high odor concentrations do not necessarily occur in samples with high total acid and/or high
butyric acid and/or high alcohol concentrations. The odor impression of all samples was between
−1.0 and +1.0, and is described as neither pleasant nor unpleasant.

Table 4. Odor concentration and hedonic odor of wet preserved hemp of the variety USO-34 (harvest
at 28 September 2010) at different times of anaerobic storage, depending on various additives (n = 2).

Parameter Dimension USO-34 USO-34 USO-34

Additives - Without LUPROSIL NATUZYM MAX

Storage time months 0.5 1 6 0.5 1 6 0.5 1 6
Sum of VFA * %DM 3.11 3.92 10.02 7.84 6.71 10.54 6.57 6.41 9.63

Sum of butyric acid ** % DM 0.50 0.75 3.86 0.06 n.d. 0.23 1.28 2.42 6.01
Sum of alcohols *** % DM 1.00 0.96 0.75 0.33 0.41 0.46 2.30 2.75 1.99

Odour 103 GEE/m3 364.91 516.06 421.60 325.10 250.696 n.e. 729.82 386.61 546.75
Hedonic odour −4 to +4 +0.42 −0.21 +0.33 +0.08 −0.04 n.e. +0.25 ±0.00 +0.04

* Sum of acetic, lactic, propionic, i-butyric, n -butyric, i-valeric, n-valeric and capronic acid. ** Sum of i-butyric acid
and n-butyric acid. *** Sum ethanol and propanol. n.d.—not detectable, n.e.—not examined.

3.3.2. Structural Characterization

The structure of the hemp chaff remained largely preserved during the wet preservation.
This essentially concerns the structural preservation of the composition of the chopped crop resulting
from harvesting and cutting. After removal from the silo (e.g., tube or bale), the previously compacted
material can be easily loosened up and continuously fed to further mechanical processing (Figure 2B,D).

In addition to the determination of the metabolic rate, analyses of the structural alteration of the
plant material through or during preservation could also be carried out using SEM type Phenom Pro
(Phenom World—Thermo Fisher Scientific; Eindhoven, Netherlands). Images clearly show that the
microbial activity in the course of the storage process leads to the dissolution of the middle lamella
connecting the individual fiber elements (Figure 4). Based on the geometric dimensions, it can be
concluded that fiber bundles occurring in the fiber bast due to growth can be resolved to single
fiber elements.

Selected geometrical and mechanical properties of hemp chaff were evaluated in the course of
the project “FENAFA” after harvest and during the anaerobic storage [71,74]. It became clear that
the wet preservation has a significant effect on these parameters. The authors found that during
the 12 months of storage, the fineness of the fiber bundle collectives increased. Direct correlations
with the degradation of fiber-cementing substances in the middle lamella (hemicellulose) during wet
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preservation can be assumed. Measurements of tensile properties at a fiber bundle level clearly showed
a decreasing property level over storage time. Conclusions in connection to other publications can
only be drawn to a limited extent, as the details of the methods used by respective researchers are
unclear [41]. The method used for the determination of mechanical properties significantly influences
the results of such measurements. In particular, the decreasing cohesion of the central lamella structure
can lead to lower values with respect to this property for a given clamping length in common measuring
methods [75].
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3.4. Characterization of Intermediates and Final Products

Ultimately, the usability and performance of raw materials is often also evaluated on the basis of
the processability and relevant characteristic values of products. In this regard the characterization of
test specimens took place in respective laboratories of partner institutions and the ATB according to
generally admitted test norms and standards (Table 5).

Table 5. Methodical details for the analysis of composites and fiberboards.

Material Parameter Unit Methods References

Natural fiber
reinforced
composites

Tensile
modulus MPa Tensile test of respective

specimens (rods)

DIN EN ISO
527-1:2012-06 [76]

DIN EN ISO
527-4:1997-07 [77]

Breaking
elongation % Tensile test of respective

specimens (rods)

DIN EN ISO
527-1:2012-06 [76]

DIN EN ISO
527-4:1997-07 [77]

Fiberboards
Tensile strength MPa *

Tensile test
perpendicular to the
plane of the board

DIN EN 319:1993
[78]

Modulus of
elasticity in

bending
MPa * Three-point bending test DIN EN 310:1993

[79]

* Values are given in MPa (variation of cited literature [12,13] as well as referred standard where N mm−2 is defined
as respective unit for mechanical properties of fiberboards).

4. Results on Processing and Products

In order to carry out detailed research on the further processing of wet preserved (as well freshly
chopped) hemp whole crop material, a pilot plant was established at the ATB beginning in 2007 [80,81].
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Its initial step to processing includes the technical possibility to mix different types of raw material
as well as treatment with steam. Subsequently, the material is fed into a processing unit called a
defibration extruder. The technical principle of the unit is comparable to widely used equipment
in the plastic industry, where two screws transport and exposure the fed with mechanical energy
in a defined process area. Mainly pressure, shear load, and to some extent temperature, enable the
decomposition of the initial structure of the wet preserved hemp material. A defibration of the bast,
fiber bundles and xylem (woody core) textures becomes possible due to the previous degradation of
cell wall components in the course of wet preservation. While a slight reduction of the moisture content
of the intermediate is possible already in this procedure step, it is subsequently further processed with
a disc mill aiming at an additional reduction of the particle size as well as at an equalization of the
particle size distribution (Figure 5). This is to some extent comparable to refining processes in the
wood panel industry, even if atmospheric process conditions and a much higher DM content of the fed
prevail here. Various operating parameters can be set in order to a) react to specific properties of the fed
material; and/or b) influence the selected quality parameters of the resulting intermediate [74,82,83].
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Figure 5. Main steps for the processing of wet preserved hemp raw materials in the Leibniz Institute
for Agricultural Engineering and Bioeconomy (ATB) pilot plant.

After milling, the moisture content of the fibrous intermediate is reduced to approximately 10%
by means of a flash dryer at an inlet air temperature of approximately 140 ◦C. Further modifications of
the geometric properties of the intermediate product can be achieved by mechanical or aero-dynamic
screening. Thus, a transportable and storable intermediate product is available for further processing
into composite materials or fiberboards.

Processing into intermediates (like compounds or fiber mat) and products (composites or
fiberboards) was carried out partly by project partners or in the ATB pilot plant.

4.1. Composites Reinforced with Fibrous Intermediates from Wet Preservation

4.1.1. Raw Materials and Composites Processing

Hemp has been cultivated and further handled according the above mentioned procedure steps
within the frame of the national collaborative network “FENAFA” in order to provide samples of
fibrous intermediates for the manufacturing of natural fiber reinforced composites. All essential steps
for the production of compounds and further processing by injection molding were carried out by the
project partner, the Department of Lightweight Structures and Polymer Technology at the Technische
Universität Chemnitz [74,82].

The selected results will show the influence of the different supply and processing procedures for
wet preserved hemp on the properties of the composites. The matrix material used in all experiments
was 68% polypropylene copolymer BE170MO (Borealis A/E) with 2% coupling agent SCONA TPPP
8112 (BYK-Chemie GmbH). A 30% mass proportion has been selected for the fibers added. The fibrous
intermediate and the polymer component were processed to granulate using a Noris Plastic ZSC 25/44D
twin-screw compounder. Arburgs’s All Drive 370 injection molding machine was used to produce test
rods from composite materials. The characterization of tensile properties of the test specimens was
carried out by the project partner, the Department of Lightweight Structures and Polymer Technology
at the Technische Universität Chemnitz on a material testing machine Zwick/Roell Z010 according to
respective standard procedures (Table S1, Figures S1 and S2) [76,77].
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4.1.2. Selected Mechanical Properties of Composites

One focus of detailed investigations has been the influence of ensiling additives in the hemp raw
material on the resulting mechanical properties of composites. The processing of test specimens was
carried out with fibrous intermediates of a previously 6 month wet preserved hemp of the variety
Santhica 27 (Figure 6).
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Figure 6. Mechanical properties of test samples manufactured from different fibrous intermediates,
hemp variety Santhica 27, harvest 2011, processed after 6-months of storage.

The addition of ensiling additives, either acid or biological, seems to have no significant influence
on the tensile modulus of thermoplastic based composite test specimens. A slight decrease can be
observed when a pure enzyme solution in combination with propionic acid is added to the stored raw
material. In contrast, the trend of elongation at break is contrary, but also not on a significant level.

Further investigations aimed at clarifying the influence of different processing methods on
composites properties (Figure 7). These were carried out with raw material of the hemp variety USO-34
after a 6 month storage period as well. No ensiling agents were added to the crop. Cultivation and
harvest took place in 2010.

By trend, it becomes clear that processing steps additional to extruding do not improve the
stiffness of composite test specimens. In this case, this leads to the conclusion that a significant step
towards decomposition of the natural tissue bonds in fiber bast and xylem has already occurred in the
first processing step. The following mechanical or thermo-mechanical processes do not lead to changes
in the properties of the fiber particles, resulting in an improvement of the mechanical properties of the
composite materials.

The values found for the tensile modulus of the test samples in both experimental series are in
range or even above results of other investigations carried out using comparable polymer reinforcement
procedures, such as the compounding of (modified) Polypropylene copolymer with 30% hemp fibers
and subsequent injection molding [84–87].

Although the levels of high-performance composites are not reached, a suitable reinforcing
material can be supplied by this alternative raw material production line. Previous investigations have
already shown that reinforcements are possible with fibrous raw materials based on wet preservation
of hemp on a similar level compared to fibers produced by dry line [74]. A further experimental
question was dedicated to the processing of whole plant materials using a single-stage process on
a semi-industrial scale. Test specimens of natural reinforced composites have resulted from the
direct processing of fibrous intermediates on an Injection Molding Compounder of KraussMaffei
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(KM 1300–14,000 IMC), available in the Pilot Plant of the Fraunhofer Institute for Mechanics of Materials
(IWM). However, the results were somewhat 20% below the characteristic values of the investigations
presented here [82].
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4.2. Fiberboards Manufactured from Wet Preserved Hemp

Hemp (Cannabis sativa L.) was grown at the experimental plot of the ATB in the course of research
and demonstration activities of the EU project “MultiHemp” in 2014 (Table 2). The aim was to show that
fibrous intermediates prepared in the dry/half-dry procedure from wet preserved hemp are suitable
for the production of fiberboards for industrial applications.

4.2.1. Raw Material and Preparation

A French variety Futura 75, has been chosen from a variety trail covered in work package 3
(“Optimization of hemp cultivation and crop modelling”) of EU project “MultiHemp”. The harvest
was carried out 23 September 2014 by means of a forage harvester (chopper) mounted to a tractor.
Thereby the crop is cut into particles of approximately 50 mm, which enables a proper densification of
the harvested material. The densified biomass was sealed with silage wrapping immediately (Figure 2).
The bales were stored under ambient conditions without additives for 17 months before processing.
A detailed description of all the essential operating parameters for extruding, milling and drying have
been described in detail in Lühr et al. [83].

It is known from the literature that an increased content of fine particles and dust in the fibrous
intermediate can lead to reduced strength properties in the pressed fiberboards [88,89]. For this reason,
in addition to the standard intermediate produced in the dry/half-dry procedure, another dust-free
experimental series was prepared by screening (reciprocating screen, round-hole sieve 0.9 mm).

A detailed particle analysis of the two intermediate test series with the image analysis system
FibreShape (IST AG, Vilters, Switzerland) [90] shows as probability the frequency distribution q
and the sum function Q for the width (Figure 8A) and in for the length (Figure 8B) of the particles.
Four individual images of each series have been captured representing the image and subsequent
particle size distribution analysis of all 20,000–150,000 particles. The samples have been scanned on a
flatbed Epson Perfection 4870 PHOTO (Seiko Epson K.K., Suwa, Japan) at a resolution of 1200 dpi.
Scanner software Silverfast SE (LaserSoft Imaging AG, Kiel, Germany) was used to process the image
data. The necessary settings of the algorithm and the software parameters are saved in a specific file
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(measuring mask). A specified standard mask for given resolution was used with modified settings for
the minimum object size (20 µm) and a “zoom factor” (value 0.7). This enables the automated stepwise
measurement of fine up to larger objects in the same image.
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four scanned pictures (1200 dpi) using FibreShape.

In the “standard version” a width of 0.0672 mm and a length of 0.5324 mm were determined for the
particle characteristic value median d50. In the “dedusted version”, the width 0.0718 mm and the length
1.1549 mm were each determined as median d50 after screening out very small particles. The width d50
thus remained almost unchanged, whereby the length d50 is more than doubled. Thus the aspect ratio
increased from 7.9 (standard) to 16.1 (dedusted) due to removal of fines (dust) by screening.

4.2.2. Manufacturing of Fiberboards

Two different fiberboard densities (500 kg m−3/750 kg m−3) were produced based on the two
different fibrous intermediates (standard/dedusted). At the same time, it was examined whether the
strength properties of the materials, which are reduced by increased dust content in the standard fiber
material, could be compensated by an increase in the proportion of glue.

The further processing of the fibrous intermediates to fiberboards was realized by adding a
standard glue. A prototype of a mixing machine, based on a rotating paddle and spray nozzles,
was used to apply the glue to the fibrous intermediates in a batch process [91]. Urea-Formaldehyde
resin (64% solid content) was used as adhesive with an amount of 10% (standard and dedusted versions)
respectively 20% (standard version) solid content per absolutely dry fiber material, which is described
as a gluing factor [92]. The hardening of the adhesive was accelerated by combination with Ammonium
sulphate solution as hardener (33% solid content) with an amount of 2% solid per solid content of
adhesive. In order to avoid the boards being fractured in the cross cut due to too high a moisture
content during hot pressing, the pulp was pre-dried from approximately 10% to approximately 5%
moisture before gluing. Moisture contents (H) of the specimens have been calculated according to
Equation (1):

H =
mH −m0

m0
·100(%), (1)

whereby is

• mH mass of test specimen at normal climate (g)
• m0 mass of test specimen after drying (g)

With a gluing factor of 10/20%, a moisture content of the glued fiber material of approximately
10/14% could be achieved.
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The fiberboards were produced on a path-controlled heating press in a three-stage pressing
process. In this way, a higher and more uniform density should be achieved inside the boards. In order
to evaporate water from the board and thus avoid plate bursting (“blistering”) by resulting vapor
pressure [93], an additional de-aeration phase was integrated into the operational system of the press.
A detailed description of the individual press regimes for the respective density levels can be found in
Lühr et al. [83].

The classification of the produced fiberboards was carried out to the initial norm DIN EN 316
(prior its update in 2009) [94] as is still commonly used in related industries. The boards were classified
according to their density. Thus, boards with a density of 500 kg m−3 were assigned as ultralight
fiberboards (UL-MDF) and boards with a density of 750 kg m−3 were assigned to medium density
fiberboards (MDF).

4.2.3. Characterization

The characterization of the classified boards was carried out according the requirements for
UL-FF as well as MDF for non-loading and general applications in dry environment [95]. In addition,
ultralight fiberboards are subdivided according to their requirements in this standard into:

• UL1-MDF (usually used as insulation boards with limited mechanical stiffness) and
• UL2-MDF (typically used as panels with a stiffening function. These products also have insulating

properties).

A detailed visual observation of the micro-structure of board samples by SEM (Figure 9A) enables
a clear distinction of bast based (fiber) as well as xylem based (shive) particles.

Agriculture 2019, 9, x FOR PEER REVIEW 18 of 27 

 

A detailed visual observation of the micro-structure of board samples by SEM (Figure 9A) 
enables a clear distinction of bast based (fiber) as well as xylem based (shive) particles. 

 
Figure 9. SEM images (10 kV) of internal board structure, dedusted version with 10% gluing factor, 
target density 750 kg m−3 (black square at A in detailed image B). 

The width dimensions of the fibers (13.7; 14.1 μm, red values) allow the conclusion that both the 
wet preservation as well as the mechanical processing lead to separation of the bast down to single 
fiber cell elements [75]. Larger particles in the composite are usually shives fragments, in the present 
case with a width of 182.9 μm (green value). Even partially existing larger fiber structures (e.g., 
bundles, Figure 9B) can be processed to smaller particles by extruding and milling. Additionally, the 
SEM picture illustrates the random arrangement of particles in the board cross section as it is expected 
from the preparation of the prefabricate (fleece mat). Glue droplets can also clearly be distinguished 
by SEM microscopy of board samples. The measured dimensions (95.2; 117.0 μm, blue values) are in 
range of targeted sizes as it was modelled and applied for the design of the prototype mixing machine 
in the ATB‘s pilot plant [91]. Furthermore, in Figure 9B, a good wetting of the particles by a “glue 
droplet” for the transmission of the tension forces [96] is realized. It can be assumed that very fine 
glue droplets have been evenly distributed in the fibrous intermediate prior forming the prefabricate. 

Test specimens were taken from the pressed boards according to a slicing scheme and the 
strength properties thereof were tested using a Zwick/Roell Z010 material testing machine with a 
load cell of 10 kN. The test speed was adjusted to reach the breaking force within the time limit of (60 
± 30) s (Table S2, Figure S3) [78,79,83]. 

Significantly higher values of tensile strength perpendicular to the plane of the board have been 
identified for test specimens manufactured from the dedusted material compared to the standard 
material in respective of density test series (Figure 10). This can be related to the reduced proportion 
of ultra-fine particles and dust. The higher aspect ratio in the dust-free intermediate also has a 
positive effect on strength properties of the test specimens. 
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target density 750 kg m−3 (black square at A in detailed image B).

The width dimensions of the fibers (13.7; 14.1 µm, red values) allow the conclusion that both the
wet preservation as well as the mechanical processing lead to separation of the bast down to single fiber
cell elements [75]. Larger particles in the composite are usually shives fragments, in the present case
with a width of 182.9 µm (green value). Even partially existing larger fiber structures (e.g., bundles,
Figure 4B) can be processed to smaller particles by extruding and milling. Additionally, the SEM
picture illustrates the random arrangement of particles in the board cross section as it is expected from
the preparation of the prefabricate (fleece mat). Glue droplets can also clearly be distinguished by SEM
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microscopy of board samples. The measured dimensions (95.2; 117.0 µm, blue values) are in range of
targeted sizes as it was modelled and applied for the design of the prototype mixing machine in the
ATB‘s pilot plant [91]. Furthermore, in Figure 9B, a good wetting of the particles by a “glue droplet”
for the transmission of the tension forces [96] is realized. It can be assumed that very fine glue droplets
have been evenly distributed in the fibrous intermediate prior forming the prefabricate.

Test specimens were taken from the pressed boards according to a slicing scheme and the strength
properties thereof were tested using a Zwick/Roell Z010 material testing machine with a load cell of
10 kN. The test speed was adjusted to reach the breaking force within the time limit of (60 ± 30) s
(Table S2, Figure S3) [78,79,83].

Significantly higher values of tensile strength perpendicular to the plane of the board have been
identified for test specimens manufactured from the dedusted material compared to the standard
material in respective of density test series (Figure 10). This can be related to the reduced proportion of
ultra-fine particles and dust. The higher aspect ratio in the dust-free intermediate also has a positive
effect on strength properties of the test specimens.Agriculture 2019, 9, x FOR PEER REVIEW 19 of 27 
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Figure 10. Effects of density, fiber material and gluing factor on tensile strength perpendicular
to the plane of the board. Number of test specimen n = 10. Different letters indicate significant
differences (GLIMMIX, p < 0.05). Values for density 500/750 kg m−3, fiber material standard
and gluing factor 10% already published in Lühr et al. [83]. MDF—medium density fiberboards;
UL-MDF—ultralight fiberboards.

No significant difference could be found between the different gluing factors of the standard
fibrous material within the respective density level. However, values of tensile strength perpendicular
to the plane of the board decrease slightly at a gluing factor of 10% to at a gluing factor of 20% by
tendency. This can be attributed to the increased gluing factor and the thus reduced mass fraction
of the fibers responsible for the tensile properties. The requirements of the boards with a density of
500 kg m−3 for type UL1-MDF can be met for the dust-free version. For samples with a density of
750 kg m−3, the requirements for the MDF type are only narrowly missed by the dust-free version.
The test specimens of the dedusted series show the significantly highest value for both density levels.

Fracture layers as a result of the respective test procedure have been considered in order to
investigate and evaluate their occurrence along the cross section of the test specimens. In addition,
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conclusions are possible regarding the process-related reasons for their emergence. Lühr et al. [83]
developed a scheme for assessing the fracture layers in course of the determination of tensile strength
perpendicular to the plane of the board. The test specimens were fixed with the upper side in the
sample holders at any time and the respective failure frequencies were evaluated (Table 6).

Table 6. Distribution of failure frequencies regarding fracture layers after stress of tensile strength
perpendicular to the plane. Number of test specimens n = 10; Ct—Cap area (top), T—Top area,
M—Middle, B—Bottom area, Cb—Cap area (bottom). Values for density 500/750 kg m−3, fiber material
standard and gluing factor 10% already published in Lühr et al. [83].

Density (kg m−3) Fiber Material Gluing Factor (%) Ct/T/M/B/Cb

500 Standard 10 0/1/0/8/1
500 Standard 20 0/0/10/0/0
500 Dedusted 10 0/4/0/6/0
750 Standard 10 0/0/0/0/10
750 Standard 20 0/0/10/0/0
750 Dedusted 10 0/5/0/5/0

Different scenarios of the fracture behavior within the respective density level can be detected.
The test specimens of the “standard version” with a density of 750 kg m−3 show 100% failure in
the bottom cap area. The fine fraction drifts into the lower area of the board due to the gravimetric
segregation of the fibrous intermediate in course of prefabricate forming. Accordingly, this leads to
premature failure in this area and results in low tensile strength perpendicular to the plane due to
the strength-reducing behavior of this particle fraction. The tear off in the bottom cap area could be
avoided by increasing the proportion of adhesive in the panels to 20%. However, due to the lack of
fiber content in favor of the adhesive in the board, breakage occurred in the middle at a similarly low
level of tensile strength perpendicular to the plane. The test specimens of the dust-reduced boards
with a gluing factor of 10% (maximum values of tensile strength in both density levels) do not show
premature failure in both of the top layers. With a two-stage pressing process, a bulk density profile
with more intensive compression zones in the “cap area” or “middle” and those with low values
in the “upper” or “lower area” is formed [89,97]. A failure of the board samples under transverse
tensile stress in the range of low bulk densities is probable [98] and explains the distribution of failure
frequencies. Obviously, the specified operational parameters of the press program enabled an optimum
gross density profile with resulting high tensile strengths perpendicular to the plane.

Significantly higher values of modulus of elasticity in bending have been identified for test
specimens with the density 750 kg m−3 compared to those with a density of 500 kg m−3 (Figure 11).

Here, the test specimens of the dedusted test series show the significantly highest values in
both density levels, as well. Similar to the results of the tensile strength perpendicular to the plane,
boards with a density of 500 kg m−3 almost achieved the requirements for type UL1-MDF for the
dust-removed test series. In contrast, the requirements for the MDF type are clearly missed by the
dust-free version at a density of 750 kg m−3.

It was shown that dust reduction in the fibrous intermediate and the related increase of the
aspect ratio resulted in increased strength values. These are well above the values of an investigation
aiming at the comparison of the varieties Bialobrzeskie and Futura 75 [83]. In this study, different
processing procedures for wet preserved hemp from Bialobrzeskie and Futura 75 were considered in
detail. The differences in the board strengths achieved are significantly smaller than those achieved
with the modification of a fibrous intermediate carried out here. An increase in the gluing factor
showed no positive effects. Moreover, in view of ecological, resource-saving board production, this is
not an option for upgrading inferior fiber raw materials.
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5. Discussion and Conclusions

Direct harvesting of hemp by chopping, and the subsequent storage as well as wet preservation
are easy to handle processes from the point of view of agricultural production and with regard to the
available technical equipment at a farm level. The immediate removal of the crop enables farmers
to take advantage from the superior pro-crop characteristic of growing hemp in a crop rotation.
Furthermore, the weather related procedure risk is significantly reduced by a higher number of
available field working hours for harvest operations. The known unpredictability of common field
retting can be avoided.

If hemp is to be wet preserved, a harvest period between August and September with regard
to the sugar content and dry matter content is suitable for many varieties. It is possible to produce
stable preserved material from hemp chaff with low mass losses. The use of additives is not necessary
for the preservation; however, some additives can make it possible to achieve selected changes of
fiber properties. High contents of VFA, butyric acid or/and alcohol in the preserved hemp do not lead
per se to high odor concentrations and unpleasant odors. During the aerobic storage, changes in the
geometric and mechanical properties of the fibers occur.

The fibrous intermediate produced from wet preserved hemp represents a suitable raw material
for the production of industrial goods like reinforced composites or fiberboards. Process technologies
that are common in the composite industry can be used without constraints if feeding technology
for bulk fibrous materials is available. The resulting properties are in the range of other materials
processed with similar composition and technology. As an example, comparable investigations with
PP (polypropylene) composites reinforced with as well 30% hemp fiber are referred. Shah 2014 [4]
reported in a comprehensive review of tensile modulus of 1500 MPa for injection molded short fiber
pellets. Higher values of 4000 MPa have been reached by reinforcing such a matrix with 30% of hemp
short fibers [99].

Furthermore, wet preserved hemp whole crop material can be processed to a fibrous intermediate
by the innovative dry/half-dry procedure, suitable for the manufacturing of fiberboards similar to
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those produced by the conventional wood industry. The DIN-EN 622-5 [95] based requirements for
industrial UL-MDF fiberboards have already been partially met by modifying the fibrous material
using dust separation. In order to comply with the standards of especially commercially available
MDF-type fiberboards, further optimization of the dry/semi-dry process with adapted particle size
distributions of the fibrous intermediates and adaptions of the pressing regime are to be aimed at.
Similar experimental work with sunflower stalks as raw material for particleboards bond with PMDI
(polymeric methylene diphenyl diisocyanate) at a density of 650 kg m−3 resulted in comparable
values of tensile strength perpendicular to the plane of the board (0.31–0.43 MPa) [13]. It is worth
noting that, in principle, isocyanate based binder systems enable better mechanical properties of fiber-
or particleboards compared to UF (urea formaldehyde) or PF (phenol formaldehyde). In contrast,
higher tensile strength perpendicular to the plane of the board (0.93 MPa) but similar moduli of
elasticity (1300 MPa) have been reached using palm tree prunings pressed at similar conditions with
UF resin [12]. Thus, the high strength potential of hemp based whole crop materials is evident.

Another interesting challenge is the use of a formaldehyde-free adhesive system. This is the
subject of current research at the ATB aiming at improving board properties to achieve all the required
strength values.
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