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Abstract: In relation to the situation caused by the pandemic, which may also take place in the future,
there is a need to find effective solutions to improve the economic situation of the floristry industry.
The production and sale of flowers is time-consuming and long-term. Therefore, any information that
causes the impossibility of selling the plants will result in a reduction of profitability or bankruptcy of
such companies. Research on rationally utilizing biowaste from plant cultivation as well as unsold
flowers for environmental protection and effective use of their potential as a raw material for bioenergy
production were examined in this article. The aim of this study was to analyze the energetic potential of
the biodegradable fraction of waste from floriculture. The trials included floricultural waste containing
the stems, leaves and flowers of different species and hybrid tulips (Tulipa L.), roses (Rosa L.), sunflowers
(Helianthus L.) and chrysanthemums (Dendranthema Des Moul.). Their biogas and methane production
as well as heat of combustion were determined experimentally. The calorific value was calculated on the
basis of results from selected floricultural waste and its chemical composition. The biogas production
was tested on different levels of plant material fragmentation (chaff, macerate) in fermentation
processes with two ranges of temperature (meso- and thermophilic fermentation). The presented
results show that the highest calorific values were determined for dry stems of roses (18,520 kJ/kg)
and sunflowers (18,030 kJ/kg). In turn, the lowest were obtained for dried chrysanthemums and
tulips, for which the heating value reached 15,560 kJ/kg and 15,210 kJ/kg. In addition, based on
one ton of the fresh mass of biowaste from floriculture, the largest biogas production including the
control was obtained from the chrysanthemum chaff by mesophilic anaerobic digestion. Moreover,
the largest volume of methane was received by thermophilic anaerobic digestion of roses. The highest
content of biomethane (56.68%) was reached by thermophilic fermentation of roses. The energy
production of the analyzed substrates was also calculated, based on the amount of biogas produced in
the containers for anaerobic digestion. Additionally, a deep neural network model, which predicted
the production of methane gas, was created. Owing to the properties of the network, the level of
significance of variables used for modelling and prediction of biogas production was determined.
The neural modelling process was carried out with the use of the H2O program.
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1. Introduction

During natural disasters like a pandemic and any other crises, many industries report losses.
One of these sectors of the economy is gardening and horticulture. Agricultural and horticultural
production cannot be stopped overnight. Despite the health risks, the flowers are produced and
unfortunately do not find buyers among the citizens. It is estimated that, in the Netherlands, 400 million
tons of unsold flowers were destroyed, including 140 million tons of tulips, during only one month
(March 2020) [1]. This problem also affects other countries and it results in wasting huge amounts of
biomass from the floriculture industry.

In the meantime, the growing demand for energy necessitates a number of actions leading to
every country’s self-sufficiency in the area of electricity and heat production. The development
of ecological ways of obtaining biomass, which is feedstock for the production of bioenergy, is a
priority in the European Union [2]. In addition, the use of waste biomass for this purpose would
allow simultaneous fulfillment of the provisions of this directive and reduce the amount of waste not
subjected to rational management.

Floriculture is predominantly defined as species and cultivars produced by retail greenhouses,
cut flower wholesalers and foliage plant brokers [3]. In this article, the term “floricultural waste” has
been narrowed down and refers to the parts of plants that are waste from greenhouses, plantations,
florists, stock exchanges and other places where the cut flowers are being traded.

Due to the multitude of plants grown for cut flowers, floricultural waste is characterized by a
very large diversity, both in terms of morphology and physical and chemical properties. Stalks and
leaves are always the largest part of the waste generated in such places. In addition, they also include
faded flowers.

There are no studies in the literature showing the quantitative and qualitative composition of
waste generated in florists. Some researchers proved that floricultural waste is used in composting,
vermicomposting or green manuring by only 8.33 percent of farmers [4]. All the more, that kind of
waste has not thus far been described in terms of its suitability for energetic purposes. However,
all sorts of floricultural waste may be transformed into biofuel, because this feedstock contains
biodegradable organic matter to decrease the environmental impact of floricultural activities [5]. It may
be a good source for pellets, briquettes or biogas production if it does not contain detergents, antiseptics,
antibiotics and other inhibitory compounds, which are toxic to fermentation bacteria [6–8]. It seems
that this type of feedstock should be rapidly decomposed during anaerobic digestion processes by
specialized bacteria [9–11].

The aim of this study was to analyze the energetic potential of the biodegradable fraction of
waste from floriculture. The trials included floricultural waste containing the stems, leaves and
flowers of different species and hybrid tulips (Tulipa L.), roses (Rosa L.), sunflowers (Helianthus L.) and
chrysanthemums (Dendranthema Des Moul.).

Their biogas and methane production as well as heat of combustion were determined
experimentally. The heating value was calculated on the basic results of selected floricultural
waste [12,13]. The biogas production was tested on different levels of plant material fragmentation
(chaff, macerate) in fermentation processes with two ranges of temperature (under meso- and
thermophilic conditions of fermentation). The energetic production of the analyzed substrates was
also calculated based on the amount of biogas produced in the containers for anaerobic digestion.

Artificial intelligence methods, including artificial neural networks, are readily used to model
natural phenomena which are characterized by high complexity. They allow the analysis of data of
many variables and conclusions about the phenomenon on the basis of developed models. The neural
models are used by scientists from such fields as agricultural engineering, including issues related to the
production of energy from renewable sources. They are used, among other things, for neural analysis
of the quality of agri-food products, such as fruits and vegetables, cereal grains, and meat [14–22]. It is
also possible to use neural modeling methods to evaluate the composting process [23–29]. In addition,
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artificial neural networks can be used to predict the prices of agricultural products on commodity
markets [30,31] and to forecast energy production from solar systems [32,33].

Deep neural modelling is a relatively new technique that is increasingly being used in the life
sciences. It differs from traditional techniques in terms of speed and accuracy. In 2006, the Hinton
team [34] presented a new method of teaching artificial neural networks. Deep learning is a class of
machine learning methods for hierarchical (deep) models with non-linear layers. The idea of deep
learning is to pre-train the network (so-called pre-training), and in the next step to learn how to network
in a supervised way. In neural modelling methods used so far, it has been necessary to have a large set
of data to correctly carry out the learning process. In deep learning methods, a large data set is not
required. Networks have the ability to share and reduce data sets. This means that it is not necessary
to perform many repetitions in empirical studies. However, this property does not affect the quality of
the generated model.

Since 2010, one can notice a significant increase in interest in deep learning techniques, and, since
2012, a significant reduction in the inaccuracy of researchers’ networks using new methods. According
to industry magazines, the pattern recognition error through a DNN (Deep Neural Network) is about
5%, which is at the level of error committed by humans [35]. An important property of deep networks
is the ability to act and process data in real time.

2. Materials and Methods

2.1. Raw Material for the Bioenergy Production

The analysis aimed at determining the energy potential of selected floriculture waste as feedstock
for biogas production included stalks, leaves and flowers of various species and hybrid forms of tulips,
roses, sunflowers and chrysanthemums. Leaves constituted the largest percentage of waste, followed
by stems and flowers.

Before starting the research, the biomass was mechanically ground to increase the availability
of organic substances for fermenting microorganisms. Chains with a length of biomass pieces up to
about 5 mm and tulip macerates with a smaller particle size were obtained.

The research on the process of mesophilic anaerobic digestion concerned chaff and macerate
from tulips and chaff from roses, sunflowers and chrysanthemums. In the other type of
fermentation—thermophilic—the energy potential of the same chaff with roses, sunflowers and
chrysanthemum was analyzed to determine the effect of temperature on the performance of
individual feedstock.

In order to properly conduct the experiments to determine the calorific value of the feedstock,
the raw material was thoroughly broken up. For this purpose, the test material was cut into small
pieces and then ground with a mortar and, subsequently, with a coffee grinder. A homogeneous mass
was prepared from each flower species.

2.2. Methods of Calorific Value Determination

To determine the energetic potential of floriculture waste, laboratory analyses were done following
Polish standards PN-81/G-04513.

The experiments were carried out on a KL-12Mn calorimeter. The heat of combustion (Qs) of each
feedstock was calculated according to the formula:

Qs =
C·(Dt − k) − c

m
(1)

where:

C—heat capacity of the calorimeter (13 122 J/K),
Dt—general increase in the main period temperature (K),
k—correction for calorimeter heat exchange with surroundings (K),
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c—heat correction emitted during wire burning (6698,9 J/K),
m—mass of solid fuel sample (g).

For each feedstock, five repetitions were made, and then the arithmetic mean was calculated.
The calorific value (Qw) of each feedstock was subsequently calculated from the following formula:

Qw = QS − 24.42·(Wa + 8.94·Ha) (2)

where: Qs—heat of combustion of the analyzed sample under analytical conditions (J/g), Wa—moisture
content in the analyzed sample (%), Ha—hydrogen content of each sample (%) [36–39].

2.3. Methods of Biogas and Methane Production

At the beginning, chemical and physical analyses of floriculture waste were made. The total solids
content (TS, dried mass) was measured within the Polish standard PN-75C-04616/01. The volatile
total solids content (VTS, organic dried mass) was analyzed in accordance with the PN-Z-15011-3
standard [11–13].

The dry matter content was calculated in the Microsoft Excel spreadsheet according to the formula:

TS[%] =
m2 −m1

m0
·100% (3)

where: m0—fresh mass of feedstock [g], m1—mass of water [g], m2—mass of the dried feedstock +

mass of the dish [g].
To determine the organic dry matter content in floriculture waste, the parameter calculations were

made according to the following formula:

VTS[%] =
mc − (mb −ma)

mc
·100% (4)

where: ma—mass of water [g], mb—mass of feedstock after combustion + mass of water [g], mc—mass
of the dried feedstock [g].

The Hydraulic Retention Time (HRT) of floriculture waste was tested experimentally, based on
the following standards: DIN 38414/S8 and VDI 4630. The biogas yield was recorded under standard
conditions [11,40–43].

The experiments on biogas production were run in a multichamber digester for anaerobic digestion.
The capacity of each individual glass biofermenter was 2 dm3. The biogas production was recorded
daily with an accuracy to 0.01 dm3. The criterion for the completion of the measurement was the daily
production below 1% of the total accumulated biogas [11,40–44].

During the course of the anaerobic digestion process, pH and conductivity were tested daily.
In addition, the redox potential was measured every second day for tulips and roses. The tests
were performed with the Elmetron CPC-411 meter. The reaction was measured in accordance with
PN-90/C-04540/01, and conductivity based on PN-EN 27888: 1999.

The charge in the bioreactors was mixed for 60 seconds every 24 h. The daily production of biogas
was measured by reading on a scale placed on the cylinder in which it accumulated. The MSMR-4/BIO
type system was used to check the biogas chemical composition. The content of CH4, CO2, O2, NH3

and H2S was determined using a gas analyzer.
The usefulness of selected floricultural waste for energetic purposes was assessed based on the

amount of feedstock. The produced biogas and methane volumes (m3) were calculated using the
following formulae [11,40]:

Vb = Be·Ms (5)
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where: Vb—produced biogas volume (m3), Be—biogas production of the feedstock (m3/Mg), Ms—mass
of the feedstock (Mg). Hence:

VCH4 = Vb·CCH4 (6)

where: VCH4—produced methane volume (m3), Vb—produced biogas volume (m3), CCH4—methane
concentration in produced biogas (%).

2.4. Energy Calculations

The utility of waste from floriculture for energetic purposes was determined based on the amount
of each feedstock biogas and methane production. Moreover, the realizable amount of electricity and
the amount which could be produced during combustion of the biogas produced from this feedstock
in cogeneration system were calculated using the following formulae [11,40]:

EE = VCH4 ·RaCH4 ·ηE (7)

where: EE—produced energy amount (MWh), VCH4—produced methane volume (m3),
RaCH4—methane energy production ratio (0.00917 MWh/m3), ηE—electrical production of the
cogeneration unit (for this calculation, 44% electrical efficiency was assumed). Likewise:

EH = VCH4 ·RaCH4 ·ηT (8)

where: EH—produced heat amount (MWh), VCH4—produced methane volume (m3), RaCH4—methane
energy efficiency ratio (0.00917 MWh/m3), ηE—heat production of the cogeneration unit (for this
calculation: 45% heat efficiency was assumed). Furthermore, the result was also expressed in (GJ):

EHGJ =
EH

0.278
(9)

where: EHGJ—produced heat amount (GJ), EH—produced heat amount (MWh).

2.5. Neural Modelling

A neural modelling process was carried out to check the correctness of the performed research
and to indicate whether methane productivity can be predicted from the results of the measurements.
The neural modeling process was carried out using the H2O program. Overall, 11 variables were
involved in the modeling, of which 10 were input variables: flower, dry matter of the batch [g],
fresh mass of the batch [g], dry organic matter of the batch [g], fresh mass of the feedstock [g],
dry matter of the feedstock [g], dry organic matter of the feedstock [g], fresh mass of the inoculum [g],
dry matter of the inoculum [g], and dry organic matter of the inoculum [g]. There was one output
variable: methane volume [m3].

3. Results

3.1. Calorific Value of Floricultural Waste

The average values of the calorific value for each analyzed feedstock are summarized in Table 1.
They were completely dried tulips, roses, chrysanthemums and sunflowers, which consisted of leaves,
flowers and stems. Separated, dried, leafless stalks of these plants were also analyzed. In addition,
the heat of combustion of dried, previously overfed, tulip shoots, which are waste in the production of
planting material, was examined. The test was repeated for each feedstock until the difference between
the results of the two most closely related tests was no more than 120 kJ/kg. Then, on the basis of
the most similar measurements, the average value of the combustion heat of the given feedstock was
calculated according to PN-81/G-04513 and rounded up to four significant digits.
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Table 1. Calorific value of floricultural waste.

Feedstock Calorific Value (kJ/kg)

Tulips with flowers 15,210
Stems and leaves of tulips 16,890

Roses 17,720
Stems of roses 18,520

Sunflowers 17,640
Stalks of sunflowers 18,030
Chrysanthemums 15,560

Stalks of chrysanthemums 16,230

The highest calorific values were obtained for dry stems of roses (18,520 kJ/kg) and sunflowers
(18,030 kJ/kg). The lowest ones were obtained for dried tulips and chrysanthemums. The calorific
values for these feedstocks were 15,210 kJ/kg and 15,560 kJ/kg, respectively. Nevertheless, for solid
biofuel production, complete drying of the feedstock is not recommended, even if it may affect the
energy efficiency of the raw material.

3.2. Feedstock and Inoculum Initial Parameters

Just before the experiments for determination of biogas production, the physical and chemical
properties of each analyzed feedstock sample were determined (Table 2).

Table 2. Results of physical and chemical properties for tested feedstock.

Feedstock Total Solids [%] Volatile Total Solids [%]

Mesophilic inoculum 2.49 70.80
Thermophilic inoculum 2.69 64.47

Tulips 7.90 95.42
Roses 21.95 93.24

Sunflowers 21.44 93.53
Chrysanthemums 25.46 89.42

The highest content of total solids was examined for chrysanthemums. Roses and sunflowers were
characterized by lower results for this parameter. These amounted to 21.95% and 21.44% respectively.
The lowest content of total solids among the analyzed floricultural waste was checked for tulips and
did not reach 8%.

However, the tulips were characterized by the highest content of volatile total solids, at the level
of 95.42%. For roses and sunflowers, also, the value of this parameter was very similar and approx.
2 percentage points lower than the result obtained for tulips. For chrysanthemums, the volatile total
solids content was the lowest and amounted to 89.42%. However, the differences between individual
floricultural wastes were slight in relation to significant discrepancies in the total solids content between
tulips and other kinds of floricultural waste. The content of volatile total solids in the inoculum was
higher for mesophilic inocula compared to thermophilic ones.

3.3. Biogas Production and Methane Production

The amount of biogas produced during experiments was measured daily. On the basis of that
data, the volume of biogas was calculated taking into account the daily correlation coefficient because
biogas production was not measured every day at exactly the same time. The volumes of biomethane
and other biogases produced as a result of anaerobic digestion were also recorded. The total production
of these gases has been summed up.

The mesophilic anaerobic digestion of chaff from tulips lasted 23 days. Dynamic gas production
was observed in the first days of fermentation. During this time, the largest daily production of
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methane was achieved on the fifth day. It amounted to 0.51 dm3. From the sixth day, there was a
systematic decrease in CH4 production. From the fourth to the twenty-third day, methane production
exceeded its total daily production of all other gases by its volume.

Fermentation of macerate from tulips, which was also carried out under mesophilic conditions, as
in the case of chaff from these plants, lasted 23 days. The largest amount of methane was created on
the fifth day of testing, when daily production achieved 0.43 dm3. From the sixth day, a decrease in
production was measured. However, from the thirteenth day, the value of the daily production of CH4

began to increase and reached 0.26 dm3 on the fifteenth day. Then, a systematic decrease in process
production was observed to 0.02 dm3 on the last day of the measurement. Only in the first four days of
the fermentation other gases accounted for the majority in relation to the production of methane.

Both mesophilic and thermophilic anaerobic digestion of roses lasted 25 days. The maximum
daily methane production for the mesophilic type was achieved on the fifth day of the experiment,
when it reached 0.54 dm3. A decrease in CH4 secretion was subsequently observed. On the last day,
it was equal to 0.03 dm3. Other gases than biomethane were created in the third week of the research
(0.66 dm3).

The maximum daily production of methane in the thermophilic type of anaerobic digestion from
roses was observed relatively late. On the thirteenth day, it reached 0.32 dm3. The whole experiment
was characterized by instability, as the daily production of this gas fluctuated significantly. By the
fifth day, its production increased to 0.15 dm3. Then there was a two-day decline, followed by another
increase and hesitation until the eighteenth day. From the next day, there was a significant decrease in
the amount of produced methane. The production of other gases was similar. They accounted for most
of the eleventh day of fermentation.

The chaff from sunflowers was feedstock for mesophilic and thermophilic fermentation. At that
time, the highest daily production of CH4 was measured on the fourth day. It reached 0.44 dm3 for
fermentation in lower temperatures.

From the first to the fourth day its production dynamically increased, but then it dropped to
0.07 dm3 on the tenth day of fermentation. By the end of the experiment, it fluctuated and ranged
from 0.03 dm3 to 0.07 dm3 per day. Other gases showed a similar tendency. However, the most was
produced in the first measurement day, when their volume amounted to 0.65 dm3.

The thermophilic fermentation of chaff from sunflowers lasted 4 days shorter than mesophilic
fermentation. On the fourth day, 0.28 dm3 of methane was recorded, which was the highest result
for this experiment. During the first four days, CH4 production was increased. Then, for three days,
about 0.25 dm3 of gas was produced daily. On the seventh day, there was a sharp drop to the level
of 0.13 dm3. The slow downward trend continued until the last, twenty-fifth day of fermentation.
The largest production of other gases was achieved on the third day, when a volume of 0.38 dm3 was
measured. There was then a marked decrease in the content of produced biogas. From the seventh day,
less than 0.01 dm3 within a day was generated during the fermentation process.

Chaff from chrysanthemum was feedstock for mesophilic anaerobic digestion. It was decomposed
in 29 days, like sunflowers. The daily production of methane was relatively small and reached its
maximum on the seventh day of the process, reaching only 0.17 dm3. In the following days, there was
a slow decline in its production and then a slight increase. On the fourteenth day it was 0.08 dm3,
while in the eighteenth it was 0.1 dm3. A decrease in CH4 emissions from the reactor was subsequently
observed. On the last day of conducting measurements, it amounted to 0.02 dm3. The other gases’
production was the largest during the first day (0.53 dm3) of the experiment. From the sixth day
onwards, they were in a minority compared to methane.

Anaerobic digestion with the thermophilic type of chaff from chrysanthemum lasted 25 days,
and therefore 4 days less than with the mesophilic one. The maximum methane production was
achieved on the ninth day. It then amounted to 0.25 dm3. Apart from several days from the eighth to
eleventh day of research, the process was distinguished by a small production of this gas, as it was
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below 0.1 dm3 for the remaining days. It was not until the ninth day that methane production exceeded
the production of other gases by volume.

Such dynamics of fermentation indicated that, during first days of the biogas production process,
the simple sugars were absorbed by bacteria [45]. During the next days, biogas was produced from
other substances. Just after the beginning of the anaerobic digestion, biomethane production was lower
than that of other gases, especially carbon, which is specific to the first stages of biogas production [46].
The process decreased until the 29th day, at which point it was finished.

The amounts of biogas and methane production from floricultural waste were summarized and
calculated per 1 ton of each feedstock (Table 3). The results were determined on the basis of cumulated
and averaged production of gases from bioreactors, including control sample results correction.

Table 3. Cumulated biogas and methane production from each analyzed feedstock.

Feedstock Days of
Fermentation

CH4
Content

(%)

Fresh Mass
(m3/Mg of FM)

Total Solids
(m3/Mg of TS)

Volatile Total Solids
(m3/Mg of VTS)

Cumulated
CH4

Cumulated
Biogas

Cumulated
CH4

Cumulated
Biogas

Cumulated
CH4

Cumulated
Biogas

Tulip chaff
under

mesophilic
conditions

23 54.37 28.30 52.04 358.18 658.83 375.37 690.39

Tulip macerate
under

mesophilic
conditions

23 53.07 27.98 52.72 354.14 667.30 371.14 699.33

Roses under
mesophilic
conditions

25 49.92 61.28 122.76 294.17 589.28 316.15 633.35

Roses under
thermophilic

conditions
25 56.68 62.26 109.84 283.65 500.44 304.22 536.73

Sunflowers
under

mesophilic
conditions

29 49.27 53.31 108.22 248.70 504.80 278.14 564.56

Sunflowers
under

thermophilic
conditions

25 47.83 40.79 85.28 190.29 397.83 212.82 444.92

Chrysanthemums
under

mesophilic
conditions

29 47.59 59.05 124.08 231.92 487.32 247.95 521.00

Chrysanthemums
under

thermophilic
conditions

25 40.64 35.11 86.40 137.89 339.32 147.42 362.78

Based on the analyzed floricultural waste, the highest methane content in the produced biogas
was reached by thermophilic fermentation of roses (56.68%). All of the remaining feedstock was
characterized by a lower and simultaneously similar content of CH4 in biogas. The value for tulips,
depending on the degree of fragmentation, was 53–54%. However, for sunflowers, regardless of the
type of anaerobic digestion, it was approximately 48–49%. This was similar to the result obtained for
chaff from roses and chrysanthemums during decomposition under mesophilic conditions. The lowest
methane content in biogas (40.64%) was obtained from chrysanthemum chaff under thermophilic
conditions of fermentation.

Moreover, floricultural waste was characterized by a generally high methane content. However,
for chicken manure, its content reached from 46% to 57% [47,48] and it was 68–69% for fish waste [49].
Nevertheless, the methane content of waste from floriculture is comparable with cattle manure (50–60%)
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and pig manure 60% [6,11]. These biogases’ production stems from the fact that animal waste contains
more proteins and fats, which are generally better chemical compounds for biogas production. On the
other hand, some of the floricultural waste is characterized by higher methane content compared to
maize straw silage (52%) [40], breeding waste from sericulture (52%) [11] and bread waste (53%) [49].

The obtained results were also calculated per ton of fresh mass of each feedstock. The most
effective wastes for biogas production were chrysanthemums, roses and sunflowers under mesophilic
anaerobic digestion. The lowest result was obtained for tulips. In this case, regardless of the feedstock
fragmentation, more than two times less biogas was obtained. However, taking into account only the
production of methane, the highest productivity was by roses.

Analyzing the production of biogas calculated per ton of total solids of each feedstock, it was
found that the most biogas can be obtained from tulips and the least from chrysanthemums, regardless
of the technology used. The production of methane is analogous. The results are mainly influenced
by the amount of TS in biomass. Although there are high production values per TS unit, it has to
be considered that lower TS content required a higher amount of biomass and higher volumes to
process it.

Macerated tulips gave the highest result per ton of dry organic matter. On the other hand,
chrysanthemums under thermophilic fermentation conditions turned out to be the least efficient in
this case. For this feedstock, the amount of biogas was almost two times lower compared to tulips.
Methane production was characterized by a similar discrepancy between those species.

Based on the obtained research results, it can be further stated that the fermentation of the same
feedstock under mesophilic conditions lasted slightly longer or the same number of days compared to
anaerobic digestion under thermophilic conditions. As regards the percentage of methane content in
the produced biogas, only in the case of the fermentation of roses carried out at higher temperatures
was the process more effective. Moreover, for sunflowers and chrysanthemums, more biomethane
was obtained in the mesophilic type than in the thermophilic anaerobic digestion. Furthermore,
the mesophilic process operating cost is much lower than thermophilic method because it needs much
less energy input to maintain the optimal temperature. Mesophilic fermentation is also less sensitive to
environmental changes in the process [50].

More than 80% of biomethane production was accumulated during the first 15 days of the research
for each floricultural waste, except during thermophilic fermentation of roses. In comparison, for maize
straw silage, it lasts 15 days under thermophilic conditions and 17 days under mesophilic ones to
provide the same result [51].

Moreover, the HRT for floricultural waste was shorter compared to maize straw silage [40] but
longer than for breeding waste and excrement from sericulture, which were analyzed according to
the same methods and in standard conditions [11]. The investigated HRT was shorter compared to
microalgal biomass, for which it lasts approx. 30 days and depends on the species [52]. Additionally,
the HRT results were comparable or shorter than for chicken manure (HRT from 30 to 35 days) [53,54]
and pig slurry, which was co-digested with olive pomace oil (24 days) [11,55].

The neural modelling process is carried out individually for empirically acquired data. Depending
on the experience and available equipment, different parameters are obtained—not to mention the
difference in the parameters of the examined object. Therefore, comparing models from different
works is quite problematic. The authors use different input variables, network learning techniques and
models themselves. Among the works that can be referred to is the work of the Pérez-Zárate team [56],
where, for traditional modelling methods, the quality of the network was 80%, and the Dach team [57],
where, for traditional modelling methods, the quality of the network was 73%. It should be noted that
the models in these works differ in the type of learning, structure and input variables.

3.4. Energy Production

Based on the efficiencies of biomethane and biogas of floricultural waste, the amount of electricity
and the amount of heat produced by the biogas combustion in a cogeneration system were calculated
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in three variants: Per 1 Mg of fresh mass (FM), total solids (TS) and volatile total solids (VTS) (Table 4).
The produced heat amount was also converted to GJ.

Table 4. Energy production of each analyzed feedstock.

Feedstock Variants
Per 1 Mg of

Produced Energy
Amount (MWh)

Produced Heat
Amount (MWh)

Produced Heat
Amount (GJ)

Tulip chaff under
mesophilic conditions

FM 0.21 0.21 0.77
TS 2.66 2.72 9.92

VTS 2.79 2.85 10.40

Tulip macerate under
mesophilic conditions

FM 0.21 0.22 0.79
TS 2.69 2.75 10.05

VTS 2.82 2.89 10.53

Roses under
thermophilic conditions

FM 0.50 0.51 1.85
TS 2.37 2.43 8.87

VTS 2.56 2.61 9.54

Roses under
mesophilic conditions

FM 0.44 0.45 1.65
TS 2.02 2.07 7.54

VTS 2.17 2.21 8.08

Sunflowers under
mesophilic conditions

FM 0.44 0.45 1.63
TS 2.04 2.08 7.60

VTS 2.28 2.33 8.50

Sunflowers under
thermophilic conditions

FM 0.34 0.35 1.28
TS 1.61 1.64 5.99

VTS 1.80 1.84 6.70

Chrysanthemums under
mesophilic conditions

FM 0.50 0.51 1.87
TS 1.97 2.01 7.34

VTS 2.10 2.15 7.85

Chrysanthemums under
thermophilic conditions

FM 0.35 0.36 1.30
TS 1.37 1.40 5.11

VTS 1.46 1.50 5.46

Mesophilic fermentation of roses and chrysanthemums was characterized by the highest energy
production (0.5 MWh/Mg of FM) compared to the other analyzed wastes from floriculture. One ton of
fresh biomass can also give 1.85 and 1.87 GJ of heat, respectively. The worst result was achieved for
tulips. Those parameters were the lowest, regardless of the degree of fragmentation of the feedstock.

However, if one were to calculate the energy production according to the total solids, tulip
chaff and macerate gave the largest production of heat from one ton of dry matter of feedstock
(till 10.05 GJ/Mg of TS). The smallest production was found for thermophilic fermentation of
chrysanthemums (5.11 GJ/1 Mg of TS).

Similar results have been received for calculations per one ton of volatile total solids of each
feedstock. The largest production of electricity would be possible from tulips (till 10.53 GJ/Mg of VTS)
and the smallest from thermophilic fermentation of chrysanthemums (5.46 GJ/Mg of VTS).

Generally, significant differences were observed between received results calculated per one ton
of fresh mass compared to per one ton of total solids and volatile total solids. This was a result of the
relatively high content of water in fresh biomass of floricultural waste.

3.5. Result of Neural Modelling Process

The learning process was determined for 10,000 epochs. The rest of the parameters were left
unchanged. The model was made on flowers: roses, sunflowers, chrysanthemums and tulips.
Flower names have been replaced by numerical values (roses—1, chrysanthemums—2, sunflowers—3,
tulips—4). In the process of generating the neural model, the sensitivity analysis of individual variables
was carried out.

The training set contained 14 cases. This is a very small number, but deep neural networks have
the ability to use redundancy of cases and so a small number of cases is not a problem and does not
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affect network performance. The data used in the process of learning the neural model was randomly
selected by the simulator from the whole set. The model learning chart is presented in Figure 1.
The network characteristics are presented in Table 5Energies 2020, 13, x FOR PEER REVIEW 11 of 15 
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Figure 1. Screenshot of the learning process in H2O.

Table 5. Network characteristics.

Network Characteristics

MSE 0.004186
RMSE 0.064700
nobs 14

r2 0.991181
mean_residual_deviance 0.004186

mae 0.044468

MSE—Mean Squared Error, RMSE—Root Mean Squared Error, nobs—the number of training
cases, r2—coefficient of determination, mean residual deviance, mae—mean absolute error.

The network operation parameters indicate a very high match factor r2 0.991181 and low MSE
and RMSE error values—0.004186 and 0.064700.

The most important variables for the model operation, in order:

1. fresh_mass_of_the_batch_[g],
2. dry_organic_matter_of_the_feedstock_[g],
3. dry_matter_of_the_feedstock_[g],
4. dry_matter_of_the_inoculum_[g],
5. dry_matter_of_the_batch_[g],
6. dry_organic_matter_of_the_batch_[g],
7. fresh_mass_of_the_feedstock_[g],
8. flower,
9. fresh_,mass_of_the_inoculum_[g],
10. dry_matter_of_the_inoculum_[g].
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4. Conclusions

All of the fermentation processes ran smoothly, with no inhibition or pH interference. Each of the
examined types of feedstock decomposed relatively fast. The HRT of all investigated species ranged
from 23 to 29 days, which is comparable with the HRT of the biomass commonly used in the anaerobic
digestion process.

The obtained results proved that floricultural waste has good biogas potential. Owing to the time
of anaerobic digestion of analyzed materials, biomethane production from floricultural waste is more
efficient compared to commonly used agricultural feedstock. Moreover, the analyzed feedstock had
comparable methane content compared to chicken, cattle or pig manure (except chrysanthemum chaff

under thermophilic conditions of fermentation). In addition, the generated neural model shows high
efficiency in forecasting methane production. Its coefficient of determination is 0.991181 and its RMSE
error is 0.064700.

Producing solid biofuels or biogas from floricultural waste may be a good source of additional
income for farmers. Furthermore, re-using it, rather than storing it, allows for ecological and energetic
management of floricultural waste.
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9. Czerwińska, E.; Kalinowska, K. Conditions for conducting the methane fermentation process in a biogas
plant. Agric. Hortic. Tech. 2014, 2, 12–14. (In Polish)

10. Jha, M.N.; Jha, S.; Chourasia, S.K. Agroecology of Agromicrobes. In Agroecology Ecosystems and Sustainability;
Benkeblia, N., Ed.; CRC Press: Boca Raton, FL, USA, 2015; pp. 81–102.
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57. Kowalczyk-Juśko, A.; Pochwatka, P.; Zaborowicz, M.; Czekała, W.; Mazurkiewicz, J.; Mazur, A.; Janczak, D.;
Marczuk, A. Energy value estimation of silages for substrate in biogas plants usingan artificial neural
network. Energy 2020, 202, 117729. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.rser.2015.05.013
http://dx.doi.org/10.1016/j.rser.2014.03.041
http://dx.doi.org/10.1016/j.cej.2013.11.074
http://dx.doi.org/10.1016/j.biortech.2014.04.077
http://www.ncbi.nlm.nih.gov/pubmed/24865323
http://dx.doi.org/10.1016/j.renene.2016.06.019
http://dx.doi.org/10.1016/j.cageo.2019.05.004
http://dx.doi.org/10.1016/j.energy.2020.117729
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Raw Material for the Bioenergy Production 
	Methods of Calorific Value Determination 
	Methods of Biogas and Methane Production 
	Energy Calculations 
	Neural Modelling 

	Results 
	Calorific Value of Floricultural Waste 
	Feedstock and Inoculum Initial Parameters 
	Biogas Production and Methane Production 
	Energy Production 
	Result of Neural Modelling Process 

	Conclusions 
	References

