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ABSTRACT

The purpose of the study was to determine the suitability of wastes from herbal industry for the biogas production.
The wastes of lemon balm (Melissa officinalis L.) and alder buckthorn (Frangula alnus Mill.) were used for the
biomethane potential test (BMP). The following properties were determined in the tested material: total solids con-
tent (TS), volatile solids content (VS), total Kjeldahl nitrogen content (TKN), total organic carbon content (TOC),
total phosphorus content (P) and total potassium content (K). The biogas yield was monitored on the basis of the
liquid displacement method. The examined wastes differed in terms of the basic properties affecting the biogas
production. Alder buckthorn contained more VS, TKN and TOC, while lemon balm had a narrower C/N ratio and
higher P and K content. The tested wastes were also different in terms of the biogas production kinetics. In the case
of lemon balm, the highest production was observed at the beginning of the experiment, while the anaerobic diges-
tion of alder buckthorn waste was only noticeable in the third week of the experiment. This delay caused higher cu-
mulative methane yield of lemon balm waste by about 60% than that of alder buckthorn. Despite those differences,
the wastes from both plants were suitable for biogas production, mainly as co-substrates. Co-digestion resolves the
problem of utilizing such wastes and decreases the demand for energy crops such as maize which should be used
as fodder and food in the first place. In addition, clear differences in the kinetics of anaerobic digestion may cause
that a simultaneous use of both tested wastes will ensure continuous biogas production at a relatively high level.
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INTRODUCTION

Biogas is one of the most developing and
still promising renewable energy sources. The
biogas plants are not only suppliers of biogas
used for energy production but also generate di-
gestate, which can and should be used as a valu-
able organic fertilizer. The digestate application
has a positive impact on the basic properties of
soils and supplies them in N, mainly in the am-
monium form, which is rapidly transformed to
nitrates [Wysocka-Czubaszek 2019]. Digestate
can be also a source of greenhouse gases. How-
ever, when appropriately used, it has little effect
on the overall GHG emissions from agriculture
[Czubaszek, Wysocka-Czubaszek 2018].

Biogas can be produced from various organic
substances. The research on the specific biogas
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yield (SBY) included agricultural residues, ani-
mal waste (e.g., animal manure, animal slurry),
sewage sludge, landfill and food waste, indus-
trial waste, aquatic biomass, energy crops (e.g.,
maize silage, grass silage) and green waste. The
most popular substrate used in commercial biogas
plants is maize silage; however, due to the grow-
ing prices of this raw material and finite arable
land area, it is necessary to search for the prod-
ucts that could reduce the demand for substrates,
which can and should be primarily used for the
nutritional purposes. Various types of post-pro-
duction waste from industries processing plant
materials can be a very good alternative to maize
silage. Considering the fact that many organic
industrial wastes have the methane potential of
up to 500 m® t!, these raw materials are very at-
tractive substrates for biogas plants [Angelidaki,
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Ellegaard 2003]. The use of such substrate makes
the biogas installation a pro-ecological source of
energy that improves the quality of the environ-
ment and can therefore be considered as an inte-
gral part of environmental protection [Teleszews-
ki, Zukowski 2018]. The research on the biogas
potential of such underestimated substrates may
reveal new energy source and solve utilization
problem of these wastes.

The herbal products manufacturing is an
example of the industry that has recently been
developing in Poland. Herb plants, due to their
aromatic properties, are widely used in the phar-
maceutical, cosmetics, food and agriculture in-
dustries [Newerli-Guz 2016]. Although herbs and
spices occupy only ~0.3% of the total sown area
in Poland, in recent years there has been a clear
increase in farmers’ interest in this type of crop.
The sown area of herbs and spices in Poland in
2017 amounted to 30,564 ha, while the harvest
exceeded 440,000 dt [Statistics Poland 2018].
Compared to the previous year, this represents an
increase of 46% and 28%, respectively. In years
20122017, both the sown area and crops more
than doubled (Table 1) making Poland one of the
major European herb producer [Buchwald 2015].

In the herbal industry, as in other enterprises as-
sociated with the processing of plant raw material,
significant amounts of wastes are generated. Only
in the north-eastern Poland, two largest suppliers of
herb products “Herbapol Biatystok S.A.” and “Dary
Natury” generate ~30 tonnes per year [Obidzinski
2010] and ~50 tonnes per year [darynatury.pl] of
wastes, respectively. The wastes from herb industry
contain a lot of organic substances that can be suc-
cessfully used for other purposes. Due to their bac-
tericidal, immunostimulating, antioxidant and seda-
tive effects, herbal wastes are mainly used as fodder
additives [Hanczakowska 2007].

The wastes generated during packaging are
difficult to utilize because of their variety and
properties. They are often sold cheaply; some-
times, the price covers only the transportation
costs [Obidzinski 2013] while they are a po-
tential source of energy. The research on lem-
on balm waste revealed that this herb waste is

characterized with the energy value similar to
other lignocelluloses raw materials. Therefore,
lemon balm (Melissa officinalis L..) waste used as
an additive in the production of granules or bri-
quettes can become a fully-fledged, cheap fuel in
biomass heating plants [Obidzinski 2010].

The energy accumulated in this plant raw mate-
rial can also be used to produce biogas. Due to the
relatively small amounts of waste generated in the
herbal industry, it should not be assumed that the
herb wastes will become an intrinsic substrate used
for the biogas production. However, if another utili-
zation method is not possible, the herb waste could
become a potential raw material in co-digestion de-
fined as an anaerobic treatment of a mixture of dif-
ferent substrates, which aims at improving the effi-
ciency of anaerobic digestion [Alvarez et al. 2010].

Every co-substrate may increase or decrease
the biogas production; therefore, before using
specific waste as an addition to a stable installa-
tion its properties and specific biogas and meth-
ane yield should be checked. Many plants pro-
duce secondary metabolites, such as saponins
and tannins, which have antimicrobial properties
[Wallace 2004], thus may inhibit the anaerobic
digestion process. Therefore, the purpose of the
study was to assess the suitability of waste of two
herbal plants, lemon balm and alder buckthorn,
for biogas production.

MATERIAL AND METHODS

The waste of lemon balm (Melissa offici-
nalis L.) and alder buckthorn (Frangula alnus
Mill.) formed during the packaging of the raw
material were obtained from the plant process-
ing herbs. The methane potential test (BMP) was
performed using air-dried material. Inoculum was
obtained from the agricultural biogas plant treat-
ing maize silage (80%) with the addition of swine
manure (ca. 10%) and by-products of agro-food
processing (ca. 10%). The inoculum was pre-in-
cubated in 38+1°C in water bath to lower the en-
dogenous methane production. In the substrates
and inoculum the following parameters were

Table 1. Area, yield and crops of herbs and spices in Poland in years 2012-2017

Year 2012 2013 2014 2015 2016 2017
Sown area [ha] 14544 13091 12168 17115 20885 30564
Yield [dt ha”'] 14.3 14.2 14.9 12.4 16.4 14.4
Crop [df] 208521 186212 181042 212468 343544 441248

Source: Based on Statistics Poland (GUS).
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determined: total solids (TS), volatile solids (VS),
total Kjeldahl nitrogen (TKN), total organic car-
bon (TOC), total phosphorus (P), total potassium
(K) and pH. TS and VS were determined accord-
ing to standard methods (APHA 1998), pH was
measured with HQD40 meter (Hach, USA). TOC
was determined with a TOC-L analyser equipped
with SSM-5000A Solid Sample Combustion Unit
(Shimadzu, Japan), TKN was determined with a
Vapodest 50s analyser (Gerhardt, Germany). Af-
ter nitric acid/hydrogen peroxide microwave di-
gestion in ETHOS One (Milestone s.r.l., Italy) the
content of P was measured with ammonium meta-
vanadate method using a UV-1800 spectropho-
tometer (Shimadzu, Japan) and K content with a
flame photometer (BWB Technologies, England).
The analyses were performed in triplicates.

The BMP was conducted in eudiometer sets
made of 1-liter bottle (reaction vessel) and 600
ml tube. The 0.1 N Na,SO, solution was used as
a confining solution. To each bottle, 350 ml of in-
oculum was added, followed by the appropriate
amount of the substrate ata VS, /VS
ratio of 2. In order to correct the methane poten-
tial resulting from the endogenous respiration of
inoculum, the bottles with inoculum only were
incubated as controls. All the bottles were filled
with distilled water to reach TS equal to 5. Be-
fore inserting the tube into the bottle, the bottle
headspace was flushed with nitrogen gas for ca.
2 min. to ensure the anaerobic conditions. The
BMP test was performed at 38+1°C in water bath.
Each day, the contents of the bottles were mixed
manually. The biogas yield was monitored on a
daily basis with the liquid displacement method.
The biogas composition was analyzed with por-
table biogas analyser DP-28BIO (NANOSENS,
Poland). At the beginning of the experiment, the
measurements were taken every day, while in the
later period, with lower biogas production, the
composition of biogas was checked 2-3 times a
week. The temperature and air pressure in the lab-
oratory were determined with a weather station.
The BMP tests were terminated after 36 days,
when the daily methane production was less than
1% of the accumulated volume of methane [Hol-
liger et al. 2016]. The BMP tests were conducted
in triplicate, and the results were expressed as
mean value + standard deviation.

In order to calculate the SMY substrate, the
methane yield of the inoculum was subtracted
from that of the inoculum and substrate mix-
ture. The SMY is expressed as the volume of dry
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methane gas under standard conditions (273.15 K
and 1013 hPa) per mass of volatile solids (VS)
added, with the unit NL_, , kg .

Significant differences between the studied
wastes were determined by t-test using Statistica
13.1 (StatSoft) software.

RESULTS AND DISCUSSION

Inoculum and substrates

The inoculum had the properties typical for
digestate from agricultural biogas plant. The sub-
strates had similar TS and TOC content, but dif-
fered in terms of other properties, affecting the
intensity of biogas production. The TS of both
substrates was much higher than this parameter
of the substrates typically used in the biogas pro-
duction. The TS of silage from main and second-
ary crops, catch crops, annual grass and legume
mixtures and perennial crops which can be used
as substrate in biogas production is, on average,
equal to 28.9% [Herrmann et al. 2016], the TS
of animal slurry varies from 3 to 12% [Scarlat et
al. 2018] and the average TS of animal manure is
equal to 21.37% [Madkowiak, Zebrowski 2000].
High TS value implicates both studied substrates
as good co-substrates for raw material with low
TS value. Alder buckthorn waste was character-
ized with VS similar to crop silages which is, on
average, equal to 92.2% [Herrmann et al. 2016]
while the VS of lemon balm is similar to the VS
of solid manure which is in a range of 70-80%
[Scarlat et al. 2018]. Higher TKN content
(p <0.001) characterized the alder buckthorn bark
(Table 2). This substrate was also characterized
by a narrower C/N ratio (p <0.05), which accord-
ing to Fricke et al. [2007] should be in the range
of 20 to 30. However, both substrates were char-
acterized with wide C/N ratio, indicating the need
of adding a substrate with higher N content. The
C/N ratio was almost double comparing to maize
silage, the C/N ratio of which ranges from 35 to
45 [Veluchamy et al. 2019]. In both substrates,
the TOC content was much higher than in maize
silage (149.57 g kg™, unpublished data) while the
TKN content was similar in the case of lemon
balm and higher in the case of alder buckthorn.
Both herb wastes were characterized with much
higher TKN content comparing to cattle slurry
(3.187 g kg!") [Wysocka-Czubaszek et al. 2018]
and animal manure (4.8 g kg') [Mackowiak,
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Zebrowski 2000]. Much higher P and K contents
(p <0.001) were observed in lemon balm waste
and these values exceeded the P and K content
in cattle slurry (P — 0.03 g kg'; K — 6.81 g kg)
[Wysocka-Czubaszek et al. 2018] and in ani-
mal manure (P — 1.35 g kg'; K — 5.56 g kg)
[Macékowiak, Zebrowski 2000].

Daily biogas and methane production

Different trends of daily biogas and methane
production from lemon balm and alder buckthorn
wastes were observed. The main differences be-
tween these two substrates were number and time
of peaks in daily production. In the case of lemon
balm, in the first three days a decrease in biogas
production was observed, which in the following
days began to increase, reaching its maximum on

Table 2. Chemical properties of inoculum and studied
wastes

Parameter Inoculum Lemon balm | Alder buckthorn
pH ;5181 n.a. n.a.
TS 4.78 91.19 90.81
[%] +0.06 +1.81 +1.19
VS 73.98 71.03 93.31

[% of TS] +0.29 +297 +2.69

TOC 395.2 420.9 472.0
[g kg™ +41.9 +29.1 +28.0
TKN 71.0 6.81 9.67
[g kg™ +2.3 +0.2 +0.2

5.56 61.81 48.81

CIN +04 +2.19 +3.19
P 10.6 2.5 0.8

[g kg™ +3.0 +0.1 +0.1
K 70.9 15.4 2.3

[g kg™ +1.1 +1.1 +0.2

pH — reaction; TS — total solids; VS — volatile solids;
TOC - total organic carbon; TKN — total Kjeldahl
nitrogen content; P — total phosphorus content; K —
total potassium content; n.a. — not analysed; C, N, P, K
concentration reported on fresh mass basis.

0.30

the 7th day (Figure 1). After relative stabilization,
from the 11th day, biogas production started to fall
to the 20th day and from this moment until the end
of experiment it remained at level of 0.02 NL d'.
The biogas production from alder buckthorn had
a completely different character. After a slight in-
crease on the 2nd day, a long drop began until 8th
day. In the following days, a slight upward trend
was observed, followed by a rapid increase in the
intensity of this process on days 12—16. The maxi-
mum daily biogas production from alder buckthorn
lasted for 5 days and was similar to the maximum
daily production of lemon balm. This maximum
production was followed by a sharp decline to 0.03
NL d!, which — with slight fluctuations — persisted
until the end of the experiment.

The methane content of 65% was reached on the
14th day in the biogas samples produced from lem-
on balm. The relatively constant value (66—-68%)
was reached at the 16th day (Figure 2) and was
observed until the end of the experiment. Until the
13th day of the experiment, in the samples of biogas
produced from alder buckthorn, the methane con-
tent did not exceed 10%. The content of 60% was
achieved on the 23rd day of experiment and until
the end of BMP test, the methane concentration in
biogas did not exceed 64%. Both substrates were
characterized with higher methane content than the
biogas produced from energy crops equal on aver-
age t0 56.2% [Herrmann et al. 2016].

The daily methane production from anaero-
bic digestion of lemon balm and alder buckthorn
followed the pattern of the biogas production
(Figure 3). For lemon balm, the daily production
increased from the first day of experiment and the
highest daily methane production was observed
on the 11th day. In the next 10 days, the produc-
tion decreased and until the end of experiment,
it was less than 0.02 NL d'. The daily methane
production rate from alder buckthorn showed the
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Figure 1. Daily biogas production (mean value + standard deviation, where absent, bars fall within symbols)
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Figure 2. Changes in the methane content in the following days of the experiment
(mean value + standard deviation)

opposite pattern. In the first two weeks, the daily
methane production was close to 0 and rapidly
increased in next 6 days, reaching the maximum
value on the 20th day of experiment. This peak
was followed by a rapid decrease to the values ca.
0.02-0.03 NL d'! and stayed on this level until the
end of experiment (Figure 3).

Cumulative biogas and methane production

A different pattern in the daily biogas production
for both studied substrates did not clearly affect the
total amount of biogas produced during the entire ex-
periment (Figure 4). Within 35 days of experiment,
lemon balm and alder buckthorn produced 461+23
and 386+33 NL kg "' of biogas, respectively.

However, the opposite patterns of daily meth-
ane production and its content clearly affected
the differences in SMY of both tested substrates
(p <0.05) (Figure 5). The SMY of lemon balm
was equal to 197+14 NL kg ', while the SMY of
alder buckthorn amounted to 122+11 NL kg, ..

The observed differences may be caused by a
variation in the chemical properties of the studied
wastes. In the case of lemon balm, the methane
bacteria had access to a nutrient-rich substrate.

0.12

According to Desideri et al. [2010], the lemon
balm leaves contain much more potassium (K),
magnesium (Mg), phosphorus (P) and sulfur (S)
in comparison to the alder buckthorn bark. The
chemical composition of wastes used as substrate
for BMP tests in the presented study confirmed
the results of Desideri et al. [2010] in the case
of P and K. Lower SMY of alder buckthorn is in
a good agreement with Garcia-Gonzalez et al.
[2008] who studied the impact of the addition
of various medicinal plants on the fermentation
of ruminants. The addition of alder buckthorn
caused a reduction of methane production while
the addition of lemon balm did not have the ad-
verse effect on the digestion process.

On a fresh weight basis, both lemon balm
and alder buckthorn have higher SBY com-
pared to maize silage [Myczko et al. 2011], the
most popular substrate used in biogas installa-
tions (Table 3). However, expressing the results
based on the VS content, only the lemon balm is
in the average range for maize, which is mainly
related to its higher content of TS in comparison
with alder buckthorn. According to the feedstock
categorization based on SBY, both substrates be-
long to the category of feedstock producing low
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Figure 3. Daily methane production (mean value + standard deviation, where absent, bars fall within symbols)
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Figure 5. Methane yield from lemon balm and alder buckthorn (mean value + standard deviation,
where absent, bars fall within symbols)

yield of biogas which is typical for lignocellu-
lose, cattle and pig manure [ Langeveld, Petersons
2018]. The methane yield was higher from lemon
balm and was similar to the SMY of pig slurry
(201 NL kg, ") and lignocellulose feedstock such
as pre-treated bagasse (177 NL kg, ), forest resi-
due (214 NL kg, ;") and pre-treated coffee pulp
(174 NLkg ") [Langeveld, Petersons 2018]. The
SMY of alder buckthorn was similar to the SMY
obtained from bagasse (122 NL kg ") and coffee
pulp (131 NLkg, ') [Langeveld, Petersons 2018].

The wastes from the herbal industry were also
the subject of research by Lewicki et al. [2013].
The results obtained in this paper are higher in re-
lation to the fresh mass, but much lower in terms
of the TS of substrate.

Table 3. Cumulative biogas and methane production

CONCLUSIONS

1. The analyzed wastes of the herbal industry can
be useful co-substrates in the biogas produc-
tion. Although the quantity of these wastes
is low, they are cheap and therefore their co-
digestion may decrease the costs of biogas
production.

. The lemon balm waste provided a higher bio-
gas potential yield, which is comparable with
the potential of maize silage. The higher con-
tent of readily available nutrients caused that
the anaerobic digestion process started almost
immediately and remained at an elevated level
for a longer time compared to alder buckthorn.

. The differences in the kinetics of the anaerobic
digestion process observed in the tested wastes

o Biogas Methane
Specification
NL kg, ¢! NL kg, " NL kg,,," NL kg, ! NL kg, NL kgg,,”
Lemon balm 461.00£23 327.45+16 298.60+14 197.00+14 139.93+10 127.60+9
Alder buckthorn 386.00+33 360.18+30 327.08+27 122.00+11 113.84+10 103.38%9
Maize silage (Myczko
etal., 2011) 450-700 170-200

TS — total solids; VS — volatile solids; FM- fresh matter.
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may have a beneficial effect on the relatively
high biogas production throughout the reten-
tion period in the digester.
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