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Abstract: Technology that would result in a high-quality product with minimal environmental impact
throughout the on-site composting process of hop biomass after harvest has not yet been developed.
It is crucial to introduce composting practices that do not result in a detrimental leachate impact.
Three different composting procedures that vary in terms of initial biomass particle size, additives,
and pile covering were investigated. Each pile was built from 15 t of fresh hop biomass after harvest
(leaves and stems), leachate was collected during the composting season (September to the end of
April), and biomass was sampled and analyzed to identify good practices as well as gaps that need
to be filled. Leachate quantity differed significantly in terms of the composting procedure and time
stamps. There was a strong linear correlation between the amount of precipitation and leachate
quantity (0.86), NH4 leached amount (0.87), and total N leached amount (0.92), but not the total P
amount. The composting procedure had a significant impact on the quantity of the NH4 leached
amount. The majority of the NH4 was lost in the second month of composting. The maturation
phase was the most critical for NO3 loss since it had the highest amount of leached NO3 and the
greatest variances among the composting protocols. Considering leachate it is recommended that a
membrane is used at all times during the maturation phase as well as during any heavy precipitation
expected in the thermophilic phase. Whether the cover is also needed for the entire duration of the
thermophilic phase (due to emission) is a matter of further research.

Keywords: compost; composting; hop biomass after harvest; hop waste; Humulus lupulus L.; leachate;
runoff water; nutrient loss

1. Introduction

During harvest, hop plants are cut down and the whole aboveground biomass is re-
moved from the fields. While cones are picked, dried, and packed for the brewing industry,
stems and leaves (hop biomass after harvest) constitute a by-product [1]. Although new
methods of using hop biomass after harvest are being investigated, such as its antioxidant
and antimicrobial activity [2], composting still remains the most promising method in
terms of utilizing biomass, which would be a good solution to end the nutrient cycle on
hop farms. However, due to the presence of polypropylene twine, which is commonly
used as support for hop plants, this biomass has not been recycled on farms. The introduc-
tion of biodegradable twine has made on-site composting a highly essential practice [3].
Unfortunately, the technology that would result in a high-quality product with a minimal
environmental impact during the composting process is still in its infancy and needs to
be developed.

On-farm composting could be an efficient, cost-effective, and environmentally safe
biological process for the recycling of residual agricultural biomass [4]. It is an exother-
mic decomposition that depends on the material mixture, moisture, volume, material
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composition, pH, particle size, and their distribution, mixing, and aeration [5]. Although
composting agricultural by-products is becoming more widely acknowledged and em-
ployed as a cost-effective and sustainable resource use alternative, it is necessary to examine
the potentially harmful effects of composting, especially water-quality degradation due
to leachate [6].

Compost leachate is a liquid that comes out of a compost pile. As the leachate seeps
into the soil or groundwater, its chemical and physical properties are crucial. Dissolved
species and particulate materials suspended in the liquid, such as colloids and larger
particles, can be carried by compost leachate [7]. Composting of biogenic waste produces
major liquid contaminants, for example, organic and nitrogen constituents [8]. Nitrate
leaching, which is common in unprotected compost piles during the rainy season, can cause
nitrogen losses [9], therefore it is recommended to cover compost piles during the rainy
season [10]. Leachate quantity in the compost can be reduced by adding dry materials such
as wood chips or newspaper [8]. Dry leaves and shredded newspaper are also possible
additions to compost piles, as they absorb excess moisture and increase the carbon-to-
nitrogen ratio [11]. However, as suggested by Ghanney et al. [12], the moisture content
in the compost pile must be sufficient. In their study, a 65% moisture content efficiently
reduced gaseous emissions and improved the nutrient content of the corn straw and cow
manure compost.

Despite the drawbacks, on-site composting is more beneficial for the environment than
landfilling and anaerobic digestion, owing to lower greenhouse gas emissions and leachate
generation [13]. In light of introducing environmentally acceptable on-site composting
practices for hop biomass after harvest, we sought to investigate the leachate quantity and
its composition during the composting process to determine positive steps in practice as
well as gaps that need to be filled.

2. Materials and Methods
2.1. Experiment Setup

The leachate collection system was installed on the ground before compost piles were
prepared. At each of three locations in the Lower Savinja Valley, Slovenia, three metal
drip trays (1000 mm × 1000 mm × 100 mm) with anti-corrosion protection were fitted
on the ground (in a line, a few centimeters apart, with a 3% slope). Each metal drip tray
had a drain cutout with a kitchen sink mesh inserted to provide filtration and keep the
plastic tube fitted on the tray from becoming clogged (Figure 1). The leachate was then
transported through the tube into a 30 L container (1 container per tray) buried in the
ground in a 50-cm-deep dug-up hole. Holes at the top of the containers were hermetically
sealed and only opened when it was time to collect the leachate. In our case, the leachate
was a sum of leachate from the composting process and rain that fell on the pile throughout
the composting pile (two piles were not covered while one was covered after one month).
Some hop vines were put on the bottom of the trays to avoid clogging.

Following the installation of the leachate collection system, hop biomass after harvest
from 1 ha of the hop field (approximately 15 t) was embanked across the set of 3 trays.
Trapezoidal compost piles with a height of 2 m were built; the same trapezoidal shape
and height of the piles were built after each turning of the compost pile. Hop biomass
after harvest contained leaves, stems, and biodegradable twine made of polylactic acid
(PLA), which was used to support hop plants during the growing season (BioTHOP twine;
90 kg per ha).

A different composting/degradation protocol was designed and followed at each
location from September 2020 to April 2021 (Table 1). Each pile was constructed right after
harvest at each location. Piles differed in particle length, the additive added at the beginning
of composting, the number of turnings (depending on the measured temperature data), and
whether or not they were covered. In pile LES, biochar obtained from softwood [14,15] was
added, which has an absorbent property that can enhance the retention of nutrients and
moisture. In pile ROZ, the “Bokashi composting” method was implemented, which is a type
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of anaerobic digestion method mostly used in Asian countries. Effective microorganisms
were added to this pile in the form of preparation EM® (composition: Water, sugar cane
molasses, lactic acid bacteria, photosynthetic bacteria, yeasts, sea salt; manufacturer’s
application recommendation: 1 L/m3). This pile was covered with impermeable black foil
one month after conduction. There was no additive in pile ZUP, and it was not covered.

Figure 1. Metal drip tray setting.

Table 1. Biomass properties and treatment regime.

Pile
(Procedure)

Particle Size
(cm) Cover Turning Additive, Mixed at

Pile Conduction

ZUP 2–10 / 7-times /
LES 2–5 / 11-times Biochar (11 kg/t)

ROZ 1–5 Black foil after
1 month

2-times before
covering

Effective
microorganisms

(2 L/t)

The temperature of each pile was monitored and recorded on a regular basis, and the
pile was turned after two days of temperatures exceeding 65 ◦C.

2.2. Leachate and Hop Biomass Sampling

First, the initial chemical composition of hop biomass was determined. We began mea-
suring the leachate volume and taking leachate and biomass samples on 18 September 2020,
and finished in April 2021, which can be seen in Table 2. The volume of the collected
leachate was measured each time, and a representative sample of 1 L was obtained from
each container. Biomass samples were taken in triplicate from the pile core during the
composting/degradation process following the compost turning schedule and at the end of
composting in April. The samples were kept frozen until chemical analysis was performed.
Individual piles were sampled according to their turning schedules (Table 2).

2.3. Chemical Analyses

The chemical composition of leachate was determined with the following methods:
total nitrogen (method SIST ISO 11261), total phosphorus (method by A. Hodnik [16]),
ammonium (method by M. L. Jackson [17]), and nitrate (method DIN EN 12014-7). The
Reflectoquant® test was used to measure the pH of the leachate. The quantity of the
investigated nutrients in leachate was estimated using the data of leachate concentration
and volume, expressed as the mass of the nutrient leached from the compost pile per m2.
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Table 2. Turning dates and sampling of the compost pile under investigation (LES, ROZ, ZUP).

Date

LES ROZ ZUP

Date of
Leachate
Sampling

Date of
Biomass

Sampling

Date of
Pile

Turning

Date of
Leachate
Sampling

Date of
Biomass

Sampling

Date of
Pile

Turning

Date of
Leachate
Sampling

Date of
Biomass

Sampling

Date of
Pile

Turning

24 August 2020 X
29 August 2020 X
7 September 2020 X
9 September 2020 X
14 September 2020 X
16 September 2020 X
18 September 2020 X X
24 September 2020 X X X X X X
1 October 2020 X X X
5 October 2020 X X X
8 October 2020 X X X X X
13 October 2020 X X X
20 October 2020 X X
22 October 2020 X X X
28 October 2020 X X X
4 November 2020 X X
12 November 2020 X X X
13 November 2020 X X X X X
19 November 2020 X X X
25 November 2020 X
14 January 2021 X X X
2 March 2021 X X X X
1 April 2021 X X X X
30 April 2021 X X

In biomass samples, pH and nitrogen in ammonium form (SIST ISO 14255:1999, chap-
ter 7, modified) were determined in fresh samples, while other parameters, organic C
(method by W&B), total N (SIST ISO 11261:1996), nitrate nitrogen (ISIST ISO 14255:1999),
potassium (SIST EN ISO 6869:2001, modified), and phosphorus (SIST ISO 6491:1999, mod-
ified), were determined in dry samples. The water content in compost samples was
determined after drying for 24 h at 60 ◦C.

2.4. Weather Conditions during the Experiment

Figure 2 shows the quantity of precipitation per day and average daily temperatures
in Žalec, Lower Savinja Valley during the time between the conduction of piles and the
end of pile leachate collection measurements [18]. There were many rainy days in the last
week of September and the first half of October, with an average of 9.7 mm rain per day. In
contrast, there was almost no rain from 17 October to 15 November. The average amount
of precipitation in December was higher than the 30-year average.

Figure 2. Day precipitation quantity and average temperatures in the time of composting from
September 2020 to April 2021.
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The average daily temperatures were similar to the 30-year average, with the exception
of February, which was slightly warmer.

2.5. Data Processing

The computer programs Excel and Statgraphics Centurion XVI were used to process
the data. A two-way ANOVA was used to assess which factors, or their interactions, have
a statistically significant (s.s.) effect on the measured parameters at the 95% confidence
level. Duncan’s multiple-range tests were performed to determine which means differed
significantly from the rest.

All three piles were included in the first analysis. To compare the impact of the
composting/degradation procedure on the leachate quality and quantity, all three piles
were analyzed and compared at three time stamps: Time stamp 1 (the first month of the
process), Time stamp 2 (the second month of the process), and Time stamp 3 (the third to
the seventh month of the process). Biomass samples were compared at four time stamps,
including Time stamp 0, referred to as the start of the experiment: Time stamp 0 (start of
the process), Time stamp 1 (after the first month of the process), Time stamp 2 (after the
second month of the process), and Time stamp 3 (final product).

Only compost pile LES was examined in the second analysis. The results of all
sampling dates for this pile, shown in Table 2, were calculated separately. The correlation
between the precipitation quantity and leachate volume was determined, and the quality
of leachate was studied.

3. Results and Discussion
3.1. Temperature

The hygienization standards [5] were met by all piles as all of them had temperatures
over 55 ◦C for more than 14 days (Figure 3). Pile ROZ cooled down shortly after this time
and did not reach temperatures as high as the other two piles. The highest temperature
in the pile was 62 ◦C. Compost pile ZUP maintained a temperature between 55 ◦C and
75 ◦C until the end of October despite the pile noticeably cooling down at each turning.
Compost pile LES, in fact, had the longest thermophilic phase, lasting until mid-December.
The temperature in this pile decreased only slightly after turning the pile. The temperature
reached over 70 ◦C in some parts for more than 60 days, which is not ideal for microbial
diversity and proper biomass decomposition [19]. Wang et al. [20] reported that adding
biochar at a 1% rate to poultry mortality compost increased temperatures for 3.4–7.0 ◦C.

Warm ambient temperatures in spring 2021 (up to 20 ◦C in pile ZUP and 15 ◦C in pile
LES) resulted in the compost piles being reheated at the end of the process.

3.2. The Impact of Composting Procedure on the Leachate Quantity and Composition
during Composting

There was no significant difference in leachate quantity between compost piles LES
and ZUP, or between ZUP and ROZ piles in terms of the whole composting season. In
comparison with Time stamps 1 and 2, each lasting one month, the leachate quantity
was significantly higher in Time stamp 3, which also had the longest observed period
(approximately 5 months).

Figure 4 shows the amount of leachate in relation to the pile and time stamp. Compost
pile LES had the highest quantity of leachate (17 L/m2) in the first month of composting
(Time stamp 1), whereas the other two piles had significantly lower leachate quantity (pile
ZUP 1.9-times lower and pile ROZ 2.6-times lower) in this period. In the second month of
composting (Time stamp 2), pile LES leached the highest amount of leachate again, while
pile ZUP was 3-times less (11.3 L/m2) and pile ROZ was 3.6-times less (9.9 L/m2). In the
fourth week of composting, compost pile LES produced the most leachate in a short period
of time, averaging 3.2 L/m2 daily in 7 days. This can be attributed to a great deal of rain
(more than 95 mm) in the week before the samples were taken. However, during the winter
(Time stamp 3), from 19 November to 1 April, a daily average of 0.28 L/m2 of leachate
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was recorded in pile LES, with 320 mm of rain and snow reported during that time. On
the other hand, pile ZUP had the highest leachate generation in Time stamp 3 with a daily
average of 0.38 L/m2. It is indicated that perhaps in the maturation phase, biochar as an
amendment in the pile helped to prevent leachate (if we compare LES and ZUP piles).
These first data obtained already suggested that more caution is required when composting
small particles and turning the pile frequently; one of the solutions would be to cover the
compost pile in the event of increased rain forecasts, which would occur during the first
two months of composting (in the thermophilic phase).

It has been found that the leachate quantity can vary greatly. According to Beaudette [21],
a compost pile containing 6000 kg of fruit and vegetable waste produced more than 400 L
of leachate per day. Leachate quantity in our experiment varied between piles in all three
Time stamps. In the first two time stamps, the highest leachate quantity was observed in the
LES pile, while the highest leachate quantity in pile ZUP was recorded in the stabilization
phase (Time stamp 3). This indicates that when using the composting procedure employed
in pile ZUP, considering leachate quantity, the pile should be covered immediately after
the thermophilic phase, which is roughly 2 months after the start. It is shown that it
would be recommended to keep the pile covered all the time for all composting procedures,
throughout the stabilization/maturation period when the pile is not turned anymore (Time
stamp 3). In further research, we will focus on the emissions in the first two months of
composting in order to determine whether covering during this period would be necessary.

When we compare the anaerobic pile ROZ to the other two piles, we notice that
approximately half the quantity of leachate in Time stamp 3 was collected in this pile
compared to other aerobic piles. According to Ghiasinejad et al. [22], water consumption
through an anaerobic reaction in a landfill cell reduced the discharged leachate by more
than 10%. That suggests that anaerobic degradation is likely to consume more water than
composting, resulting in less leachate production.

Two-way ANOVA results for four monitored leachate parameters (ammonium (NH4),
nitrate (NO3), total nitrogen (Total N), and total phosphorus (Total P)) were calculated, and
corresponding Duncan’s multiple-range test results for each of the two factors, location
and time stamp, are shown in Table 3. Two-factor interaction plots are shown in Figure 5.

It was found that neither time stamp nor the interaction between time stamp and
procedure had an s.s. effect on NH4 at the 95% confidence level. The importance of
the procedure is insignificant (p-value = 0.1735); according to the interaction plot, the
lowest NH4 values were obtained in pile ROZ, while they were higher in ZUP and highest
in LES (with the exception of the Time stamp 1, where NH4 was lower (1726 mg/m2)
than in ZUP (3213 mg/m2)). The study revealed that small particles and enough oxygen
caused the fastest degradation of organic matter in the LES pile, and the biochar lacked
the ability to absorb these quantities and prevent them from being lost, especially in the
thermophilic phase. In our study, around 1% of biochar was added to hop biomass compost
(11 kg/tonne). Wang et al. [20] also reported that adding 1% of biochar to dead poultry
and wood chips compost did not decrease leachate formation. On the other hand, adding
10–15% of biochar is considered optimum for composting, as reported by Antonangelo
et al., [23]. The rationale of adding such high rates of biochar to composting biomass will
be the subject of further investigation.

In pile ZUP, a similar but slightly lower amount of NH4 was lost. Pile ROZ had the
lowest loss of NH4, presumably because it was covered. According to Halim et al. [24],
the traditional Bokashi method produces a high amount of ammonia gas (NH3). However,
Mtolera and Dongli [25] found that using efficient, effective microorganisms as soil amend-
ment reduces NO3 and NH4 leaching. The same tendency was also observed in pile ROZ,
which had fewer elements leaching than the other two. If we compare time stamps, we
can see that the majority of the NH4 was lost in the second month of the process. When
comparing this to the weather data, we can observe that there was more rain this month,
indicating that, considering leachate, it would be prudent to cover the pile before larger
amounts of rain are expected, as well as in the thermophilic phase, to prevent NH4 loss.
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Figure 3. Dynamic of temperature in observed compost piles during composting from September to
end of April. The red line represents hygienization at 55 ◦C.
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Figure 4. Leachate quantity over time (L/m2) in relation to the composting procedure (LES,
ROZ, ZUP) and Time stamp (1—first month of the process, 2—second month of the process,
3—November–April).

Figure 5. Leachate: Two-factor interactions; composting protocol (LES, ROZ, ZUP) and Time
stamp (1, 2, 3).
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Table 3. Leachate parameters—Duncan’s multiple-range tests for two factors (nutrient quantity
leached in mg/m2; pH values are overall).

Parameter: Factor Count LS Mean LS Sigma Homogeneous
Groups **

NH4: Procedure
ROZ 5 363.056 1871.64 a
ZUP 9 3184.38 1225.27 b
LES 9 4807.64 1225.27 b

NH4: Time stamp
1 9 1801.02 1225.27 a
3 7 3190.07 1581.82 a
2 7 3363.99 1581.82 a

NO3: Procedure
ROZ 5 2648.71 16,247.4 a
LES 9 14,461.7 10,636.5 a
ZUP 9 39,610.7 10,636.5 a

NO3: Time stamp
1 9 7.41111 10,636.5 a
2 7 152.478 13,731.6 a
3 7 56,561.2 13,731.6 b

Total N: Procedure
ROZ 5 797.778 3756.96 a
LES 9 9503.14 2459.51 b
ZUP 9 10,970.6 2459.51 b

Total N: Time stamp
1 9 2894.48 2459.51 a
2 7 5663.63 3175.21 a,b
3 7 12,713.4 3175.21 b

Total P: Procedure
ROZ 5 5.74111 4.44921 a
ZUP 9 8.39 2.91269 a
LES 9 18.4811 2.91269 b

Total P: Time stamp
1 9 13.71 2.91269 b
2 7 15.6322 3.76027 b
3 7 3.27 3.76027 a

pH: Procedure
ROZ 5 8.33333 0.135628 b
ZUP 9 8.57778 0.08879 b
LES 9 7.98889 0.08879 a

pH: Time stamp
1 9 8.38889 0.08879 b
2 7 8.56667 0.114627 b
3 7 7.94444 0.114627 a

** Different letters denote statistically significant differences between the means at 95% confidence level.

Since high levels of nitrates in water pose a risk to health, NO3 is a sensitive parame-
ter [26]. In terms of NO3, time stamp has an s.s. influence (p = 0.0121) on this parameter;
whereas the differences between Time stamps 1 and 2 were negligible for all three pro-
cedures, NO3 values varied substantially for Time stamp 3—ZUP: 118,785 mg/m2, LES:
43,049 mg/m2, ROZ: 7849 mg/m2. The Time stamp × Procedure interaction was insignifi-
cant. According to Sall et al. [27], NH4 accounted for roughly 55% of the total N content in
the early stages of fruit and vegetable waste composting, while NO3 accounted for less than
0.01%. A decrease in NO3 loss in the early stage of the process was also recorded, as were
higher NO3 values in the late stage of the process, which can be attributed to nitrification.
It is worth noting that the compost pile in the study conducted by Sall et al. [27] had a roof
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covering and was sheltered from rain and melting snow, which could have a substantial
impact on the leachate quantity and concentration. It is recommended that compost piles
are covered during the winter and during the periods of heavy rain [28]. Clark [29] suggests
that composting sites be covered or roofed to prevent excessive water in compost piles as a
result of precipitation.

In their lab studies using compost mixes from feedstocks (food waste, manure, leaves,
corn stalks, switchgrass), Confesor et al. [30] discovered that the leachate NO3 concentration
from the fresh compost was 2.17 mg/L and increased to 1300 mg/L in mature compost.
They claimed that mature compost poses a higher risk of NO3 leaching than fresh compost,
therefore preventive measures must be taken. In our experiment, the lowest values of
NO3 were found in the covered pile, ROZ. Because of the anaerobic conditions, aerobic
nitrification is inhibited, resulting in low NO3 concentrations in Bokashi leachates [31].

In terms of Total N, similar to the NH4 trend, the interaction between Time stamp and
Procedure was not s.s. The lowest values were recorded at the ROZ location (798 mg/m2),
followed by LES (9503.14 mg/m2) and ZUP (10,970.60 mg/m2) locations. The highest loss of
this parameter was recorded in Time stamp 3, followed by Time stamp 2 and Time stamp 1,
resulting in 2894.48, 5663.63, and 12,713.40 mg/m2, respectively. The Procedure × Time
stamp interaction was not significant.

The composting procedure with Total P was s.s. (p = 0.0365); the lowest values
were observed in pile ROZ, followed by pile ZUP. The amount was significantly higher
in pile LES. When comparing Time stamps, total P in Time stamp 3 (3.27 mg/m2) was
significantly lower than in the previous two time stamps (13.71 mg/m2 in Time stamp 1 and
15.63 mg/m2 in Time stamp 2). Although biochar has absorption properties, Iqbal et al. [32]
discovered that adding biochar to mature compost (25%:75% by volume) had no effect
on nitrate, ortho-phosphorus, and dissolved organic carbon leaching when compared to
compost alone. Our study revealed that biochar itself did not improve phosphorus leaching.
In fact, the most phosphorus was lost in pile LES where biochar was used.

According to Cáceres et al. [33], nitrification occurred much faster during the summer
season because of higher temperatures. However, on the other hand, a long duration of
high temperatures in a compost pile can slow down the nitrification of compost [34].

To achieve complete nitrification, longer processing periods were required in winter.
In Figure 5, we can see that nitrification in our study started at the end of November (time
stamp 2), because NH4 concentrations were either dropping or not rising much, while NO3
concentrations were rising significantly. Confesor et al. [6] reported that the concentration
of NO3-N in leachate in mature compost increased.

Total N concentrations did not increase significantly, with the exception of pile ZUP,
where higher total N concentrations could be attributed to a high NO3 concentration.
Time stamp 3 shows a considerable decrease in the total P concentration in leachate.
Confesor et al. [6] also discovered that fresh compost leachate had higher P concentrations
than mature compost leachate.

The composting procedure with pH was s.s. (p = 0.00013); the lowest values were
observed in LES pile (7.99), followed by ROZ (8.33) and ZUP (8.58) piles. The interaction
between Time stamp and pH was s.s. with p = 0.0049. The pH values in Time stamps 1 and
2 were similar, with values of 8.39 and 8.57, respectively. The lowest pH was observed in
Time stamp 3 (7.94). The interaction between Time stamp × Procedure was insignificant.
The interaction plot (Figure 5) shows that the lowest pH values in all three Time stamps
were observed in the LES pile, followed by ROZ and ZUP piles. However, in Time stamp 3,
the pH values in ROZ and ZUP piles were very similar, resulting in 8.13 and 8.2.

Leachate produced using the Bokashi method is usually yellow or orange, acidic
(pH 4.5–6.0), and contains effective microorganisms [31]. In our experiment, leachate from
the pile using the Bokashi method (ROZ) was not acidic, but rather basic. All leachates in
our study were slightly basic and their pH decreased significantly in Time stamp 3. The
optimum pH for the nitrification process is within the range of 7.8–9.0 [35], suggesting
that the pH in our study, which was within this range in Time stamps 1 and 2, caused
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nitrification and higher NO3 concentrations in leachate. The pH value dropped during
nitrification [36], and our investigation confirmed this. In their research with compost
mixes, Confesor et al. [6] discovered a similar pH range (8.2–8.7).

The volatilization of ammonia (NH3) and nitrous oxide (N2O) can also result in
nitrogen losses (N2O). NH3 emissions are the most significant losses, and they are closely
linked to the pH and the presence of volatile fatty acids. They occur during the intensive
phase of degradation. The pH rise causes the transformation of NH4

+ into the volatile
nitrogen NH3 under ideal aeration conditions [9].

3.3. The Impact of Composting Procedure on Biomass Properties Related to Time Stamp

When nutrients in biomass were monitored, significant differences among piles and
time stamps were discovered (Table 4). The mean nutrient values for the procedure (pile)
and time stamps are shown in Table 4. Mean values for all time stamps are included in the
procedure (pile), and mean values for all protocols are included in time stamps. The only
exception is the total P content, which did not differ significantly among the piles.

Table 4. Mean nutrient content in piles (procedure) and time stamp.

NH4-N
(mg/kg)

NO3-N
(mg/kg)

Total N
(%)

Total P
(g/kg)

Total K
(g/kg)

C ORG
(%)

Humus
(%)

Dry
Matter (%) pH

PROCEDURE Mean

ROZ 186.8 a, ** 61.3 a 2.8 a 3.9 a 15.3 a 37.0 b 63.8 b 30.1 a 7.9 a
ZUP 368.0 b 260.7 c 2.9 a 4.2 a 19.4 b 33.1 a 57.1 a 31.9 a 8.2 b
LES 403.5 b 161.3 b 3.4 b 4.2 a 15.8 a 39.1 b 67.4 b 31.3 a 7.8 a

TIME STAMP

0 169.6 a 0.8 a 2.6 a 2.8 a 16.7 b 48.1 c 82.9 c 27.8 a 7.0 a
1 291.7 b 7.8 a 3.5 b 4.8 c 19.6 c 37.5 b 64.6 b 33.9 b 8.5 c
2 412.6 c 259.8 b 3.4 b 5.0 c 20.2 c 37.3 b 64.3 b 31.5 a,b 8.4 c
3 403.8 c 375.9 c 2.7 a 3.8 b 10.8 a 22.8 a 39.2 a 31.2 a,b 7.8 b

** Different letters denote statistically significant differences between the means at 95% confidence level.

Because the NO3-N content of the biomass increased significantly during compost-
ing/degradation, the highest content was recorded in pile LES in the final compost. Similar
results were obtained in the study conducted by Larney et al. [37], which examined the
components’ content in different ages of cattle manure compost. The lowest content was
found in 18-day-old compost (20 mg/kg), while the highest was found in 224-day-old
compost (483 mg/kg). Our study revealed that the interaction between Time stamp and
Procedure had an s.s. (p = 0) effect on NO3-N at the 95% confidence level; the response of
this nutrient was comparable in piles ROZ and ZUP, but different in pile LES (Figure 6).
The interaction between the composting procedure and Time stamp with NO3-N content
were both s.s. at the 95% confidence level.

NH4-N increased significantly right until the end of the thermophilic phase, after
which it remained stable until the end of the process. It was found that both Time stamp
and the Procedure had an s.s. effect (p = 0.0002 and p = 0.0001) on NH4-N at the 95%
confidence level. However, the interaction of Procedure × Time stamp for NH4-N was
significant (p = 0); we can see that NH4-N content increased in the first month of composting
in piles ROZ and ZUP, then dropped in the second month, and then slightly increased in
the maturation phase. It can be seen from Figure 6 that it was the complete opposite in pile
LES (Figure 6).

Total N, total P, and total K, on the other hand, increased from the start of composting
to the end of the thermophilic phase, then fell dramatically in the maturation phase. The
drop in the total K content was the most significant. The same trend was also observed for
pH; first, it increased significantly in the thermophilic phase, and then dropped dramatically
in the maturation phase. The interactions of Time stamp with pH and Procedure with pH
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were both s.s. with p = 0. On average, the highest pH was recorded in compost pile ZUP,
whereas the lowest was in compost pile LES.
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The interaction between Time stamp and Procedure was found to have an s.s. effect
on total N (p = 0) and pH (p = 0) at the 95% confidence level, but not on total P (p = 0.0576).

Despite the fact that pile LES had the highest NH4 and total P losses, it also had the
highest NH4-N and total P content in the final compost. Pile ZUP had the greatest losses of
total N in leachate, and also the lowest total N content in the final compost, which suggests
that this method of composting is not suitable for a high-quality end product. It appears
that to close the biggest gap considering leachate, the compost pile should be covered after
the thermophilic phase. Pile LES had the highest NO3-N and total N content in the final
compost. Pile ROZ had the lowest NH4, NO3, total N, and total P content in leachate, as
well as the lowest NH4-N and NO3-N content in the final compost. Overall, pile ROZ had
the lowest levels of all nutrients in both leachate and compost. However, this biomass was
the least nutrient-rich biomass before the degradation process. All in all, the highest pH
value was recorded in pile ZUP – 8.6 in leachate and 8.2 in compost.

3.4. Composting Pile LES—Correlation between the Precipitation Amount and Leachate Amount
and Its Parameters

To gain even better insight, a more detailed overview was made for the LES pile,
where the situation was detected the most frequently. Table 5 shows leachate quantity,
leached nutrients, and rain distribution related to the sampling date in the compost pile
LES. Table 6 shows that all parameters were affected by the amount of precipitation, with
the exception of the total P amount in leachate. There was a strong linear correlation
between the amount of precipitation and leachate quantity (0.86), NH4 leached amount
(0.87), and total N leached amount (0.92). After heavy rainfall, the number of leached
elements increased, which implies that covering piles is crucial to preserve nutrients in
compost considering leachate. It can also be seen that the amounts of leached NH4 and
total N are affected by the leachate volume. While NH4 had an effect on the total N amount
in the leachate, NO3 did not.

Even though the statistical analysis showed that rainfall had no significant influence
on the amount of P in leachate, we observed increased levels of P in leachate during heavy
rainfall in the thermophilic phase in October.

Increased concentrations of NH4-N in Time stamp 2 (907 mg/kg) and a decrease in
NH4 content in leachate in Time stamp 3 (5765 mg/m2) were observed in compost pile
LES. A similar observation was made for the total P content, which significantly increased
in compost between Time stamps 1 and 2 (4.3 g/kg; 5.7 g/kg) but decreased in leachate
between Time stamps 2 and 3 (28.3 mg/m2; 5.6 mg/m2). This proves that covering piles is
required to prevent elements from leaking.

Table 5. Compost pile LES—leachate quantity, leached nutrients, and rain distribution related to
sampling date.

Date Rain Amount from the
Previous Date (mm)

Average Leachate
Volume (mL/m2)

NH4
(mg/m2)

NO3
(mg/m2)

Total N
(mg/m2)

Total P
(mg/m2)

18 September 2020 0 653 16.4 0.5 87.3 0.8
24 September 2020 1.4 1350 195.2 0.9 345.2 1.7
5 October 2020 91 15,003 1642.7 13.2 3936.3 19.6
13 October 2020 95.8 25,667 2806.4 63.1 7424.0 31.8
20 October 2020 28.4 3767 567.2 17.4 1151.1 3.1
28 October 2020 9.4 1420 340.1 19.5 518.8 1.2
4 November 2020 0.4 3333 1059.3 16.4 1445.2 1.2
12 November 2020 0 1147 278.5 15.1 448.3 0.9
19 November 2020 34.8 2500 800.8 49.7 1146.5 1.7
14 January 2021 170.6 18,667 5238.3 17,411.8 10,157.3 0.4
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Table 6. Parameter correlations in pile LES.

Correlation RAIN VOLUME NH4 NO3 Total N Total P

RAIN_AMOUNT 0.8605 0.8668 0.6333 0.9189 0.3744

0.0003 0.0003 0.0271 0 0.2305

VOLUME 0.778 0.3605 0.7926 0.751

0.0029 0.2496 0.0021 0.0049

NH4 0.3871 0.7926 0.3504

0.2139 0.0021 0.2642

NO3 0.4352 0.2902

0.1573 0.3603

Total N 0.4917

0.1044

Total P

4. Conclusions

Three different procedures of hop biomass post-harvest degradation/composting were
examined, each differing in terms of particle size, additives, and covering. The impact of the
procedure on the final sum quantity of leachate across different piles revealed no differences.
Leachate quantity was reduced in winter when the compost was in the stabilization phase,
but NO3 content in leachate increased significantly (56.6 g/m2), therefore pile covering in
the maturation phase is required to prevent nutrient loss with leachate. When comparing
the anaerobic pile that was covered after one month (pile ROZ) with the two aerobic piles,
around half of the leachate quantity was collected in Time stamp 3 (maturation phase). This
pile also showed the lowest quantity of element leaching, which suggests that covering
can help prevent leaching. Another option is to provide a makeshift improvised roof,
eliminating the need for additional pile-covering work; however, the pile should be then
checked regularly for humidity.

The highest quantity of leachate in a short period of time was observed in the pile
with very small starting particles, with a size less than 5 cm, and biochar additive (pile LES)
in the fourth week of composting, averaging 3.2 L/m2 daily over 7 days. So, when heavy
rain is expected, it is best to also cover the pile in the thermophilic phase for the duration
of the rain period.

All leachates in our study were slightly basic and their pH decreased significantly in
the maturation phase. The highest pH value in all time stamps was observed in the pile
with no additive and no cover—8.6 in leachate and 8.2 in compost.

The highest NH4-N, NO3-N, total N, and p values observed in biomass were in pile
LES in Time stamp 3. The greatest losses of NO3 due to leachate were observed in Time
stamp 3 (maturation phase) in the compost pile without any additive and no cover (ZUP).
At the same time, the lowest NO3 content in Time stamp 3 was observed in the same pile.

The results of nitrogen (NH4, NO3, total N) and phosphorus in leachate in all investi-
gated piles led to the conclusion that the compost pile should at least be covered after the
thermophilic phase.

After careful monitoring of compost pile LES, we discovered that the amount of
precipitation influenced all the parameters (volume of leachate, NH4, NO3, and total N)
except for the total P amount in leachate.
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