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Abstract In the current study, pre-composting and sub-

sequent vermicomposting of separated digestate (also

called separated biogas plant slurry) were verified to

improve its properties for use as a soil conditioner.

Increasing the proportion of straw in combination with

separated digestate had a positive effect on reducing both

weight and volume during vermicomposting. The pH value

decreased and was found to be between 7.3 and 7.7 in the

final vermicomposts. Due to a loss in organic matter, the

total content of macro-elements increased at the end of

vermicomposting with the exception of calcium. Similarly,

the available contents of phosphorus and potassium

increased, which was positive in terms of the use of ver-

micompost for agricultural purposes. After 5 months of

vermicomposting, the earthworm biomass increased from

282 to 896 % depending on the treatment. The best results

were achieved during the vermicomposting of a mixture of

straw (25 vol %) with separated digestate (75 vol %).

Keywords Biogas plant slurry � Pre-composting �
Vermicompost � Straw � Sustainable treatment

Introduction

The processing of bio-waste by anaerobic digestion is now

widespread in the world. In the Czech Republic, biogas

production has a long tradition. The first biogas plants were

constructed in the 1960s. However, a boom in the number

of biogas plants in this country started early in 2007, and

more than 480 biogas units are currently in operation

(CzBA 2013). Nevertheless, there is still considerable

potential for the use of biogas technology. Together with

biogas, anaerobic digestion produces a residual material

called digestate or biogas plant slurry. An accumulation of

biogas plants in certain regions might lead to an oversupply

of digestate, especially in regions with intensive livestock

farming or fermentation of organic residues and bio-waste.

If the agricultural area is too small for adequate use of the

digestate, surplus material can be transported to regions

with nutrient deficits. The transportation of digestate could

cause logistical problems (Rehl and Müller 2011). There-

fore, adequate treatment of digestate must be addressed.

Composting using earthworms (vermicomposting) is an

appropriate method to improve the parameters of digestate as

a fertilizer. The vermicomposting process involves the bio-

oxidation and stabilization of organic material by the joint

action of earthworms and microorganisms. Although it is the

microorganisms that biochemically degrade the organic

matter, earthworms are the crucial drivers of the process as

they promote aeration conditions, fragment the substrate, and

thereby drastically increase the microbial activity (Domin-

guez and Edwards 2011a, b). Thus, vermicomposting gives a

higher-quality end product (vermicastings) than composting

due to the enzymatic and microbial activities that occur

during the process (Bajsa et al. 2003). This product is nutrient

rich and contains especially high-quality humus, plant growth

hormones, enzymes, and substances that are able to protect

plants against pests and diseases (Sinha et al. 2010a, b). Prior

to the vermicomposting process, it can be appropriate to

assign pre-composting (thermophilic composting), which

comprises a short period of high temperature, facilitating

mass reduction, waste stabilization, and pathogen reduction

(Nair et al. 2006; Frederickson et al. 2007).

A. Hanc (&) � F. Vasak

Department of Agro-Environmental Chemistry and Plant

Nutrition, Czech University of Life Sciences Prague,

Kamycka 129, 165 21 Prague 6, Czech Republic

e-mail: hanc@af.czu.cz

123

Int. J. Environ. Sci. Technol. (2015) 12:1183–1190

DOI 10.1007/s13762-014-0500-8



The aim of the current study was to assess the viability

of vermicomposting of solid fraction of digestate (sepa-

rated digestate) on the basis of change in physico-chemical

properties and earthworm biomass. Little is known

regarding the vermicomposting of separated digestate

originating from biogas plants located in temperate cli-

mates, and this work provides some of the first experi-

mental results. The research carried out throughout the

study was done in the Czech University of Life Sciences

Prague, Czech Republic in 2012.

Materials and methods

Feedstocks

Digestate after dewatering from an agricultural biogas

station and wheat straw as a bulking agent were used in the

experiment. Their agrochemical parameters are shown in

Table 1.

For the experiment, dry wheat straw was soaked in water

for 4 h to enhance the absorption capacity and thus aid in

faster decomposition. Thus, the dry matter content of the straw

was decreased on 24 %. The materials used were mixed and

subjected to pre-composting and vermicomposting (Table 2).

Pre-composting process

Pre-composting was carried out in a system for the fer-

mentation of solid biomass which was placed in a room at

25 �C. The system consisted of:

1. 70 L laboratory fermenters with perforated stokers

enhanced by 40-mm-thick polyethylene foam insula-

tion to reduce heat loss.

2. A compressor equipped with an output connected to

the electromagnetic valve associated with the flow

meter. Each flow meter was assigned to one fermenter.

The outlet of each flow meter was connected to a four-

way valve, which pushed air into the composted

materials from the bottom. Hoses from the outlets lead

to the top of the fermenter and into the condensing

flask as well. To reduce non-homogenous aeration by

preferential flow channels, which may occur when a

low volume of air is brought into the system, the air

was blown in discontinually, but in regular blowing

cycles. The mixtures were batchwise aerated for 5 min

in every half an hour over a period of 2 weeks in a

volume of 4 L air min-1. On the basis of the previous

experiences of Hanc et al. (2012), this aeration level

was usually sufficient to achieve the optimal param-

eters of the composting process. Very low aeration

levels are insufficient for effective composting, yet on

the other hand, increased aeration merely increases the

cooling of the composted materials.

Vermicomposting process

For vermicomposting, a specially adapted laboratory with

controlled conditions (temperature 20 �C, relative humidity

80 %, ventilation for 15 min every 12 h) was used. A 13-L

batch of aerobically pre-composted material was manually

mixed with 3 L of beef manure substrate containing a total

of 600 earthworms of the genus Eisenia (treatments 2–5).

In the case of control treatment 1, the beef manure sub-

strate was used without earthworms. The mixture was

placed into a plastic bowl with a perforated bottom which

was equipped with irrigation and temperature measure-

ment. The bowl measured 40 9 40 9 18 cm. The covered

bowls were put into a metal rack. Each treatment was

carried out in triplicate. Before sampling, the eventual

leachate that was captured in a stainless bowl was returned

to the vermicomposted material to achieve a closed loop. A

sample of 200 g was collected from each bowl each month

Table 1 Selected agrochemical parameters of the materials used

Dry matter (%) pH/H2O EC (mS/cm) Vol. solids (%) Ntot. (%) C/N Ptot. (%) Ktot. (%) Catot. (%) Mgtot. (%)

Separated

digestate

24 8.8 3.0 84 1.8 23 0.61 1.62 1.27 0.38

Straw 90 7.4 1.5 91 0.6 75 0.02 0.47 0.28 0.03

Table 2 Proportion of straw and separated digestate in the treatments

(in vol %) and types of processing

Treat Feedstocks (% by volume) Type of processing

1 Straw (50) ? digestate (50) Pre-composting and

composting

without

earthworms

2 Straw (75) ? digestate (25) Pre-composting and

vermicomposting

3 Straw (50) ? digestate (50) Pre-composting and

vermicomposting

4 Straw (25) ? digestate (75) Pre-composting and

vermicomposting

5 Straw (0) ? digestate (100) Pre-composting and

vermicomposting
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during the 5-month study period. The earthworms were

sorted out. The resulting samples were dried at room

temperature and ground to ensure homogeneity.

Description of the whole studied process is illustrated in

Fig. 1.

Analytical methods

Measurements of pH and electrical conductivity were

conducted on samples mixed with deionized water (1:10

w/v dry basis) by WTW pH 340 i and Testo 240, respec-

tively. The concentration of volatile solids was established

from ignition loss in samples kept at 550 �C for 12 h.

Organic carbon was determined by dichromate oxidation in

sulfuric acid solution and total nitrogen by the Kjeldahl

method using a Gerhardt analytical system Vapodest-

manager device. Total element contents (P, K, Ca, and Mg)

in the digests were obtained by pressurized wet-ashing

(HNO3 ? HCl ? HF) with microwave heating using an

Ethos 1 system (MLS GmbH, Germany). Contents of N–

NH4
? and N–NO3

- in 1:10 (w/v) 0.01 mol L-1 CaCl2
extracts were measured colorimetrically using the SKA-

LAR SANPLUS SYSTEM�. The available contents of

elements in materials were ascertained in 1:20 (w/v)

0.11 mol L-1 CH3COOH. The concentrations of elements

were determined using inductively coupled plasma optical

emission spectrometry (ICP-OES, VARIAN VistaPro,

Varian, Australia) with axial plasma configuration.

Results and discussion

Pre-composting of feedstock

It is evident from Fig. 2 that the total fresh mass lost from

each of the treatments during the pre-composting phase

was indirectly dependent on increasing the proportion of

separated digestate in the mixtures. The highest loss (15 %)

was recorded in treatment 2.

The temperature courses for the individual treatments in

the fermenters are shown in Fig. 3. The maximum tem-

perature ranged from 45 to 55 �C in fermenters 1–4. The

separated digestate itself reached a lower maximum tem-

perature for a longer period of time because most of the

labile organic matter were probably lost during anaerobic

digestion (Kolar et al. 2008). The pre-composting of mix-

tures was shown to be an effective method of preventing

increases in temperature during subsequent vermicompo-

sting, which positively affected the survival of the earth-

worms. In addition, after 14 days of fermentation, the

material was also softer, more workable, and palatable for

earthworms. Differences in properties between pre-com-

posted and non-pre-composted feedstock are described in

Hanc and Pliva (2013) and Sinha et al. (2002).

Fig. 1 Description of the

process
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Vermicomposting

Based on literature and practical experience, the temperature

for the development of earthworm populations should not

exceed 25 �C (Sinha et al. 2008). The adverse effect of high

temperatures on earthworms is not only direct but also

indirect, as a high temperature increases the microbial

activity in the substrate, which is reflected in the increased

consumption of oxygen. This is especially true for a large

volume of material. This phenomenon may negatively affect

the survival of earthworms (Dominguez and Edwards 2011a,

b). After loading into a bowl, the temperature of the pre-

composted mixtures increased slightly (from ambient tem-

perature to 22–23 �C). Thereafter, the temperature gradually

decreased and leveled off to ambient air temperature.

There is an effort to reduce the weight and especially the

volume of vermicomposting material. In the present trial,

increasing the proportion of straw in combination with sep-

arated digestate had a positive effect on reducing both the

weight and volume during vermicomposting. Among the

treatments, the mixture with straw (75 vol%) and digestate

(25 vol%) showed the greatest decrease in volume (73 %).

However, the change in weight and volume was affected by

moistening of the material and the activity of earthworms.

The pH value is one of the most important factors

affecting the vermicomposting process (Gajalakshmi and

Abbasi 2004). As it is evident from Fig. 4, an initial

upward trend for treatments 1 and 2 was found.

This could be caused by the prime consumption of organic

acids by microorganisms. On the contrary, the pH rapidly

decreased in the case of treatments 3, 4, and 5. After

3 months, the pH decreased in all of the treatments. The

mineralization of organic compounds and thus an increase in

the contents of CO2, NO3
-, organic and humic acids can play

an important role in the decline of the pH (Garg et al. 2006;

Suthar and Singh 2008). The optimal pH during vermicom-

posting is recommended to be 7.5–8.0 (Garg and Gupta

2011). In the current experiment, the pH ranged from 8.4 to

7.3. The high pH of the initial vermicomposted material was

caused by the pH of the original separated digestate (8.8).

The electrical conductivity (EC) reflects the salinity of

an organic amendment. A high salt concentration may

cause phytotoxicity problems, and therefore the EC is a

good indicator of the suitability and safety of compost or

vermicompost for agricultural purposes (Lazcano et al.

2008). The EC increased during the experiment in all of the

treatments. This trend was related to the decreased volume

and weight of the vermicomposted materials. The values

ranged from 2.3 to 2.4 mS/cm at the beginning, and

5.2–8.1 mS/cm at the end of the trial. The increased pro-

portion of separated digestate in the mixture resulted in a

higher EC. The increase in EC might have been due to the

reduction in the weight of organic matter and the release of

different mineral salts such as phosphate, ammonium, and

potassium (Garg et al. 2006; Yadav and Garg 2011).

Similarly, an increase in the EC was recorded in a parallel

experiment involving vermicomposting of garden bio-

waste and sewage sludge, where the EC increased from 1.6

to 2.7 mS/cm, to between the range of 3.0–6.8 mS/cm

(Hanc and Pliva 2012).

The loss of organic matter caused the total contents of

most macro-elements [phosphorus (P), potassium (K), and

magnesium (Mg)] to increase during vermicomposting

(Chaudhuri et al. 2000). The average ratio of the final and

initial content of elements in all five treatments increased

in the following order: P (124 %), K (154 %), and Mg

(185 %) as it is illustrated in Fig. 5a–c. Increase of total P

in treatment 1 was the highest among treatments. It could

be caused by uptake and absorption of P in earthworm

bodies (treatments 2–5) that were sorted out before anal-

yses of samples. In addition, standard deviation in treat-

ment 1 was twice as high compared to vermicomposting

treatments. The calcium (Ca) content was the exception

(Fig. 5d). This decrease could be explained by the con-

sumption of Ca by earthworms (treatments 2–5). Ca is an

important mineral element in biology for earthworms, and

it is used mainly as a building substance of earthworm

tissue and for biodegradation activities in earthworm bod-

ies (Sinha et al. 2010a, b). Similarly, the total Ca contents

in the final casts were slightly lower than in the initial feed

mixtures of solid textile mill sludge with cow dung in

different ratios in a 90-day vermicomposting experiment

(Kaushik and Garg 2003). On the other hand, Orozco et al.

(1996) reported an increase in the total Ca content after the

ingestion of coffee pulp waste by earthworms. No signifi-

cant increases in Ca have been reported in the vermicom-

posting of cow manure, where excess water was drained

through the mass (Elvira et al. 1996). The differences in the

results could be attributed to the differences in the chem-

ical nature of the initial raw materials.

Available content is only part of total content and is

strongly affected by biochemical properties. During the

course of our study, the available content of some nutrients
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Fig. 4 Course of pH/H2O during vermicomposting
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increased, which was positive in terms of the use of vermi-

compost for agricultural purposes. Substantial increases

were found especially for available P and K, which increased

from an initial 6,000 and 1,400 mg/kg to final concentrations

of 8,000 and 4,700 mg/kg, respectively (Table 3). Garg et al.

(2012) reported an increase in available P from an initial

6,400 mg/kg to a final content of 9,800 mg/kg in vermi-

compost originally containing 75 % fresh anaerobically

digested biogas plant slurry and 25 % food industry sludge.

Lee (1985) suggests that the passage of organic matter

through the gut of worms results in P being converted into

forms which are more bioavailable to plants. This is done

partly by enzyme phosphatases present in the gut of the worm

and partly by the release of phosphate solubilizing micro-

organisms in the worm cast (Satchel and Martin 1984). Acid

production by the microorganisms seems to be the prime

mechanism for solubilizing the insoluble K (Garg et al.

2006). The enhanced number of microflora present in the gut

of earthworms in the case of vermicomposting might have

played an important role in this process and increased the K

content (Sharma 2003). On the other hand, the contents of

available Ca and Mg decreased at the end of vermicompo-

sting by 20 and 85 %, respectively.

The C/N ratio is affected mainly by the feedstocks utilized.

Ndegva and Thompson (2000) dealt with the effects of the

C/N ratio on the vermicomposting of biosolids. They con-

cluded that the best initial C/N ratio for feeding of earth-

worms is 25:1. In this trial, the initial C/N ratios of the

mixtures used for vermicomposting was from 17 to 20,

depending on the increased volume of the straw in the mix-

tures. The low values were caused mainly by the pre-com-

posting of digestate and straw. A slight decline in the C/N

ratio was found during vermicomposting (14–16). Similarly,

a decline in the C/N ratio was found in an experiment on the
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vermicomposting of cow dung and vegetable waste, with a

final C/N ratio between 15 and 19 (Garg and Gupta 2011).

Slightly higher contents of total nitrogen (Fig. 5e) were

found at the end of vermicomposting (compared to begin-

ning by 8 %). A look at the soluble portions of nitrogen

indicates that the initial mixtures, especially treatments 4 and

5, contained high amounts of ammonium nitrogen (N–

NH4
?) as it is illustrated in Fig. 6a. Generally, separated

digestate has a high content of N–NH4
? due to the miner-

alization of organic nitrogen (Tambone et al. 2010). There-

fore, the contents of N–NH4
? increased proportionally with

the increased amount of separated digestate in the mixtures.

After 1 month of vermicomposting, the content of N–NH4
?

decreased to about 100 mg/kg. The decline was probably

caused by volatilization, incorporation into the tissues of

earthworms, and nitrification (Chaudhuri et al. 2000). The

treatments that contained a high initial content of N–NH4
?

exhibited strong nitrification and thus high contents of nitrate

nitrogen (N–NO3
-) as it is shown in Fig. 6b. The proportion

of N-NO3
- constituted up to 30 % of the total N at the end of

the vermicomposting treatment.

As mentioned previously and as can be seen from the

results achieved above, the substantial differences between

compost and vermicompost are not particularly in basic

physico-chemical properties, but in other parameters rela-

ted to earthworms. Thus, further research should be

focused on the evaluation of vermicompost from separated

digestate in terms of the quality of the organic matter

(humic and fulvic acids), enzyme activity, microbial

community, and plant growth hormones such as indole

acetic acids, gibberellins, and cytokinins.

Earthworm biomass is a product of the amount and weight

of earthworms related to the weight or volume of the ver-

micomposted material. Fig. 7 illustrates that the develop-

ment of the relative biomass of earthworms related to 1 L of

material varied in the individual treatments. There was

Table 3 Available content of phosphorus, potassium, calcium, and

magnesium (in mg/kg) in initial feed mixtures and vermicomposts

(mean ± SD, n = 3)

Element Treatment Initial mixture Vermicompost

P 1 5,415 ± 588 8,267 ± 251

2 5,120 ± 199 7,072 ± 262

3 6,172 ± 220 8,276 ± 283

4 6,391 ± 107 8,774 ± 90

5 6,677 ± 222 8,328 ± 618

K 1 1,328 ± 88 7,359 ± 818

2 1,356 ± 349 6,290 ± 973

3 1,384 ± 38 4,977 ± 1,331

4 1,696 ± 29 2,438 ± 243

5 1,542 ± 236 2,496 ± 1,301

Ca 1 10,730 ± 958 6,838 ± 731

2 10,930 ± 327 6,586 ± 738

3 10,051 ± 510 8,661 ± 258

4 10,651 ± 348 9,860 ± 353

5 9,955 ± 684 8,399 ± 557

Mg 1 4,787 ± 243 843 ± 25

2 3,858 ± 1,289 844 ± 22

3 5,371 ± 228 704 ± 26

4 6,513 ± 1,366 782 ± 215

5 6,808 ± 1,131 1,034 ± 158
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significant fluctuation of the earthworm biomass in treatment

2. This fact could be justified by the high proportion of straw.

It was very difficult to take representative samples because

earthworms were deployed very irregularly, and they formed

clusters on the remains of straw stalks. Fluctuation was not so

marked in treatment 3. An increase in earthworm biomass

during the duration of experiment was recorded only for

treatment 4. The earthworm biomass increased ninefold at

the end compared with the beginning. The earthworm bio-

mass decreased in treatment 5 after 4 months, which was

probably caused by the depletion of suitable substances for

earthworms in the separated digestate itself. The reason for

this could be that the high portion of carbon substances

available for microorganisms, and earthworms was most

likely converted into biogas during anaerobic fermentation.

In an experiment that involved vermicomposting of filter

mud procured from a sugar mill, the increase in the weight of

the earthworm biomass ranged from 60 to 70 % after 45 days

of processing (Khwairakpam and Bhargava 2009a). An

increase of 10–28 % in the earthworm biomass was observed

after 45 days of vermicomposting of sewage sludge

(Khwairakpam and Bhargava 2009b). In another study, the

maximum individual biomass was recorded after 4 weeks of

vermicomposting of vegetable greenhouse waste with the

addition of cow dung and straw (Fernández-Gómez et al.

2010). Suthar and Singh (2008) found the maximum indi-

vidual biomass in month four of a 5-months-long study

involving the vermicomposting of domestic waste. The dif-

ferences referred to in these studies are mainly attributed to

the type of bio-waste, its treatment, the amount of earth-

worms used, and the conditions of the experiments.

Conclusion

The study proved that the use of separated digestate as

feedstock for vermicomposting can potentially help to con-

vert this material into a value added product. The best results

were achieved with a mixture of separated digestate with

straw in the volume ratio of 3:1. The resulting vermicom-

posts had optimal pH values and C/N ratios for agricultural

purposes. They were rich in total and available contents of

macro-elements, especially P and K, and in the N–NO3
-

form of nitrogen.
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