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a b s t r a c t

The Austrian “green electricity act” (Ökostromgesetz) has led to an increase in biogas power plant size and
consequently to an increased use of biomass. A biogas power plant with a generating capacity of 500 kWel

consumes up to 38,000 kg of biomass per day. 260 ha of cropland is required to produce this mass. The
high water content of biomass necessitates a high transport volume for energy crops and fermentation
residues. The transport and application of fermentation residues to farmland is the last step in this logistic
chain. The use of fermentation residues as fertilizer closes the nutrient cycle and is a central element in
the efficient use of biomass for power production. Treatment of fermentation residues by separation into
liquid and solid phases may be a solution to the transport problem.

This paper presents detailed results from the monitoring of two biogas plants and from the analysis
of the separation of fermentation residues. Furthermore, two different separator technologies for the
separation of fermentation residues of biogas plants were analyzed.

The examined biogas plants correspond to the current technological state of the art and have designs
developed specifically for the utilization of energy crops. The hydraulic retention time ranged between
45.0 and 83.7 days. The specific methane yields were 0.40–0.43 m3 N CH4 per kg VS. The volume loads
ranged between 3.69 and 4.00 kg VS/m3. The degree of degradation was between 77.3% and 82.14%.

The screw extractor separator was better suited for biogas slurry separation than the rotary screen
separator. The screw extractor separator exhibited a high throughput and good separation efficiency.

The efficiency of slurry separation depended on the dry matter content of the fermentation residue. The
higher the dry matter content, the higher the proportion of solid phase after separation. In this project, we
found that the fermentation residues could be divided into 79.2% fluid phase with a dry matter content
of 4.5% and 20.8% solid phase with a dry matter content of 19.3%. Dry matter, volatile solids and carbon,
raw ash and phosphate – in relation to the mass – accumulated strongly in the solid phase. Nitrogen
and ammonia nitrogen were slightly enriched in the solid phase. Only the potassium content decreased

.
slightly in the solid phase

. Introduction

The intensified development of biogas plants in Austria has
rought with it an increased utilization of energy crops, technolog-

cal changes, and a tendency towards higher electrical generating
apacities. For biogas plants beginning operation between 2003
nd 2005, the average generating capacity is approx. 320 kWel
Hopfner-Sixt et al., 2007).
The procurement of feedstock for fermentation lies at the begin-
ing of the logistics chain, and is therefore the first operation point

n the flow of materials through a biogas plant. Carefully planned
nergy crop cultivation and rotation, as well as an optimized

∗ Corresponding author. Tel.: +43 1 47654 3509; fax: +43 1 47654 3527.
E-mail address: alexander.bauer@boku.ac.at (A. Bauer).

168-1656/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jbiotec.2009.01.016
© 2009 Elsevier B.V. All rights reserved.

transportation system, can enable more efficient procurement of
feedstock. The economic efficiency of agricultural feedstock sup-
ply can also be improved by means of suitable storage, as well as
cost and energy-efficient delivery of feedstock to biogas plants.
At the end of the logistics chain lays the distribution logistics,
which includes the transportation of fermentation residues and
their application to croplands.

The operation of large biogas plants consumes a considerable
amount of energy, which poses significant logistical challenges
to their operators. A biogas plant with a generating capacity of
500 kWel requires a daily substrate throughput of up to 38,000 kg

FM (Karpenstein-Machan, 2005). The area of cultivated land nec-
essary to produce this feedstock is approx. 230 ha (Walla and
Schneeberger, 2008), resulting in a material transportation radius
up to 20 km, which creates enormous logistical demands for the
efficient cultivation of large areas of cropland.

http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
mailto:alexander.bauer@boku.ac.at
dx.doi.org/10.1016/j.jbiotec.2009.01.016
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The feedstock used for fermentation generally have a high water
ontent, necessitating the transport of a sizeable mass (per kWh
enerated) of input feedstock to the biogas plant, appropriate
torage facilities there, and eventual removal in the form of fermen-
ation residue. These high throughput requirements put significant
ressure on the logistic chain to operate efficiently. Storage capac-

ties suitable for these large quantities must be created, which
esults in increased capital outlays. Operators of large biogas plants
lso face the problem of optimally supplying the resulting nutri-
nts for utilization in further energy crop cultivation. The short time
rame required for optimal deployment of fermentation residue as
ertilizer, the application limit for nitrogenous fertilizer of 210 kg
itrogen per hectare (Commission of the European Communities,
991), and the yearly prohibition on the use of commercial fertil-
zers e.g., in Austria from 15 October to 15 February on areas of
rable land (15 November to 15 February on permanent grassland)
BMLFUW, 2004, 2008) are all limiting factors on the size of a biogas
lant.

NH3 emission mainly happens after field application of liquid
anure and fermentation residues (Amon et al., 2006). After field

pplications, over 70% of nitrogen can be lost (Pfundtner, 2001). In
ddition to timing the application and to low trajectory applica-
ion, reduction of dry matter content is an effective way to reduce
H3 emissions after liquid manure application. In comparison to
ntreated liquid manure, fermentation residues are characterized
y a much lower content of dry matter. A high risk for increased
mmonia losses can be expected as a result of the high pH-value
around 8.0 units) in fermentation residues, which influences the
H3 volatilisation (Pötsch et al., 2004). Due to the reduction of the
ry matter content in the liquid phase by separation, the fertilizer
ill infiltrate more quickly into the soil than untreated fermenta-

ion residues, and the ammonia losses can be reduced (Amon et al.,
006).

The use of fermentation residues as fertilizer for the cultivation
f further feedstock closes the material and energy cycles for biogas
roduction, and represents a central element of the energy pro-
uction chain. In addition to the specific nutritional requirements
f various cultivated plants, and the regulatory fertilization guide-
ines, the optimal choice of transportation and distribution systems
lso plays a vital role. Treatment of fermentation residue by phase
eparation has positive effects on the distribution logistics. The sep-
ration of fermentation residue helps to put the residue into a form
hat is easily transported, stored, and handled so that it can be used
or nutrient export at a competitive price (Dosch, 1996). Transport
osts can be reduced when fermentation residues are separated
nto a solid phase, with a high proportion of nutrient-rich volatile
olids, and a liquid phase. Concentration of nutrients in the solid
hase can lead to a reduction in the amount of residue transported
ver high distances, in addition to the benefit of this concentration
o agricultural yields (Møller et al., 2000).

Various work (Hepherd and Douglas, 1973; Poelma, 1985;
ukhtar et al., 1999; Møller et al., 2000,2002; Ford and Fleming,

002; Wright and Graf, 2003; Ruiz et al., 2006; Kaparaju and Rintala,
008) has shown that the treatment of liquid manure from livestock
sing various separator designs, when tested in commercial appli-
ations and optimized for specific parameters (size of company,
arket price of organic solids), can be an economically feasible

peration. Study of the various separation techniques shows that
he type of organic waste substantially affects the characteristic
echnical and ecological benefits of the separation. Several sepa-
ator designs have been applied to the separation of liquid manure.

nvestigations of the specific benefits of separating the residue of
iogas plants are still pending. Since the physicochemical struc-
ure of fermented biomass differs in principle from the structure
f unfermented liquid manure, the presently available information
annot be directly transferred to assess the technical, ecological
nology 142 (2009) 56–63 57

and economic benefits of separation technologies for new biogas
production technologies. Specific investigations are required.

In current agricultural practice, separation techniques for liquid
manure have been established using a combination of filter and
press pre-treatments. Rotary screen and screw extractor separators
are predominantly used, as well as decantation centrifuges, which
play a secondary role due to cost considerations (Dosch, 1996).

This paper presents detailed results from the monitoring of two
biogas plants and from the analysis of the separation of fermenta-
tion residues. The 7-week experimental period and accompanying
sample analyses aimed at giving a precise description of process
parameters for the two biogas plants. Determination of character-
istic values for the volume load, degree of degradation, retention
time and specific methane yield is crucial for understanding the
efficiency and productivity of a biogas plant. Furthermore, the two
different separators (screw extractor and rotary screen separa-
tor) for the separation of fermentation residues of biogas plants
were analyzed. Throughput performance, efficiency of separation
of organic matter, nutrients, and plant structural components, and
energy consumption during the separation were analyzed. The
results illustrate the practicality of the two separators, and com-
positions of the solid and liquid phases from separate residues.

2. Materials and methods

2.1. Basis of the biogas systems

The examined biogas plants correspond to the current techno-
logical state of the art and have designs developed specifically for
the utilization of energy crops. The both biogas plants are com-
parable with other plants in Germany and Austria as regards the
technical standards (Weiland, 2006; Lindorfer et al., 2007; Hopfner-
Sixt and Amon, 2007).

Biogas plant 1 (operating since 2005) incorporates a “ring in
ring” design and carries a connected electrical load of 500 kW. “Ring
in ring” plants work in two stages, with in this case an initial digester
(2000 m3) and a secondary digester (2300 m3) downstream. Both
stages act as fully mixed vertical digesters. The total utilizable
volume of these digesters therefore amounts to 4300 m3. Fresh
feedstock is placed into the initial digester and after a controlled
retention time, is delivered into the secondary digester by dis-
placement. This so-called “continuous flow” procedure enables the
simultaneous occurrence of the four stages of the anaerobic decom-
position in both the initial and the secondary digester.

Mixing in the circular initial digester was accomplished via three
long-axis mixers with a daily operation period of 3.3 h, and in the
secondary digester with two paddle mixers operating for 1.4 h daily.
The outer initial ring of the digester was actively heated, which con-
comitantly heated the inner secondary digester in order to increase
the biological activity of methanogenic bacteria.

Biogas plant 2 (operating since 2006) utilizes a single-step
design with a rectangular (27 m × 15 m × 6 m), fully mixed horizon-
tal digester. The usable volume of the digester is 2000 m3, with a
connected electrical load of 500 kW. The input feedstock is inserted
in the front of the digester and evacuated on the opposite side. Mix-
ing is accomplished via two horizontal stored paddle mixers, which
stir the entire digester volume for 9 h daily. The two digester designs
are shown in Fig. 1.

Both examined biogas plants utilize direct feeding systems
according to feedstock weight. Automatic feeding takes place in
small batches several times daily. Screw extractor separators are

also installed at both biogas plants. These were utilized to test
residue separation efficiency in the first 7-week experimental
period of the experiments. These separators have a 1.0 mm per-
forated screen. The screw extractors are then exchanged for rotary
screen separators for a comparable period.
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Table 1
Sampling plan for chemical analysis of substrates for separator testing during the
experimental period (EP) (experimental period: 7 weeks).

Biogas plant 1 Biogas plant 2

Feedstock 4× 4×
Digester 4× 4×

no more bacteria are lost to the secondary digester than the initial
digester can regenerate. The regenerating concentration of bacte-
ria depends on the digester volume, on the existing and supplied
concentration of bacteria, and on their growth parameters. Since
the generation time for methanogenic microorganisms is several

Table 2
Analysis plan for samples.

Sample taken from Monitoring

Feedstock DM content, VS content, pH value, Weender
analysis
ig. 1. Schematic representation of the digester systems of the examined biogas
acilities.

In Biogas plant 2, the separator was fed from the secondary
igester through a 2 m3 large collection hopper. In Biogas plant 2
he separator was fed directly from the digester by a rotary pump.

The electrical operating loads of the two separators were deter-
ined directly with a clamp-on ammeter at the biogas plants.
etermination of the degree of separation took place via collection
nd individual weighing of the liquid and solid phases. The sep-
rations required 1 h, and were repeated three times during each
xperimental period.

.2. Analysis

Intensive measurements of material and energy flows were per-
ormed on the screw extractor and rotary screen separators at both
lants over a period of 7 weeks. Samples of the digestion substrate
ere taken from the input stream and both output streams (solid

nd liquid phases). Nutrient analysis of samples from the entire
rocess chain revealed the mass distribution and enrichment of

ertilizer-relevant nutrients in the liquid and solid phases. Sampling
f the input and fermenting substrates was conducted according to
he sampling plan shown in Table 1.

In each case, approx. 1 L samples of liquid feedstock and 1–2 kg
amples of solid feedstock (silage) were taken. For fermenting sub-
trates at each process stage, and for the output streams, samples of

pprox. 1 L substrate were taken. Nutrient analyses were performed
n the different feedstock, fermenting substrate and fermentation
esidue samples as detailed in Table 2.

Determination of dry weights took place via different weighing
fter samples were dried at 105 ◦C until their weight remained con-
Secondary digester 4× –
Separator inflow 8× 8×
Liquid phase 8× 8×
Solid phase 8× 8×

stant. The organic volatile solids (VS) content of the samples was
determined by incineration in a box furnace at 550 ◦C. The organic
nitrogen (Norg) and carbon (Corg) contents of fermenting substrates
were determined with an elemental analyzer. Ammonium nitrogen
was determined by means of Büchi® steam distillation following
titration with 0.01 M H2SO4·pH-values were measured with a glass
electrode. These analyses were performed according to the VDLUFA
(2004) standard procedures.

In addition to the substrate sample analyses, daily recording of
the significant process parameters represented crucial data for the
evaluation of the results. The following data were recorded daily
from both examined biogas facilities:

• Feedstock input to the main digester (feedstock type and amount
in kg)

• Fermentation output (amounts of separator inflow, solid and liq-
uid phase in kg)

• Temperature (in digester, secondary digester)
• Gas production and gas composition (CH4 and CO2).

The CH4 and CO2 content in the biogas were measured with the
fix installed gas analyser “AVITE GA13 (basis system series 03).

2.3. Data analysis

Based on data recordings from the two biogas plants and the
results of laboratory analysis of substrate samples, the following
process parameters were computed:

• Hydraulic retention time
• Degree of degradation of organic substances
• Volume load
• Specific methane yield

The hydraulic retention time indicates the average period of
time that substrates spend in the individual digesters. The hydraulic
retention time was determined by the relationship between total
digester volume and the volume of fresh substrate introduced daily,
and is given in days. The retention time is controlled to insure that
Digester, secondary
digester

DM content, VS content, pH value, Kjedahl-N,
NH4-N, organic acids; Norg, Corg, total energy
content, sugar content, starch content

Separator inflow, liquid
and solid phases

DM content, VS content, pH value, Kjedahl-N,
NH4-N, organic acids, P and K content
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ays, short retention times fall below their generation time, leading
o loss of microorganisms and a decreasing degree of degradation
Grepmeier, 2002).

The degree of degradation indicates which percentage of organic
olatile solids is broken down during the retention time (Schulz and
der, 2006). The decomposition achieved in the digester depends
pon the active biomass. The more anaerobic microorganisms are
resent, the faster decomposition occurs. The rate of fermentation
an be only be increased by increasing the number of microor-
anisms present. The specific decomposition rate also depends
n the processing environment (temperature, pH value) and on
eedstock composition. The decomposition rate varies for different
ubstrate components. Proteins, sugars and fats are broken down
ore rapidly compared to structural components such as structural

arbohydrates, for example cellulose and hemicellulose. Water-
oluble compounds are typically broken down more quickly than
nsoluble compounds, since the acid and methanogenic bacteria can
nly contact dissolved substances.

The volume load represents another characteristic property of
ermentation, denoting the quantity of substrates supplied daily
er unit volume of the digester. The volume load is determined
y the substrate concentration and the retention time. The specific
ethane yield derives primarily from the type and composition of

eedstock, as well as processing conditions in the digester.
Determination of these characteristic values was vital for the

nterpretation of the analysis of the output streams, and made pos-
ible an overview of entire flow of material through working biogas
lants.

The separation efficiency was calculated as a proportion of the
eparator inflow to the total mass recovery of solids or nutrients in
he solid fraction (Møller et al., 2000). The computations for mass
ow are based on laboratory analysis of the dry matter content of
he fermenting residue in the solid and liquid phases of the outflow.
or a system with two unknown quantities, relative proportions
etween 0 and 1 result, where the sum of these two fractions is
qual to 1 (Reulein et al., 2007).

MFR = xDMS + yDML

here: DM = dry matter; FR = fermentation residue; s = Solid phase;
= liquid phase; x = fraction solid phase; y = fraction liquid phase

This calculation was made using the experimentally determined
ry weights for each phase. The separation efficiency was calculated
s a proportion of the separator inflow to the total mass recovery
f solids or nutrients in the solid fraction.

Calculations and results analysis were performed using Excel
nd the statistics package SPSS 15. The differences in chemical
omposition between fermentation residue and solid phase and
etween fermentation residue and liquid phase were tested by
he Paired-Samples t-test. The level of significance was set at
< 0.05.

. Results and discussion

.1. Biogas plant and feedstock data

Various feedstocks were used in the examined biogas plants,
ith an emphasis on cellulose-rich energy crops such as maize

ilage, sunflower silage, cereal-WPS, and grass silage in combina-
ion with liquid manure. In Table 3, the average daily feedstock
ntroduced into the examined plants is given in tons of fresh mass

nd dry matter. It can be seen that the two biogas plants exhibited
ery different feedstock quantities despite producing the same elec-
rical output. This difference resulted from the different dry matter
ontents of the silages (Biogas plant 2 utilized higher DM content
ilage), and also from the fact that due to a leaky gas tank Biogas
nology 142 (2009) 56–63 59

plant 1 used more gas than would actually be necessary to operate
the CHP. Under normal running conditions (without the gas leak)
Biogas plant 1 needed approx. 8700 kg DM per day at full capacity.
The daily feedstock input (in kg dry matter) was similar to results
from research by Wiese and Kujawksi (2008), Resch et al. (2008)
and Lindorfer et al. (2007).

3.2. Process parameters

The 7-week experimental period and accompanying sample
analyses made possible a precise determination of process param-
eters for the two biogas plants. Determination of characteristic
values for the volume load, degree of decomposition, retention
time and specific methane yield are crucial for understanding the
efficiency and productivity of a biogas plant. In Table 4, process
parameters for the two examined biogas plants are compared, and
an in-depth examination of each follows.

Biogas plant 1 reached 97% of capacity over the entire during
the experimental period. Retention times for the two-stage digester
setup were 69 days during the first experimental period and 83.7
days during the second experimental period. The shorter reten-
tion time during experimental period 1 was due to the leaky gas
tank. Biogas plant 2 reached 100% capacity during the experimen-
tal period. The hydraulic retention time for this period fluctuated
between 40 and 60 days, remaining barely above the minimum
retention time of 30 to 40 days identified by Öchsner and Helffrich
(2005). The maximum value of 60 days retention time for Biogas
plant 2 resulted from a defect in the feeding system. The biogas
plant achieved an average hydraulic retention time of 45 days,
exactly the value for energy crops determined by Schulz and Eder
(2006).

Specific methane yields were very good, with Biogas plant 1
achieving 0.43 m3 N CH4 per kg VS during the experimental period
2, and plant 2 achieving 0.40 m3 N CH4 per kg VS during experi-
mental period 1. The high specific methane yields resulted from the
simultaneous fermentation of manure together with energy crops.
Investigations of 41 biogas plants in Austria by Hopfner-Sixt and
Amon (2007) found that methane yields from co-fermentation of
manure and energy crops averaged 0.45 m3 N CH4 per kg VS. Fer-
mentation of energy crops alone gave average specific methane
yields of 0.33 m3 N CH4 per kg VS.

The value of the volume load is specific for the mode of operation
(mesophilic, thermophilic) as well as dependent on the digester
volume. For trouble-free operation of a biogas plant, volume loads
should be under 5 kg VS/m3 and day (Schulz and Eder, 2006).
Deublein and Steinhauser (2008) found volume loads in biogas
plants lower than 4 kg VS/m3. Öchsner and Helffrich (2005) also
point out that the volume load should not be more than 4–5 kg
VS/m3 and day. The volume load in Biogas plant 1 amounted to
4.057 kg VS/m3 and day in experimental period 1 and 3.69 kg VS/m3

and day in experimental period 2. Biogas plant 2 had an average
volume load of 3.89 kg VS/m3 and day in both observation periods.
The measured volume loads were therefore under the limit of 5 kg
VS/m3 and day.

Due to the different retention times in the two examined biogas
plants, different degrees of degradation were observed. The organic
volatile solids were clearly broken down better in Biogas plant 1
than in Biogas plant 2, due to the longer retention times. The lower
decomposition rate of organic volatile solids had the consequence
that the fermentation residue from Biogas plant 2 exhibited a higher
volatile solids content than Biogas plant 1.
The degree of degradation in the first experimental period for
Biogas plant 1 was only slightly higher than that of plant 2, despite
a longer retention time. The cause of this marginal difference was
a leaky gas tank. Due to gas loss, Biogas plant 1 had to increase
the quantity of feedstock, leading to a lower degree of degrada-
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Table 3
Average daily feedstock in kg DM (and kg FM) during the experimental period.

Feedstock Biogas plant 1 [kg DM d−1] Biogas plant 2 [kg DM d−1]

Animal
manure

Liquid swine manure 540 –
Liquid cattle manure 240 150
Chicken manure – 704
Poultry waste – 600

Energy
crops

Grass silage 630 1430
Maize silage 6190 5470
Millet 20 –
Sunflower silage 908 536
Cereal-WPS 655 210

Total 9200 (44,600 kg FM) 9100 (36,900 kg FM)

Table 4
Process parameters for the examined biogas facilities during the experimental periods (EP).

Process parameters Biogas plant 1 Biogas plant 2

EP 1 EP 2 EP 1 EP 2

Volume load (kg VS m−3 digester) Mean 4.06 3.69 3.89 3.89
SD 0.32 0.23 0.30 0.31

Degree of degradation (%) Mean 77.30 82.14 76.34 73.60
SD 6.60 4.00 2.28 2.29

Retention time (d) Mean 68.98 83.72 45.45 45.57
SD 4.30 4.62 5.47 6.76

S 0.363 0.43 0.40 0.38
0.03 0.02 0.03 0.04
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Table 5
Process parameters of the examined separator types.

Screw extractor Rotary screen

Observation period 14 weeks 7 weeks
Breakdowns No Yes
Running time (EP 1) 130 h 176 h
Running time (EP 2) 108 h 34 h
Connected load 3.74 kW 2.18 kW
Throughput 15,500 kg h−1 10,400 kg h−1

and operation. In Table 6 the practicality of the two separators is
compared.

Table 6
Practicality of both separator types.

Screw extractor separator Rotary screen separator

Device adjustment:
customization for operating
conditions possible

Device adjustment: customization for
operating conditions possible

Maintenance, care: no special
maintenance or care required

Maintenance, care: regular cleaning of the
screen is necessary – gearbox damage

Capability and dependability Capability: not appropriate for warm
pecific methane yield (Nm3 CH4 kg−1 VS) Mean
SD

ion. In the second experimental period this defect was repaired
nd the degree of degradation rose from an average of 77.3–82.14%.
he lower degree of degradation in Biogas plant 2 can be explained
y the absence of a secondary digester. When the attained degrees
f degradation for plants 1 and 2 are compared with the value of up
o 80% for energy crops given by (Schulz and Eder, 2006), these val-
es fall in an acceptable range despite the relatively short retention
ime. Hopfner-Sixt and Amon (2007) observed for Austrian biogas
lants with horizontal completely mixed digesters a degradation
ate about 78.6–84.5%.

.3. Phase separations

.3.1. Process parameters for the separators
Two different separator types, a screw extractor separator and

rotary screen separator, were compared to each another in the
wo observation periods. A detailed description of both separa-
or types was published by Ford and Fleming (2002). Substantial
ifferences were observed between the performances of the two
eparators in both observation periods. The screw extractor sepa-
ator had a significantly higher power consumption (3.74 kW) than
he rotary screen separator, which used 2.18 kW. The throughput
nd degree of separation were also clearly higher with the screw
xtractor separator. The lower throughput and degree of separa-
ion with the rotary screen separator was due to the fact that the
otary screen separator was not yet adapted to the higher dry mat-
er content and higher temperatures of the fermentation residue
rom biogas plants. Both separator types obtained similar results
hen tested on fresh liquid manure (Ford and Fleming, 2002). The
ost important process parameters of the separators are compared

n Table 5.

Table 5 shows the high tendency for breakdown of the rotary

creen separator, which allowed only one 7-week period of reliable
easurements. The breakdowns were due to the higher temper-

ture of the fermentation residue (approx. 40 ◦C), since the plastic
ollers were not adjusted for these high temperatures. Additionally,
Output efficiency ca. 4000 kg h−1 ca. 2500 kg h−1

Costs 17,000 D 30,000 D

the high fibre content led to constant displacement of the screen,
and in the end a damaged gearbox. The results of the examina-
tion of practicality showed that the rotary screen separator is not
yet applicable on commercial biogas plants. The large advantages
of the screw extractor separator were in particular the depend-
ability and the low labour expenditure needed for maintenance
high fermentation residues and high fibre
content of energy crops
Dependability: low

Labour expenditure: approx.
15 min per day

Labour expenditure: constant oversight (2 h)



A. Bauer et al. / Journal of Biotech

Fig. 2. Relationship between the dry matter content in the inflow and the proportion
o
e
y

3
e

m
s
m
s
s
t
p
o
d
p

c
t
T
e
a

F
s

f the liquid phase (pooled data from screw extractor and rotary screen separator
xperiments). The following linear regression equation was derived from the data:
= −13.428x + 18.046 (r2 = .7851).

.3.2. Phase separation of fermentation residues with screw
xtractor separator

A core element of this investigation was the allocation of dry
atter and nutrients between the solid and liquid fractions. Fig. 2

hows the connection between the dry matter content of the fer-
entation residue and the proportion of the liquid phase after

eparation. The higher the dry matter content in the inflow to the
eparator, the lower the proportion of the liquid phase. The dry mat-
er content in the inflow therefore correlated negatively with the
roportion of the liquid phase. These results confirm the findings
f Møller et al. (2002), who showed the linear correlation between
ry matter content in the inflow and the proportion of the liquid
hase.

Fig. 3 shows the allocation of total mass as well as individual
omponents of the fermentation residue. Over 21% of the mass of

he fermentation residue could be separated into the solid phase.
his separation efficiency can be compared with results from Møller
t al. (2002), Mukhtar et al. (1999), Amon (1995) and Jungbluth et
l. (1994).

ig. 3. Efficiency of phase separation of the fermentation residue (pooled data from
crew extractor and rotary screen separator experiments).
nology 142 (2009) 56–63 61

Dry matter content was highly enriched in the solid phase. The
average dry matter content in the inflow to the separator was 7.31%,
and after separation the average dry matter content of the solid
phase was 19.3%, compared to only 4.5% in the liquid phase. There-
fore 61.8% of the dry matter found in the inflow was recovered in
the solid phase. The same changes could be observed in VS content.
The VS content in the inflow was 5.38%, increasing in the solid phase
to 16.54%, and dropping to 3.13% in the liquid phase. 58% of the VS
found in the inflow were present in the solid phase. The same par-
tition tendencies were found for the ash and carbon components of
the fermentation residue.

The partition fractions of various residue components (as aver-
age values of all results from both observation periods and biogas
plants) are presented in Table 7.

The partitioning of residue components between the solid and
the liquid phases is presented in detail in Table 8. The dry matter
(+175%), the volatile solids (+217%) and associated carbon content
(+222%), as well as raw ash (+54%) and phosphate (+139%), were
statistically significant (P ≤ 0.001) enriched in the solid phase. The
nitrogen was slightly enriched in the solid phase, the potassium
content decreased slightly in the solid phase. The changes in the
content of nitrogen, ammonia nitrogen, and potassium were not
statistically significant (Paired-Samples t-test: P < 0.05).

No significant influence of the used separator type on the above
mentioned parameters was observed. This can be ascribed to the
similar settings of the separators during the observation period and
the same slot width of the sieve. The enrichments of dry matter,
volatile solids and associated carbon content, as well as the raw
ash and phosphate content in the solid fraction were found in each
sample. The intensity of the changes depends more on the settings
of the separator than on the separator type.

Møller et al. (2000) also found that after separation of liq-
uid manure through a sieve with a slot width over 0.5 mm, the
content of nitrogen and phosphorus was not significantly shifted
between the liquid and solid phases. However, according to Møller
et al. (2000) a significant enrichment of nutrients in the solid
phase is expected after filtering through a slot width under 0.5 mm.
These assumptions may be addressed through further investiga-
tions using separators with screens whose slot width varies over
and under 0.5 mm, and a useful nutrient distribution in the two
phases may potentially be achieved.

The compositions of untreated fermentation residue, of the
liquid phase, and of the solid phase per ton substrate and per
m3 substrate are in summarized in Table 9. The density of the
untreated fermentation residue was 946 kg/m3, of the liquid phase
was 994 kg/m3, and of the solid phase was 780 kg/m3. The nutri-
ent contents of the fermentation residue, solid and liquid phases
are summarized in Table 9. The content of nitrogen and potassium
differed only slightly between the untreated fermentation residue
and the liquid phase.

The nitrogen and potassium contents of the solid phase, how-
ever, were lower than in the untreated fermentation residues. The
content of phosphate was clearly higher in the solid phase than in
the untreated residues. Table 9 points out the clear rise in dry matter
and volatile solids per m3 solid phase in comparison to the inflow.
73.1 kg of dry matter and 53.8 kg volatile solids were present per ton
of untreated fermentation residue. After separation the dry matter
content of the solid phase rose to 193.1 kg and the in volatile solids
content rose to 165.4 kg per ton. In the liquid phase, these contents
fell to 45.0 kg of dry matter and 31.3 kg of volatile solids per ton.

The most conspicuous change occurred in the phosphate con-

tent. Phosphate content rose to 2.5 kg per 1000 kg in the solid phase
and fell to 0.9 kg per 1000 kg in the liquid phase. The total nitrogen
content was 4.6 kg per 1000 kg in the solid phase, around 0.4 kg per
1000 kg higher than in the untreated fermentation residue. In the
liquid phase, the nitrogen content decreased by around 0.2 kg to
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Table 7
Summary of experiments (pooled data from screw extractor and rotary screen separator experiments).

Parameter Solid phase Fermentation residues Liquid phase

Allocation (%) Mean 20.80% – 79.20%
SD 10% – 10%

Dry matter (%FM) Mean 19.31 7.31 4.50
SD 4.01 1.51 0.95

VS (%FM) Mean 16.54 5.38 3.13
SD 3.75 0.87 0.62

Ash (%FM) Mean 2.76 1.93 1.38
SD 0.45 0.74 0.35

Nt (%FM) Mean 0.46 0.42 0.40
SD 0.13 0.12 0.12

P (%FM) Mean 0.25 0.12 0.09
SD 0.06 0.04 0.04

K (%FM) Mean 0.34 0.36 0.35
SD 0.07

C (%FM) Mean 9.26
SD 2.13

Table 8
Percent change of the composition of the solid and liquid phases after separation
(compared to untreated fermentation residue). (Pooled data from screw extractor
and rotary screen separator experiments).

Parameter Solid phase Liquid phase

(%) p-value (%) p-value

DM 174.53 0.000a −36.57 0.000a

VS 216.54 0.000a −40.38 0.000a

Ash 53.68 0.001a −23.95 0.001a

Nt 9.54 0.357 −5.93 0.087
NH4-N 12.98 0.052 −4.87 0.118
P 139.09 0.000a −27.13 0.000a

K −3.66 0.126 0.10 0.059
C

t
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N
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K

222.15 0.000a −39.13 0.000a

a Within a column indicates significant difference at P < 0.01 (Paired-Samples t-
est).

.0 kg per 1000 kg. The content of potassium remained in the range
f 3.4–3.6 kg per 1000 kg in both phases.

When considering nutrient content in terms of volume, it was
ound that untreated fermentation residues contained 69.2 kg of
ry matter and 51.1 kg of volatile solids per cubic meter. After
hase separation, the dry matter content in the solid phase rose
o 150.6 kg and the volatile solids content rose to 129.0 kg/m3. In
he liquid phase, the dry matter content dropped to 44.8 kg and
1.0 kg of organic volatile solids per m3. The phosphate content per
nit volume also changed significantly. The phosphate content in

3
he solid phase rose to 2.0 kg/m and dropped in the liquid phase to
.9 kg. The total nitrogen content of the solid phase was 3.6 kg/m3,
round 0.4 kg lower than in the untreated fermentation residue,
hile in the liquid phase no change in comparison to the inflow
as detected. The content of potassium dropped from 3.4 kg/m3 in

able 9
utrient content per volume and per ton of the inflow to the separator, the solid
hase, and the liquid phase (pooled data from screw extractor and rotary screen
eparator experiments).

Solid phase Inflow Liquid phase

kg/1000 kg kg/m3 kg/1000 kg kg/m3 kg/1000 kg kg/m3

M 193.1 150.6 73.1 69.2 45.0 44.8
S 165.4 129.0 53.8 51.1 31.3 31.0
t 4.6 3.6 4.2 4.0 4.0 4.0
H4N 3.0 2.3 2.7 2.6 2.6 2.6

2.5 2.0 1.2 1.1 0.9 0.9
3.4 2.7 3.6 3.4 3.5 3.5
0.08 0.11

2.96 1.78
0.43 0.39

the inflow to 2.7 kg/m3 in the solid phase. The separation of fer-
mentation residue helps to put the residue into a form that is easily
transported, stored, and handled so that it can be used for nutrient
export at a competitive price.

The screw extractor separator’s advantage is that it is more cost
effective than the rotary screen separator. The annual costs of the
rotary screen separator were higher by the coefficient of 2.5–2.6.
The demand of storage capacity for liquid fermentation residues
can be reduced by separation into a solid and a liquid fraction and
leads to cost savings of 1400–6300 Euro per year. On the other hand
the annual costs of the separators are 10,400–48,400 Euro (Stürmer
et al., 2008).

The transport costs for fermentations residues are strongly
affected by the concentration of plant nutrients and by the trans-
port radius. Møller et al. (2000) found that the transport costs can
be reduced by separating the manure into a nutrient-rich solid
phase and liquid phase, when the liquid phase is transported over
low distances to the arable lands and the solid, nutrient-rich phase
over high distances. High reduction of transportation costs can be
archived by a strongly concentration of the nutrient in the solid
phase.

In this experiment, slight changes in the concentration of nitro-
gen and potassium – statistically significant changes for phosphate
– were found after separation of fermentation residues through a
sieve with a slot width over 1.0 mm. However, according to Møller
et al. (2000) a strong enrichment of nutrients in the solid phase is
only expected after filtering through a slot width under 0.5 mm.

The results show, that due to the separation of fermentation
residues a solid as well as a liquid fraction can be produced. The
solid fraction can be used as fertilizer before seeding, whereas the
liquid fraction can be optimally used as rapidly available fertilizer
during the vegetation period. Additionally the liquid fertilizer will
infiltrate more quickly and consequently the ammonia emissions
can be reduced.

Furthermore, the separation of fermentation residues can be the
first step of a treatment of fermentation residue to divide the solids
and nutrients from water. The reconcentration of solids and nutri-
ents reduces the transport volume of the liquid fraction and can
therefore help to reduce transport costs.
4. Conclusion

Both investigated biogas plants digest energy crops and animal
manures. The technical standard of the plants was high. Biogas plant
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can be optimized by increasing the volume load. By increasing the
olume load, more biogas and electricity can be produced. Biogas
lant 2 has a digester volume of only 2000 m3 with the same con-
ected electrical load of 500 kW. Due to the shortened hydraulic
etention time a relatively high amount of green house gas and
mmonia emissions may be expected from the secondary fermen-
ation tank. These emissions can be reduced by gastight covering
he fermentation residue store and connecting it to the gas bearing
ystem of the biogas plant.

The results show that a screw extractor separator is better suited
or biogas slurry separations than a rotary screen separator. The
crew extractor separator exhibited a high throughput and good
eparation efficiency. In addition, the expenditure of labour dur-
ng operation was minimal and it is a low-maintenance machine.
o achieve the same results with a rotation screen separator, the
lastics press cylinder and the rotating screen must be adapted to
he substrate-specific conditions existing in modern biogas plants,
specially the higher temperature and dry matter content.

The efficiency of slurry separation depends on the volatile solids
ontent of the fermentation residue. The higher the dry matter con-
ent, the higher the proportion of solid phase after separation. In
his project, we found out that the fermentation residue could be
ivided into 79.2% liquid phase with a dry matter content of 4.5%
nd 20.8% solid phase with a dry matter content of 19.3%. The dry
atter, volatile solids, carbon, raw ash and phosphate content – in

elation to the mass – were mainly accumulated in the solid phase.
After separation of the fermentation residues through a sieve

ith a slot width over 1.0 mm, nitrogen, ammonia and potassium
ontent were not significantly shifted between the liquid and solid
hases. However, according to Møller et al. (2000) a significant
nrichment of nutrients in the solid phase is expected after fil-
ering through a slot width under 0.5 mm. This assumption may
e addressed through further investigations using separators with
creens whose slot width varies over and under 0.5 mm.
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