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Abstract

Purpose Membrane filtration is recently applied to recover nutrients and dischargeable water from anaerobic sludge. The
purpose of this study is to quantify nutrient separation, membrane performance, and process stability and to increase the
economical applicability of the process by energetic optimisation.

Methods At the site of a 2.5 MW, agricultural biogas plant, a membrane pilot plant was operated over a period of 7 months.
It consisted of a screw press separator, a decanter centrifuge, an ultrafiltration unit, and a three-stage reverse osmosis unit.
Mass and nutrient balances were generated by sampling and analysing every process stream. Process performance was ana-
lysed by monitoring separation efficiencies, membrane flux, cleaning intervals, and energy demand.

Results Solid/liquid separation resulted in separation efficiencies of 70% for total solids and 80% for phosphorus. The solid
fraction contained high concentrations of organics and particle-ligated nutrients (20% TS, 8 kg t™! N, 5.5 kg t™! P,O5).
The retentate of the reverse osmosis had high concentrations of dissolved ammonia and potassium (4 kg t~' NH,-N and
10 kg t™! K,0). 38% of the sludge volume was recovered as clean water.

Conclusion The membrane pilot plant successfully produced a solid N/P-fertiliser, a liquid N/K-fertiliser and clean water.
The results contribute to a sound understanding and growing database for future adaption of the process chain. Hydrody-
namic optimisation within the pilot plant reduced the energy demand of the ultrafiltration step by 50%, which considerably
contributes to the economy of the process.

Keywords Anaerobic digestion - Nutrient recovery - Ultrafiltration and reverse osmosis treatment - Total conditioning
process - Fertiliser

Introduction

As aresult of the German Renewable Energies Act, enacted
in 2000, the number and size of biogas plants in Germany
has constantly increased. In 2017, more than 9300 biogas
plants were operating in Germany with an electrical capac-
ity of P~4500 MW, (German Biogas Association 2017).
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Consequently, a considerable amount of anaerobic sludge
(digestate) is produced. In 2011, the output of digestate
amounted to 65.5 million m> containing approximately
390,000 t of nitrogen, 74,000 t of phosphorus, and 330,000
t of potassium (Moller and Miiller 2012). In terms of con-
centration, raw digestate contains about 1.2-9.1 kgy t™" of
total nitrogen with about 44—-81% ammonia, 0.4-2.6 kgp !
phosphorus and 1.2-11.5 kg t™! potassium (Méller and
Miiller 2012).

Due to its high nitrogen and phosphorus content, anaero-
bic digestion products are mostly used for local field applica-
tions. Anaerobic sludge is characterised by high biological
stability and appropriate fertilising quality. Soil and air char-
acteristics are not negatively affected using anaerobic sludge
products when applying correct manure procedures with
subsurface injection to limit ammonia emissions (Riva et al.
2016). Furthermore, fertilisers based on anaerobic diges-
tion products achieve comparable or even higher biomass
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production rates compared to synthetic mineral fertiliser
for, e.g., the production of wheat (Abubaker et al. 2012) or
silage corn (Riva et al. 2016). Local over-fertilisation results
in an excess of nutrients in the soil and nutrient leaching
into the groundwater (Lee and Oa 2013; Schoumans and
Chardon 2014). To guarantee a good fertilising procedure
without local over-fertilisation and maintain high ground-
water qualities, recent revisions of the fertiliser ordinance
in Germany limit field applications of organic residues to
170 kgy ha™! a=! (DiiV 2017). Regarding phosphorus, no
surplus application on fields with high or very high phos-
phate content will be allowed (saldo=0 kgp ha™! a™!).
Good fertilising practice thus often requires transportation
of nutrients between different areas. Given that anaerobic
sludge contains more than 90% water, transportation is nei-
ther economically nor ecologically sensible. Therefore, a
number of different digestate treatment processes emerge
which often originate from manure or wastewater treatment
(e.g. Fuchs and Drosg 2013; Drosg et al. 2015; Vaneeck-
haute et al. 2017; Bolzonella et al. 2017). The combina-
tion of mechanical solid/liquid separation and membrane
treatment offers the advantage of producing dischargeable
or reusable process water on the one hand and concentrated,
transport-worthy nutrient products on the other hand.

Solid/liquid separation of organic slurries is achieved by
screw press separators and/or decanter centrifuges. Decanter
centrifuges achieve high efficiencies of solid and phosphorus
separation of about 60-90% for slurries and biogas digestate
(Balsari et al. 2006; Lukehurst et al. 2010). According to
Lukehurst et al. (2010), separation efficiency for both total
solids and nutrients can be improved with the use of stable
polymeric flocculants during the centrifugal process. Further
treatment of the liquid phase after solid/liquid separation is
mostly carried out as a process combination of a micro- or
ultrafiltration step (MF, UF) followed by a reverse osmosis
step (RO). In Germany, required water specifications for
water discharge from biogas plants depend on the quality
of receiving water bodies and are defined by the appropri-
ate environmental agency. The requirements for effluents
from wastewater treatment plants (size 5) are limited to,
i.a., chemical oxygen demand <75 mg L™, total nitrogen
concentration < 13 mg L~!, and phosphorus concentra-
tion < 1 mg L~! (AbwV 2005).

In lab scale experiments, different authors investigated
the ultrafiltration performance for anaerobic digester efflu-
ents with varying digester feedstock (Waeger et al. 2010;
Choo et al. 1992; Zacharof and Lovitt 2014; Meixner et al.
2015; Bhattacharya et al. 2013). The ultrafiltration step has
the highest operational energy demand and consequently
the highest operational costs (Drosg et al. 2015, Gienau
et al. 2018). Membrane material, cross-flow velocity and
transmembrane pressure were detected to have the strongest
influence on the flux performance of the membrane process,
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while the flux rates were generally low and the filtration
performance limited by organic fouling. This is in accord-
ance with experience from membrane filtration of activated
sludges, where organic macromolecules such as proteins
and polysaccharides were identified as major membrane
foulants (e.g., Rosenberger et al. 2006; Jiang et al. 2008).
Waeger et al. (2010) recommended ceramic ultrafiltration
membranes with pore sizes of 2050 nm for biogas digestate
filtration applications. Due to pronounced organic fouling,
repeated permeate backflushing operations and intensive
chemical cleaning strategies were required to ensure stable,
high membrane performances.

Only few authors published results of pilot or full scale
trials (Chiumenti et al. 2013, Ledda et al. 2013). While Chi-
umenti et al. (2013) report nutrient balances of a digestate
treatment chain at the site of an agricultural biogas plant
fed with swine and poultry manure and corn silage, Ledda
et al. (2013) report results with digested cattle manure and
with digested swine manure. Apart from different feedstock
characteristics, the experimental set-ups consisted of differ-
ent membranes used for the ultrafiltration step. Chiumenti
et al. (2013) used ceramic modules with 0.1 um pore size
and Ledda et al. (2013) used 40 kDa grafted polyacryloni-
trile membranes. Although the set-up was quite similar, the
results of the mass and nutrient balances varied considera-
bly. Ledda et al. (2013) separated the digestates into 38-51%
water, 12-32% solid fertiliser, and 30-37% liquid concen-
trate, while Chiumenti et al. (2013) reported 48% water, 35%
solid fertiliser, and 17% liquid concentrate. In the study of
Ledda et al. (2013), the different mass distributions occur
due to different biogas plant feedstock. Screenings on differ-
ent biogas digestates reveal the large spectrum of digestate
properties (Gienau et al. 2018; Vaneeckhaute et al. 2017).
Similar problems have also been reported by Masse et al.
(2007) in a review on membrane-based nutrient recovery
from manure. The authors conclude that the technology is
technically feasible, but that the experimental database is
not big enough for a sound technology analysis. Technol-
ogy reviews on the membrane-based digestate treatment
also rely on small available databases. (Drosg et al. 2015,
Camilleri-Rumbau et al. 2013; Vaneeckhaute et al. 2017;
Bolzonella et al. 2017). When comparing different nutrient
recovery technologies, the authors not only emphasize the
high technical potential of the membrane treatment chain but
also state the relatively high overall costs compared to other
technologies such as stripping and drying. Published specific
treatment costs vary between 16 and 25 kWh m? (Fuchs and
Drosg 2013; Chiumenti et al. 2013).

The objective of this paper is to contribute to a sound
database on the membrane-based conditioning process for
different biogas effluents and to define potential for future
reduction of operational costs. Over a period of 7 months,
about 1500 m® of raw digestate were separated by a screw
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press separator, a decanter centrifuge, an ultrafiltration unit
and a reverse osmosis unit. Besides the characterisation of
all process streams, mass and nutrient balances were deter-
mined and efficiencies of all process units were calculated.
Further focus was on process performance and optimisation
of the most energy-intensive process step of the membrane
chain, which is the ultrafiltration step.

Materials and methods
Biogas plant

Pilot trials were carried out at the site of an agricultural
biogas plant in Bad Bentheim, Lower Saxony (Germany).
The biogas plant has a total installed electric power of
P, =2.5 MW,. Four combined heat and power units (CHP)
are installed on site (P=1.01 MW,) and five further satellite
CHP units are located close to local heat-demanding areas in
the city (P=1.49 MW,). The biogas plant is fed with about
50 t day~! of cattle manure and dung, with 50 t day™' of
corn silage and with 38 t day~! of sugar beet and seasonal
crops. The biogas plant is equipped with four fermenters
(2% 1500 m? and 2 x 1900 m?), a post fermenter (2200 m?),
and three storage tanks (2700 m?>, 3,400 m> and 9700 m3).
The average overall retention time in the fermenters and post
fermenter is 60—65 days; the fermenters operate at meso-
philic conditions between 40 and 42 °C. The total digestate
output of the plant varies from 35,000 to 55,000 t a '

Pilot plant for nutrient recovery

The pilot plant for nutrient recovery consists of a two-stage
solid/liquid separation unit followed by ultrafiltration (UF)
and reverse osmosis (RO) units (Fig. 1).

The digestate (DIG) from the biogas plant is separated
with a screw press separator (agriKomp, Quetschprofi,
3 kW) with a mesh size of 500 um to detach organic fibres
and larger particles (Fig. 2, left). A decanter centrifuge
dewaters the remaining liquid of the screw press (SP;)
(Fig. 2, right, GEA, Westphalia Separator AD 0509, rela-
tive centrifugal force: 3,400 g). The liquid/solid separation is

Fig.2 Installed separation equipment, top: container with decanter
centrifuge; left: screw press separator; right: decanter centrifuge

improved by cationic polymeric flocculants with a molecular
weight of 3 x 10° to 4 x 10° g mol™'. The applied concen-
tration of polymers was 4—6 gpgjymer kgra. These polymers
are certified by the manufacturer for 20% biodegradabil-
ity in 2 years. The solid fractions of the screw press and
the decanter centrifuge (SPg and DECy) of the digestate
were used as solid organic fertiliser. The supernatant from
the centrifuge (DEC;) was fed to the ultrafiltration unit
(Fig. 3, left). The ultrafiltration module (xAl,0/TiO,, pore
size=50 nm, A=7.3 m?, Atech, Germany) was operated at
transmembrane pressure differences of 4.5-5 bars, cross-
flow velocities of 4-5 m s~!, a permeate yield of 60-70%,
and temperatures between 40 and 70 °C. The UF permeate
(UFp) was further treated by a three-stage reverse osmosis
unit (Fig. 3, right, DOW, PA, A, ,,,= 137.2 m?) at a trans-
membrane pressure difference of 12—60 bars, a permeate
yield of 70-80% and temperatures between 30 and 35 °C.
The retention of ammonia was improved by setting the pH
value of the UF permeate to 6.6—-6.8 based on the ammonia
equilibrium.

The retentate of the RO process (ROg) represents a liquid
fertiliser. Clean process water (ROp) is collected and reused
for the polymer solution and other applications on site. The
screw press separator and the decanter have a capacity of

———————————————————————— —_—
: Retentate —II UFr Liquid fertiliser
. | | ROR
Biogas | : A <]
plant = Separator Decante: \“?‘C\&o @égé/‘e' —_—
Digestate s < Water
]%IG SPL DECL A UFp S RO,
SPs DECs Solid fertiliser

Fig.1 Process scheme of the total conditioning process with ultra-
filtration membrane and reverse osmosis; DIG digestate, SP; liquid
screw press separator, SP solid screw press separator, DEC; liquid

decanter, DECy solid decanter, UFp permeate ultrafiltration, UFy
retentate ultrafiltration, ROp, retentate reverse osmosis, ROp permeate
reverse osmosis
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Fig. 3 Installed membrane
equipment, left: ultrafiltration
unit; right: reverse osmosis
units II and 11T

cgw § [

5-6 m® h™!, which represents full-scale concerning a diges-
tate output of 35,000-50,000 t a~!. The membrane process
has a capacity of 0.3-0.5 m®> h™! (scale down factor approx.
1:10), which is depending on temperature and digestate com-
position. The excess of about 4—5 m*> h™! from the decanter
centrifuge is discharged to the digestate storage tank and/or
used as liquid fertiliser.

Analysis and instrumentation

Total solids (TS in weight percent—wt%) and volatile solids
(VS in % of TS) were analysed according to the European
standards EN 12880 and EN 12879, respectively. Densities
were quantified with a pycnometer (25 cm®, BRAND) or
a volumetric flask (500 cm?, BRAND), depending on the
roughness of the material. Measurements were carried out
as double determination and have a relative error of < 1% for
both TS and density.

Volume flow was recorded with magnetic inductive flow
meters for almost all liquid streams. Based on the literature
reports on organic fouling on membranes (e.g., Rosenberger
et al. 2006, Jiang et al. 2008), polysaccharide and protein
concentrations were analysed in the feed and the retentate
of the ultrafiltration membrane according to the methods of
Dubois (Dubois et al. 1956) and Bradford (Bradford 1976),
respectively. All measurements were carried out as double
determination and have a relative error of <5%.

The nutrient and organic carbon concentrations of all
liquid streams were measured with standard Hach vial tests
LCK 302 (ammonia), LCK 338 (total nitrogen), LCK 228
(potassium), LCK 350 (phosphorus), and LCK 914 (COD).
Nutrient concentrations of solid components were analysed
by Agrolab institute using standard procedures (Kjeldahl-
N: DIN 19684-4, Dumas-N: DIN EN 16168, NH,—N: DIN
38406-5-2 [E 5-2], P,O5: DIN EN ISO 11885 [E 22], K,0:
DIN EN ISO 11885 [E 22]). The relative errors of meas-
urement named by Agrolab institute for nitrogen, ammonia,
phosphorus and potassium are < 16.2%, < 15.6%, < 17.2%
and < 8.4%, respectively.
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Determination of mass balances and separation
efficiency

Mass balances

Based on the analysed concentrations of TS, VS and nutrient
components, mass balances were set up for both the entire
process and each separation unit. As nearly all process streams
and intermediates were analysed and each measurement com-
prises the method’s standard deviation, mass balance equations
were over-determined, leading to positive or negative balance
gaps. Unknown mass flows (e.g., solid fertilisers) were calcu-
lated according to TS-concentration or density balances. The
mass balances were fitted to minimise balance gaps: mean
concentrations were iteratively adapted to fulfil mass balance
equations for each single unit operation as well as for the entire
process. As boundary condition, each concentration had to
remain within the standard deviation of the mean value. The
method allowed to almost close the balance gaps (100% of
total solids and on average 95.2% of all nutrients).

Separation efficiency

The average values and standard deviations for the separation
efficiencies #; were calculated according to (Eq. 1) to bench-
mark the efficiency of each unit operation. The efficiency
compares the concentration of the component i for each unit
operation (c; ,,;;) With the initial concentration of the digestate

(¢;pi)-

ci,unit
m=1-— (1)

¢ipIG

Results and discussion
Chemical and physical parameters

Visual inspections revealed significant differences between
the process fractions. Solid fractions were of dark brown
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colour, paste-like, and fibrous. Liquid fractions from screw
press separator (SP; ), decanter (DEC; ), and retentate of the
ultrafiltration step (UFy) were characterised by pronounced
turbidity and brown colour (see Fig. 4). The UF permeate
(UFy) is optically free of organic particles and of lighter col-
our. Retentate of the reverse osmosis (ROy) is intensified in
colour. The permeate of the last reverse osmosis step (ROp)
optically appears like clean water without organic particles.

Rheological measurements showed that the original
digestate is of high viscosity with pseudoplastic properties.
The liquid fraction of the decanter is of lower viscosity, but
still well above water viscosity, and also shows pseudoplastic
rheological behaviour (Gienau et al. 2018). Table 1 shows
the chemical and physical parameters of all process streams.
The density of all process streams varied between 1000 and
1029 kg m~>. The pH values were in the range of 5.6-8.3.
Concentrations of total solids, volatile solids, nutrients and
other organic components constantly decreased at each
separation unit. TS of the raw digestate (DIG) decreased
from 5.8 wt% to no detectable solids in the reverse osmosis

'SPy UFy UFp

DEC,,

RO ROp
Fig.4 f.l.tr: Liquid phase from screw press (SP;), supernatant from

decanter (DEC, ), UF retentate (UFy), UF permeate (UF}), RO reten-
tate (ROg), RO permeate (ROp)

permeate (ROP). Most solids were detached by the screw
press separator and the decanter, with TS concentrations of
19-21 wt%. Solids from the screw press separator (SPS) had
a higher volatile solid content than the decanter solid frac-
tion (DECS). The permeate was particle free after passing
the ultrafiltration membrane with a pore size of 50 nm. The
remaining COD and TS in the UF permeate can be attrib-
uted to salts and low molecular weight organic substances
such as saccharides, proteins, and humic substances (Gienau
et al. 2018).

The nutrient concentrations varied for all process streams.
Measured concentrations of input material (i.e., 4.0 kg t™!
Ny 1.6 kg t71 P,Os, and 4.6 kg t~! K,0) are well in accord-
ance with published values (Moller and Miiller 2012). High-
est concentrations of total nitrogen and phosphorus were
found in the solid streams from the screw press separator
(SP,) and the decanter centrifuge (DEC,) with 6.0 kg t~' and
9.7 kg t™!, respectively. The retentate of the reverse osmosis
(ROg) showed the highest values of ammonia, nitrogen and
potassium (4.0 kg ™' NH,—N and 10.1 kg t' K,O, respec-
tively). The reverse osmosis membranes retained almost
all organic, inorganic and nutrient substances. Chemical
oxygen demand of the permeate was reduced from approx.
63 g L™! to< 15 mg L~ in the last reverse osmosis step.
The quality of the permeate (ROp) was characterised by
COD<15mg L™, N =14 mgL™!, NH,-N=10 mg L™!
and P,05<0.1 mg L™!. The RO permeate thus is of high
quality. All concentrations apart from total nitrogen even
fulfil WWTP size 5 effluent requirements in Germany (legal
limit WWTP size 5: N, ,,;= 13 mg L™"). In Germany, there
is no legal limit for the discharge of treated digestate efflu-
ent. Depending on the quality of the local receiving water
body, the local authorities decide on the necessary effluent

Table 1 Characterisation of process streams: digestate (DIG), liquid phase from screw press (SP}), solid phase from screw press (SPg), superna-
tant from decanter (DEC; ), solid phase from decanter (DECy), UF retentate (UFy), UF permeate (UF;), RO retentate (ROg), RO permeate (ROp)

Parameter  Unit DIG SP,. SPg DEC, DECg UF; UFR ROy ROp

TS wt% 5.8+04 45+0.38 21.1+0.4 1.9+0.0 19.1+0.7 1.0+0.0 34+03 3.6+0.6 0.002+0.00
VS %TS 72.8+10 70.6+1.7 87.1+0.6 59.5+2.7 758+1.8 489+144 70904 31.8+87 0.000+0.00
Niotal kg t™! 4.0+0.1 3.6+0.2 6.0+0.5 24+02 9.7+05 1.8+0.1 34+05 4.6+04 0.014+0.01
NH,~N kg t™! 1.7+£0.2 1.8+0.2 24+0.2 1.5+0.1 2.4+0.2 1.6+0.1 1.7+0.2 4.0+0.3 0.010+0.01
P,0; kg t™! 1.6+0.1 1.1+0.3 47+0.7 03+00 6.1+04 0.0+0.0 0.6+0.1 03+0.1 0.000+0.00
K,0 kg t™! 4.6+0.2 48+03 44402 42+0.1 4.7+0.0 43+0.2 46+02 10.1+0.7 0.001+0.00
COD gLt 63.0+58 51.7+143 - 15.7+£0.7 - 47+13 438+22 7.6+0.6 <0.015
Polys. gLt - - - 1.4+02 - 0.3+0.0 3.0+04 - -

Protein gL™! - - - 3.0+03 - 04+0.1 6.8+09 - -

Density kgm™ 1029+0.0 1022+00 - 1013+0.0 - 1006+0.0 1014+0.0 1028+0.0 1000+0.0
Conduct. mScm™ 17.0+05 195+22 - 200+03 - 206+1.0 203+03 583+24 0.097+0.1
pH - 7.7+£0.2 7.7+0.1 - 78+0.1 - 8.3+0.1 8.0+02 7.4+04 5.6+1.1

Data given as value + standard deviation
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quality. In a full-scale treatment plant, the RO step can be
individually designed to meet the necessary requirements.
The obtained effluent concentrations are lower than the val-
ues reported in the literature: Ledda et al. (2013) and Chiu-
menti et al. (2013) report mean effluent concentrations of
20 mg L™' N,,,; and 85 mg L', respectively, which could
be critical regarding water discharge.

Mass balance

Based on measured mass flow as well as physical and
chemical parameters, Fig. 5 shows a Sankey diagram of the
complete process, extrapolated to a daily mass flow of 150
t day~! digestate. The input of 150 t day~' digestate con-
tained 94% water (141.3 t day™!). The screw press separator
delivered a solid output of 16 t day~!. Before the decanter,
an aqueous solution of polymers (7.0 t day™!) was mixed
into the liquid stream of the screw press separator to improve
separation efficiency of the particularly fine grain fraction.
Thus, the decanter separated another 16 t day~! of solids.
With significant amounts of total solids, total nitrogen, and
phosphorus, both solid fractions represented 32 t day ™' of a
high-content organic N/P fertiliser. The supernatant of the
decanter centrifuge (125 t day~") was fed to the ultrafiltration

unit. The retentate of the ultrafiltration amounted to about 47
t day~!, mainly consisting of water (45.4 t day™"). The UF
retentate was reduced in the particulate nutrients phosphorus
and organic nitrogen. Ammonia and potassium concentra-
tions are similar to the original digestate. The permeate of
the ultrafiltration was nearly free of solids and contained
dissolved nutrients/salts and low molecular weight organic
components such as proteins and saccharides (compare
Table 1). All dissolved components were further transferred
to the retentate of the reverse osmosis (22 t day_]). The dis-
chargeable permeate of the reverse osmosis amounted to
56.0 t day~.

Regarding the complete nutrient separation process, 20%
of the input mass flow volume (i.e., from screw press sepa-
rator and decanter centrifuge) were transferred into a solid
N/P-fertiliser (Fig. 6). About 30% of the digestate can be
found in the retentate of the ultrafiltration. The retentate of
the reverse osmosis amounted to about 14%. The biggest
process stream was the treated water after reverse osmo-
sis (35.8%). The UF retentate can be used as liquid N/K-
fertiliser. As an alternative, it is often recirculated to the
decanter or the digester. Including an internal recirculation
loop to the decanter, an RO permeate share of 53.9% of
the input mass flow was calculated (Fig. 6). The pilot scale

Fig.5 Sapkey diagram of total Input digestate | Now: 4.0 ke/t Waterin U4
mass, solids, and water flows, Total: 150 yd |NHN: 1.7 ke/t —
extrapolated to a digestate input Water: 1413 t/d | P:Os: 1.6 kgt B TS in t/d
mass flow of 150 t day™" TS:  87t¢d |KO: 4.6 kgt
Screw press separator
SPs Ntz 6.0 kg/t
Total: 16 t/d | NH4-N: 2.4 kg/t
Water: 127 t/d| P20s: 4.7 kg/t
TS: 33 t/d| KO: 4.4 kg/t
Polymer solution
Total: 7.0 t/d
Water: 7.0 t/d
Decanter DECs Now: 9.7 ket
Total: 16 t/d | NH4-N: 2.4 kg/t
Water:  13.0t/d | P20s: 6.1 kgft
TS: 3.0t/d[Kp0: 4.7 kg/t
Ultrafiltration
B UFx New: 34 kg/t
Total: 47 t/d | NH4-N: 1.7 kg/t
Water: 45.4t/d|P20s: 0.6 kg/t
TS: 1.6t/d [K0: 4.6 kg/t
Reverse /=
osmosis
Now: 14 mg/L i ROR Neow: 4.6 kg/t
ROp NHN: 10mg/L{ /N Totl: 22 yd | NHeN: 4.0 kg/t
Total: 56.0/d IP,0s: 0.1 mg/LJ Water:  21.1t/d|P20s: 0.3 kg/t
Water: 56.0 t/d |K,O: 1 mg/L TS: 0.9 t/d| K-0: 10.1 kg/t
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DECs
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.9%

ROp ROp
35.8% 53.9%

ROg
21.3%

ROg
14.1%

Mass distribution
with recirculation

Mass distribution
without recirculation

Fig.6 Mass distribution of the membrane-based nutrient recovery;
left: without and right: with recirculation of the UF retentate; the sum
of SPg and DECg forms an organic N/P-fertiliser, ROy represents a
liquid N/K-fertiliser and RO} dischargeable water

100% —
90% oTS
0% mVs .
70%
60%
50%
40%
30%
20%
10%
0%

TS and VS separation efficiency

SP DEC UF RO

Fig. 7 Cumulated separation efficiencies for total solids (TS) and vol-
atile solids (VS)

results thus support the literature reports [i.e., 46% (Bol-
zonella et al. 2017); 48% (Chiumenti et al. 2013) and 50%
(Drosg et al. 2015)].

Separation efficiencies

The separation efficiency of each process step can be
benchmarked by comparing the concentration of each
component with the initial concentration of the digestate.
Figure 7 shows the cumulated separation efficiency of the
organic fractions. The combined liquid/solid separation
(SPg and DECy) detached about 67% of TS and nearly 74%
of organic matter (VS). For the screw press separator, high
standard deviations for the measured parameters occurred.
Obviously, these variations were based on fluctuating input
quality, composition and TS/VS values of the digestate. The
combined liquid/solid separation with supporting flocculants
represented an appropriate separation technique for signifi-
cant TS and VS reduction to enable ultrafiltration processes.

The separation of TS and VS after ultrafiltration amounted
to 83% and 92%, respectively. After the three-stage reverse
osmosis process, no TS and VS were detectable; the separa-
tion efficiency was 100%. Total COD reduction was 92.5%
after UF and > 99.9% after RO (see Table 1). In comparison,
Waeger et al. (2010) report COD removal rates of 80-85%
after MF or UF for digestate from a biogas plant fed with
organic waste. Chiumenti et al. (2013) report 91.7% COD
removal after UF and > 99.9% after RO for a similar biogas
plant feedstock to this study.

The cumulated separation efficiency of the nutrients total
nitrogen (TN), ammonia (NH,—N), potassium (K,0) and
phosphorus (P,0s) constantly increased at each separation
step (Fig. 8). For total nitrogen, a linear separation trend
is visible starting with 8% after the screw press separator
over 55% after UF to>98% after reverse osmosis. Ammonia
was first separated after the decanter centrifuge (13%) and
not significantly affected by the ultrafiltration membrane.
As the ammonia equilibrium is not strictly located on the
side of ammonia, the centrifugal field can detach gaseous,
dissolved components. By shifting the ammonia equilibrium
towards ammonia with pH values <7, the ammonia separa-
tion efficiency reached 99.4% after the reverse osmosis step.
Waeger et al. (2010) report total nitrogen removal of 5-18%,
Ledda et al. (2013) of 60—80%, and Chiumenti et al. (2013)
of 61%. The differences can be explained by the percent-
age of dissolved ammonia nitrogen on total nitrogen due to
different feedstock and process conditions. In all studies,
removal efficiencies after RO were > 98%.

For potassium, a quite similar separation behaviour can
be observed. Potassium concentration in the liquid phase
was nearly constant through solid/liquid separation and UF,
while separation efficiency reached nearly 100% by reverse
osmosis. Phosphorus was constantly separated to 27, 79, 98
and 100% for screw press separator, decanter, ultrafiltration,
and reverse osmosis, respectively. Large standard deviations
were detected for the screw press separator. As phosphorus
is essentially particulate and thus connected to the solid frac-
tion (Lukehurst et al. 2010; Gienau et al. 2018), separation
efficiency is linked to the detachment of total solids (com-
pare Fig. 7).

Membrane performance and stability

The ultrafiltration step needs high cross-flow velocities to
minimise organic fouling on the membrane surface. UF
amounts to more than 50% of total operation costs of the
treatment chain (Fuchs and Drosg 2013). Therefore, UF
performance was constantly monitored and optimised. Dur-
ing standard operation procedure, UF feed temperature was
42 °C (supported by mesophilic fermenter conditions) and
the cross-flow velocity was set to 4-5 m s™! at a transmem-
brane pressure difference (TMP) of 4 bars (see Test 1 in
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(P,05)

Table 2 Ultrafiltration performance of three different optimisation
alternatives

Parameter Unit Test 1 (Ref.) Test2 Test3
Temperature °C 42 65 63
Cross-flow velocity ms! 4.2 4.8 3.0
Transmembrane pressure bar 4.0 3.6 39
Yield % 70 70 70
Flux Lm2h™" 205 294 233
Relative energy % 100 72 48

Table 2). With a permeate yield of 70%, a mean permeate
flux of 20.5 L m~2 h™! could be achieved. In comparison,
Waeger et al. (2010) report membrane fluxes between 20
and 50 L m~2 h™! for digestate from an organic waste biogas
plant at TMPs of 1 bar with total permeate recirculation
(yield=0). The differences in flux rates can be explained
by the different permeate yield and different feedstock to
the biogas plant. Generally, organic waste biogas plants
tend to show higher flux rates (Gienau et al. 2018). Besides
cross-flow velocity and TMP, the ultrafiltration perfor-
mance depends on total solid concentration, concentration
of biopolymers, and apparent viscosity of the separated
anaerobic sludge (Rosenberger et al. 2006; Jiang et al. 2008;
Zacharof and Lovitt 2014). For efficient back transport of
particles from the membrane surface, the cross-flow velocity
has to be sufficiently high to achieve Reynolds numbers (Re)
above the laminar flow regime.

The standard operation mode (reference case—100% rela-
tive energy demand) was first improved by increasing the
feed temperature to 65 °C (Test 2), which reduces fluid vis-
cosity and increases Re. Savings were 28% of process energy
due to a significantly improved membrane flux of 29.4
L m~2 h™!. In a third test, high temperature was combined

o’
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with a lower cross-flow velocity of 3 m s™!. As a result of
the high temperature, viscosity of the sludge changed to
lower values and enabled lower cross-flow velocities for
sufficiently turbulent flow regimes. The measured flux of
Test 3 was 23.3 L m~2h~!, which is + 14% compared to the
reference case (Test 1). By combination of flux improvement
and reduction of volume flow rate through the tubular mem-
brane channels, the relative energy demand of UF could be
reduced to 48%. Test 3 was found to be the most economic
and efficient optimisation case. Long-term studies with tech-
nical equipment are planned for the future.

Above results were obtained with frequent chemical
membrane cleaning. Cleaning intervals were 1-2 weeks.
Chemical cleaning was carried out fully automated with
acids and bases for about 2-3 h. The chemicals have no neg-
ative impact on the material of the ultrafiltration plant, i.e.,
stainless steel pipes and ceramic ultrafiltration membranes.
Initial membrane flux was achieved after each cleaning step.
Availability of the plant was >90% including maintenance.
Life time of the ceramic ultrafiltration membrane and the
polymeric reverse osmosis membrane are expected to be
7-9 years and 1-2 years, respectively.

Conclusion

The performed experimental tests demonstrate the suc-
cessful separation of anaerobic sludge from an agricul-
tural biogas plant over a 7-months operation period. Main
products of the process are solid and liquid fertilisers, and
dischargeable water, representing about 20, 44 and 36% of
total mass flow, respectively. It was shown that an internal
recirculation of UF retentate increases dischargeable water
yield from 36 to 54%. Solid/liquid separation by screw
press separator and decanter centrifuge in combination with
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polymeric flocculants provided a reliable pre-treatment for
the following ultrafiltration unit. The solids from the com-
bined solid/liquid separation were characterised by high total
solid concentrations (19-21%), but also by concentrations of
4.7-6.1 kg t~! phosphorus and 6.0-9.7 kg t~! total nitrogen.
Thus, the solids represent a high value organic N/P-fertiliser
for local-field applications.

The membrane treatment was successfully realised by
ceramic ultrafiltration units and a three-stage reverse osmo-
sis unit. For the ultrafiltration membrane, a flux performance
of 20-30 L m~2 h™!, depending on cross-flow velocity and
process temperature, was measured. The retentate of the
reverse osmosis was rich in dissolved nutrient salts such
as K* and NH," and represented a directly available lig-
uid N/K-fertiliser. The RO permeate in this study almost
achieved the German effluent limits for wastewater treatment
plants size 5. In Germany, the required effluent quality for
discharge of treated digestate is defined for each individual
case and depends on the quality of the receiving water body.
It is possible to adjust the clear water quality by design of the
RO train and pH adaptation. A comparison of obtained nutri-
ent and mass balances with the literature revealed a spread of
results, probably depending on feedstock to the biogas plant
and on process configuration. For a sound understanding
and increasing applicability of the process train, a broader
database based on onsite trials is needed. The literature on
membrane performance is very limited and mainly focusses
on lab-scale trials.

Besides the quality of the nutrient products, the economy
of the process depends on its energy consumption. First
optimisation schemes resulted in energy reductions of 50%
for the ultrafiltration unit. This can be realised by adjust-
ing process temperature and flow conditions in the tubular
membrane modules. Future investigations should focus on
the long-time behaviour of the ultrafiltration performance
and the energy consumption in full scale.
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