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• Hydrolysis of primary sludge produced
30–35 g volatile fatty acids/kg total solids.

• Optimal conditions for hydrolysis were
35 °C and pH 7.

• Hydrolysate centrate was as efficient as
acetate in denitrifying treatedwastewater.

• Hydrolysate centrate from a 100,000 PE
plant could remove 235 kg N.

• Hydrolysate centrate as an alternative
could produce 330 Nm3 methane each
day.
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Editor: Huu Hao Ngo

Keywords:
Denitrification
Greenhouse gases
Methane
Nitrous oxide
Separation
Organic compounds in wastewater are required for the biological removal of nitrogen, but they can also be used for
biogas production. Distribution of the internal organic carbon at the plant is therefore critical to ensure high quality
of the treated water, reduce greenhouse gas emissions, and optimize biogas production. We describe a wastewater
treatment plant designed to focus equally on energy production, water quality, and reduced emissions of greenhouse
gases. A disk filter was installed to remove as much carbon as possible during primary treatment. Primary sludge was
then hydrolyzed and centrifuged. The hydrolysate centrate contained volatile fatty acids and was used either for the
secondary wastewater treatment or to produce biogas. The yield during hydrolysis was 30–35 g volatile fatty acid
per kg dry material or 40–65 g soluble COD per kg total solid. The specific denitrification rate was 20–40 g/(g·min),
which is on the same order of magnitude as that for commonly used external carbon sources. Hydrolysis at around
35 °C and pH 7 gave the best results. The hydrolysate centrate can be stored and added to the biological treatment
to improve water quality and reduce emissions of nitrous oxide or it can be used to produce biogas to optimize the
operation of the plant.
1. Introduction

Wastewater contains large amounts of organic materials that can be
used to produce energy (Kehrein et al., 2020; McCarty et al., 2011;
Schopf et al., 2018). Plants in several countries works intensively to
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reduce the energy used to treat wastewater and increase the usable bio-
gas produced from the resulting sludge. Replacing settling tanks with
filtration units such as rotating belt sieves or disk filters have been
done to remove more carbon during primary treatment and increase
biogas production (Rusten et al., 2017). More advanced solutions have
also been tested, including direct membrane filtration, adsorption, and
dynamic sand filters (Hube et al., 2020; Sancho et al., 2019). Although
not yet widespread among full-scale wastewater treatment plants,
these methods have resulted in a net production of energy in some
plants.
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Not all of the available carbon can be used to produce energy because
somemust be retained to remove nitrogen and phosphorus. Although phos-
phorus can be removed chemically, for example with iron or aluminum
salts, nitrogen must be removed biologically because other methods such
as stripping are too expensive. The carbon to nitrogen ratio (C/N ratio)
required for biological processes has been calculated to 3.5–4.7 g COD
per g N (Sobieszuk and Szewczyk, 2006). The anaerobic ammonium oxida-
tion (anammox) process is a biological alternative for nitrogen removal that
reduces the need for carbon, but the method is more complicated to control
than conventional biological nitrogen removal (Winkler and Straka, 2019;
You et al., 2020). Nevertheless, organic materials are required to remove
or reduce the nitrogen in the treated water. If the C/N ratio is too low, an
external carbon source must be added to ensure the quality of the effluent.
This addition is expensive. It ismore cost effective to use the carbon already
present in the wastewater. Separating carbon during primary treatment
therefore requires a balance between the goals of high-quality treated
wastewater and optimal energy production.

The carbon footprint of wastewater treatment has received less atten-
tion than other costs or benefits. Carbon footprints are often measured in
CO2 equivalents and include the chemicals used, the transport of wastewa-
ter, the energy balance, and the emission of greenhouse gases such as
nitrous oxide. Nitrous oxide is a greenhouse gas approximately 300 times
as strong as carbon dioxide. It contributes approximately 40% of the green-
house gases resulting from wastewater treatment (Vangsgård and Madsen,
2020). Nitrous oxide is produced and released in aerated tanks during
secondary treatment, and its emission increases when the C/N ratio is low
(Kampschreur et al., 2009; Yan et al., 2017). If more carbon is removed dur-
ing primary treatment, more nitrous oxide should therefore be produced
and released. The amount of nitrous oxide produced is difficult to measure,
but in a study of wastewater treatment plants in Denmark it varied from
0.24 % to 1.24 % nmol nitrous oxide per mol of nitrogen in the inlet,
with an average emission of 0.84 % nmol nitrous oxide per mole N
(Vangsgård andMadsen, 2020). Including greenhouse gas emissions during
wastewater treatment may influence the plant's best use of internal carbon.
In many countries including Denmark, energy becomes more climate
friendly with its increased sustainable production from wind, solar, and
water sources (Energinet, 2019). This reduces the positive effect of biogas
production and may further affect the right balance between energy pro-
duction, water treatment, and greenhouse gas emission.

In this study, a wastewater treatment plant has been designed with a
minimized carbon footprint and a balanced focus on energy saving and pro-
duction, water treatment, and greenhouse gas emissions. During primary
treatment, as much carbon as possible will be removed and hydrolyzed to
produce volatile fatty acids (VFA) from the primary sludge, which can be
returned to the biological process for denitrification (Fang et al., 2020;
Lin and Li, 2018; Liu et al., 2016; Liu et al., 2020). Higher pH levels increase
the production of fatty acids (Chen et al., 2007; Zhou et al., 2021). Other pa-
rameters that influence the production of VFA include solid retention time,
solid concentration, and type of sludge (Bouzas et al., 2002; Ucisik and
Henze, 2008). The right balance between temperature, solid retention
time, and pH during hydrolysis has yet to be found. The VFA produced
will be separated from the solid materials e.g., by centrifugation. The hy-
drolysate centrate can then be used as an easily degradable carbon cocktail
that can be stored and added to the biological treatment to improve water
quality and reduce emissions of nitrous oxide or biogas production.

The objective of the study is to determine the optimal solid retention time,
temperature, and pH during hydrolysis. The composition of the hydrolysate
has been analyzed and as a novel part of the study, degradation of different
organic compounds in the hydrolysate is followed during denitrification
and used to evaluate the quality of the produced hydrolysate. The amount
of N that can be denitrified by using the hydrolysate, has been calculated
and compared with the amount of methane that can be produce from the hy-
drolysate. The innovative part of the study is the design of awastewater treat-
ment plant, where the hydrolysate can be directed either to the biological
treatment or the digestor, and thereby ensure the optimal balance between
water quality, emission of greenhouse gases and energy production.
2

2. Materials and methods

2.1. Sludge

Samples were collected from three different biological wastewater
treatment plants (WWTPs): Bruunshåb, Mariagerfjord, and Aalborg
West. All plants were in Denmark. Bruunshåb and Mariagerfjord WWTP
were designed for 80,000 and 225,000 population equivalent (PE), re-
spectively, but treat actual loads of 50,000 and 85,000 PE. Aalborg
West WWTPwere designed for 265,000 PE and equipped with enhanced
biological phosphorus removal (EBPR). The plant treats actual loads of
198,000 PE. Laboratory scale experiments used primary sludge from
Bruunshåb and Mariagerfjord WWTP. At Bruunshåb WWTP, samples
were taken from the primary settling tank. At Mariagerfjord WWTP,
the solid fraction of carbon was collected from incoming wastewater
passed through a pilot-scale Hydrotech disk filter. Digested sludge was
collected fromMariagerfjord and BruunshåbWWTP and used in starting
up the hydrolysis experiments. Activated sludge was collected from
Aalborg West and used for the denitrification test. Samples were col-
lected and laboratory experiments were done from April to June 2019.
All samples were stored at 5 °C prior to use.

2.2. Hydrolysis experiment laboratory

Hydrolysis experiments were set up using 500 mL primary sludge
spiked with 50 mL digested sludge in a 1 L Erlenmeyer flask. The Erlen-
meyer flasks were placed in a shake incubator at constant temperature.
Hydrolysis experiments were done at three different solid retention times
(SRTs), 1, 2, and 3 days and at three different temperatures, 20 °C, 30 °C,
and 35 °C. For experiments with SRTs of 1 or 2 days, primary sludge was
added three times per day, and for experiments with an SRT of 3 days,
primary sludge was added twice per day. Experiments continued for 19
days with pH measured every day and conductivity, soluble COD (sCOD),
VFA, ammonium, phosphate, total solid (TS) content, and inorganic matter
measured four times during the experiments and again at the end of the ex-
periments. The Erlenmeyer flask was mixed gently before sampling. The
hydrolyzed sludge from each plant was mixed and centrifuged at 1000g,
3000g, or 10,000g for 1, 3, or 10 min. The supernatant was decanted as hy-
drolysate centrate and analyzed by measuring the optic density at 600 nm
(OD600) and the TS content.

2.3. Pilot-scale setup

A pilot-scale setup was installed at Mariagerfjord WWTP and test
done in October 2022. Primary sludge was taken from the Hydrotech
disk filter and continuously fed into a 3 m3 hydrolysis tank with a ther-
mostat and a pH-regulator. Four experiments were done at pH values of
5, 6, or 7 and temperatures of 30 °C, 35 °C, and 40 °C. Without pH regu-
lation, pH dropped to pH 5. For the experiments done at higher pH
values, NaOH was added. The SRT was 3 days for all experiments.
The hydrolysates were analyzed and separated by centrifugation. The
hydrolysate centrate was analyzed by measuring ammonia, phosphate,
sCOD, total COD (tCOD), VFA, pH, and conductivity. The specific deni-
trification rate was measured using the hydrolysate centrate as carbon
source.

2.4. Specific denitrification rate

Sludge was collected from the biological tank (secondary treatment) at
Aalborg West WWTP. The sample was heated to 23 °C, pH-adjusted to 7.5,
and aerated with oxygen for 1 day. After this, 415mL of the sludge was aer-
ated with nitrogen for 10 min to remove dissolved oxygen. After 30 min,
2 mL 30.35 g/L NaNO3 was added. Acetate or hydrolysate centrate was
added to ensure a COD/N ratio of 6.2 which was expected to remove all
nitrate (Sobieszuk and Szewczyk, 2006). Each experiment took 120 min
and samples were taken after 2, 8, 14, 20, 40, 60, 80, 100, and 120 min



Fig. 1. Primary sludge from Bruunshåb WWTP, where pH development was
followed in the hydrolysis tank with solid retention times of 1, 2, and 3 days at
20 °C. The two different colors represent two replicates.
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to measure nitrate, phosphate, COD, ammonia, and VFA content. The spe-
cific denitrification rate (SDNR) was calculated as

SDNR ¼ � dCN=dt

TS

where CN is the concentration of nitrate (g N-NO3
−/L) and TS is the concen-

tration of dry material in the active sludge (g/L).
Phosphate concentrationwasmeasured during the experiment and used

to calculate the P slip rate

P slip rate ¼ dCP=dt

TS

where CP is the concentration of phosphate (g P-PO4
3−/L).

2.5. Analysis of sludge and hydrolysate

TS was measured by drying a 20 mL sample at 110 °C overnight and
measuring the weight of the dried sample. The volatile solid was deter-
mined by measuring the loss on ignition at 550 °C at 2 h, and sCOD and
tCOD were measured using the Hack Lange Kit (LCK 314). The ammonium
concentration was determined using the Berthelot reaction (Searle, 1984).
Salicylate was substituted for the toxic phenol. The total concentration of
nitrogen was measured using the Hack Lange Kit (LCK 338). The total
concentrations of phosphorus and ortho-phosphate were measured using
standard methods (Eaton et al., 2005).

Ion chromatography was used to measure the concentration of VFA,
which showed acetate and propionate as the most abundant. The concen-
trations of protein and humic acid compounds were determined using the
modified Lowry method and measuring the reduction of Folin–Ciocalteau
phenol with and without copper sulfate (Frølund et al., 1995). The concen-
tration of saccharides was measured by treating the sample with H2SO4 in
100 °C for 14 min and then using a coloring reaction with anthrone
(Raunkjær et al., 1994).

2.6. Plant calculations

Calculations were done for a reference wastewater treatment plant with
a capacity of 100,000 PE, BOD 6000 kg/day, COD 13800 kg/day, and
suspended solids (SS) 7400 kg/day (Supplementary materials). It was as-
sumed that 70 % of the SS was removed during the primary treatment
with the disk filter. The COD/N ratio was set to 4 kg COD/kg N both for
the hydrolysate centrate and for external carbon, and the production of
methane was set to 0.35 Nm3 CH4/kg COD assuming that 10 kWh can be
produced per Nm3 CH4. It was assumed that 70 % of the COD produced
in the hydrolysate could be used for denitrification. A mass balance was
set up to calculate howmuch nitrogen andmethane production could be re-
moved by adding hydrolysate to the secondary treatment tank or the
digestor. The cost of external COD was set to 0.61 Euro/kg COD and that
of electricity to 0.15 Euro/kWh. Energy is required for pumping and sepa-
ration. The energy consumption for the decanter centrifuge ranges from
1.3 to 8 kWh/m3 (Szepessy and Thorwid, 2018). An extra tank has to
be installed but hydrolysis is a part of the process for methane production
(biogas) and implementation of the extra tank can be used as a method to
increase the capacity of already existing plants.

3. Results and discussion

3.1. Laboratory hydrolysis experiments

Laboratory scale hydrolysis experiments were done using primary
sludge from the full-scale primary settling tank at Bruunshåb WWTP. The
TS was measured to be 51 % ± 3 % w/w and the pH as 5.96. Primary
sludge from Mariagerfjord WWTP was taken from a pilot-scale disk filter
unit, where the TS varied from 20 to 110%w/wand the pHwas 7.3. Exper-
iments were set up with SRTs of 1, 2, and 3 days at 20 °C, 30 °C, and 35 °C.
3

pH was monitored during the 19 days of operation and decreased during
the first 6 to 7 days, after which it was constant, as illustrated for the sam-
ples from Bruunshåb WWTP that was hydrolyzed at 20 °C (Fig. 1). At the
end of the experiment at 20 °C, pH was measured to be 5.4 ± 0.4, and at
35 °C, pH was measured to be 5.0 ± 0.2. Notice that SRT barely affected
the pH decline. Similar results were obtained in experiments done at higher
temperatures and with primary sludge from Mariagerfjord WWTP, where
steady state was also reached after 6 to 7 days. The pH decrease was due
to the production of VFA. Gas formation was clearly observed as foam for-
mation due to the microbial activity. Organic materials were degraded
whereby CO2 and H2 were produced during hydrolysis and fermentation
(Harirchi et al., 2022). Formation of air bubbles is required for foam forma-
tion as mixing was done gently. Actually bubble tests were often used to
evaluate foaming propensity (Jiang et al., 2018). Foam is a serious opera-
tional problem in biogas plant and may be due to gas bubbles surrounded
by liquid films and hydrophobic particles in the form of microorganism or
suspended solids, but the process is still not well-understood (Yang et al.,
2021; Boe et al., 2012).

The pH at steady state was lower for the experiments done at 30 °C and
35 °C than those done at 20 °C (Fig. 2).This is due to the higher degradation
of solid materials at higher temperatures. Microbial activity increased with
temperature, which is often described by using the Arrhenius relationship
(Nottingham et al., 2019). At higher temperature, the death rate increase,
so an optimum temperature exists. Several microorganisms are involved
in VFA production (Harirchi et al., 2022), and previous study showed a
decline in VFA production from 35 °C (mesophilic conditions) to 55 °C
(thermophilic conditions) (He et al., 2012).

After hydrolysis, the dry matter content for primary sludge from
Bruunshåb WWTP declined from 51 % ± 3 % w/w to 44 % ± 3 % (15 %
decrease). The volatile solid concentration decreased from 44 % ± 4 %
w/w to 38 % ± 2 % w/w (15 % decrease). Hydrolysis temperature and
SRT seem to have only a minor influence on the final dry matter content.
The dry matter content and the volatile solid concentration of the primary
sludge from Mariagerfjord WWTP declined 14 %± 8 % during the hydro-
lysis process.

Concentration of sCOD increases during hydrolysis (Table 1), whereby
10 % to 20 % of all CODs are solubilized after hydrolysis. Typical values
from the literature range from 10 % to 30 % (Fang et al., 2020; Jørgensen,
1990; Karlson, 1990).

No clear trend was observed for temperature and SRT. The VFA concen-
tration was measured as 1000 ± 400 mg/L. The relative concentration of
VFA was measured as 10 to 30 mg VFA/g VS (Table 1). Hansen (2009) ob-
tained 15 mg VFA/g volatile suspended solids (VSS) and Fang et al. (2020)



Fig. 3. Optic density (OD600) measured in the supernatant after centrifugation at
1000g, 3000g, and 10,000g for 1, 3, or 10 min.

Fig. 2. Hydrolysate pH at steady state as function of temperature (A) or SRT (B).
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obtained up to 300 mg/g VSS. Both the ammonia and orthophosphate
concentrations increase in the liquid during hydrolysis; the ammonia con-
centration increased by 50 % to 180 % during hydrolysis. For orthophos-
phate, an increase of 50 % to 150 % was observed. During hydrolysis and
fermentation, organic material was degraded, and ammonia and ortho-
phosphate released to the liquid phase. Proteins are nitrogenous constitutes
that are degraded to ammonium (Kayhanian, 1999). Both DNA and ATP
contain phosphorus that are released as orthophospated during hydrolysis
and fermentation. Further, polyphosphate accumulating organism (PAOs)
release orthophosphate at anaerobic condition (Qiu et al., 2019).

Centrifuging the hydrolysate removed 85 % to 90 % of the TS from the
hydrolysate centrate. Turbidity measured as optical density decreased as
expected with rotation speed and time (Fig. 3). Still, most of the dry matter
Table 1
Sludge characteristics before and after hydrolysis.

Bruunshåb WWTP Mariagerfjord WWTP

Raw Hydrolyzed Raw Hydrolyzed

sCOD/tCOD (%) 4.4 ± 0.3 14.4 ± 4.1 9.8 ± 7.5 17.4 ± 8.8
VFA/VS (mg/g) 0.4 ± 0.2 30.1 ± 12.6 0.3 ± 0.5 14.3 ± 4.4
P-PO4

3−/VS (mg/g) 1.5 ± 0.3 3.3 ± 0.7 0.9 ± 0.6 2.3 ± 0.6
NH4

+/VS (mg/g) 2.5 ± 0.3 5.2 ± 2.1 1.5 ± 0.8 2.3 ± 1.0

Notice: tCOD and sCOD is the total and soluble chemical oxygen demand, VFA is
volatile fatty acids, and VS volatile solid. Average value and standard deviation is
given in the table based on triplicates.

4

could be removed at moderate rotation speed and centrifugation time. Not
much difference was observed between hydrolysates from Bruunshåb or
Mariagerfjord WWTP treated at the same centrifugation speed and time.

3.2. Pilot-scale test

A pilot-scale facility was installed at Mariagerfjord WWTP. Primary
sludgewas collected from adiskfilter whereafter the primary sludgewas hy-
drolyzed at various temperatures and pH levels, and at an SRT of 3 days. The
dry matter content of the hydrolysate was measured to be 54 ± 1 g/L. The
dry matter content of the supernatant after centrifugation (hydrolysate
centrate) was measured as 3 to 9 g/L, i.e. 80 % to 95 % of the TS was re-
moved during centrifugation. The dry matter content in the hydrolysate
centrate was highest for the sample where the hydrolysis was done at high
temperature and pH. Temperature increases microbial activity as already
discussed. Furthermore, it is well-known that formation of VFAs reduces
pH and thereby inhibits the microbial process (Jiang et al., 2013). Alkaline
pH increases the solubility of organic materials, and thereby the bioavail-
ability and production of VFAs (Cai et al., 2004) The concentration of
sCOD varied between 2000 and 3500 mg/L and increased with the temper-
ature during hydrolysis (Table 2). The concentration of VFA was measured
as 900 to 1900 mg/L and increased with pH and temperature. It is thereby
confirmed that temperature and pH are important for VFA production as
observed in previous studies (Zhou et al., 2021; Lin and Li, 2018; Yuang
et al., 2016). The concentration of VFA in the primary sludge was below
the detection limit. The yield was measured as 30 to 35 g VFA per kg dry
matter. Higher yield has been obtained at pH 9–10, but the required amount
chemicals increase with higher pH (Liu et al., 2012; Wu et al., 2009).

The organic content of the hydrolysate centrates consisted of 50 to 76%
VFA, mainly consisting of acetate followed by propionate (Fig. 4). The
Table 2
Composition of hydrolysate before centrifugation.

T 30 °C, pH 5 T 35 °C, pH 5 T 30 °C, pH 7 T 35 °C, pH 7

TS (%w/w) 0.74 0.35 0.85 0.88
Organic materials (%) 86 91 61 64
tCOD (mg/L) 13,266 6523 10,685 10,545
sCOD (mg/L) 2500 2100 2560 3430
VFA (mg/L) 929 1432 1619 1854
Yield (sCOD/tCOD) (%) 18 34 24 33
N-NH4

+ (mg/L) 32 75 132 150
P-PO4

3− (mg/L) 16 41 57 31

Notice: tCOD and sCOD is the total and soluble chemical oxygen demand, VFA is
volatile fatty acids, TS total solid.



Fig. 4. Analysis of sCOD in the centrates from the four hydrolysates. T30 indicates that the temperature during hydrolysis was 30 °C. Glucose includes all saccharides and
polysaccharides.
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relative acetate production increased with pH i.e., at pH 5 around 33 % of
the soluble COD is acetate and at pH 7 40–50 % of the soluble COD is
acetate. Acetate is produced in most hydrolysis studies of sludge and either
propionate or butyrate are found in many studies, which corresponds
well with the major pathways of anaerobic fermentation of sludge (Fang
et al., 2020). Several microorganisms are involved in hydrolysis and fer-
mentation. Some microorganism strains produce acetate, some propionic
acids, and some butyric acid (Harirchi et al., 2022). There exist studies
describing how the microbial community affects production of different
VFA's (Harirchi et al., 2022). Proteins and saccharides contributed less
than 5 % to the sCOD (Fig. 4). Proteins and saccharides may be released
from the microorganism during hydrolysis. The residual fraction of sCOD
has not been quantified. Ethanol is sometimes found in hydrolysate, but
not in this study (Zhou et al., 2021).

The denitrification rate was measured by adding acetate or hydrolysate
centrate to activated sludge. During the experiments, the concentration of ni-
trate decreased and was almost zero after 1 day (Fig. 5). The denitrification
rate was calculated from the slope of the line for nitrate concentration as a
5

function of time. The phosphate concentration increased due to P stripping
from the polyphosphate-accumulating organism (PAO) (Fig. 5). This shows
that not all carbon was used for denitrification, but part of the carbon was
used by the PAOs (Janssen et al., 2002). The concentration of phosphate
declined again at the end of the experiment in the sample where acetate
and hydrolysate produced at 30 °C was used. The concentration of ammo-
nium was low and constant during the denitrification experiments (Fig. 5).

The concentration of VFA and other carbons are shown in Fig. 6. Propi-
onate was consumed within 80 min in all experiments, and acetate within
100 to 120 min. Part of the residual carbon was degraded within the first
20 min, corresponding to a COD concentration of 60 to 80mg/L. A fraction
of the residual carbon was not consumed during the denitrification test. De-
spite that, the hydrolysate is an effective carbon source for denitrification
due to VFAs. A carbon source is essential for the heterotrophic denitrifica-
tion process (Fu et al., 2022). Low molecular weight organic compounds
such as acetic acid and propionic acid are easy degradable, and the micro-
bial yield are low (Hu et al., 2019). Furthermore, the nitrogen removal
rate of acetic acid as an external carbon source is higher than of methanol
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Fig. 5. Denitrification test where acetate or centrate from hydrolysate was used as carbon source.
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and ethanol, as acetic acid can be used directly in the metabolic process
(Chen et al., 2015). Thus, VFAs are ideal organic compounds as carbon
source for denitrification (Hu et al., 2019, Fu et al., 2022).
6

The specific denitrification rate for acetate was measured as 30 g/g
min (Table 3). Similar values have been observed in the hydrolysate
(COD/N ratio around 6.2). Hydrolysates produced at high temperatures



Fig. 6. Organic composition during denitrification test. Other substances were measured as sCOD minus propionate and acetate.
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and pH levels reached a maximal SDNR of 45 g/g min (Table 3). The
hydrolysate is a mixture of organic compounds including acetate and
propionate at high concentrations and previous studies have shown
that a mixture of organic compounds increase the denitrification rates
(Liu et al., 2016). The reason may be that different denitrifies (microbes)
uses different carbon sources, whereby a mixture of low-weight organic
compounds may be beneficial for denitrification (Fu et al., 2022). A small
amount of ammonium (2–4 g per kg VS) was released. These data are com-
parable with the results of other studies (Bouzas et al., 2002, Jônsson and
Jansen, 2006).
Table 3
Specific denitrification rate and P slip rate after adding acetate or hydrolysate in a
COD/N ratio of 6.2.

Compound SDNR (g/g min) P slip rate (g/g min) ΔCOD/ΔN

Acetate 30 33 6.5
Temp 30 °C and pH 5 23 38 6.7
Temp 35 °C and pH 5 43 44 6.9
Temp 30 °C and pH 7 46 47 6.7
Temp 35 °C and pH 7 42 49 7.1

Notice ΔCOD/ΔN is the consumption of COD measured per mg N-NO3 removed.
SDNR is the specific denitrification rate. This number also includes COD used for
other purposes such as P stripping.
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3.3. Plant calculations

An overall mass balance for a WWTP of 100,000 PE was set up, assum-
ing that 70 % of SS are removed during primary treatment (Fig. 7). It was
then possible to produce 1346 kg SS per day if 70 % of the produced COD
was expected to end in the hydrolysate centrate (Supplementarymaterials).
The rest of the sCOD was included in the wet solid fraction and therefore
pumped to the digester. The hydrolysate centrate can be used in the biolog-
ical tank to remove nitrogen or used in the digester.

The effect of the hydrolysis tank can be calculated in terms of howmuch
external carbon can be saved. Assuming the same efficiency for the external
carbon source as for the hydrolysate centrate, up to 940 kg COD external
carbon can be saved per day. This will reduce the production of energy
by up to 3300 kWh/day or 330 Nm3 CH4/day. Considering the cost of
using external carbon and its lower production of energy or methane,
costs can be reduced by using internal rather than external carbon. The
savings of external carbon was estimated to 530 Euro/day, and 350 Euro/
day if the number was corrected for the reduced methane production
(Supplementary materials).

There are some extra set-up and operational costs associated with the
extra tanks and process units. The cost and benefit of the process will be
specific for the actual plant. In Fig. 8, three scenarios are shown. Scenario
A is the reference, where all primary sludge is pumped directly to the
digestor. Scenario B is a two-stage digestor which can be used to increase



Fig. 7. Design parameters for wastewater treatment plant.
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the capacity of an existing or to improve the methane production (Ghosh,
1991). Scenario C is the suggested solution, where a separation unit and
storage tank has been included so it is possible to harvest the hydrolysate
and use it either for denitrification or biogas production. The capital cost
for scenario C has been estimated to 670,000–940,000 Euro, assuming
that it is added to an already existing digestor (ScenarioA), and the capacity
of the existing digestor and biological treatment tank is sufficient. Produc-
tion of hydrolysate can be used to improve the capacity of an existing
digestor and biological tank, whereby other cost for expansions can be
avoid.

Extra processesmust be implemented including pumps and a separation
unit e.g., a decanter centrifuge. Energy consumption of the decanter centri-
fuge is the most important and can vary between 150 and 1000 kWh/day.
The electricity used for separation and pumps, and the reduced production
Fig. 8.Alternative routes for primary sludge A) digestor, B) two-stage solutionwith hydr
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of electricity from biogas sums up to 3800 kWh/day, if the energy con-
sumption from pumps and separation is set to 500 kWh/day, and all
hydrolysate is used for denitrification.

The suggested process (Scenario C) are relevant for WWTPs where the
COD/N level is low and the carbon sources limited, or the nitrous oxidemis-
sion must be reduced. In Denmark this will include most of the largest
WWTPs which include 30–40 plants (Miljøstyrelsen, 2020). The benefits
are less consumption of external carbon, better use of the internal carbon,
less emission of nitrous acids and higher capacity of the biological tanks
due to the high denitrification rate. The hydrolysate can thereby be used
as a method to boost denitrification. The establishment costs are thereby
calculated to be up to 940,000 Euro and the yearly savings up to 97,000
Euro/year. These numbers may vary from plant to plant. Overall calcula-
tions can also be found elsewhere (Miljøstyrelsen, 2020).
olysis and digestor, and C) hydrolysate for biological treatment or biogas production.
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The system is flexible, so it is possible to prioritize low N2O emission
and high water quality or biogas production by increasing or decreasing
the flow of hydrolysate centrate during the biological process. Flexibility
is further improved by use of the storage tank.

4. Conclusion

Hydrolysate was produced from primary sludge to produce a liquid
cocktail with VFA that was stored and used either for secondary treat-
ment of wastewater or for biogas production. Hydrolysis at tempera-
tures around 35 °C and pH 7 gave the best result, but adjustment was
required to keep the pH at 7. Without pH adjustment, pH drops to
5–5.5. Thus NaOH must be added to keep pH at 7 during hydrolysis.
The yield during hydrolysis was measured as 30 to 35 g VFA/kg TS or
40 to 65 g sCOD/kg TS. The primary VFAs produced was acetate and
propionate. Besides VFAs, the sCOD also consist of a minor fraction of
saccharides and proteins. Residual sCOD have not been identified and
was not degraded during denitrification. The specific denitrification
rate was measured as 20 to 40 g/g min, similar to values found for com-
monly used external carbon sources. Both acetate and propionate were
degraded during denitrification. Data from the experiment was used to
design a climate-friendly WWTP. For a 100,000 PE WWTP, it will be
possible to produce approximately 950 kg sCOD per day and thereby re-
move 235 kg N. If carbon is not necessary for the biological treatment,
330 Nm3 methane can be produced from the hydrolysate. Installation
of a hydrolysis tank, separation unit and storage tank will thereby give
a flexible plant where the primary sludge can be used either for water
treatment or gas production.

Abbreviations

C/N ratio Carbon to nitrogen ratio
COD Chemical oxygen demand
EBPR Enhanced biological phosphorus removal
P slip rate Phosphorus slip rate
PAO Polyphosphate-accumulating organism
PE Population equivalent
sCOD Dissolved COD
SDNR Specific denitrification rate
SRT Solid retention time
SS Suspended solids
tCOD Total COD
TS Total solids
VFA Volatile fatty acids
VS Volatile solids
VSS Volatile suspended solids
WWTP Wastewater treatment plant

CRediT authorship contribution statement

M.D.J., K.S. and M.L.C. got the idea and formulated the overall re-
search goal and aim. A.H.J., C.K.H., M.S., R.B.M.A. planned and carried
out the experiments, and analyzed the data. A.H.J., C.K.H., M.S.,
R.B.M.A., and M.L.C. worked out almost all of the technical details,
and performed the numerical calculations for the suggested experiment.
K.S. performed the mass balance for a full plant. M.L.C. took the lead in
writing the manuscript and was responsible for supervision. All authors
provided critical feedback and helped shape the research, analysis, and
manuscript.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.
9

Acknowledgments

The EcoinnovationMUDP fundDenmark is gratefully acknowledged for
funding the project “Det klimavenlige renseanlæg 2020: KLIVER” in 2018
together with Mariager Fjord Vand, Energi Viborg Vand, Krüger A/S, and
AalborgUniversity. The authors wish also to thankHenriette Casper Jensen
and Dilan Seker for help with the analyses.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.157532.

References

Boe, K., Kougias, P.G., Pacheco, F., O-Thong, S., Angelidaki, I., 2012. Effect of substrates and
intermediate compounds on foaming in manure digestion system.Water Sci. Technol. 66,
2146–2154.

Bouzas, A., Gabaldón, C., Marzal, P., Penya-Roja, J.M., Seco, A., 2002. Fermentation of
municipal primary sludge: effect of srt and solids concentration on volatile fatty
acid production. Environ. Technol. 23 (8), 863–875. https://doi.org/10.1080/
09593332308618359.

Cai, M., Liu, J., Wei, Y., 2004. Enhanced biohydrogen production from sewage sludge with
alkaline pretreatment. Environ Sci Technol. 38 (11), 3195–3202. https://doi.org/10.
1021/es0349204.

Chen, H.-B., Wang, D.-B., Li, X.-M., Yang, Q., Zeng, G.-M., 2015. Enhancement of post-anoxic
denitrification for biological nutrient removal: effect of different carbon sources. Environ.
Sci. Pollut. Res. 22 (8), 5887–5894. http://www.springerlink.com/content/0944-1344.

Chen, Y., Jiang, S., Yuan, H., Zhou, Q., Gu, G., 2007. Hydrolysis and acidification of waste ac-
tivated sludge at different pHs. Water Res. 41 (3), 683–689. https://doi.org/10.1016/j.
watres.2006.07.030.

Eaton, D.A., American Public Health Association, American Water Works Association, Water
Environment Federation, 2005. Standard Methods for the Examination of Water and
Wastewater. 21st edition. APHA-AWWA-WEF ISBN 0875530478 9780875530475.

Energinet, 2019. Miljørapport 2019 (Danish). https://energinet.dk/Om-publikationer/
Publikationer/Miljoerapport-2019.

Fang, W., Zhang, X., Zhang, P., Wan, J., Guo, H., Ghasimi, D.S.M., Morera, X.C., Zhang, T.,
2020. Overview of key operation factors and strategies for improving fermentative vola-
tile fatty acid production and product regulation from sewage sludge. J. Environ. Sci. 87,
93–111. https://doi.org/10.1016/j.jes.2019.05.027.

Frølund, B., Griebe, T., Nielsen, P.H., 1995. Enzymatic activity in the activated-sludge floc
matrix. Appl. Microbiol. Biotechnol. 43 (4), 755–761. https://doi.org/10.1007/
BF00164784.

Fu, X., Hou, R., Yang, P., Qian, S., Feng, Z., Chen, Z., Wang, Fei, Yuan, R., Chen, C., Zhou, B.,
2022. Application of external carbon source in heterotrophic denitrification of domestic
sewage: a review. Sci. Total Environ. 817, 153061. https://doi.org/10.1016/j.scitotenv.
2022.153061.

Ghosh, S., 1991. Pilot-scale demonstration of two-phase anaerobic digestion of activated
sludge. Water Sci. Technol. 23, 1179–1188. https://doi.org/10.2166/wst.1991.0569.

Hansen, C.K., 2009. Kinetik og støkiometri for hydrolyse af aktiv-slam (Danish). Aalborg Uni-
versity, Department of Chemistry, Environment and Biotechnology Master project.

Harirchi, S., Wainaina, S., Sar, T., Nojoumi, S.A., Parchamic, M., Parchami, M., Varjani, S.,
Khanal, S.K., Wong, J., Awasthi, M.K., Taherzadeh, M.J., 2022. Microbiological insights
into anaerobic digestion for biogas, hydrogen or volatile fatty acids (VFAs): a review. Bio-
engineered 13 (3), 6521–6557. https://doi.org/10.1080/21655979.2022.2035986.

He, M., Sun, Y., Zou, D., Yuan, H., Zhu, B., Li, X., Pang, Y., 2012. Influence of temperature on
hydrolysis acidification of food waste. Procedia Environ Sci. 16, 85–94. https://doi.org/
10.1016/j.proenv.2012.10.012.

Hu, B., Wang, T., Ye, J., Zhao, J., Yang, L., Wu, P., Duan, J., Ye, G., 2019. Effects of carbon
sources and operation modes on the performances of aerobic denitrification process
and its microbial community shifts. J. Environ. Econ. Manag. 239, 299–305. https://
doi.org/10.1016/j.jenvman.2019.03.063.

Hube, S., Eskafi, M., Hrafnkelsdóttir, K.F., Bjarnadóttir, B., Bjarnadóttir, M.Á., Axelsdóttir, S.,
Wu, B., 2020. Direct membrane filtration for wastewater treatment and resource recov-
ery: a review. Sci. Total Environ. 710, 136375. https://doi.org/10.1016/j.scitotenv.
2019.136375.

Janssen, P.M.J., Meinema, K., van der Roest, H.F., 2002. Biological Phosphorus Removal:
Manual for Design and Operation. IWA Publishing ISBN13: 9781843390121.

Jiang, C., Qi, R., Hao, L., McIlroy, S.J., Nielsen, P.H., 2018. Monitoring foaming potential in
anaerobic digesters. Waste Manag. 75, 280–288. https://doi.org/10.1016/j.wasman.
2018.02.021.

Jiang, J., Zhang, Y., Li, K., Wang, Q., Gong, C., Li, M., 2013. Volatile fatty acids production
from food waste: effects of pH, temperature, and organic loading rate. Bioresour. Technol.
143, 525–530. https://doi.org/10.1016/j.biortech.2013.06.025.

Jônsson, K., Jansen, J.C., 2006. Hydrolysis of return sludge for production of easily biodegrad-
able carbon: effect of pre-treatment, sludge age and temperature. Water Sci. Technol. 53
(12), 47–54. https://doi.org/10.2166/wst.2006.405.

Jørgensen, P.E., 1990. Biological hydrolysis of sludge from primary precipitation. In: Hahn,
H.H., Klute, R. (Eds.), Chemical Water and Wastewater Treatment. Proceedings of the
4th Gothenburg Symposium, 1990 October 1–3, 1990 Madrid, Spain. Springer-Verlag,
pp. 511–520. https://doi.org/10.1007/978-3-642-76093-8_34.

https://doi.org/10.1016/j.scitotenv.2022.157532
https://doi.org/10.1016/j.scitotenv.2022.157532
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210733504017
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210733504017
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210733504017
https://doi.org/10.1080/09593332308618359
https://doi.org/10.1080/09593332308618359
https://doi.org/10.1021/es0349204
https://doi.org/10.1021/es0349204
http://www.springerlink.com/content/0944-1344
https://doi.org/10.1016/j.watres.2006.07.030
https://doi.org/10.1016/j.watres.2006.07.030
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210732483072
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210732483072
https://energinet.dk/Om-publikationer/Publikationer/Miljoerapport-2019
https://energinet.dk/Om-publikationer/Publikationer/Miljoerapport-2019
https://doi.org/10.1016/j.jes.2019.05.027
https://doi.org/10.1007/BF00164784
https://doi.org/10.1007/BF00164784
https://doi.org/10.1016/j.scitotenv.2022.153061
https://doi.org/10.1016/j.scitotenv.2022.153061
https://doi.org/10.2166/wst.1991.0569
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210736143319
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210736143319
https://doi.org/10.1080/21655979.2022.2035986
https://doi.org/10.1016/j.proenv.2012.10.012
https://doi.org/10.1016/j.proenv.2012.10.012
https://doi.org/10.1016/j.jenvman.2019.03.063
https://doi.org/10.1016/j.jenvman.2019.03.063
https://doi.org/10.1016/j.scitotenv.2019.136375
https://doi.org/10.1016/j.scitotenv.2019.136375
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210730553588
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210730553588
https://doi.org/10.1016/j.wasman.2018.02.021
https://doi.org/10.1016/j.wasman.2018.02.021
https://doi.org/10.1016/j.biortech.2013.06.025
https://doi.org/10.2166/wst.2006.405
https://doi.org/10.1007/978-3-642-76093-8_34


M.L. Christensen et al. Science of the Total Environment 846 (2022) 157532
Kayhanian, M., 1999. Ammonia inhibition in high-solids biogasification: an overview and
practical solutions. Environ. Technol. 20 (4), 355–365. https://doi.org/10.1080/
09593332008616828.

Kampschreur, M.J., Temmink, H., Kleerebezem, R., Jetten, M.S.M., van Loosdrecht, M.C.M.,
2009. Nitrous oxide emission during wastewater treatment. Water Res. 43 (17),
4093–4103. https://doi.org/10.1016/j.watres.2009.03.001.

Karlson, I., 1990. Carbon source for denitrification from pre-precipitated sludge in chemical
water and wastewater treatment. In: Hahn, H.H., Klute, R. (Eds.), Chemical Water and
Wastewater Treatment. Proceedings of the 4th Gothenburg Symposium, 1990 October
1–3, 1990 Madrid, Spain. Springer-Verlag.

Kehrein, P., Van Loosdrecht, M., Osseweijer, P., Garfí, M., Dewulf, J., Posada, J., 2020. A crit-
ical review of resource recovery frommunicipal wastewater treatment plants-market sup-
ply potentials, technologies and bottlenecks. Environ. Sci. Water Res. Technol. 6 (4),
877–910. https://doi.org/10.1039/c9ew00905.

Lin, L., Li, X.-Y., 2018. Acidogenic fermentation of iron-enhanced primary sedimentation
sludge under different pH conditions for production of volatile fatty acids. Chemosphere
194, 692–700. https://doi.org/10.1016/j.chemosphere.2017.12.024.

Liu, F., Tian, Y., Ding, Y., Li, Z., 2016. The use of fermentation liquid of wastewater primary
sedimentation sludge as supplemental carbon source for denitrification based on en-
hanced anaerobic fermentation. Bioresour. Technol. 219, 6–13. https://doi.org/10.
1016/j.biortech.2016.07.030.

Liu, H., Wang, J., Liu, X., Fu, B., Chen, J.Y., Yu, H.Q., 2012. Acidogenic fermentation of pro-
teinaceous sewage sludge: effect of pH. Water Res. 46 (2), 799–807. https://doi.org/10.
1016/j.watres.2011.11.047.

Liu, W., Yang, H., Ye, J., Luo, J., Li, Y.-Y., Liu, J., 2020. Short-chain fatty acids recovery from
sewage sludge via acidogenic fermentation as a carbon source for denitrification: a review.
Bioresour. Technol. 311, 123446. https://doi.org/10.1016/j.biortech.2020.123446.

McCarty, P.L., Bae, J., Kim, J., 2011. Domestic wastewater treatment as a net energy
producer-can this be achieved? Environ. Sci. Technol. 45 (17), 7100–7106. https://doi.
org/10.1021/es2014264.

Miljøstyrelsen, 2020. Det klimavenlige renseanlæg 2020: “Kliver.” (Danish).
Nottingham, A.T., Bååth, E., Salinas, N., Meir, P., 2019. Adaptation of soil microbial growth to

temperature: using a tropical evaluation gradient to predict future changes. Glob. Chang.
Biol. 25 (3), 827–838. https://doi.org/10.1111/gcb.14502.

Qiu, G., Zuniga-Montanez, R., Law, Y., Thi, S.S., Nguyen, T.Q.N., Eganathan, K., Liu, X.,
Nielsen, P.H., Williams, R.H., Wuertz, S., 2019. Polyphosphate-accumulating organisms
in full-scale tropical wastewater treatment plants use diverse carbon sources. Water
Res. 149, 496–510. https://doi.org/10.1016/j.watres.2018.11.011.

Raunkjær, K., Hvitved-Jacobsen, T., Nielsen, P.H., 1994. Measurement of pools of protein, car-
bohydrate and lipid in domestic wastewater. Water Res. 28 (2), 251–262. https://doi.
org/10.1016/0043-1354(94)90261-5.

Rusten, B., Rathnaweera, S.S., Rismyhr, E., Sahu, A.K., Ntiako, J., 2017. Rotating belt sieves
for primary treatment, chemically enhanced primary treatment and secondary solids
separation. Water Sci. Technol. 75 (11), 2598–2606. https://doi.org/10.2166/wst.
2017.145.
10
Sancho, I., Lopez-Palau, S., Arespacochaga, N., Cortina, J.L., 2019. New concepts on carbon
redirection in wastewater treatment plants: a review. Sci. Total Environ. 647,
1373–1384. https://doi.org/10.1016/j.scitotenv.2018.08.070.

Schopf, K., Judex, J., Schmid, B., Kienberger, T., 2018. Modeling the bioenergy potential of
municipal wastewater treatment plants. Water Sci. Technol. 77 (11), 2613–2623.
https://doi.org/10.2166/wst.2018.222.

Searle, P.L., 1984. The berthelot or indophenol reaction and its use in the analytical chemistry of
nitrogen: a review. Analyst 109 (5), 549–568. https://doi.org/10.1039/AN9840900549.

Szepessy, S., Thorwid, P., 2018. Low energy consumption of high-speed centrifuges. Chem.
Eng. Technol. 41 (12), 2375–2384. https://doi.org/10.1002/ceat.201800292.

Sobieszuk, P., Szewczyk, K.W., 2006. Estimation of (C/N) ratio for microbial denitrification.
Environ. Technol. 27 (1), 103–108. https://doi.org/10.1080/09593332708618624.

Ucisik, A.S., Henze, M., 2008. Biological hydrolysis and acidification of sludge under anaero-
bic conditions: the effect of sludge type and origin on the production and composition of
volatile fatty acids. Water Res. 42 (14), 3729–3738. https://doi.org/10.1016/j.watres.
2008.06.010.

Vangsgård, A.K., Madsen, J.A., 2020. MUDP Lattergaspulje Dataopsamling på måling og
reduktion af lattergasemissioner fra renseanlæg. (Danish). https://www2.mst.dk/Udgiv/
publikationer/2020/12/978-87-7038-254-0.pdf.

Winkler, M.K., Straka, L., 2019. New directions in biological nitrogen removal and recovery
from wastewater. Curr. Opin. Biotechnol. 57, 50–55. https://doi.org/10.1016/j.copbio.
2018.12.007.

Wu, H., Yang, D., Zhou, Q., Song, Z., 2009. The effect of pH on anaerobic fermentation of pri-
mary sludge at room temperature. J. Hazard. Mater. 172 (1), 196–201. https://doi.org/
10.1016/j.jhazmat.2009.06.146.

Yan, X., Zheng, J., Han, Y., Liu, J., Sun, J., 2017. Effect of influent C/N ratio on N2O emissions
from anaerobic/anoxic/oxic biological nitrogen removal processes. Environ. Sci. Pollut.
Res. 24 (30), 23714–23724. https://doi.org/10.1007/s11356-017-0019-x.

Yang, P., Peng, Y., Tan, H., Liu, H., Wu, D., Wang, X., Li, L., Peng, X., 2021. Foaming mecha-
nisms and control strategies during the anaerobic digestion of organic waste: a critical
review. Sci. Total Environ. 779, 146531. https://doi.org/10.1016/j.scitotenv.2021.
146531.

You, X., Teng, J., Chen, Y., Long, Y., Yu, G., Shen, L., Lin, H., 2020. New insights into mem-
brane fouling by alginate: impacts of ionic strength in presence of calcium ions.
Chemosphere 246, 125801. https://doi.org/10.1016/j.chemosphere.2019.125801.

Yuang, Y., Liu, Y., Li, B.K., Wang, B., Wang, S.Y., Peng, Y.K., 2016. Short-chain fatty acids pro-
duction and microbial community in sludge alkaline fermentation: Long-term effect of
temperature. Bioresource Technol. 211, 685–690. https://doi.org/10.1016/j.biortech.
2016.03.138.

Zhou, X., Lu, Y., Huang, L., Zhang, Q., Wang, X., Zhu, J., 2021. Effect of pH on volatile fatty
acid production and the microbial community during anaerobic digestion of Chinese cab-
bage waste. Bioresour. Technol. 336, 125338. https://doi.org/10.1016/j.biortech.2021.
125338.

https://doi.org/10.1080/09593332008616828
https://doi.org/10.1080/09593332008616828
https://doi.org/10.1016/j.watres.2009.03.001
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210737112831
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210737112831
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210737112831
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210737112831
https://doi.org/10.1039/c9ew00905
https://doi.org/10.1016/j.chemosphere.2017.12.024
https://doi.org/10.1016/j.biortech.2016.07.030
https://doi.org/10.1016/j.biortech.2016.07.030
https://doi.org/10.1016/j.watres.2011.11.047
https://doi.org/10.1016/j.watres.2011.11.047
https://doi.org/10.1016/j.biortech.2020.123446
https://doi.org/10.1021/es2014264
https://doi.org/10.1021/es2014264
http://refhub.elsevier.com/S0048-9697(22)04630-7/rf202207210730509385
https://doi.org/10.1111/gcb.14502
https://doi.org/10.1016/j.watres.2018.11.011
https://doi.org/10.1016/0043-1354(94)90261-5
https://doi.org/10.1016/0043-1354(94)90261-5
https://doi.org/10.2166/wst.2017.145
https://doi.org/10.2166/wst.2017.145
https://doi.org/10.1016/j.scitotenv.2018.08.070
https://doi.org/10.2166/wst.2018.222
https://doi.org/10.1039/AN9840900549
https://doi.org/10.1002/ceat.201800292
https://doi.org/10.1080/09593332708618624
https://doi.org/10.1016/j.watres.2008.06.010
https://doi.org/10.1016/j.watres.2008.06.010
https://www2.mst.dk/Udgiv/publikationer/2020/12/978-87-7038-254-0.pdf
https://www2.mst.dk/Udgiv/publikationer/2020/12/978-87-7038-254-0.pdf
https://doi.org/10.1016/j.copbio.2018.12.007
https://doi.org/10.1016/j.copbio.2018.12.007
https://doi.org/10.1016/j.jhazmat.2009.06.146
https://doi.org/10.1016/j.jhazmat.2009.06.146
https://doi.org/10.1007/s11356-017-0019-x
https://doi.org/10.1016/j.scitotenv.2021.146531
https://doi.org/10.1016/j.scitotenv.2021.146531
https://doi.org/10.1016/j.chemosphere.2019.125801
https://doi.org/10.1016/j.biortech.2016.03.138
https://doi.org/10.1016/j.biortech.2016.03.138
https://doi.org/10.1016/j.biortech.2021.125338
https://doi.org/10.1016/j.biortech.2021.125338

	Pilot-�scale hydrolysis of primary sludge for production of easily degradable carbon to treat biological wastewater or prod...
	1. Introduction
	2. Materials and methods
	2.1. Sludge
	2.2. Hydrolysis experiment laboratory
	2.3. Pilot-scale setup
	2.4. Specific denitrification rate
	2.5. Analysis of sludge and hydrolysate
	2.6. Plant calculations

	3. Results and discussion
	3.1. Laboratory hydrolysis experiments
	3.2. Pilot-scale test
	3.3. Plant calculations

	4. Conclusion
	Abbreviations
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References




