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ABSTRACT
The present study examines the effect of introducing dried brewery spent grain (BSG),
known as the main solid by-product of the brewery industry on biogas yields and
kinetics in co-digestion with sewage sludge (SS). The experiment was conducted in
semi-continuous anaerobic reactors (supplied once a day) operating under mesophilic
conditions (35 ◦C) at different hydraulic retention times (HRT) of 18 and 20 d. In
co-digestion runs, the BSG mass to the feed volume ratio was constant and maintained
1:10.The results indicated that the addition of BSG did not influence the biogas
production, by comparison with SS mono-digestion (control run). At HRT of 18 d,
in the co-digestion run, the average methane yield was 0.27 m3 kg/VSadded, while in the
control run the higher value of 0.29 m3 kg/VSadded was observed. However, there was
no difference in terms of statistical significance. At HRT of 20 d, the methane yield was
0.21 m3 kg/VSadded for both mono- and co-digestion runs. In the BSG presence, the
decrease in kinetic constant values was observed. As compared to SS mono-digestion,
reductions by 21 and 35% were found at HRT of 20 and 18 d, respectively. However,
due to the supplementation of the feedstock with BSG rich in organic compounds, the
significantly enhanced energy profits were achieved with the highest value of approx.
40% and related to the longer HRT of 20 d. Importantly, the mono- and co-digestion
process proceeded in stable manner. Therefore, the anaerobic co-digestion of SS and
BSG might be considered as a cost-effective solution that could contribute to the
energy self-efficiency of wastewater treatment plants (WWTPs) and sustainable waste
management for breweries.

Subjects Environmental Contamination and Remediation, Environmental Impacts, Food, Water
and Energy Nexus
Keywords Anaerobic co-digestion, Kinetics, Brewery waste, Sewage sludge, Biogas production

INTRODUCTION
Currently, one of the main concerns of municipal WWTPs is the high energy consumption
and related operational costs. At large WWTPs, SS is commonly stabilized using anaerobic
digestion. The biogas generated therein is considered as a renewable energy source
that could contribute to the energy self-sufficiency of WWTPs (Panepinto et al., 2016).
The enhancement of biogas production may be achieved by introducing an additional
substrate into the digesters, and thus managing their unutilized biogas potential. This
strategy is known as the anaerobic co-digestion process (AcoD) (Braun, 2002; Mata-
Alvarez et al., 2014; Siddique & Wahid, 2018). Apart from the economic issue, the AcoD

How to cite this article Szaja A, Montusiewicz A, Lebiocka M, Bis M. 2020. The effect of brewery spent grain application on biogas yields
and kinetics in co-digestion with sewage sludge. PeerJ 8:e10590 http://doi.org/10.7717/peerj.10590

https://peerj.com
mailto:a.szaja@pollub.pl
https://peerj.com/academic-boards/editors/
https://peerj.com/academic-boards/editors/
http://dx.doi.org/10.7717/peerj.10590
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://doi.org/10.7717/peerj.10590


presents several advantages over mono-digestion (Esposito et al., 2012; Chow et al., 2020).
The implementation of an additional substrate could enhance the process stability by
improving the nutrient balance and diluting the inhibitory substances in the feedstock
(Xie et al., 2016; Hagos et al., 2017). Nevertheless, the synergetic effect of this strategy on
microorganisms involved in anaerobic treatment, demands the application of suitable
substrates with complementary compositions (Mata-Alvarez et al., 2014; Yang et al., 2019).
It is well known that SS is characterized by low organic load, unfavorable C/N ratio and low
alkalinity. It also contains AD inhibitors such as heavy metals and xenobiotics. Therefore,
SS should be co-digested with substrates with a significant content of easily biodegradable
organic matter, high C/N ratio and significant alkalinity. Additionally, the application of
products rich in micro- and macro-elements is recommended. Apart from the co-substrate
composition, a crucial factor may be the availability on the local market and possible
pre-treatment cost (Mata-Alvarez et al., 2014). Thus far, in co-digestion with SS, various
organic substrates has been applied e.g., fats, oils and greases (FOG), organic fraction
of municipal solid wastes (OFMSW), fruit and vegetable wastes (FWW), agro-industrial
by-products namely cheese whey (CW), glycerol (GLY), sugar beet pulp (SBP), distillery
waste (DW) and slaughterhouse wastes (SHW). As is shown in Table 1, the implementation
of different waste may cause additional operational problems for WWTPs.

From this group, one of the organic wastes that can be potentially used in anaerobic
digestion with SS is brewery spent grain (BSG), the main solid by-product of the brewery
industry, generated in large quantities (Mussatto, Dragone & Roberto, 2006). Its global yield
is estimated at 38.6×106 tons per year and the production accounts for 85% of all waste
generated by breweries (Mussatto, 2014; Tan et al., 2019). It is commonly supplied to local
farms where it is used as animal feed (Lynch, Steffen & Arendt, 2016) resulting in a small
profit for the companies. In some countries, BSG is also disposed of landfills (Buffington,
2014). Importantly, its potential might be used in biotechnological processes (Sturm et al.,
2012). According to the UEWaste Framework (EUR-Lex, 2020), such a substrate should be
specifically considered as a potential energy source (Ravindran & Jaiswal, 2016). However,
the mono-digestion of the BSG is ineffective because of limited biodegradability of lignin
which results in low biogas yields and requires extended HRTs (Sežun et al., 2011). The
improvement of BSG decomposition may be achieved involving various pre-treatment
methods; however, this brings additional financial costs and may lead to the formation
of inhibitory intermediates, such as phenolic compounds (Sežun et al., 2011; Kainthola
et al., 2019). The afored-mentioned problems might be overcome in the co-digestion
process. Thus far, this substrate has been successfully co-digested with Jerusalem artichoke
phytomass (Malakhova et al., 2015), cattle dung (Tewelde et al., 2012), cow dung and pig
manure (Poulsen, Adelard & Wells, 2017) as well as monoazo dye and glucose/sodium
acetate (Gonçalves et al., 2015). Due to its composition and significant biogas potential, it
may also be co-digested with SS. Among the different co-substrates (Table 1), the presence
of deficient vitamins, mineral salts and amino acids, in particular, may enrich the SS
composition, resulting in higher biogas production. Other advantageous features of BSG
are its beneficial C/N ratio and high buffering capacity, that may contribute to the stable
process performance. Moreover, the application of BSG in anaerobic co-digestion with
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Table 1 Characteristic of co-substrates used in co-digestion with SS.

Co-substrate Methane yield
m3CH4/kg VS

C/N ratio Advantages Disadvantages/operational
problems

References

FOG 0.7–1.1 10–42 - significant methane potential
- beneficial C/N ratio

- high concentration of LCFA
(possible inhibition of the
methanogenic activity)
- clogging in the
liquid or gas systems
- foaming in digester

Davidsson et al. (2008), Silvestre
et al. (2011), Long et al. (2012)
andMata-Alvarez et al. (2014)

OFMSW 0.2–0.7 11–21 - availability at local market
- significant content of easily
biodegradable organic matter
- high C/N ratio

-presence of heavy metal
(possible AD process inhibition)
- low alkalinity value
(lack of buffer capacity)
- low content of micro
and macro elements
- possible pre-treatment

Chow et al. (2020),
Campuzano & González-
Martínez (2016) and
Mata-Alvarez et al. (2014)

Manures 0.15–0.30 6–25 - high alkalinity (ensuring buffer
capacity)

-low organic load
- high N concentrations
(possible inhibition
of methanogenesis)
- relatively low methane yield

Rabii et al. (2019),
Mata-Alvarez et al. (2014)
and Li et al. (2018)

FWW 0.15–0.69 25–53 - presence of vitamins,
minerals, enzymes
- high concentration of easily
biodegradable organic matter
- beneficial C/N ratio

- seasonal availability
- possible pre-treatment to
maintain the substrate properties
- essential oils content (possible
AD inhibition)

Bouallagui, Cheikh & Hamdi
(2003), Khan et al. (2015) and
Martínez et al. (2018)

SHW 0.7–0.1 <10 - significant methane potential
- high content of organic matter
- high lipid content

- unfavorable C/N ratio
- high concentration of N
and LCFA (inhibitors of the
methanogenic activity)

Borowski & Kubacki (2015)

GLY 0.35–0.49 78–3000 - significant biodegradability
(approx. 100%)
- high alkalinity
- extreme high C/N ratio
and pH (pH 10.3-13)
- low N content
- small dose (1%)

- possible fast
overloading of digester
- strict control of AD process

(Aguilar-Aguilar et al. (2017),
Hutnan et al. (2013) and
Silvestre, Fernández & Bonmatí
(2015)

(continued on next page)
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Table 1 (continued)

Co-substrate Methane yield
m3CH4/kg VS

C/N ratio Advantages Disadvantages/operational
problems

References

CW 0.28–0.7 acid CW 11–24
sweet CW 2

- significant content of
easily biodegradable
organic matter (lactose)
- presence of vitamins
- high protein content
- significant methane potential

- sweet CW - low C/N ratio
leading to ammonia inhibition
- acid CW - possible process in-
hibition caused by low pH (pH
3.0-4.5)

Kavacik & Topaloglu
(2010), Chatzipaschali
& Stamatis (2012) and
Szaja & Montusiewicz (2019)

DW 0.3–0.7 20–24 - significant content of easily
biodegradable organic matter
- presence of micro–
and macro-nutrients
- presence of exogenous
amino acids and B vitamins
- significant methane potential

- possible process inhibition
caused by low pH (pH 3.0-4.5)

Mohana, Acharya &
Madamwar (2009),
Acharya et al. (2010), Prakash,
Sockan & Raju (2014) and
Sankaran et al. (2014)

SBP 0.34–0.54 35–40 - beneficial C/N ratio
- high content of organic matter
- significant methane potential

- presence of hardly
biodegradable lignin
- possible pre-treatment

Fang, Boe & Angelidaki (2011),
Ziemiński & Kowalska-Wentel
(2017) and Borowski et al. (2016)

BSG 0.27–0.39 >12 - high content of organic matter
- presence of mineral salts,
B vitamins and amino acids
- beneficial C/N ratio
- high buffering capacity

- presence of hardly
biodegradable lignin
- possible pre-treatment
- possible inhibition caused
by phenolic compounds

Cater et al. (2005), Dos Santos-
Mathias, Moretzsohn de Mello
& Camporerese-Sérvulo (2014);
Poerschmann et al. (2014), Pan-
jičko et al. (2017), Bougrier et al.
(2018) and Szaja & Montusiewicz
(2019)
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SS may bring many benefits to both breweries and WWTPs. The implementation of this
technology allows for a sustainable and effective management of this waste (Sturm et al.,
2012). It should be noted that energy consumption and waste disposal have become a
serious problem of many breweries. At the same time, the biogas generated in the AcoD
process may be considered as an alternative fuel to generate heat or electricity, ensuring the
energy self-sufficiency of WWTP (Wu et al., 2018). Furthermore, the application of BSG
does not contribute to the deterioration of digestate composition, which does not exclude
its use of agricultural purposes (Mussatto, 2014).

Importantly, the recent study relating to the batch-mode co-digestion of BSG and
SS has shown that this process could be effective, improving the biogas potential by
19% (Lebiocka, Montusiewicz & Bis, 2018). Although AcoD brings numerous benefits to
WWTPs, it constitutes complex transformations carried out by a consortium of various
microorganisms, characterized by different physiology, nutritional needs, growth kinetics
and sensitivity to environmental conditions (Chen, Cheng & Creamer, 2008; Lübken et al.,
2007; Angelidaki et al., 2011). The AcoD efficiency depends on many factors such as
temperature range, pH, C/N ratio, substrate composition, presence of inhibitors as well as
operational parameters (Angelidaki et al., 2011; Mao et al., 2015). Unappropriated choice
of these can result in some operational problems and may sometimes lead to the process
breakdown. Most of the difficulties are caused by inadequate substrate ratios,organic
loading rate (OLR) and hydraulic retention time (HRT) (Chow et al., 2020). To avoid any
unfavorable effects in existing facilities, the laboratory experiments and the kinetic studies
should be performed beforehand. Moreover, co-substrate addition should be strictly
controlled by the operators of WWTPs (Gavala, Angelidaki & Ahring, 2003; Manchala
et al., 2017).

In laboratory conditions the AD/AcoD may be performed both in batch and semi-
continuous mode (Sivakumar, Bhagiyalakshmi & Anbarasu, 2012; Zhang, Su & Tan, 2013).
Batch systems are widely used in preliminary studies to evaluate the biomethane potential
of different substrates and to conduct toxicity tests (Angelidaki, Ellegaard & Ahring, 1999;
Hernandez & Kleinheinz, 2016).

These allow for testing the specific properties of various substrates in a short duration.
As compared to the semi-continuous mode, the batch one incurs lower financial costs
in relation to the construction of devices (Kothari et al., 2014). However, the results
obtained in batch experiments may differ significantly from those achieved in full scale
systems (Pilarski et al., 2020). This happens because the effect of fluctuations in the feed
composition, HRT and OLR is omitted (Doble & Kumar, 2005). On the other hand,
semi-continuous systems are more expensive and time-consuming, but the influence of
operational conditions on process efficiency is included when these systems are used.
Moreover, these are technologically similar to the digesters used within full-scale WWTPs
(Weiland, 2008; Budde et al., 2016). For this reason, the tests conducted in semi-continuous
mode provide a greater opportunity for the successful technical implementation of AcoD
(Sarker et al., 2019).

The mathematical kinetic models are widely used for predicting and simulating
AD performance under various conditions. The application of this tool leads to
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reduction of the treatment costs, as well as an improvement in process efficiency. It
also allows for a quick response to instability of the process, so doing preventing process
failure (Angelidaki, Ellegaard & Ahring, 1999; Gavala, Angelidaki & Ahring, 2003; Biswas,
Chowdhury & Bhattacharya, 2007; Zhang et al., 2019). The present study examines the
effect of introducing the dried BSG on the biogas yields and kinetics in co-digestion with
SS using semi-continuous anaerobic digesters. Thus far, such a co-digestion system has
not been investigated. Moreover, an energy balance was given to show the potential energy
profits generated as a result of the implementation of BSG inWWTPs digesters. The energy
aspect of AcoD may be a crucial factor in the decision to apply this strategy to full-scale
systems (Carlsson, Lagerkvist & Morgan-Sagastume, 2016; Ruffino et al., 2020).

MATERIALS & METHODS
Material characteristics
The main substrate (SS) was obtained from the separately thickened sludge from primary
and secondary clarifiers at the Puławy WWTP (Poland). The research was conducted
on the basis of a contract between the Municipal Water and Sewage Company S.A.
in Puławy (WODOCIĄGI PUŁAWSKIE, Skowieszyńska 51, 24-100 Puławy, Poland)
and Faculty of Environmental Engineering (Lublin University of Technology). Under
laboratory conditions, these were mixed at the recommended volume ratio of 60:40
(primary:wastesludge), homogenized, then screened through a three mm sieve and stored
at 4 ◦C in a laboratory refrigerator for no longer than one week. Before supplying the SS to
the reactors, this was kept at ambient temperature indoors until it reached 20 ◦C (Szaja &
Montusiewicz, 2019).

The BSG was used as a co-substrate to SS. It was obtained from a local brewery, Grodzka
15 in Lublin (Poland). In order to ensure a stable substrate composition, the BSG was dried
at 60 ◦C for 2 h in a laboratory dryer. Then, this sample was milled to a particulate size
of 2.0 mm, partitioned in accordance with the assumed doses (Fig. 1) and stored in dry
closed boxes. In co-digestion runs, the SS and BSG were homogenized using a low-speed
mixer (Szaja & Montusiewicz, 2019). The characteristics of the substrates are presented in
Table 2.

Experimental set-up—installation and operational set-up
The study was performed in semi-continuous reactors (supplied once a day) operating
under mesophilic conditions (35 ◦C) at different HRTs. The R1 and R3 digesters were
supplied with SS only (the control runs), while the R2 and R4 reactors were fed using
a mixture of SS and BSG (the AcoD runs). In the AcoD runs, the BSG mass to the feed
volume ratio was constant and was maintained at 1:10, but the HRT differed from 20 to
18 d. The detailed operational set-up is presented in Fig. 1 and Table 3.

The laboratory installation is shown in Fig. 2. Each reactor had an active volume of 40
L, while the volume of head space was 20 L. To maintain a stable temperature each digester
was equipped with a heating jacket. The gas installation consisted of a digital mass flow
meter, gaseous pipes, a gas sampler, pressure equalization tank and valves. The feedstock
was provided to the reactor using a peristaltic pump. Moreover, each reactor had storage
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Figure 1 Scheme of operational set-up in experiment.
Full-size DOI: 10.7717/peerj.10590/fig-1

Table 2 Composition of the substrates used in the experiment.

Parameter Unit SS BSG

Avg. value Upp./low.95%mean Avg. value± SDa

COD mg/L 44227 40286/48168 72623± 3144
SCOD mg/L 2539 1685/3393 –
VFA mg/L 1143 694/1591 2095± 189
pH 6.19 5.93/6.45 6.19± 0.64
Alkalinity mg/L 843 753/933 2967± 139
TS g/kg 37.8 35.2/40.4 223.9± 4.3
VS g/kg 28.3 26.4/30.2 215.1± 2.9
TN mg/L 3942 3431/4452 877± 359
TP mg/L 1115 945/1285 171± 97
NH4

+-N mg/L 54.9 36.6/73.3 22.1± 6.1
PO4

3−-P mg/L 292.1 55.11/529.18 25.1± 6.9

Notes.
aSD, standard deviation.

vessels both for the feedstock and digestate. Mixing was carried out using a mechanical
stirrer with a rotational speed of 50 1/min (Szaja & Montusiewicz, 2019).

An inoculum for all reactors was collected from the mesophilic anaerobic digester with a
volume of 2500 m3, operating at HRT of 25 d at the Puławy WWTP. The equalized sample
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Table 3 The OLR values in experiment.

Run Feed composition OLR

Avg Upp./low.95%mean

kg VS/m3d

R1 SS (control) 1.35 1.23/1.46
R2 SS + BSG 1.73 1.68/1.78
R3 SS (control) 1.49 1.41/1.58
R4 SS + BSG 1.98 1.84/2.13

of such a digestate was immediately transported to the laboratory, then divided into four
parts supplying, each reactor with a volume of 40 L. Throughout the adaptation phase that
lasted 30 d, all reactors were operated without feeding to ensure inoculum post-digestion,
indicated by slight daily biogas production (0.01NL/d). As a result, the following inoculum
characteristic was achieved: TS of 19.7 ± 0.26 g/kg, VS of 12.2 ± 0.44 g/kg and pH of
8.37 ± 0.01. After adaptation, the experiments of semi-continuous AD/Aco-D started.
Every day the digesters were supplied by the feedstock according to the adopted schedule
(Fig. 1), with an analogous volume of digestate discharged from them. The semi-continuous
experiment lasted 90 for days, including 30 days for microorganism acclimatization to the
specific feedstock composition and 60 days for the measurements.

Analytical methods
The analytical methods used in the present study were as previously described in Szaja
& Montusiewicz (2019). The SS composition was controlled once a week, while the BSG
characteristic was determined once for the whole experiment. The analyses were carried
out immediately after the substrate delivery. The following parameters were monitored
for both the SS and BSG: total chemical oxygen demand (COD), total solids (TS), volatile
solids (VS), total nitrogen (TN), total phosphorus (TP), VFA, alkalinity, pH level, ammonia
nitrogen (NH4

+
−N) and orthophosphate phosphorus (PO4

3−
−P). These were performed

with Hach Lange UV–VIS DR 5000 (Hach, Loveland, CO, USA) according to Hach
analytical methods (hach.com). Additionally, soluble chemical oxygen demand (SCOD)
was determined for the SS using the aforementionedmethod. The pHvalueswere controlled
by the HQ 40D Hach-Lange multimeter (Hach, Loveland, CO, USA). Total and volatile
solids were performed in accordance with the Standard Methods for the Examination of
Water and Wastewater (APHA, 2005).

The feedstock composition was controlled once a week, whereas the digestate was
analyzed twice a week. For both, the analogous parameters were determined: COD, TS,
VS, VFA, alkalinity, and pH.

Biogas production was estimated every day using an Aalborg (Orangeburg, NY, USA)
digital mass flow meter. Its composition (CH4, CO2, N2 and H2S) was measured using
a ThermoTrace GC-Ultra (Thermo Fisher Scientific, Milan, Italy) gas chromatograph
coupled with a conductivity detector fitted with divinylbenzene (DVB) packed columns

Szaja et al. (2020), PeerJ, DOI 10.7717/peerj.10590 8/23

https://peerj.com
http://dx.doi.org/10.7717/peerj.10590


Figure 2 Laboratory installation used in experiment.
Full-size DOI: 10.7717/peerj.10590/fig-2

(RTQ-Bond). The assay procedure was consistent with themanual of this device
(assets.thermofisher.com)

The parameters applied in the analysis were 50 ◦C for the injector and 100 ◦C for the
detector. The carrier gas was helium with a flux rate of 1.5 cm3/min(restek.com). The peak
areas were determined by means of the computer integration program (CHROM-CARD).

The kinetics of biogas production were evaluated by determining the constant of the
biogas production rateand the untapped biogas potential. The latter parameter represents
the difference between the maximum biogas production that can theoretically be obtained
from a portion of feedstock introduced to the digester every day(Vmax) and the related
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experimental value achieved from the system for continuous data acquisition (Ve). The
biogas production curves were constructed on the basis of the averaged experimental data
acquired from an XFM Control Terminal. The biogas production was described using a
first-order kinetic equation (Gavala, Angelidaki & Ahring, 2003):

Vf =Vmax
[
1−exp(−k · t )

]
(1)

where Vf is the biogas volume in time (L), k is a constant of the biogas production
rate (1/h) and t is the operational time (h). This method is typically applied for
kinetics evaluation in batch systems. However, it was also successfully adopted for semi-
continuous reactors (Szaja & Montusiewicz, 2019). In the present study, high values of
the determination coefficients (R2) were achieved confirming the accuracy of such an
approach.

Statistical analysis
The biogas production curves required for evaluating kinetics were prepared based on
the averaged experimental data downloaded from an XFM Control Terminal. The kinetic
parameters, such as the constant of the biogas production rate and the maximum biogas
production were calculated involving a nonlinear regression method. The strength of the
relationships between the results achieved experimentally and those obtained using the
equation of the first-order reaction, were established using Pearson’s correlation coefficient
(R) and determination coefficient (R2). The statistical analysis was conducted by ANOVA
(Shapiro–Wilk’s, Levene’s and Tukey’s tests were included) with StatsoftStatistica software
(v 13). The differences were assumed to be statistically significant at p< 0.05.

RESULTS AND DISCUSSION
Removal efficiency of organic compounds
The application of BSG improved the feedstock composition as compared to SS (Fig. 3) and
the differences were of statistical significance for VS, TS and COD. In comparison to the
control runs, the VS content was enhanced by 29.6 and 21.1% in R2 and R4, respectively,
with the related average values of 34.8 and 35.9 g/kg. For SS this was only 26.9 and 29.7
g/kg (in R1 and R3, respectively).
A similar tendency was observed for TS concentration. In this case, the TS improvements

were 22.4 and 15.4%, while the TS concentration reached 43 and 46.9 g/kg for R2 and R4,
respectively. In the control runs the TS content was much lower and constituted 35.1 and
29.7 g/kg for R1 and R3, respectively.

Considering the COD, the average values in co-digestion runs were 50.4 (R2) and 55.7
(R4) g/L. The SS was characterized by a significantly lower concentration of 39.2 (R1) and
48.8 (R3) g/L. In relation to the control runs, the increases of 28.6 and 14.2% were found in
R2 and R4, respectively. Analogously, in the BSG presence the soluble fraction of chemical
oxygen demand (SCOD) in the feedstock was enhanced (Fig. 3C), however, the observed
differences were of no statistical significance. In this case, the SCOD reached 2,880 and
3,842 mg/L in R2 and R4, respectively, while for the SS the average values were 2147 and
3,800 mg/L (in R1 and R3, respectively).
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Figure 3 Concentration of VS (A), TS (B), SCOD (C) and COD (D), in feedstock and digestate, as well
as related removal efficiencies (average values are reported, error bars represent 95% confidence limits
for means).

Full-size DOI: 10.7717/peerj.10590/fig-3

Moreover, the application of BSG also significantly increased the OLR, and the major
difference was observed at shortened HRT of 18 d. Therein, the enhancement reached
33% as compared to the control, while at HRT of 20 d the related improvement was 28%
(Table 3). The observed improvements in the feedstock characteristic were due to the BSG
composition (Table 2). As compared to SS, such a co-substrate had a significantly higher
content of organic matter. This fact should contribute to enhancing process efficiency in
the co-digestion systems.

Despite the improved feedstock composition in the presence of BSG, VS removal
decreased to 44.1 and 36.1% at HRT of 20 and 18 d, respectively, whereas in the controls
the average values were 46.3 (R1) and 36.6% (R3) (Fig. 3A). Interestingly, a major decline
was noted when HRT were shortened to 18 d. The observed tendency might indicate the
process inhibition caused by significant VFA concentration in the BSG (Table 2). Its high
concentration in AD may lead to a decrease in pH value resulting in acidification and the
creation of conditions which are especially toxic for methanogens (Murto, Bjórnsson &
Mattiasson, 2004), thus contributing to a decrease in methane production and finally to
the process failure (Angelidaki, Ellegaard & Ahring, 1999; Chen, Cheng & Creamer, 2008;
Franke-Whittle et al., 2014). Moreover, the possible occurrence of phenolic compounds,
formed through BSG drying and milling may affect the process performance (Sežun et al.,
2011; Retfalvi, Tukacs-Hajos & Szabo, 2013; Sawatdeenarunat et al., 2015). It is known that
phenolic compounds may damage microbial cells by affecting the membrane permeability,
resulting in leakage of intracellular components and the deactivation of the enzymatic
systems (Monlau et al., 2014; Milledge, Nielsen & Harvey, 2019).

Regarding the TS removal, the slight increase from 37.1 (R1) to 38.2% (R2) was found
at HRT of 20 d. Conversely, shortening HRT to 18 d led to a minor decline from 29.9
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(R3) to 28.4% (R4). Though, it should be pointed out that the differences noted were of
no statistical significance. In co-digestion run at HRT of 20 d, the improvement in both
SCOD and COD removal occurred as compared to SS mono-digestion (Figs. 3C, 3D). At
HRT of 18 d a diminishing tendency was found, and a statistically significant decrease was
observed for SCOD, which dropped from 28.8 (R3) to 2.7% (R4), respectively. The minor
decline from 40.6 (R3) to 37.4% (R4) was found with the COD removal.

Considering the removal efficiencies, shortening the HRT from 20 to 18 d cannot
be recommended for the co-digestion of SS with BSG. Generally, the lignocellulosic
biomass requires prolonged retention times in comparison to other substrates (Yadvika
et al., 2004). This observation might be attributed to the presence of highly resistant
and recalcitrant compounds, mainly lignin (Montusiewicz et al., 2017). The BSG complex
structure indicated that such a substrate is not easily accessible to AD microbes which are
especially associated with hydrolytic bacteria (Khanal, 2008; Sawatdeenarunat et al., 2015).
An analogous trait was typical for other lignocellulosic wastes, such as wheat straw (Shi et
al., 2017) and maize (Banks, 2004).

Process stability
The process stability was evaluated by estimating the pH value, alkalinity, VFA
concentration and the VFA/alkalinity ratio (Table 4). Considering the feedstock
composition, the major differences in the BSG presence were noted for alkalinity and VFA
concentration. As compared to the control run (R3), a statistically significant decrease in
alkalinity of almost 8% was found only in R4. Conversely, the VFA content increased in the
presence of the BSG. The enhancements of 42 and 4.5%occurred in R2 and R4, respectively
(Table 4). This tendency was attributed to the implementation of BSG characterized
by a large VFA content (Table 2), but the observed differences were of no statistical
significance. After anaerobic digestion, a growth in digestate pH was observed. For all runs,
the average values were at the levels favorable for methanogens (Table 4). Additionally, the
alkalinity increased more than four-fold and the digestate revealed a relatively low VFA
concentration, which indicated a stable process performance. However, at shortened HRT
of 18 d, a statistically significant increase of digestate VFA content was found, as compared
to the control run. This effect might result from a possible digester overload (Chen, Cheng
& Creamer, 2008). The co-digestion stability was confirmed by the values of VFA/alkalinity
ratio which increased slightly in the presence of the co-substrate. For both controls, the
related average values were 0.12, while in co-digestion runs these reached 0.13 and 0.16
in R2 and R4, respectively. The results might suggest a minor inhibitory effect of BSG
accompanying the HRT shortage (R4). It should be mentioned that for the lignocellulosic
biomass, the shortened HRT might also contribute to the instability of the process (Shi et
al., 2017). Importantly, the VFA/alkalinity ratio still remained lower than 0.3, confirming
stable process conditions (Bernard et al., 2001).

Biogas production and its kinetics
The supplementation of SSwith BSGdid not influence the biogas production (Table 5). Due
to the BSG characteristics, including a significant amount of carbohydrates, a decreased
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Table 4 The pH value, alkalinity and VFA concentrations in feedstock and digestate in experiment.

Run pH Alkalinity mg CaCO3/L VFAmg/L

Feedstock Digestate Feedstock Digestate Feedstock Digestate

R1 6.63
6.59/6.68a

7.46
7.39/7.52

735
638/832

3218
3178/3258

492
382/603

399
374/424

R2 6.6
6.51/6.69

7.76
7.62/7.91

785
700/870

3293
3131/3454

700
554/845

425
382/468

R3 5.84
5.74/5.93

7.38
7.22/7.54

931
898/966

3828
3802/3853

1698
1350/2045

445
430/461

R4 5.66
5.57/5.76

7.32
7.19/7.44

859
825/894

3525
3484/3566

1780
1649/1912

571
550/592

Notes.
adata represent lower/upper 95% means.

Table 5 Biogas yields as well as methane content in experiments (average value and 95% confidence limits are given).

Parameter Unit R1 R2 R3 R4

Biogas yield m3/kgVSadded 0.39± 0.05 0.40± 0.04 0.5± 0.05 0.5± 0.05
m3/kgTSadded 0.30± 0.03 0.33± 0.03 0.36± 0.03 0.38± 0.03
m3/kgVSremoved 0.88± 0.16 0.96± 0,2 1.46± 0.30 1.53± 0.49
m3/kgTSremoved 0.90± 0.25 0.88± 0,14 1.30± 0.26 1.64± 0.68
m3/kgCODremoved 0.60± 0.14 0.56± 0.07 0.78± 0.12 0.90± 0.16

Methane content % 54.12± 0.64 52.16± 0.60 56.99± 0.49 54.75± 0.45

methane content was observed and the major divergence was found at HRT of 18 d.
Importantly, despite the reduction observed, biogas with such a characteristic may still be
efficiently used atWWTPs in combined heat and power units (CHP). Consequently, in this
case a diminished methane yield was observed and the average values were 0.29 and 0.27
m3CH4/kgVSadded in control and co-digestion runs, respectively, but the difference was of
no statistical significance. AtHRT of 20 d, themethane yield was 0.21m3/kgVSadded for both
reactors. These results exceeded the values reported in different studies. Zou et al. (2018)
investigated the anaerobic co-digestion of residual sludge and various lignocellulosic wastes
in batch mode; therein, the specific methane yields varied between 0.13–0.16 m3CH4/kg
VSadded. However, these yields were significantly enhanced as compared to the sewage
sludge mono-digestion. Comparing other wastes co-digested with SS, different values
of biogas/methane production were found. In the co-digestion of SS and slaughterhouse
waste, the highest biomethane production reached 0.55m3CH4/kgVSadded (Salehiyoun et al.,
2020). By using SS and an organic fraction of municipal solid wastes, biogas production
varied between 0.4–0.6 m3/kgVSadded (Sosnowski, Wieczorek & Ledakowicz, 2003).

Considering kinetics, in the present study, the semi-continuous system was applied.
The reactor was supplied once a day with the portion of substrate or substrates and
simultaneously the same volume of digested medium was removed from it. Accordingly,
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Figure 4 Biogas production in time in R1 (A) R2 (B) R3 (C) and R4 (D) (the average values from 30
measurement days are reported).

Full-size DOI: 10.7717/peerj.10590/fig-4

the biogas production between each feeding related to a temporal interval 0–24 h (Fig. 4)
(Szaja & Montusiewicz, 2019).

The supplementation of the feedstock with BSG led to a decrease in the constant of biogas
production rates and a simultaneous increase of untapped biogas potential (Table 6). In
comparison to SS mono-digestion, the k values dropped by 21 and 35% at HRT of 20 and
18 d, respectively. Simultaneously, the related untapped biogas potential was 2.5 and 3.5
times greater compared to the control, which indicated that using lignocellulosic matter
as a co-substrate needed ensuring the prolonged, rather than shortened HRT. Li et al.
(2013) noted that feedstocks with significant lignin content (more than 15% on TS basis)
were characterized by low first-order rate constant as compared to other lignocellulosic
and manure wastes. This tendency might be attributed to the presence of recalcitrant
compounds and the inhibitory effects of phenolic compounds potentially appearing during
the BSG pretreatment (milling and drying) (Retfalvi, Tukacs-Hajos & Szabo, 2013; Panjičko
et al., 2017). It should also be noticed that the hydrolysis of lignocellulose constitutes the
rate-limiting step through the conventional AD process (Khanal, 2008).

Energy balance
The energy balance was estimated on the basis of experimental data for a digester operating
at theWWTP in Puławy (Poland). A detailed procedure of its calculation was adopted from
the authors’ previous study (Szaja & Montusiewicz, 2019). Interestingly, in the presence
of the BSG , significantly enhanced energy profits were found (Table 7). This trend most
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Table 6 The average values of kinetics constants as well as coefficients of determination.

Parameter Units R1 R2 R3 R4

Daily biogas production NL/d 21.26± 3.64 28.13± 3.15 28.69± 2.60 38.41± 2.39
Constant of biogas production rate k 1/h 0.076 0.060 0.078 0.051
Maximum biogas production Vmax L 24.32 36.29 33.12 54.83
Untapped biogas potential Vmax-Ve L 3.4 8.2 4.6 16.1
Coefficient of determination R2 – 0.9993 0.9997 0.9997 0.9999

Table 7 The energy balance calculations of selected runs in experiment.

Parameter Unit R1 R2 R3 R4

Input data
VS g/kg 26.9 34.8 29.7 35.9
Feedstock density kg/m 1000.5 992.7 1006.4 1002.1
VS load kg/d 3360 4322 3730 4501
Methane yield m3CH4 /kgVSadd 0.21 0.21 0.29 0.27
Daily methane production m3 CH4/d 705.7 914.8 1065.2 1356.2
Feedstock temperature in winter ◦ C 8 8 8 8
Feedstock flow rate m3/d 125 125 125 139

Energy balance
Theoretical thermal energy MJ/d 25264 32752 38136 48553
Thermal energy for heating the feedstock MJ/d 14175 14175 14175 15763
Thermal energy for covering the heat loss MJ/d 3766 3766 3766 3766
Thermal energy demand MJ/d 19735 19735 19735 21481
Profit of thermal energy % 28 66 93.2 126
Net thermal energy profita % 37.9 32.8
Daily energy production kWh/d 7057 9148 10652 13562
Energy production kWh/t 56 73 85 98
Theoretical thermal power production kW 126 164 191 243
Theoretical electric power production kW 111.7 144.9 168.7 214.7
Profit of theoretic thermal and electric power production % 29.6 27.4

Notes.
aDifference of thermal energy demand between the control and co-digestion run.

likely came from the improvement of the feedstock composition through the application
of BSG, rich in organic compounds.

However, more beneficial results were obtained using longer HRT of 20 d. As compared
to the SS mono-digestion, the thermal energy profit was enhanced by approx. 38 and
33% at HRT of 20 and 18 d, respectively, whereas the profit of theoretical thermal and
electric power productions was improved by approx. 30 and 27.5% at HRT of 20 and 18 d,
respectively. To sum up, the energy generated in the co-digestion system could completely
cover the WWTP energy demand, therefore its surplus may be sold to other recipients,
increasing company profits in this way.
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CONCLUSIONS
The BSG significantly enriched feedstock composition regarding VS, TS and COD. Despite
this fact, the application of such a substrate in co-digestion with SS did not affect biogas
production efficiency. Comparable biogas yields were found in both mono- and co-
digestion runs. However, a negative effect on kinetics was observed in the presence
of BSG and a major decline was observed for shortened HRT of 18 d which seems to
indicate the need to extend HRT. Importantly, the application of BSG rich in organic
compounds significantly enhanced energy profits. Regardless of the HRT, a stable process
performance was maintained in co-digestion runs. Therefore, the anaerobic co-digestion
of SS and BSG might be considered as a cost-effective solution that could contribute to
the energy self-efficiency of WWTPs and sustainable waste management. However, due to
the occurrence of hardly degradable compounds (mainly lignin), HRT longer than 18 d is
recommended.
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Gonçalves IC, Fonsec A, Morao AM, Pinheirob HM, Duarte AP, Ferra MIA. 2015.
Evaluation of anaerobic co-digestion of spent brewery grains and an azo dye.
Renewable Energy 74:489–496 DOI 10.1016/j.renene.2014.08.053.

Hernandez J, Kleinheinz G. 2016. Comparison of two laboratory methods for the deter-
mination of biomethane potential of organic feedstocks. Journal of Microbiological
Methods 130:54–60 DOI 10.1016/j.mimet.2016.08.025.

Hagos K, Zong J, Li D, Liu C, Lu X. 2017. Anaerobic co-digestion process for biogas
production: progress, challenges and perspectives. Renewable and Sustainable Energy
Reviews 76:1485–1496 DOI 10.1016/j.rser.2016.11.184.

HutnanM, Kolesárová N, Bodík I, CzölderováM. 2013. Long-term monodiges-
tion of crude glycerine in a UASB reactor. Bioresource Technology 130:88–96
DOI 10.1016/j.biortech.2012.12.003.

Kainthola J, Shariq M, Kalamdhad AS, Goud VV. 2019. Enhanced methane potential of
rice straw with microwave assisted pretreatment and its kinetic analysis. Journal of
Environmental Management 232:188–196 DOI 10.1016/j.jenvman.2018.11.052.

Kavacik B, Topaloglu B. 2010. Biogas production from co-digestion of a mix-
ture of cheese whey and dairy manure. Biomass and Bioenergy 34:1321–1329
DOI 10.1016/j.wasman.2016.05.016.

Khan N, Roes-Hill M,Welz PJ, Grandin KA, Kudanga T, Van Dyk JS, Ohlhoff C, Van
ZylWH, Pletschke BI. 2015. Fruit waste streams in South Africa and their potential
role in developing a bio-economy. South African Journal of Science 11(5/6):1–11
DOI 10.17159/sajs.2015/20140189.

Khanal SK. 2008. Anaerobic biotechnology for bioenergy production: principles and
applications. Iowa: john Wiley & Sons Inc.

Kothari R, Pandey AK, Kumar S, Tyagi VV, Tyagi S. 2014. Different aspects of dry
anaerobic digestion for bio-energy: an overview. Renewable & Sustainable Energy
Reviews 39:174–195 DOI 10.1016/j.rser.2014.07.011.

LebiockaM,Montusiewicz A, Bis M. 2018. Influence of milling on the effects of co-
digestion of brewery spent grain and sewage sludge. In: Sobczuk H, Kowalska B, eds.
Water supply and wastewater disposal. Lublin: Politechnikalubelska, 94–101.

Szaja et al. (2020), PeerJ, DOI 10.7717/peerj.10590 19/23

https://peerj.com
http://dx.doi.org/10.1007/s11157-012-9277-8
http://dx.doi.org/10.1016/j.watres.2011.04.008
http://dx.doi.org/10.1016/j.wasman.2014.07.020
http://dx.doi.org/10.1007/3-540-45839-5_3
http://dx.doi.org/10.1016/j.renene.2014.08.053
http://dx.doi.org/10.1016/j.mimet.2016.08.025
http://dx.doi.org/10.1016/j.rser.2016.11.184
http://dx.doi.org/10.1016/j.biortech.2012.12.003
http://dx.doi.org/10.1016/j.jenvman.2018.11.052
http://dx.doi.org/10.1016/j.wasman.2016.05.016
http://dx.doi.org/10.17159/sajs.2015/20140189
http://dx.doi.org/10.1016/j.rser.2014.07.011
http://dx.doi.org/10.7717/peerj.10590


Li K, Liu R, Cui S, Yu Q, Ma R. 2018. Anaerobic co-digestion of animal manures with
corn stover or apple pulp for enhanced biogas production. Renewable Energy
118:335–342 DOI 10.1016/j.renene.2017.11.023.

Li Y, Zhang R, Liu G, Chen C, He Y, Liu X. 2013. Comparison of methane production
potential, biodegradability, and kinetics of different organic substrates. Bioresource
Technology 149:565–569 DOI 10.1016/j.biortech.2013.09.063.

Long JH, Aziz TN, de los Reyes III FL, Ducoste JJ. 2012. Anaerobic co-digestion of fat,
oil, and grease (FOG): a review of gas production and process limitations. Process
Safety and Environmental Protection 90(3):231–245 DOI 10.1016/j.psep.2011.10.001.

LübkenM,WichernM, SchlattmannM, Gronauer A, Horn H. 2007.Modelling the
energy balance of an anaerobic digester fed with cattle manure and renewable energy
crops.Water Research 41(18):4085–4096 DOI 10.1016/j.watres.2007.05.061.

Lynch KM, Steffen EJ, Arendt EK. 2016. Brewers’ spent grain: a review with an
emphasis on food and health. Journal of the Institute of Brewing 122:553–568
DOI 10.1002/jib.363.

Malakhova DV, EgorovaMA, Prokudina LI, Netrusov AI, Tsavkelova EA. 2015. The
biotransformation of brewer’s spent grain into biogas by anaerobic microbial
communities.World Journal of Microbiology and Biotechnology 31:2015–2023
DOI 10.1007/s11274-015-1951-x.

Manchala KR, Sun Y, Zhang D,Wang ZW. 2017. Chapter two—anaerobic digestion
modelling. Advances in Bioenergy 2:69–141 DOI 10.1016/bs.aibe.2017.01.001.

Mao C, Feng Y,Wang X, Ren G. 2015. Review on research achievements of biogas
from anaerobic digestion. Renewable & Sustainable Energy Reviews 45:540–555
DOI 10.1016/j.rser.2015.02.032.

Martínez E, Rosas J, Sotres A, Morá A, Cara J, SánchezME, Gómez X. 2018. Codi-
gestion of sludge and citrus peel wastes: evaluating the effect of biochar addi-
tion on microbial communities. Biochemical Engineering Journal 137:314–325
DOI 10.1016/J.BEJ.2018.06.010.

Mata-Alvarez J, Dosta J, Romero-Güiza MS, Fonoll X, Peces M, Astals S. 2014. A critical
review on anaerobic co-digestion achievements between 2010 and 2013. Renewable &
Sustainable Energy Reviews 36:412–427 DOI 10.1016/j.rser.2014.04.039.

Milledge JJ, Nielsen BV, Harvey PJ. 2019. The inhibition of anaerobic digestion by
model phenolic compounds representative of those from Sargassummuticum.
Journal of Applied Phycology 31:779–786 DOI 10.1007/s10811-018-1512-4.

Mohana S, Acharya BK, Madamwar D. 2009. Distillery spent wash: treatment tech-
nologies and potential applications. Journal of Hazardous Materials 163:12–25
DOI 10.1016/j.jhazmat.2008.06.079.

Monlau F, Sambusiti C, Barakat A, QuéméneurM, Trably E, Steyer JP, Carrère H.
2014. Do furanic and phenolic compounds of lignocellulosic and algae biomass hy-
drolyzate inhibit anaerobic mixed cultures? A comprehensive review. Biotechnology
Advances 32:934–951 DOI 10.1016/j.biotechadv.2014.04.007.

Szaja et al. (2020), PeerJ, DOI 10.7717/peerj.10590 20/23

https://peerj.com
http://dx.doi.org/10.1016/j.renene.2017.11.023
http://dx.doi.org/10.1016/j.biortech.2013.09.063
http://dx.doi.org/10.1016/j.psep.2011.10.001
http://dx.doi.org/10.1016/j.watres.2007.05.061
http://dx.doi.org/10.1002/jib.363
http://dx.doi.org/10.1007/s11274-015-1951-x
http://dx.doi.org/10.1016/bs.aibe.2017.01.001
http://dx.doi.org/10.1016/j.rser.2015.02.032
http://dx.doi.org/10.1016/J.BEJ.2018.06.010
http://dx.doi.org/10.1016/j.rser.2014.04.039
http://dx.doi.org/10.1007/s10811-018-1512-4
http://dx.doi.org/10.1016/j.jhazmat.2008.06.079
http://dx.doi.org/10.1016/j.biotechadv.2014.04.007
http://dx.doi.org/10.7717/peerj.10590


Montusiewicz A, Pasieczna-Patkowska S, LebiockaM, Szaja A, Szymańska-Chargot
M. 2017.Hydrodynamic cavitation of brewery spent grain diluted by wastewater.
Chemical Engineering Science 313:946–956 DOI 10.1016/j.cej.2016.10.132.

MurtoM, Björnsson L, Mattiasson B. 2004. Impact of food industrial waste on
anaerobic co-digestion of sewage sludge and pig manure. Journal of Environmental
Management 70(2):101–107.

Mussatto SI. 2014. Brewer’s spent grain: a valuable feedstock for industrial ap-
plications. Journal of the Science of Food and Agriculture 94(7):1264–1275
DOI 10.1002/jsfa.6486.

Mussatto SI, Dragone , Roberto IC. 2006. Brewers’ spent grain: generation, characteris-
tics and potential applications. Journal of Cereal Science 43:1–14
DOI 10.1016/j.jcs.2005.06.001.

Panepinto D, Fiore S, ZapponeM, Genon G, Meucci L. 2016. Evaluation of the energy
efficiency of a large wastewater treatment plant in Italy. Applied Energy 161:404–411
DOI 10.1016/j.apenergy.2015.10.027.

PanjičkoM, Zupančič G, Faned L, Logar RM, TišmaM, Zelić B. 2017. Biogas produc-
tion from brewery spent grain as a mono-substrate in a two-stage process composed
of solid-state anaerobic digestion and granular biomass reactors. Journal of Cleaner
Production 166:519–529 DOI 10.1016/j.jclepro.2017.07.197.

Pilarski K, Pilarska AA, Boniecki P, Niedbała G, Durczak K,Witaszek K, Mio-
duszewska N, Kowalik I. 2020. The efficiency of industrial and laboratory anaerobic
digesters of organic substrates: the use of the biochemical methane potential
correction coefficient. Energies 13:1280 DOI 10.3390/en13051280.

Poerschmann J, Weiner B,Wedwitschka H, Baskyr I, Koehler R, Kopinke FD. 2014.
Characterization of biocoals and dissolved organic matter phases obtained upon
hydrothermal carbonization of brewer’s spent grain. Bioresource Technology
164:162–169 DOI 10.1016/j.biortech.2014.04.052.

Poulsen TG, Adelard L,Wells M. 2017. Improvement in CH4/CO2 ratio and CH4
yield as related to biomass mix composition during anaerobic co-digestion.Waste
Management 61:179–187 DOI 10.1016/j.wasman.2016.11.009.

Prakash NB, Sockan V, Raju V. 2014. Anaerobic digestion of distillery spent wash.
Journal of Science & Technology 4(3):134–140.

Rabii A, Aldin S, Dahman Y, Elbeshbishy E. 2019. A review on anaerobic co-digestion
with a focus on the microbial populations and the effect of multi-stage digester
configuration. Energies 12:1106 DOI 10.3390/en12061106.

Ravindran R, Jaiswal AK. 2016. Exploitation of food industry waste for high value
products. Trends in Biotechnology 34:58–69 DOI 10.1016/j.tibtech.2015.10.008.

Retfalvi T, Tukacs-Hajos A, Szabo P. 2013. Effects of artificial overdosing of p-cresol and
phenylacetic acid on the anaerobic fermentation of sugar beet pulp. International
Biodeterioration & Biodegradation 83:112–118 DOI 10.1016/j.ibiod.2013.05.011.

Ruffino B, Cerutti A, Campo G, Scibilia G, Lorenzi E, Zanetti M. 2020. Thermophilic
vs. mesophilic anaerobic digestion of waste activated sludge: modelling and energy

Szaja et al. (2020), PeerJ, DOI 10.7717/peerj.10590 21/23

https://peerj.com
http://dx.doi.org/10.1016/j.cej.2016.10.132
http://dx.doi.org/10.1002/jsfa.6486
http://dx.doi.org/10.1016/j.jcs.2005.06.001
http://dx.doi.org/10.1016/j.apenergy.2015.10.027
http://dx.doi.org/10.1016/j.jclepro.2017.07.197
http://dx.doi.org/10.3390/en13051280
http://dx.doi.org/10.1016/j.biortech.2014.04.052
http://dx.doi.org/10.1016/j.wasman.2016.11.009
http://dx.doi.org/10.3390/en12061106
http://dx.doi.org/10.1016/j.tibtech.2015.10.008
http://dx.doi.org/10.1016/j.ibiod.2013.05.011
http://dx.doi.org/10.7717/peerj.10590


balance for its applicability at a full scale WWTP. Renewable Energy 56:235–248
DOI 10.1016/j.renene.2020.04.068.

Salehiyoun AR, Di Maria F, Sharifi M, Norouzi O, Zilouei H, AghbashloM. 2020.
Anaerobic co-digestion of sewage sludge and slaughterhouse waste in existing
wastewater digesters. Renewable Energy 145:2503–2509 DOI 10.1016/j.renene.2019.08.001.

Sankaran K, PremalathaM, VijayasekaranM, Somasundaram VT. 2014. DE-
PHY project: distillery wastewater treatment through anaerobic digestion and
phycoremediation—a green industrial approach. Renewable and Sustainable Energy
Reviews 37:634–643 DOI 10.1016/j.rser.2014.05.062.

Sarker S, Lamb JJ, Hjelme DR, Lien KM. 2019. A review of the role of critical parameters
in the design and operation of biogas production plants. Applied Sciences 9:1915
DOI 10.3390/app9091915.

Sawatdeenarunat C, Surendra KC, Takara D, Oechsner H, Khanal SK. 2015. Anaerobic
digestion of lignocellulosic biomass: challenges and opportunities. Bioresource
Technology 178:178–186 DOI 10.1016/j.biortech.2014.09.103.

SežunM, Grilc V, Zupančič GD, Marinšek-Logar R. 2011. Anaerobic digestion of
brewery spent grain in a semi-continuous bioreactor: inhibition by phenolic
degradation products. ActaChimicaSlovenica 58(1):158–166.

Shi XS, Dong JJ, Yu JH, Yin H, Hu SM, Huang SX, Yuan XZ. 2017. Effect of hydraulic
retention time on anaerobic digestion of wheat straw in the semi-continuous
continuous stirred-tank reactors. BioMed Research International 2017:1–7
DOI 10.1155/2017/2457805.

SiddiqueMNI,Wahid ZA. 2018. Achievements and perspectives of anaerobic co-
digestion: a review. Journal of Cleaner Production 194:359–371
DOI 10.1016/j.jclepro.2018.05.155.

Silvestre G, Fernández B, Bonmatí A. 2015. Addition of crude glycerine as strategy to
balance the C/N ratio on sewage sludge thermophilic and mesophilic anaerobic co-
digestion. Bioresource Technology 193:377–385 DOI 10.1016/j.biortech.2015.06.098.

Silvestre G, Rodríguez-Abalde A, Fernández B, Flotats X, Bonmatí A. 2011. Biomass
adaptation over anaerobic co-digestion of sewage sludge and trapped grease waste.
Bioresource Technology 102:6830–6836 DOI 10.1016/j.biortech.2011.04.019.

Sivakumar P, BhagiyalakshmiM, Anbarasu K. 2012. Anaerobic treatment of spoiled
milk from milk processing industry for energy recovery—a laboratory to pilot scale
study. Fuel 96:482–486 DOI 10.1016/j.fuel.2012.01.046.

Sosnowski P, Wieczorek A, Ledakowicz S. 2003. Anaerobic co-digestion of sewage
sludge and organic fraction of municipal solid wastes. Advances in Environmental
Research 7(3):609–616 DOI 10.1016/S1093-0191(02)00049-7.

Sturm B, Butcher M,Wang Y, Huang Y, Roskilly T. 2012. The feasibility of the sustain-
able energy supply from bio wastes for a small scale brewery—a case study. Applied
Thermal Engineering 39:45–52 DOI 10.1016/j.applthermaleng.2012.01.036.

Szaja A, Montusiewicz A. 2019. Enhancing the co-digestion efficiency of sewage sludge
and cheese whey using brewery spent grain as an additional substrate. Bioresource
Technology 291:1–9 DOI 10.1016/j.biortech.2019.121863.

Szaja et al. (2020), PeerJ, DOI 10.7717/peerj.10590 22/23

https://peerj.com
http://dx.doi.org/10.1016/j.renene.2020.04.068
http://dx.doi.org/10.1016/j.renene.2019.08.001
http://dx.doi.org/10.1016/j.rser.2014.05.062
http://dx.doi.org/10.3390/app9091915
http://dx.doi.org/10.1016/j.biortech.2014.09.103
http://dx.doi.org/10.1155/2017/2457805
http://dx.doi.org/10.1016/j.jclepro.2018.05.155
http://dx.doi.org/10.1016/j.biortech.2015.06.098
http://dx.doi.org/10.1016/j.biortech.2011.04.019
http://dx.doi.org/10.1016/j.fuel.2012.01.046
http://dx.doi.org/10.1016/S1093-0191(02)00049-7
http://dx.doi.org/10.1016/j.applthermaleng.2012.01.036
http://dx.doi.org/10.1016/j.biortech.2019.121863
http://dx.doi.org/10.7717/peerj.10590


Tan YX, MokWK, Lee J, Kim J, ChenWN. 2019. Solid state fermentation of brewers’
spent grains for improved nutritional profile using bacillus subtilis WX-17. Fermen-
tation 5:52 DOI 10.3390/fermentation5030052.

Tewelde S, Eyalarasan K, Radhamani R, Karthikeyan K. 2012. Biogas production from
co-digestion of Brewery Wastes [BW] and cattle dung [CD]. International Journal of
Latest Trends in Agriculture & Food Sciences 2(2):90–93.

Weiland P. 2008. Trockenfermentation in der Landwirtschaft: Welche Substrate und
Techniken finden Anwendung. Eigenverlag des Forums für bfallwirtschaft und
Altlasten e.V., Dresden 235–247.

WuG,Miao Z, Shao S, Jiang K, Geng Y, Li D, Liu H. 2018. Evaluating the construction
efficiencies of urban wastewater transportation and treatment capacity: evidence
from 70 megacities in China. Resources, Conservation and Recycling 128:373–381
DOI 10.1016/j.resconrec.2016.08.020.

Xie SH, Hai FI, Zhan X, GuoW, Ngo HH, PriceWE, Nghiem LD. 2016. Anaerobic co-
digestion: A critical review of mathematical modelling for performance optimization.
Bioresource Technology 222:498–512 DOI 10.1016/j.biortech.2016.10.015.

Yadvika S, Sreekrishnan TR, Kohli S, Rana V. 2004. Enhancement of biogas production
from solid substrates using different techniques—a review. Bioresource Technology
95:1–10 DOI 10.1016/j.biortech.2004.02.010.

Yang Q,Wu B, Yao F, He L, Chen F, Ma Y, Shu X, Hou K,Wang D, Li X. 2019. Biogas
production from anaerobic co-digestion of waste activated sludge: co-substrates
and influencing parameters. Reviews in Environmental Science and Biotechnology
18:771–793 DOI 10.1007/s11157-019-09515-y.

Zhang C, Su H, Tan T. 2013. Batch and semi-continuous anaerobic digestion of
food waste in a dual solid–liquid system. Bioresource Technology 145:10–16
DOI 10.1016/j.biortech.2013.03.030.

Zhang Y, Yang Z, Xu R, Xiang Y, Jia M, Hu J, Zheng Y, XiongW, Cao J. 2019. En-
hanced mesophilic anaerobic digestion of waste sludge with the iron nanoparticles
addition and kinetic analysis. Science of The Total Environment 683:124–133
DOI 10.1016/j.scitotenv.2019.05.214.

Ziemiński K, Kowalska-Wentel M. 2017. Effect of different sugar beet pulp pretreat-
ments on biogas production efficiency. Applied Biochemistry and Biotechnology
181(3):1211–1227 DOI 10.1007/s12010-016-2279-1.

Zou H, Chen Y, Shi J, Zhao T, Yu Q, Yu SH, Shi D, Chai H, Gu L, He Q, Ai H.
2018.Mesophilic anaerobic co-digestion of residual sludge with different lig-
nocellulosic wastes in the batch digester. Bioresource Technology 268:371–381
DOI 10.1016/j.biortech.2018.07.129.

Szaja et al. (2020), PeerJ, DOI 10.7717/peerj.10590 23/23

https://peerj.com
http://dx.doi.org/10.3390/fermentation5030052
http://dx.doi.org/10.1016/j.resconrec.2016.08.020
http://dx.doi.org/10.1016/j.biortech.2016.10.015
http://dx.doi.org/10.1016/j.biortech.2004.02.010
http://dx.doi.org/10.1007/s11157-019-09515-y
http://dx.doi.org/10.1016/j.biortech.2013.03.030
http://dx.doi.org/10.1016/j.scitotenv.2019.05.214
http://dx.doi.org/10.1007/s12010-016-2279-1
http://dx.doi.org/10.1016/j.biortech.2018.07.129
http://dx.doi.org/10.7717/peerj.10590

