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Abstract: Energy self-sufficiency is a current trend in wastewater treatment plants. This effect can
be achieved by increasing the production of electricity from biogas and by reducing energy con-
sumption for technological processes. One idea, in line with the circular economy concept, is the
use of waste rich in organic matter as co-substrates for the fermentation process. The aim of this
study was to determine the effect of waste co-fermentation on biogas production and nitrogen
concentration in the reject water. A co-fermentation process with flotate or flotate and vegetables
increased biogas production compared to primary sludge by 162 and 180%, respectively. During
the tests, there was no inhibition of the fermentation process. Hydrolysis of organic compounds
contained in flotate and vegetables resulted in a significant increase in ammonium nitrogen (by 80—
100%) and dissolved organic nitrogen concentration (by 170-180%). The biogas and methane pro-
duction rate as well as the ammonium and total nitrogen release rate were calculated. An energy
balance was made, which took into account the variable amount of electric energy production
depending on the efficiency of the cogeneration systems and energy consumption for supplying
oxygen necessary to remove nitrogen contained in the reject water. A positive energy balance was
obtained for all analyses.

Keywords: biogas plant; wastewater treatment plant, co-fermentation; organic nitrogen fractionation;
energy balance

1. Introduction

On 2 December 2015, the European Commission adopted a policy of implementing a
circular economy (CE) [1]. The CE model is an alternative to the linear economy, which
was guided by the “produce, use, discard” approach. The last stage of the product life
cycle is its disposal. The concept of circular economy planning is to keep products, ma-
terials, and resources in use as long as possible, minimizing the production of
by-products (waste). This idea is to be included at all stages of the product cycle, from
design, production, and consumption to waste management. The CE therefore focuses on
minimizing the environmental impact in the process of manufacturing products.
By-products generated during production are not to be just the last link in the production
chain but are to be used further —for example, by material (resources) or energy recovery
[2-4].

A good example of CE is biogas plants, which utilize waste during the production of
biogas. Biogas is produced in the process of methane fermentation of raw materials de-
rived from plant biomass, animal feces, organic waste (e.g., from the food industry),
slaughterhouse waste, or sludge generated during wastewater treatment. The resulting
biogas is a mixture of methane (approx. 50-85%), carbon dioxide (15-50%), and other
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gases produced in trace amounts. During fermentation, only a part of the substrate used
as input is converted to biogas. The part remaining as a digestate requires final man-
agement, e.g., as a fertilizer [5,6]. Depending on the type of organic matter used, we dis-
tinguish biogas plants in landfills, agricultural biogas plants, or biogas plants at a
wastewater treatment plant [7-9].

The CE concept can be successfully applied in biogas plants located near wastewater
treatment plants (WWTPs), operating anaerobic digesters (with final digestate manage-
ment). The basic raw material for the fermentation chambers in WWTP is sewage sludge
in the form of primary sludge or waste-activated sludge. The great advantage of locating
a biogas plant in such a location is that they have stable, all-year-round availability of the
raw material. However, the main limitation in this respect is the availability of sludge,
particularly the primary sludge, due to the need to ensure the required amount of or-
ganic matter to remove biological nitrogen and phosphorus. The primary sludge may
contain heavy metals, which, under anaerobic conditions, and at low pH, transform into
a soluble form, which may be toxic to the bacteria involved in the methane fermentation
process [10]. Despite these limitations and risks, methane fermentation is an effective
method of energy recovery from sewage sludge produced during municipal wastewater
treatment processes. It is possible to increase the production of biogas by using other
waste as a feedstock, e.g., of agricultural, industrial, or municipal origin. This is possible
due to the co-fermentation of sewage sludge with other organic waste in the
co-fermentation process [11,12]. The co-fermentation of several products can be an effec-
tive way to increase the biogas’ efficiency, and hence the energy effect, in relation to the
monofermentation of a given product. The substrates that are fermented together inter-
act, supplying each other with the nutrients necessary for the bacteria. In addition, this is
a means of managing many waste products in line with the current trends in water and
wastewater management. The co-fermentation process makes it possible to achieve en-
ergy self-sufficiency for many large and medium-sized wastewater treatment plants;
hence, the number of biogas plants in WWTPs is constantly increasing. Organic waste,
which is characterized by a rapid growth in biogas production in the co-fermentation
process, can also constitute a form of a specific "energy reserve". It is used in periods of
increased demand for electricity or in the case of a significant decrease in the productivity
of fermentation chambers. A properly selected composition of co-substrates enables the
generation of energy sufficient not only to cover the plant's own needs but also to sell it.
Despite the many advantages of the co-fermentation process, its implementation requires
maintaining a specific environmental regime and maintaining many parameters at the
optimal level for the microorganisms carrying out the process [13-15].

The potential problem associated with the use of co-fermentation is the increase in
the concentration of pollutants, particularly biogenic compounds, in the reject water from
the digestate dewatering. This is especially relevant in the case of nitrogen, which is re-
cycled to the main line of WWTPs, increasing the load on the bioreactors. It is estimated
that these reject waters increase the nitrogen load introduced to the main wastewater
treatment stream by as much as 15-20% [16]. Total nitrogen in the leachate contains
mainly ammonium nitrogen and, to a lesser extent, organic nitrogen. This increased load
at the same time leads to significant growth in energy consumption for aeration, which
lowers or even eliminates the positive energy effect associated with increased biogas
production [17]. Moreover, the co-fermentation reject water may elevate the concentra-
tions of organic nitrogen, which may cause an increase in its concentration in the treated
wastewater and thus amplify the problem of maintaining the required quality parame-
ters. Separation of the reject water stream and its independent pretreatment can reduce
the nitrogen content by 85-90%, thus reducing the load on biological reactors in the
wastewater treatment plant [16].

The aim of the study is to determine the effect of the co-fermentation of selected
wastes from the agri-food industry on the increase in biogas production, taking into ac-
count changes in nitrogen concentration, including the organic nitrogen fraction, in the
reject water from digestate dewatering.
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2. Materials and Methods
2.1. Research Material

The study of the co-fermentation process was carried out in laboratory conditions.
Four feedstock tests were performed, which differed in the share of the analyzed waste in
the reactor charge (Table 1). The input material used was: (1) primary sludge from the
Swarzewo WWTP, (2) flotate from the wastewater treatment plant at fish product pro-
duction plants (sludge produced in the coagulation process with iron (III) sulphate and
separated in the process of flotation assisted by air saturation), and (3) self-prepared
shredded mixture of vegetables (fresh white cabbage, cooked white beans, and fresh
onion in a ratio of 1:1:1). The basic characteristics of the feedstocks are presented in Table
2. The inoculum used was the sludge from closed fermentation chambers of the
Swarzewo WWTP taken from the circulation system to the external heat exchanger. The
WWTP in Swarzewo is located in Northern Poland an in attractive tourist area. It serves
approximately 40,000 population equivalents (PE) from the Puck Agglomeration
(off-season) and around 150,000 PE (in summer), mainly from people temporarily staying
in the town for tourist purposes. Wastewater is treated biologically in sequencing batch
reactors (SBR). The sludge management is based on methane fermentation with recovery
of electric and heat energy and the final composting process of the solid fraction of the
digestate. For years, the process of co-fermentation of sewage sludge with other organic
waste has been carried out there.

Table 1. The feedstock composition in the reactors for individual tests.

Feedstock Test I Test II Test III Test IV

Inoculum 6.4 dm3 6.4 dm? 6.4 dm? 6.4 dm?

Primary sludge - 1.6 dm3 1.6 dm3 1.6 dm3
Flotate - - 160g 160 g
Vegetables - - - 53¢g

Table 2. Feedstock characteristics.

Feedstock Total Solids (TS) Volatile Solids (VS)
Inoculum 22.704 +0.20 gTS/dm? 13.966 + 0.16 g VS/dm?
Primary sludge 25.551 + 0.26 gTS/dm? 19.963 +0.17 g VS/dm?

Flotate 0.406 +0.005 gTS/g 0.379 +0.005 g VS/g

Vegetables 0.159 + 0.002 gTS/g 0.151 +0.001 g VS/g

2.2. Research Stand

The tests were carried out on a laboratory-scale stand, including two anaerobic di-
gestion (AD) reactors operating in a feedstock (non-flow) system (Figure 1). The stainless
steel reactor’s capacity was 10 dm? (active 8 dm?). The reactor chamber was stirred with
the use of paddle-type mixers, and the temperature was kept at the assumed level (35-36
°C) by means of a water jacket. Continuous temperature measurements were carried out
in the reactors. The volume of produced biogas was measured with use of graduated
measuring tubes. Periodically, the composition of biogas in the tubes was measured (in
the range of CHs, COz, Oz, NHs, H2S) using the Geotech GA5000 meter (Geotechnical In-
struments (UK)).
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Figure 1. Laboratory AD reactors: A—mechanical stirrer, B—sampling point, C—tubes for meas-
uring the volume of produced biogas, D —temperature probe, E—biogas composition meter,
F—temperature meter, G—control system, H—water jacket.

2.3. Methodology of Digestate Analysis

Four feedstock tests were carried out, aimed at checking the influence of individual
input components in the co-fermentation process on the increase in biogas production
and on the composition of reject water. In the first test (test I), the basic parameters
(background) related to the fermentation process of the organic matter contained in the
inoculum were determined. In subsequent tests, individual analyzed substrates were
added to the inoculum, i.e., primary sludge (test II), primary sludge and flotate (test III),
as well as primary sludge, flotate and vegetable waste (test IV). To facilitate the compar-
ison of the effects of the individual substrates, their entered volume (mass) was the same.
In accordance with the methodology used in the research using the Automatic Methane
Potential Test System (AMPTS) method, the share of inoculum co-fermentation was ap-
proximately 80% (by volume). The primary sludge was always 20% (vol.) of the inocu-
lum, while the amount of the flotate dose, based on the preliminary inhibition studies of
the process, was assumed to be 10% of the primary sludge volume. Vegetable waste
constituted approx. 33% in relation to the flotate (wet mass).

Each test was carried out for 28 days, which corresponded to the typical value of the
hydraulic retention time in the anaerobic fermentation chambers at Swarzewo WWTP
(15-30 days). According to Imhoff and Imhoff [10], the recommended time for sewage
sludge mesophilic fermentation is less than 27 days. Similar fermentation times were
also used in the research carried out by Koch et. al [18] (25 days) and Sosnowski et. al [19]
(23-40 days). During the test, the amount of biogas produced was measured daily and its
quality was checked periodically (daily at the beginning of the test and once every two
days at the end of the test). At specified intervals, samples of the digestate were taken for
detailed analysis using a drain valve (the volume of the taken sample was included in the
balance of biogas production). The pH of this sample was determined, as well as the
content of TS and VS. Part of the sample taken post-fermentation was homogenized for 2
minutes using a H500 homogenizer. Then, total nitrogen (TN) was determined in the
sample. The remaining part of the sample was subjected to mechanical separation in
which the solid and liquid phases were separated. Mechanical separation was carried out
using a Jouan C3i laboratory centrifuge (Thermo Electron Corporation). In accordance
with previous research, the assumed spin speed was 4000 rpm and the centrifugation
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time was 30 min [20]. The supernatant was further analyzed. The research focused on
determining the forms of total nitrogen occurrence in the reject water. It comprised am-
monium nitrogen (NH4-N) and organic nitrogen (ON). The concentrations of COD and
total nitrogen (TNrw) in the reject water sample were determined. To determine the in-
dividual organic nitrogen fractions, the supernatant was filtered through Millipore ni-
trocellulose filters (Billerica, MA) with pores of 0.1, 0.45, and 1.2 pum. For selected filtrates,
total nitrogen (TNo.a and TN1.2) was also determined with the use of a TOC analyzer with
a TN determination adapter (SHIMADZU Corporation, Japan). In addition, the concen-
trations of NHs-N, volatile fatty acids (VFAs), and COD were determined in the filtrate
created by filtration through a filter with a pore size of 0.45 um using the DR20000 spec-
trophotometer.

The analytical methodology used by Hach Lange (Germany) and SHIMA-DZU (Ja-
pan) was based on the Standard Methods for Examination of Water and Wastewater [21].

2.4. Organic Nitrogen Sequencing

To assess the changes that organic nitrogen undergoes during the co-fermentation
process, its fractionation was performed. Organic nitrogen, due to its physical state, can
be divided into (Figure 2) [22]:

e  dissolved organic nitrogen (DON);
e  colloidal organic nitrogen (CON);
e  particulate organic nitrogen (PON).

Total nitrogen (TN)

Organic nitrogen (ON)

Inorganic nitrogen (IN)
N -NH, Dissolved ON (DON)

<0.1 um

Colloidal ON (CON)
0.1-1.2 um

Particulate ON (PON)
>1.2 um

Figure 2. Scheme of nitrogen fractionation for the liquid fraction of the digestate.

In accordance with the recommended standards, filters with different pore sizes
were used to separate the individual fractions of organic nitrogen. The filtrate from the
filter with a pore size of 0.1 um was treated as the dissolved fraction and the suspension
on the filter 1.2 um as the fraction in suspension [22]. On the basis of the analysis results,
the concentrations of organic nitrogen fractions were calculated using the following
formulas:

PON = TNrw — TN1.2 @)
CON = TN12-TNoa (2)
DON =TNo1— NHs-N 3)

2.5. Energy Balance

The energy balance included a comparison of the amount of electricity produced
from the biogas combined heat and power (CHP) unit and the amount of energy used for
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aeration to remove nitrogen separated from the feedstock to the reject water from diges-
tate dewatering. The amount of energy produced (in CHP units) was calculated using the
following formula:

Er,cur=nerr - MPR - MCR  (kWh/kg VSaddea) 4)

where: ncur—energy recovery efficiency in CHP; MPR—methane production rate (m?3
CHu/kg VSadded); MCV —methane calorific value (kWh/m?3 CHa).
Electric energy consumption for aeration was calculated using following formula:

Egraer = ANRR (TNRR) - nenvia - Epnia + ANRR (TNRR) - (1-njpnia) - Eni (kWh/kgV Sadded) )

where: ANRR—ammonium nitrogen release rate (kg N/kg VSadded); TNRR —total nitrogen
release rate (kg N/kg VSadded); Nrnia—ammonia nitrogen removal efficiency (total nitro-
gen) in partial nitritation/anammox (PN/A) process; Epna—electric energy demand for
aeration in PN/A process (kWh/kgNremoved); Eniz—electric energy demand for aeration in the
process of conventional nitrification (KWh/KgNremoved)-

3. Results and Discussion
3.1. Production and Composition of Biogas

The level of energy benefits connected with the co-fermentation process is evidenced
by biogas production growth and an increase in the share of methane in it. In the pre-
sented research, biogas production was especially high in the initial period. The control
test (test I) showed that the inoculum still contained organic matter susceptible to an-
aerobic degradation, but its level was not high. The daily production of biogas decreased
from 1.5 dm3/d to approx. 0.5 dm?3/d after 5 days and below 0.2 dm?/d from the 15th day
of the test (Figure 3A). These values were four times lower for the daily production of
biogas from sewage sludge. Luostarinen et al. [23] obtained values between 1.74 and 2.8
dm?/d in their study of sewage sludge fermentation. The addition of primary sludge to
the fermentation increased the biogas production more than seven times in the first two
days of the experiment. The majority of the organic substrate available in the sludge was
exhausted after approx. 8 days, when the daily increase in biogas production decreased
to twice relative to test I (Figure 3B). For tests III and IV, the higher initial increase in bi-
ogas production was observed; that in relation to test I reached a 10-times-higher value
and around 1.5-times-higher than for the primary sludge (after the first 2 days) (Figure
3C and D). At the same time, the high production of biogas for a much longer period of
time can be observed, along with the consumption of substrates in tests I and II resulting
in the maximum daily increase in biogas exceeding 1600% (in relation to test I) and 600%
(in relation to test II). The results show that the high amount of organic substances in the
flotate and in vegetables promotes an increase in biogas production. In tests I and II, the
methane content in the biogas remained at approx. 60-64% (Figure 4A and B). The addi-
tion of flotate as well as flotate and vegetables significantly affected the composition of
biogas. The share of methane increased to approx. 70-73% (Figure 4C and D). The en-
hanced amount of methane in biogas for these tests may be due to the fact that the feed-
stock was rich in organic compounds, mainly in the form of fats present in the flotate.
Studies presented in the literature show that the content of methane in biogas during the
co-fermentation of sewage sludge and fat waste is in the range of 58-69% [23-25]. In the
presented studies, the share of methane for co-fermentation with the addition of flotate
exceeded these values, which may be due to the differences in the composition of the
feedstock used. With regard to the daily production of methane (except for the control
test), an initial period of growth can be observed, ranging from 1 (test II) to 5 days (tests
III and IV) (Figure 3B). The reason for this increase for tests IIl and IV may be the gradual
use of fatty substances contained in the flotate, which are characterized by a high me-
thane potential, much higher compared to other substrates (e.g., proteins or carbohy-
drates) [25].
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Figure 3. Daily production of: (a) biogas; (b) methane and accumulation curves of: (c) biogas; (d)
methane production.

Based on the results of the produced biogas quantity and quality measurements,
curves of biogas and methane accumulation were drawn up for the test duration from 0
to 30 days (Figure 3C,D). The efficiency of biogas production in co-fermentation was the
highest after 7-8 days. In this time, approximately 80% of the total biogas production was
produced during the tests. At the same time, for tests II-1V, after 15 days, over 95% of the
total production was measured. The process was therefore most efficient for half of the
test duration and the subsequent production was very low due to the exhaustion of the
substrates. Similar research results in terms of the rate of biogas production in
co-fermentation were obtained by Sosnowski et al. [19]. In tests with sewage sludge, the
biogas production process was faster (15 days), and the tests with the addition of food
waste took longer, but more biogas was produced (by approx. 25%). In the presented
research, the increase in biogas production in the co-fermentation process with the par-
ticipation of flotate as well as flotate and vegetables in relation to the primary sludge
alone was significantly higher, by 162 and 180%, respectively.
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Figure 4. Percentage composition of produced biogas in relation to methane, carbon dioxide, oxy-
gen, and other gases for: (a) Test I; (b) Test IL; (c) Test III; (d) Test IV.
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The obtained unit values of biogas and methane production for individual tests are
presented in Table 3. The value obtained for the feedstock including inoculum and pri-
mary sludge (in the proportion 80:20% by volume) was 306.1 dm®kg VSadded. It is a value
similar to those presented in the literature: 300 dm?3/kg VSadded [25]; 271 dm3/kg VSadded
[24]; 304 dm?/kg VSadded [26], and 294 dm?3/kg VSadded [27]. Co-fermentation of flotate with
sewage sludge (test III) increased the unit biogas production by over 70% (from 306.11 to
530.93 dm?/kg VSadded). On the other hand, the addition of vegetables (share of 33.3% of
wet mass and approx. 13% as TS and VS in relation to flotate) slightly improved the
production of biogas (by approx. 2%).

The methodology of carrying out the research in individual tests made it possible to
calculate the biogas production rate (BPR) and MPR for individual components of the
feedstock in the co-fermentation process (Table 3). The calculations were based on the
mass balance, taking into account the fact that, in subsequent tests, the share of the earlier
components was the same:

BPRi (MPRi) = (Vsaw,i — Vb, 1)/ VSaddeai  (L/g) (6)
where: i—test number (co-substrate), for i =2, 3 and 4 (i = 1 is the fermentation of the in-

oculum alone); Vs,i-total volume of biogas produced during test no. i, (dm?); VSaidesi—VS
of a given (for a given i) co-substrate introduced into the reactor (kg VSadded).

Table 3. Unit production of biogas and methane during methane fermentation (T =36 °C, t =30
days).

Input Test 1 Test I1 Test I11 Test IV
BPR, dm3 /kg VSadded

All added substrates 124.4 306.1 530.9 542.9
Primary sludge - 844.9 - -
Flotate - - 971.1 -

Vegetables - - - 811.3

MPR, dm?® CHas/kg VSadded

All added substrates 66.1 165.5 321.0 329.1
Primary sludge - 459.9 - -
Flotate - - 625.4 -

Vegetables - - - 511.5

On the basis of the performed analysis, it was found that the best feedstock, due to
the unit size of biogas production, is the flotate. In total, 0.97 m? of biogas was produced
from each kilogram of TS the flotate. Luostarinen S. et al. [23] showed that the methane
potential for the flotate is 0.918 m3 CHus/kg VSadded, while Svérd, A. et al. [28] obtained
values in the order of 0.845-0.928 m? CHas/kg VSaddaed. The values obtained for the III test
are slightly higher and may result from the types of fats used. For primary sludge, this
value is slightly lower (0.88 m3 CHa/kg VSadded), while the lowest values were obtained for
the vegetable mixture (0.811 m?® CHas/kg VSadded). Moreover, in terms of methane produc-
tion potential (MPR), the best substance turned out to be flotate (0.62 m? CHa/kg VSaddea),
while significantly lower values were obtained for sewage sludge (0.46 m® CHs/kg VSada-
ed). Barber W.P.F and Lancaster R. [29] showed that the methane potential for vegetables
and fruit is between 0.41 and 0.52 m?® CHa/kg VSadded. Davidsson et al. [24], in turn,
showed in their research a vegetable potential at the level of 0.399 m® CHa/kg VSadded. The
obtained values for the IV test are in the upper level of this range.

In test III, for the feedstock that consisted of inoculum, primary sludge, and flotate
(with a proportion of 3:1:2 VSadded.), the methane production volume was 0.32 m® CHa/kg
VSadded. Davidsson et al. [24] obtained a slightly higher methane yield for the sludge to
flotate ratio of 90:10, i.e., 0.36 m® CHa/kg VSaddaed, and for the 95:5 ratio, the value of 0.295
m3 CHa/kg VSaaded. The results of other studies for the co-fermentation of sewage sludge
and flotate ranged from 0.456 to 0.546 (Table 4). The differences in the production of
methane may result from, among others, the origin of fats and sewage sludge (and their
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type). From the review of the publications on the monofermentation of sewage sludge,
the amount of produced methane is 0.138-0.32 (Table 4); therefore, the fish production
flotate used in the research significantly increased the methane yield in relation to the
literature values. The addition of vegetables also had a positive effect on methane pro-
duction; the result was 0.329 m3 CHs/kg VSadded. This value is close to the value given,
among others, by Koch K. et al. [18], who obtained results in the range of 0.33 to 0.36 m?
CHa/kg VSadded for the study of sewage sludge with food waste. Meanwhile, Grosser A. et
al. [25] obtained higher MPR values exceeding 0.547 m?®/kg VSadded. It is possible that the
low share of vegetable waste (8.1% VS) in relation to the flotate (61.5% VS) in the feed-
stock contributed to the lower result of methane production in the presented research.

Table 4. The literature review of biogas and methane production for various feedstock in the
co-fermentation process.

Composition of

Lp. Co-Fermentation Value Unit References
1. In +SS (2:1) 0.32 m3 CHs/kg VS [18]
2. In+SS (2:1) 672.2 CMB3biogas/g V Sadded [30]
3. In+SS 0.138 m3 CHi/kg VS [31]
4, SS 263 m? CHs / kg VSadded [23]
5. SS 300 dm? /kg VSadded [25]
6. In+FW (2:1) 0.45 m?3 CHy/kg VS [18]
7. In+FW (2:1) 1016 CMPbiogas/g V Sadded [30]
8. In + FW 270 cm?® CHs/g VS [31]
9. In +SS (2:1) + FW (5-30%) 0.33-0.36 m3CHa/kg VS [18]
10. SS + fatW + FW 547 m? /Mg VSadded [25]
11. SS + fatW (90:10 VS) 360 m3 CHs/ Mg VSadded [24]
12. SS + fatW (95:5 VS) 295 m? CHs/ Mg VSadded [24]
13. SS + fatW 546 m3 /Mg VSadded [26]
14. SS + fatW 490 m3 /Mg VSadded [27]
15. SS + fatW 463 m3 /Mg VSadded [23]
16. SS + fatW 456 m? /Mg VSadded [25]

SS—sewage sludge, In—inoculum, fatW —fat waste, FW —food waste.

An important parameter indicating the metabolite activity of microorganisms con-
ducting the methane fermentation process is the amount of VS removed. In the case of
the conducted process with the feedstock in the form of sewage sludge, the literature
provides information on the amount of VS removed, ranging from 30 to even 52% [23—
25,27]. In the case of the control test, around 19% of the VS was removed during the
30-day fermentation. When sewage sludge was added, the result was around 27%. At the
same time, based on the mass balance, it was possible to determine the VS removal effi-
ciency with respect to individual feedstock components. A value of 53% was obtained for
the primary sludge. This indicates a high content of organic matter susceptible to an-
aerobic decomposition. In the case of studies on the co-fermentation of primary sludge
with flotate, the amount of removed VS is approx. 45.6%, and, after adding vegetable
waste, the value was maintained at the same level (45.4%) (Figure 5). Similar results were
obtained by Davidsson et al. [24], Noutsopoulos et al. [27], Luostarinen et al. [23], and
Grosser A. et al. [25] during the co-fermentation of the fatty substance with sewage
sludge, where the removal of VS at the levels of 58, 59, 46, and 52%, respectively, was
achieved. In addition, Grosser A. et al. [25] carried out a study by adding food waste to
the feedstock and the removal of VS was at the level of 65%. In the presented research,
the effectiveness of the inoculum and other co-substrates was taken into account when
calculating the percentage of VS removal from the analyzed co-substrate. For this pur-
pose, the equation used by Bai et al. [32] was adopted. Based on the mass balance calcu-
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lations, it was shown that the degree of mineralization of VS was 78 and 65% for the flo-
tate and vegetable mixture, respectively.

4

0 3 & 9 12 15 13 21 24 27 30
Time [day]

e TSt | el Teest || Test [l eeTest IV
Figure 5. The course of changes in the content of VS during co-fermentation.

3.2. Conditions for the Fermentation Process

The parameter used to indicate the stability of the methane fermentation process is
the concentration of VFAs [33]. An excessive concentration of VFAs acidifies the process
and causes the pH to decrease to a level that may slow or even inhibit the process [30,34].
Initially, in each of the co-fermentation tests, an increase in the value of the production of
VFAs was observed (Figure 6A). After this period, their rapid concentration decrease is
noted. Such a trend line is related to the intensive production of VFAs from the substrate
in the acitogenesis phase, and its use for the production of methane in methanogenesis,
which is confirmed by the methane production diagram (Figure 4B,D). On the basis of the
comparison of these two graphs, it can be found that in the initial period (especially for
tests III and IV), the production of VFAs prevails over their weight. The stabilization of
the values occurs in the range optimal for the fermentation process. The curve is flat-
tened, and the production of VFAs is compensated for by consuming them. Interestingly,
in tests in which a significant amount of fatty substances was present in the feedstock (in
the form of flotate) in the first phase of fermentation, the increase in VFAs was much
higher than in the test for sewage sludge alone. This confirms the hypothesis that the
flotate is a source for the rapid production of VFAs and therefore for a significant in-
crease in methane production.

The optimal pH range for the fermentation process should be within 5 to 8. A pH
below 5 may interfere with the activity of methane-forming bacteria and stop methane
production [35]. The pH was within the recommended range during all tests (Figure 6C).
However, during the first days of the process, pH values were lower (especially for tests
III and IV). This could have been caused by the high production of VFAs during this
period. A similar phenomenon was observed by Azarmanesh R. et al. [30] in their
research.

In the analyzed studies, the alkalinity values did not fall within the optimal range
presented in the literature for a typical properly functioning fermentation chamber, i.e.,
40-80 mval/L [36,37]. It should be noted that due to the much higher than optimal alka-
linity values, with a simultaneous high accumulation of VFAs, such high alkalinity made
it possible to compensate for the adverse effect on the pH value. Therefore, it should be
recognized that despite high alkalinity values, there is no negative impact on the course
of the process, and despite the buffer that this alkalinity creates, it has a beneficial effect.
This is evidenced by the ratio of volatile fatty acids to alkalinity [30]. According to the
literature data, the optimal range of the VFAs: alkalinity ratio is 0.1-0.35 [38], and in some
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publications, it is recommended that this value should be less than 0.4. [39,40]. Figure 6D
shows the VFAs: alkalinity. Values in all four tests were within the recommended liter-
ature values. In the first 3-5 days of tests III and IV, these values are close to the limits;
however, the alkalinity level ensures adequate buffering of the produced VFAs. As a
result, no inhibition of the methane fermentation process was found in these two tests. In
the initial period of these two tests, a pH decrease may also be observed. However, due to
its buffering properties, it did not fall below the optimal values for biogas production.
The commonly reported optimal range is 6.5-7.5 [41]. This parameter showed an upward
trend, especially for tests IIl and IV. At the end of tests II, III, and IV, with the depletion of
the substrate and a significant increase in ammonium nitrogen concentration, the reac-
tion becomes or even exceeds the optimal range.
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Figure 6. Changes in the value of: (a) pH; (b) alkalinity; (c¢) VFA: alkalinity; (d) VFAs for the ana-
lyzed tests.

3.3. Nitrogen Transformations

Nitrogen in the substrate subjected to methane fermentation in the fermentation
chambers is present in the form of organic matter with various dispersions (mainly in the
form of large suspensions and solid particles), and as ammonia nitrogen (ammonium ion
or free (unionized) ammonia dissolved in the liquid according to the equilibrium state
dependent on pH). As a result of the processes taking place during the fermentation,
organic matter is biodegraded into particles of lower mass and ultimately is converted
mainly into methane and carbon dioxide. In the range of the hydrolysis process, nitro-
gen-containing organic compounds (proteins and urea) are also decomposed. As a result,
the organic nitrogen contained in the feedstock material goes to the liquid fraction,
where, depending on the size, it can be classified as PON, CON, and DON. Eventually, in
the ammonification process, it is decomposed with the release of ammonium ion. A dia-
gram of nitrogen transformation during fermentation is shown in Figure 7.
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Figure 7. Nitrogen transformation during methane fermentation.

In the publications on co-fermentation, most often, there is no information about
nitrogen transformations, or they are limited only to indicating the concentrations of
ammonia nitrogen. The course of changes in the concentration of ammonia nitrogen
during the analyzed tests is shown in Figure 8. The increase in the concentration of this
form of nitrogen in test I is related to the final hydrolysis of organic compounds con-
tained in the inoculum. In the Swarzewo WWTP, it is mainly a mixture of primary sludge
and waste-activated sludge produced in this WWTP and waste sludge from other bio-
logical WWTPs operated by this facility. The initial value (862 mgNHs-N/dm?) is the
highest compared to other tests, which is related to the significant level of feedstock
ammonification. At the same time, it is a value more than four times higher than the
value for inoculum from the fermentation chambers of the Penn State University WWTP
[32]. The co-substrates introduced into the reactors are characterized by a lower concen-
tration of ammonia nitrogen, which results in lowering its initial concentration in the
remaining tests. At the same time, the organic matter of these co-substrates is subjected to
hydrolysis during the tests, which increases the concentration of ammonia nitrogen. The
final concentrations of ammonia nitrogen in test II, with the addition of primary sludge
(1037 mgNHs-N/dm?), are higher than the values presented for the reject water from the
digestate dewatering in two large WWTPs in Northern Poland, i.e., 647.0 and 888.8 37
mgNHs-N/dm? for Gdynia and Gdansk WWTP, respectively [19]. Lower concentrations
(approx. 500 mgNH4+-N/dm?) were observed during laboratory studies on the fermenta-
tion of sewage sludge [42]. Similar concentrations of ammonia nitrogen (1045 and 1184
mgNHi-N/dm?®) were observed in the reject water from sewage sludge dewatering (a
mixture of waste-activated sludge and primary sludge) subjected to methane fermenta-
tion [43]. However, much lower concentrations (approx. 400 mgNHi-N/dm?) were ob-
tained during the co-fermentation of sewage sludge and acid cheese whey [44].

Regarding tests III and IV, an initial period of 5-7 days can be observed during
which the ammonium nitrogen concentration remains relatively stable. After this period,
the shape of the ammonia nitrogen concentration change curve is similar to the test with
the addition of primary sludge; however, the final ammonia nitrogen concentration sta-
bilizes after 21 days of the test at a much higher level (approx. 1250-1300 mgNHs-N/dm?3).
This initial low increase in the ammonia nitrogen concentration may be related to the
high availability of VFAs generated from the flotate, as shown by the course of changes in
the VFA concentration presented in Figure 6D. The very high concentrations of VFAs
observed during the first three days could also affect the rate of hydrolysis of other or-
ganic compounds, including proteins. Only after the consumption of the easily hydro-
lysable fraction of fatty substances load contained in the flotate, the process of remaining
organic matter decomposition contributed to an increase in the ammonia nitrogen con-
centration. The much higher final concentration of ammonia nitrogen in tests III and IV
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(an increase of 80-100% compared to test II) indicates that the flotate contained not only
fatty substances but also other contaminants present in the fish production wastewater,
including proteins. In a study on the co-fermentation of sewage sludge and food waste,
Azarmanesh et al. [30] obtained much higher final total ammonia nitrogen concentrations
(ranging from 1900 to 3500 mgN/dm?). At the same time, the authors indicated that an
increase in the concentration of ammonia nitrogen also increases the alkalinity, which has
a positive effect on buffering organic acids produced in the fermentation process.

Table 5 summarizes the ANRR values for individual tests. At the same time, based
on the mass balance, calculations of the productivity of co-substrates were performed in
relation to this form of nitrogen.

1400
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Figure 8. Changes in ammonia nitrogen concentration during co-fermentation tests.

Table 5. Unit value of ammonia nitrogen release rate during methane fermentation (T =36 °C, HRT
=29 days).

Feedstock Test I Test I1 Test II1 Test IV
mg NH4-N/g TSadded
All substrates 431 12.52 17.37 18.68
Primary sludge - 53.64 - -
Flotate - - 32.05 -
Vegetables - - - 27.34
mg NHs-N/g VSadded
All substrates 7.17 19.61 24.29 25.86
Primary sludge - 68.66 - -
Flotate - - 34.36 -
Vegetables - - - 28.89

Figure 9 shows the course of changes in the individual forms of organic nitrogen
concentration in the liquid fraction of the digestate.
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Figure 9. Changes in organic nitrogen concentration in the liquid fraction of digestate during
co-fermentation tests: (a) DON; (b) CON; (c) PON; (d) ON.

The analysis of the organic nitrogen fraction concentration changes in the liquid
fraction of the digestate shows that during the first 3-7 days, their increase can be ob-
served in all the tests performed. However, there are significant differences between the
values in tests I and II as well as tests III and IV. In relation to the inoculum, the maxi-
mum increases were for DON 116 and 190% (after 3 days), for CON 352 and 291% (after 5
days), and for PON 219 and 257% (after 3 days), respectively, for tests III and IV. Such a
significant initial increase in ON fractions proves the high efficiency of the organic matter
hydrolysis processes in the feedstock. This mainly concerns the flotate, which was lique-
fied before being introduced into the reactor by an inoculum heated to a temperature of
36 °C. Such preparation of the feedstock ensures good contact between organic matter
and microorganisms, which enables the effective course of the hydrolysis process. At the
same time, the inhibition of the ammonification process (demonstrated on the basis of
ammonia nitrogen concentration changes in tests with the flotate) caused the concentra-
tion of organic nitrogen in the liquid fraction of the digestate. With the efficiency of
ammonification increase, the concentrations of organic nitrogen fraction decrease and
remain at a stable level from day 20 to 25.

Final organic nitrogen fraction concentrations for test I were 44.0, 75.0, and 49.3
mgN/dm?, for DON, CON, and PON, respectively. The addition of primary sludge (in the
proportion of 80:20% by volume) contributed only to a slight increase in the final con-
centrations of ON fractions by 8, 17, and 12 mgN/L, for DON, CON, and PON, respec-
tively. Moreover, for the reject water from the digested sludge dewatering in two large
WWTPs in Northern Poland, significantly higher CON values were observed in relation
to DON, but their concentrations were almost two times lower than the values obtained
in test II (24.0-29.5 mg DON/dm? and 33.7-38.5 mg CON/dm?, respectively) [19].

Moreover, a study presented by Abel-Denee et al. [45] indicated lower DON con-
centrations (28.8 mgN/dm3 on average) in reject water from the fermentation of mixed
sewage sludge. On the other hand, Galvagno et al. [43] showed a much higher concen-
tration of DON (204 mg N/L on average) in the reject water from the dewatering of me-
thane fermented mixture of primary sludge and waste-activated sludge compared to the
values obtained in test II.

The addition of flotate and flotate with vegetables resulted in slightly higher final
concentrations of CON (by 23 and 26 mgN/dm?) and PON (approx. 14 mgN/dm?). On the
other hand, a significantly higher increase in concentration was observed for DON: 96.5
mgN/dm? and 106.8 mgN/dm?, respectively, for tests III and IV. In relation to the final
value determined in the test with primary sludge, this represents an increase by 170 and
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190% (for tests III and IV, respectively). Even higher values (on average 331.0 mgCON/
dm? and 200.6 mgDON/-dm?) were obtained by Tuszynska et al. [17] during fruit and
vegetable waste fermentation. Research on the DON properties contained in treated
wastewater has shown that approx. 25-35% of DON is still biodegradable, and approx.
20% is bioavailable for Selenastrum capricornutum algae [46]. Therefore, with such high
concentrations of DON, it is necessary to perform tests on the biodegradation of organic
nitrogen contained in reject water from digestate dewatering in activated sludge cham-
bers of municipal WWTPs.

As a result of the processes taking place during the methane fermentation with the
use of the feedstock in the form of primary sludge and flotate, there was a significant in-
crease in total nitrogen concentration in the reject water from digestate dewatering. In
relation to the feedstock in the form of primary sludge, it was over 26% (increased by
327.8 mgN/dm?). The addition of the vegetable mixture contributed to a further increase
in total nitrogen concentration (in total up to 360.8 mgN/dm? compared to test II, i.e., by
almost 30%). Table 6 summarizes the total nitrogen release rate (TNRR) values calculated
on the basis of mass balances for individual co-substrates. Such a significant increase in
nitrogen concentration in the reject water from digestate dewatering may have a signifi-
cant impact on the amount of energy consumption associated with its removal.

Table 6. Unit value of total nitrogen release rate to the liquid fraction during methane fermentation
(T=36°C, HRT =29 d).

Feedstock Test I Test I1 Test II1 Test IV
mg N/g TSadded
Inoculum 1.38 - - -
Primary sludge - 68.35 - -
Flotate - - 4421 -
Vegetables - - - 41.81
mg N/g VSadded
Inoculum 2.29 - - -
Primary sludge - 87.48 - -
Flotate - - 47.39 -
Vegetables - - - 44.19

3.4. Energy Balance

The use of co-substrates in the methane fermentation process increases the produc-
tion of biogas and often increases the share of methane in it. At the same time, during the
fermentation process, nitrogen is released into the liquid fraction, which is separated
from the post-ferment as reject water. This additional nitrogen load requires removal in
the main WWTP line by conventional nitrification/denitrification (N/D) processes, which
requires electrical energy for aeration. In biological nutrient removal WWTPs, energy
consumption for aeration can be, depending on the type of installation, from 45 to 75% of
the total electric energy consumption of a given treatment plant [47].

To reduce the energy consumption, the reject water treatment in a side stream along
with PN/A processes can be used (defined as deammonification). This allows a reduction
in the oxygen demand by around 60%, with a complete lack of organic compound de-
mand (necessary in the conventional process of denitrification).

The energy balance analysis was performed for the three tested co-substrates, pri-
mary sludge, flotate, and vegetable mixture. For the calculation of the electric energy
production volume, the unit production of methane during methane fermentation values
from Table 3 were adopted. The amount of energy that can be generated from 1 m? of
methane was assumed as 10.4 kWh [48]. The efficiency of cogeneration systems (CHP)
ranging from 0.3 (for older devices) to almost 0.5 (for the newest devices available on the
market) was also taken into account.


http://mostwiedzy.pl

A\ MOST

Energies 2021, 14, 1907

16 of 21

The unit demand for electric energy needed to remove nitrogen in the conventional
nitrification process is estimated at approx. 4.0 kWh/kgNremoved [49]. Much lower values,
close to 2.4 kWh/kgNremoved, were presented in the studies of Figueroa et al. [50] and
Shourjeh et al. [51]. On the other hand, the amount of energy demand for nitrogen re-
moval in the PN/A process depends on the configuration of the reactors. With the use of
SBR reactors using single-stage PN/A technology, the energy demand takes values in a
wide range from 0.2 to approx. 2.0 kWh/kgN [49]. The literature also provides results of
energy consumption analyses falling within the same range: 1.0 kWh/kgN [49,50] and 1.2
kWh/kgN [52]. Higher specific energy consumption was demonstrated for the two-stage
PN/A technology, ranging from 1.05 to 1.86 kWh/kgN [50].

The higher of the presented values, i.e., 4.0 KWh/kgNremoveda for the N/D process and
1.6 kWh/kgNremoved for the PN/A process (which corresponds to 40% of consumption for
the N/D process), were adopted for the amount of the energy consumption calculation.

The calculations were made for two scenarios. In scenario I, the energy consumption
was compared only to the ammonia nitrogen released in the fermentation process, in
accordance with the values presented in Table 5. However, scenario II took into account
the increase in total nitrogen concentration in reject water (according to the values from
Table 6). With regard to the efficiency of ammonia nitrogen removal in the PN/A process,
values from 0% (i.e., without reject water treatment in the side stream) to 90% were
adopted. It was also assumed that the rest of the ammonia nitrogen and all of the organic
nitrogen would be removed in the N/D processes.

Figure 10 shows the results of the energy balance calculations in relation to 1 kg
VSadaded. The highest value of the electric energy generated (Figure 10 C) was obtained for
flotate and, depending on the efficiency of the CHP system, ranged from 1.9 to 2.3
kWh/kgVSadded. The use of a vegetable mixture for co-fermentation made it possible to
generate approx. 18% less electric energy and, with the use of primary sludge, by over
26%. The amount of energy required for the removal of ammonia nitrogen (Figure 10A)
in the main line in the N/D process was 0.27, 0.14, and 0.11 kWh/kgVSadded, for primary
sludge, flotate, and vegetables, respectively. The removal of 90% of the ammonia nitro-
gen in the PN/A process reduced the energy demand by 54%. The necessity of removing
all the ammonia nitrogen and organic nitrogen present in the reject water from the di-
gestate dewatering (Figure 10B) in the N/D process increased the energy consumption to
0.35, 0.19, and 0.18 kWh/kgVSadded, for primary sludge, flotate, and vegetables, respec-
tively. The highest increase in energy consumption, involving the removal of organic ni-
trogen (by approx. 35%), was identified for the feedstock in the form of the vegetable
mixture. Due to the need to remove organic nitrogen in the main line of WWTP, the de-
crease in energy consumption related to the removal of 90% of the ammonia nitrogen in
the side-line was lower and was 42%, 39%, and 35% for primary sludge, flotate, and
vegetables, respectively. For all analyzed variants, a positive result was obtained in the
balance of electric energy production and its consumption for nitrogen removal (Figure
10D). The net production for scenario I ranged from 1.16 (for primary sludge) to 3.19 (for
the flotate) kWh/kgVSadded, while for scenario II, it decreased to 1.08 and 3.14
kWh/kgVSadded, respectively. A positive analysis result of the energy consumption and
energy production balance for co-fermentation with the dosing of swine slurry was also
obtained by Figueroa et al. [50].
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Figure 10. Electric energy balance for the three co-substrates in relation to 1 kg VSaddeda: (a) energy
consumption for nitrogen removal for scenario I; (b) energy consumption for nitrogen removal for
scenario II; (c) the amount of energy production in the CHP systems; (d) energy profit.

4. Conclusions

Analyses concerning the possibility of achieving energy self-sufficiency are the cur-
rent trend in WWTPs. This effect can be achieved by increasing the production of electric
energy from biogas in CHP systems, and by reducing energy consumption for techno-
logical processes. One of the directions of the research, in line with the CE concept, is the
use of waste rich in organic matter as co-substrates for the methane fermentation process
carried out in anaerobic chambers located at WWTPs. In such an assessment, all aspects
influencing the energy balance should be taken into account, including, in particular, ni-
trogen release, the removal of which is one of the most energy-consuming processes car-
ried out during wastewater treatment.

In this study, the effect of the co-fermentation of two selected wastes (flotate from
the wastewater treatment plant at fish product production plants and a mixture of vege-
tables) on the increase in biogas production and their impact on changes in nitrogen
concentration in the reject water from digestate dewatering were examined. As part of
the presented research, co-fermentation tests were carried out with the use of primary
sludge from a large municipal WWTP and a control test with the inoculum alone. In all
tests, biogas production was most efficient up to the 15th day of the batch test. The waste
used in the tests contributed to a significant increase in the production of biogas, as well
as to a significant increase in the share of methane in it (approx. 70-73%). On the basis of
the mass balance, the BPR and MPR values related to 1 kg VSaaded of a given co-substrate
were determined, and the degree of VS mineralization was determined, which was 78
and 65% for the flotate and vegetable mixture, respectively.

With the proportion of inoculum, primary sludge, and flotate equal to 3:1:2 (as a
VSadded), and also after the addition of a vegetable mixture (in a proportion of 0.25), there
was no inhibition of the methane fermentation process. Moreover, the hydrolysis of ni-
trogen-containing organic compounds contained in the feedstock to the PON, CON, and
DON fractions proceeded without significant disturbances. This indicates a significant
increase in the concentrations of these fractions during the first 3-5 days in relation to the
fermentation of the primary sludge alone (from over 100 to almost 300%). On the other
hand, an inhibition of the ammonification process was observed, which resulted in a
stable level of ammonia nitrogen concentrations during the first 5-7 days of the process.
The ANRR and TNRR values were determined in relation to 1 kg VSadded, which is a
novelty of the presented research. The addition of flotate as well as the mixture of vege-
tables had no significant effect on the final concentrations of PON and CON fractions. On
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the other hand, the DON fraction increased by 170-190% in relation to the test with the
addition of primary sludge. This may be considered as an adverse effect and it may have
a negative impact on the biological part of the WWTP due to the additional load of or-
ganic nitrogen.

In order to assess the impact of the application of the analyzed co-substrates on the
energy effect achieved by the entire WWTP, energy balance calculations were performed.
Variable amounts of electric energy production depending on the efficiency of CHP sys-
tems (in the range from 30 to 50%) were included. The energy consumption for supplying
the oxygen necessary to remove the nitrogen contained in the reject water from digestate
dewatering was also taken into account. In this part of the calculations, two scenarios
were considered: the first one related to ammonia nitrogen only, and the second one
considered the sum of ammonia nitrogen and organic nitrogen. In addition, the option of
nitrogen removal only in the conventional N/D process was analyzed, as well as the use
of the PN/A process in the side-line with variable ammonia nitrogen removal efficiency
(up to a maximum of 90%). For all the calculation variants performed, a positive energy
balance was obtained, referring to 1 kg VSadded. The minimum energy profit for the flotate
was approx. 60% higher in relation to the primary sludge, while for the vegetable mix-
ture, it was approx. 30%.

The performed tests confirmed the advisability of using the flotate from the WWTP
from fish factories and a vegetable mixture as a co-substrate in the fermentation process
carried out in municipal biogas plants located at WWTPs.
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Abbreviations

ANRR ammonium nitrogen release rate

AD anaerobic digestion

AMPTS Automatic Methane Potential Test System
BPR biogas production rate

CE circular economy

CHP combined heat and power

COD chemical oxygen demand

CON colloidal organic nitrogen

DON dissolved organic nitrogen

IN inorganic nitrogen

MPR methane production rate

N/D conventional nitrification/denitrification processes
NH4-N ammonium nitrogen

ON organic nitrogen

PE population equivalent
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PON particulate organic nitrogen
N total nitrogen
TNRR total nitrogen release rate
TS total solids
VFAs volatile fatty acids
VS volatile solids
WWTPs wastewater treatment plants
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