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In this study, the co-digestion of food waste and activated sludge was evaluated in a two-stage anaerobic
system and compared to the traditional single-stage process. The two-stage system was composed by
two reactors connected in series able to perform the fermentative and the methanogenic phases sepa-
rated. Experiments were carried out in semi-continuous mode under mesophilic conditions (37 °C). The
two-stage technology achieved an overall improvement of the anaerobic performances. Results high-
lighted an increase in biogas production and volatile solids degradation of 26% and 9%, respectively.
Considering the whole two-stage system, i.e. the sum of the biogas productions of the first and the
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H;ijrogen second digester, these percentages increased up to 35.0%. Concerning gas quality, the two-stage system
Methane achieved a hydrogen rich biogas in the first fermentative reactor and an improvement of methane
Food waste content in the second methanogenic digester. The average methane content shifted from 61.2% to 70.1%.

Activated sludge The highest methane production of the two-stage process was due to improved substrate hydrolysis,

Co-digestion
Two-stage process

with increased amounts of volatile fatty acids made readily available in the second stage.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The European Union action plan for the Circular Economy [1]
and the Bioeconomy Strategy [2] represent the cornerstones of the
European policy to develop a sustainable, low carbon and resource
efficient future. The Circular Economy Policy Package aims to close
material loops through the recycling and reuse of products, effec-
tively reducing virgin material use and associated environmental
pressures. The Bioeconomy Strategy is a research and innovation
agenda aimed at enhancing the exploitation of biomaterials in a
sustainable way. The two strategies are strictly interrelated since
sustainable bioeconomy is the renewable segment of the circular

Abbreviations: AD, anaerobic digestion; AS, activated sludge; BHP, biochemical
hydrogen potential; FW, food waste; IA, intermediate alkalinity; HRT, hydraulic
retention time; OFMSW, organic fraction of municipal solid waste; OLR, organic
loading rate; PA, partial alkalinity; SG, specific gas production; SHP, specific
hydrogen production; SMP, specific methane production; TA, total alkalinity; TS,
total solids; TVS, total volatile solids; VFA, volatile fatty acids.
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economy turning bio-waste, residues and discards into valuable
resources [3]. This new approach has thus focused its attention on
municipal waste and wastewater sectors as key fields that can be
widely improved [4]. Wastewater sludge is the major by-product of
wastewater treatment plants and anaerobic digestion (AD) is a
widespread technology employed for its stabilisation. AD converts
the organic matter into biogas, a renewable source of energy, and
digestate, a valuable fertilizer and soil conditioner [5,6]. Despite the
positive potentials, most wastewater digesters face problems such
as low organic loading rate (OLR) and biogas yield due to the low
biodegradability of sludge. To date, the most common disposal
approaches are landfilling and incineration, two expensive
methods not compatible with the concept of circular economy [7].

Co-digestion of sludge and organic waste is a valuable solution
to improve the digestion efficiency and increase the energy output
using the spare digestion capacity at wastewater treatment plants
[6,8]. The co-digestion of two or more substrates with comple-
mentary characteristics can result in synergistic effects that may
lead to improvements in biogas yield, process stability and costs
reduction [9,10]. Concerning organic waste and sludge, both sub-
strates can provide a positive contribution to the anaerobic diges-
tion. Organic waste provides essential carbon to sewage sludge
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digestion that is necessary for the improvement of digestion per-
formance, mainly because of its influence on the kinetics of the
process [6]. Conversely, sludge are protein-rich substrates whose
anaerobic degradation releases hydroxide and ammonia ions [11].
Optimal levels of ammonia ions (up to 200 mg L~ 1) ensure adequate
supply of nitrogen as nutrient substance for anaerobic biomass and
together with hydroxide ions increase system's buffer capacity,
counteracting acidification lead by volatile fatty acid (VFA) pro-
duction and thus helping to guaranteeing the stability of the pro-
cess [12,13].

With the aim of further improving AD efficiency, the two-stage
process has been identified as a promising method because it al-
lows a better reduction of organic load and increases the overall
energy conversion efficiency by generating two gases with high
combustion power [14]. The traditional AD is split in two reactors
connected in series. While the first fermentative phase produces a
hydrogen rich biogas and releases volatile fatty acids (VFAs) in the
liquid solution, the second phase converts VFAs and the residual
biodegradable matter into methane and carbon dioxide [15].
Therefore, the role of the fermentative reactor is twofold: produc-
ing a hydrogen-rich biogas and acting as a pretreatment for the
methanogenic reactor. Indeed, by degrading the macro-polymers,
fermentative bacteria make the substrate more easily accessible
to the methanogens, thus improving methane production in the
second reactor [16—19]. Furthermore, European Union [20] pro-
motes hydrogen production, as it is a sustainable energy source
with no greenhouse gases emissions from its combustion and high-
energy content (122 kJ/kg). Such potential benefits are further
improved if hydrogen is produced through the biochemical con-
version of biodegradable wastes [21].

Previous studies mainly focused on the sequential production of
hydrogen and methane employing food waste (FW) as sole sub-
strate [16—19,22—30]. Other researches mainly focused on the two-
stage co-digestion of other substrates than FW and activated
sludges (AS). Bertin et al. [31] and Dereioti and Kornaros [32]
studied the two-stage co-digestion of cheese whey and cattle
manure obtaining a hydrogen-rich biogas in the first reactor and an
increase of methane production in the second stage. Similar results
were reported by Xiao et al. [33] with the mixture of FW and paper
waste. Conversely, information on two-stage anaerobic systems for
hydrogen and methane production from the co-digestion of FW and
sludge is still scarce and its study needs to be improved.

The objective of the present study is to compare one-stage and
two-stage anaerobic co-digestion processes employing a mixture of
FW and AS as feeding. In order to have reference scenarios, one-
stage and two-stage treatments of the sole FW were also per-
formed. Experiments were carried out in semi-continuous mode
under mesophilic conditions. Process stability was monitored
through VFAs, pH and alkalinity. Anaerobic performances were
evaluated in terms of production and quality of gas and volatile
solids removal efficiency.

2. Materials and methods
2.1. Substrates and inocula

FW was manually sorted from organic fraction of municipal
solid waste (OFMSW) collected by means of a kerbside collection
system. The domestic FW was collected in an Italian municipality
and was mainly composed of pasta, bread, vegetable residues and
citrus peels. The sample was shredded in a food processor (Pro-
blend 6, Philips, Netherlands) and diluted with tap water. The final
FW slurry was stored in a freezer at —20°C.

AS was collected from the aerobic unit of a municipal waste-
water treatment plant. The sample was stored in plastic tanks and

kept under refrigeration at 4 °C.

The substrates were then treated with the aim of obtaining
mashes with a total solid (TS) content of 5% by weight, suitable for a
wet digestion technology. As for the co-digestion experiments, AS
and FW slurry samples were daily removed from storage conditions
and mixed in the food processor. The ratio FW slurry:AS was
approximately 1:5 by weight. Similarly, the digestion trials were
performed by mixing FW slurry and tap water.

The same sample of AS was also used as inoculum for the
fermentative reactor [29,34,35]. According to previous studies
[35,36], in order to harvest the hydrogen-producing bacteria and
inhibit hydrogenotrophic methanogens, the sludge sample was
heat-shocked at 105 °C for 30 min before the start of the experi-
ment. The treatment was performed in 250 ml beakers placed in a
static oven (UM200, Memmert GmbH, Germany). The temperature
of the medium was continuously measured with a rigid tip digital
thermometer (T1, Testo S.p.A., Italy). After 30 min, beakers were
removed from the oven and cooled down to ambient air temper-
ature. Tests were carried out when inoculum temperature reached
37°C.

The seed sludge used as inoculum for the methanogenic reactor
(IN) was collected from a wet anaerobic reactor treating OFMSW
and cattle manure at mesophilic conditions.

The characteristics of FW slurry, AS and IN in terms of TS, Total
Volatile Solids (TVS), pH, total alkalinity and carbohydrates, pro-
teins and lipids contents are reported in Table 1. The analytical
method of each parameter is presented in Section 2.4.

2.2. Reactors configuration

Two stainless steel (AISI 316) reactors of 6 and 20 L (working
volumes of 3 L and 12 L) were adopted as continuously stirred tank
reactors (CSTR)for the fermentative and methanogenic phases,
respectively. Continuous mixing inside the reactors was ensured by
mixing blades connected to electric gear motors (COAX MR 615 30Q
1/256, Unitec s.r.l., Italy). Warm water heated by a thermostatic
bath (FA90, Falc Instruments s.r.l., Italy) passed through each
reactor cladding in order to keep the temperature constant at
mesophilic conditions (37 + 0.1 °C). pH was continuously measured
by pH probes (InPro4260i, Mettler Toledo, Italy). The volume of the
produced gas during the tests was measured by using volumetric
counters connected to the upper side of the reactors through a 3-
way valve. Each counter was composed of two concentric cylin-
ders partially filled with water: when the gas flowed from the
reactor to the external side of the counter, the water rose through
the internal cylinder up to the level of an electrode. The electrode
activated a 3-way valve, which connected the counter to a 10L
multilayer foil bag (SupelTM, Merck KGaA, Germany) that collected
the gas. After bag filling, the water level in the counter dropped to a
second electrode, which reconnected the counters to the reactors
and the gas restarted to enter into them. Each impulse was related

Table 1
Substrates and inoculum characteristics. Values are expressed as average values and
related standard deviation.

Parameters FW slurry AS IN

TS (%) 19.9+0.6 2.1+0.0 26+0.0
TVS/TS (%) 80.6+0.9 793 +03 61.9+04
pH 3.8+0.1 7.1+0.0 82+0.1
Carbohydrates (% w/w) 74 <0.1 <0.1
Proteins (% w/w) 3.9+0.2 09+0.1 0.6 +0.1
Lipids (% w/w) 39+0.2 <03 <0.3
Fibres (% w/w) 3.0+04 0.1+0.0 02+0.0
Total alkalinity (mgCaC03 L) 1300 +45 5000 + 88 7750 £ 55
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to a gas volume of 0.07 L. In order to convert gas volume data at
normal conditions, a pressure transducer (HD 9908T Baro, Delta
Ohm S.rl, Italy) and a T-type thermocouple (PT100, Delta Ohm
S.r.l, Italy) measured ambient pressure and temperature respec-
tively. All signals coming from the reactors were acquired by a cRIO
9030 controller (National Instruments, USA) and were processed by
a software specifically developed in Labview® environment. As for
the fermentative reactor, the acquisition system and the software
were used also to control a peristaltic pump (Reglo ICC, Ismatec,
Germany) dedicated to the dosage of NaOH 2M solution for pH
control. 3 ml of solution were automatically added when the pH
decreased under the set value in order to constantly keep the pH in
the range of +0.1 all through the tests. This pH control strategy was
adopted on the basis of previous works that tested the efficacy of
pH control through the automatic addition of an alkaline solution
[29,34,35,37]. The communication between the acquisition device
and the pump occurred via a serial RS-232 connection. After filling,
the reactors were flushed with nitrogen for a few minutes to ensure
anaerobic conditions.

2.3. Operational conditions

Experiments were carried out with FW and mixtures of FW and
AS as substrates. Mashes were daily fed to the reactors by means of
a syringe. Both trials were characterized by two scenarios (Fig. 1). In
the first scenario (S1), the methanogenic reactor was run alone
aiming at evaluating the traditional one-stage AD. Simultaneously,
the fermentative reactor was also fed in order to reach steady state
conditions. In the second scenario (S2), the two digesters were
connected in series aiming at evaluating the two-stage process.
Each scenario was performed for three HRTs of the methanogenic
reactor: 51 days S1 and 36 days S2. As for the methanogenic re-
actors, the first 34 and 24 days of S1 and S2 respectively were
considered as the acclimatization phase (equal to two HRT), while
the last HRT of each scenario (from day 35 to day 51 and from day
25 to day 36) was considered as the steady state and its data were
used for comparison. As for the fermentative reactors, the whole S1
was considered as a trial stage, while S2 was entirely considered as
steady. Both scenarios were characterized by an OLR of the meth-
anogenic reactor of 2.5 kgTVS m—3d L. This value was selected as
the optimum value for wet digestion technologies and mesophilic
conditions [38] and in the range of previous studies [18]. Conse-
quently, similarly to other works [24—26,39] the HRT was
approximately 17 days for S1 and 12 days for S2. As for the
fermentative reactor, the HRT was set to 3.0 days based on previous
studies [25,26]. The related OLR was then calculated to be
approximately 14 kgTVS m—3d~1L

Table 2 summarizes the operational conditions applied to the
reactors during the tests.

2.4. Analytical methods

The effluent of both the reactors was monitored daily in terms of
TS, TVS, pH, alkalinity and VFAs.

TS, TVS and pH were determined according to standard methods
[40]. Based on the volatile solids content of the effluent (TVSour)
and the incoming substrate (TVSyy), the daily volatile solids
removal efficiency (nrys) was calculated as follows (Eq. (1)):

TVS;y — TVSour o

o 100 (1)

Nrvs =

Alkalinity was measured according to Martin-Gonzalez et al.
[41]. The measurement consisted in a two-end point titration
methodology to monitor VFAs/alkalinity ratio leading to obtain

total alkalinity (TA) and partial alkalinity (PA). The former included
both VFA and bicarbonate alkalinity and the latter was roughly
related only to bicarbonate alkalinity. The difference, defined as
intermediate alkalinity (IA), was related only to VFA alkalinity.
Several studies have included alkalinity ratios as monitoring pa-
rameters. For instance, the pilot scale digester was daily monitored
through the ratios intermediate/partial alkalinity (IA PA™1).

Hydrogen, methane, carbon dioxide, nitrogen, oxygen and
hydrogen sulphide contents in biogas were analysed using a gas
chromatograph (3000 Micro GC, INFICON, Switzerland) equipped
with a thermal conductivity detector. Carbon dioxide and hydrogen
sulphide passed through a PLOTQ column (10 pm/320 um/8 m)
using helium as gas carrier at temperature of 55 °C. The other gas
passed through a Molsieve column (30 um/320 um/10 m) using
argon as gas carrier at a temperature of 50 °C.

VFAs, including acetic, propionic, butyric, isobutyric, valeric,
isovaleric and caproic acids were measured using a gas chromato-
graph (7890B, Agilent Technology, US) with hydrogen as gas carrier,
equipped with a CPFFAP column (0.25 mm/0.5 pm/30 m) and with a
flame ionization detector (250°C). The temperature during the
analysis started from 60 °C and reached 250 °C with a rate of 20 °C/
min. Samples were centrifuged (30 min, 13,500 rpm) and filtrated
on a 0.45 pm membrane. 500 pL of filtrate were mixed with isoamyl
alcohol (1.00179, Merck KGaA, Germany) in a volumetric ratio of
1:1, 200 uL of phosphate buffer solution (pH 2.1), sodium chloride
and 10 pL of hexanoic-D11 acid solution (10.000 ppm) used as in-
ternal standard. The blend was mixed with a Mortexer™ Multi-
Head vortexer (Z755613-1 EA, Merck KGaA, Germany) for 10 min.
The liquid suspension of the sample was then inserted in the gas
chromatograph by means of an auto-sampler.

As presented in Table 1, substrates and the methanogenic
inoculum were also characterized in their carbohydrate, protein,
lipid and fibre content. Proteins, lipids and fibres were obtained
following the European Commission Regulation 2009/152/EC of 27
January 2009 [42]. Total carbohydrates were determined by sub-
tracting the contents of humidity, ashes, proteins, lipids and fibres
from the total amount.

3. Results and discussion

Results are firstly presented by analysing process stability
through pH, alkalinity and VFAs. Subsequently, single-stage and
two-stage processes are compared by their anaerobic performances
through biogas production, biogas quality and volatile solids
removal efficiency.

3.1. Process stability

The average results of pH, IA, TA and total VFAs obtained from
the two experimental set-ups are reported in Table 3.

In the fermentative stage pH was constantly kept around 5.5 all
through both experimentations due to the addition of NaOH solu-
tion. Such pH value was set according to previous studies that
defined 5.5 as the optimum for hydrogen production [25,43,44].
The external control of pH was necessary to avoid the drop to values
below 4 which could significantly suppress the hydrogenase ac-
tivity [39]. Concerning the methanogenic stage, pH highlighted
more neutral values (7.0—7.6), typical of a proper AD process [38].

Fig. 2 and Fig. 3 show the VFA content in the fermentative and
methanogenic reactors during the digestion of FW and the co-
digestion of FW and AS, respectively. Figures represent the three
main released organic acids: acetate, propionate and butyrate.
Concerning the methanogenic reactor, the IA PA~! ratio is also
represented and used as indicator of process stability. Indeed, ac-
cording to Martin-Gonzalez et al. [41], an IA PA~! ratio below 0.3 is
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Fig. 1. Schematic diagrams of one-stage and two-stage tests.
Table 2
Operational conditions applied during the experimental tests.
Digestion (FW) Co-digestion (FW + AS)
Fermentative reactor Methanogenic reactor Fermentative reactor Methanogenic reactor
HRT S1 (d) - 17 - 17
OLR S1 (kgTVS m—3d 1) - 25 - 25
HRT S2 (d) 3 12.8 3 11.9
OLR S2 (kgTVS m—3d 1) 14.2 2.5 14.6 2.5
recommended to achieve stable reactor performance. concentration that reached 3689 mgL~' on day 14. During this
As for the digestion of FW, IA PA~! ratio below 0.3 was reached phase, propionic acid was the main product. According to Wang
after 28 days. This is attributable to a larger release of VFAs in the etal. [45], the conversion rates of VFAs to methane vary in the order

first phase of the digestion experiment with a maximum of acetic acid > butyric acid > propionic acid and an accumulation
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—Process stability indicators. Results are expressed in terms of averages and standard deviations.
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Digestion (FW)

S1 S2
Parameters Methanogenic reactor Fermentative reactor Methanogenic reactor
pH 7.33+£0.02 5.52+0.02 7.43 +£0.02
TA (mgCaCO; L) 10,557 + 424 6459 + 627 12,995 + 298
IA (mgCaCO; L) 1976 + 307 - 1840 + 303
Total VFAs (mg L") 1022 +273 8172 +651 1033 +340
Co-digestion (FW + AS)
S1 S2
Parameters Methanogenic reactor Fermentative reactor Methanogenic reactor
pH 7.02 +0.03 5.54 +0.02 7.35+0.03
TA (mgCaCO; L) 6186 + 488 8785 + 1235 14,691 + 679
IA (mgCaCOs L") 1115+238 - 1877 +412
Total VFAs (mg L™1) 267 +21 8204 + 828 364+124
S Fermentative reactor S2
7.000 | |
® 5 | o
6.000 X% 5 o 51 I
o O o% o P
T 5000 oo °°® OQjI @ |9 @OO% 0 06 0,00 q
2 oo 150 0 P | 0o 09D, | OB
E [ 4 e o | el
E  4.000 ° F I
< e« A mn’ ! |
= [ ° | 10
- 3.000 5 | |
| |
2000 ® |
5 ® e | |
1.000 ° &/ |
[ ] [©) o @,
L % R m.m
0®
0 10 20 30 40 50 60 70 80 90
Time (days)
| ® Acetic acid @ Propionic acid O Butyric acid l
S1 Methanogenic reactor S2
3.000 0,6
$ 8 | |
A A
2.500 A I [ 0.5
A O | |
o N L [ |
= 2000 “e A | | 0,4
= A
E ‘f 1A [ =
< a° e ! 03 &
1500 ‘“i‘ A 5 A
= o A YR Y [ P
Ao | A k -
A A S 44
1000 oo Pl aa 4 AAAAA bt A 02
LA ” Aa fu 4
.V| ®o o | oo oA
500 O e 0,1
o %e % " Q;z:& W
& e%ee} oaD QD =2 &Q% &2
0 10 20 30 40 50 60 ‘)()
Time (days)
’ ® Acetic acid @ Propionic acid O Butyric acid A AT AP-1 I

Fig. 2. Volatile fatty acid content in the fermentative and methanogenic reactors during the digestion of FW. As for the methanogenic reactor, the ratio Al AP~

1is also represented.



1760

F. Baldi et al. / Renewable Energy 143 (2019) 1755—1765

S1 Fermentative reactor S2
7.000
| |
| |
6.000 | |
| I
5.000 | |
o oo |° o!
] 00 o (e] o (@] OOO (@) Ctlj o OO | (@]
4.000 o 00 o o
) o _ 0o 00
E © 5 o 0PI é)od| Leo 050, (Qod?bo@ &
< 3000 O o & o =
= | ® (<)
- [ l o &
2.000 s ° 3. I g
Sefefrnp® e S0t S0
1.000 © 0%0 |~’ “
| |
0 1 |
0 10 20 30 40 50 60 70 80 90
Time (days)
® Acetic acid @ Propionic acid O Butyric acid
S1 Methanogenic reactor S2
3.000 | I 0,6
| |
2500 | l 0,5
| |
7 I [
- 2.000 | | 0,4
g | | -
1 | | =
< 1500 03 &~
= | A <
P | hA | A =
1.000 |
500

Time (days)

’ @ Acetic acid

@ Propionic acid

O Butyric acid A Al AP-1 ‘

Fig. 3. Volatile fatty acid content in the fermentative and methanogenic reactors during the co-digestion of FW and AS. As for the methanogenic reactor, the ratio IA PA~! is also

represented.

of the latter can result in a failure of methanogenesis. According to
Martin-Gonzalez et al. [41], a total VFA concentration above
3500mgL~" is considered the threshold limit for process imbal-
ance. After day 18, propionate production dropped, and stable state
conditions were definitively achieved after day 28. Such change in
the metabolic pathway may be attributable to a change of meth-
anogenic bacteria species together with a progressive adaption to
the substrate as the experiment proceeded [45]. Conversely, in the
co-digestion trial, IA PA~! ratio was always found to be lower than
0.3 with a total concentration of VFAs in the range of
200-800mgL .

As for the two-stage scenarios, the methanogenic digesters
observed a pH increase (Table 3) together with a progressive
decrease of the IA PA~! ratio. These results may be attributable to
both the stabilisation of VFA production and to a continuous in-
crease of TA caused by an accumulation of NaOH in the reactor. As
abovementioned, during the fermentative phase a 2M NaOH solu-
tion was used to avoid pH drop to values inhibiting the hydrogenase
activity. Once the reactors were connected in series, the saline so-
lution was also conveyed to the second reactor, thus increasing pH
and total alkalinity.

As expected, fermentative reactors highlighted a significant
production of VFAs. The average concentrations of the two exper-
imentations showed comparable results of approximately
8000 mg L. Similarly to previous studies [16,17,24], the prevalent
acid released was butyrate, followed by acetate. This result is an
indication of a proper hydrogenase activity since acetate and
butyrate pathways are recognized to maximise hydrogen produc-
tion yields [15].

In conclusion, after an initial unstable phase, both trials were
characterized by process stability. The indicators (pH, IA PA™! ratio,
VFAs) were consistent with other works showing stable perfor-
mances and absence of inhibitory phenomena. Process stability was
therefore also guaranteed during the periods considered as steady
state, thus confirming the proper use of their data for the com-
parison of the scenarios.

3.2. Anaerobic performances of single-stage and two-stage
processes

The average results of specific gas production (SGP), hydrogen
and methane content, specific hydrogen production (SHP), specific
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Yields of the process. Results are expressed in terms of averages and standard deviations.
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Digestion (FW)

S1 S2
Parameters Methanogenic reactor Fermentative reactor Methanogenic Reactor
SGP (NL kgTVS—'d~1) 694.4 +24.6 43.1+128 704.6 +28.5
H, (%) - 229+55 -
CHy4 (%) 652+1.9 - 68.4+1.1
SHP (NLH, kgTvs—'d~1) - 12.6+5.0 -
SMP (NLCH, kgTVS~'d~1) 453.1+28.2 - 482.1+24.0
Nrvs (%) 67.0+2.0 23.5+4.0 62.5+2.7
Co-digestion (FW + AS)
S1 S2
Parameters Methanogenic reactor Fermentative reactor Methanogenic Reactor
SGP (NL kgTVS~'d~1) 4859 +258 448 +126 611.0+45.4
Ha (%) - 184+6.3 -
CHy4 (%) 61.2+22 - 70.1+16
SHP (NLH, kgTvs—'d~1) — 8.6+4.8 -
SMP (NLCH,4 kgTVvS~1d~1) 298.0 +24.5 - 4283 +30.9
Nrvs (%) 61.0+22 323+44 545 +4.1
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Fig. 4. Hydrogen (O) and methane (®) content in the fermentative and in the methanogenic reactor, respectively.
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methane production (SMP) and mrys obtained from the two
experimental set-ups are reported in Table 4. The complementary
gas in the biogas produced by both reactors was mainly carbon
dioxide. Fig. 4 shows the composition of biogas in terms of methane
and hydrogen contents over time.

As previously shown in Figs. 2 and 3, in the two-stage process,
methanogenesis almost completely degraded the organic acids
produced in the fermentative stage. The utilization ratios of acetate
and butyrate were beyond 52.5% and 97.0% in the digestion trials,
and beyond 84.5% and 99.0% in the co-digestion trials, respectively.
These significant degradations were consistent with previous
works [16,19]. De Gioannis et al. [ 19] obtained a VFA removal in the
second stage of 97.0%, while Lee et al. [ 16] reported utilization ratios
in the range of 80.5%—99.9%. Such degradations were strictly linked
to an increase in biogas production and in methane content that
was generated following the acetoclastic pathway. During S2,
methane content gradually increased with time with peaks of 70.7%
for the digestion trial and 76.3% for the co-digestion experiment.
The two-stage process enabled an average enrichment of methane
by respectively 3.2% and 8.9% when compared to the traditional
one-stage system. This is consistent with Voelklein et al. [18] and

Digestion (FW)

FE. Baldi et al. / Renewable Energy 143 (2019) 1755—1765

De Gioannis et al. [19], who stated that an acidogenic digester
might serve as a carbon dioxide stripping step, thus reducing the
potential costs for upgrading the biogas to biomethane. This higher
methane production is essentially due to the improved hydrolysis
of substrates in the first stage, with the production of relevant
amounts of volatile fatty acids which were readily available to
methanogens in the second stage [19].

As for the fermentative reactor, methane was never detected.
The initial thermal treatment of inoculum and process conditions,
such as acid pH and low HRT, were therefore efficient in the inhi-
bition of hydrogenotrophic methanogens. The average hydrogen
content in biogas was 22.9% and 18.4% with peaks of 42.1% and
37.0% for the digestion and the co-digestion trials, respectively.
Such concentrations are comparable to previous studies. Cavinato
et al. [24] highlighted hydrogen concentrations in the range of
19—37% while Micolucci et al. [26] reported an average content of
25 + 9% using FW as substrate.

Fig. 5 illustrates the time course of biogas production in the two
configurations of digestion and co-digestion. After a first unstable
phase, biogas was continuously generated in both reactors without
inhibition problems. This result was achieved due to an overall
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Fig. 5. Specific Gas Production (SGP) obtained for the fermentative (O) and the methanogenic reactor ().
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process stability previously evaluated in terms of VFAs, alkalinity
and pH.

Comparing the two scenarios, the two-stage improvement in
methane content was accompanied by an increase in biogas gen-
eration. The methanogenic reactor highlighted a slight improve-
ment for the digestion study (+1.4%), while in the co-digestion
experiment the average increase was around 26%. Considering the
whole two-stage system, i.e. the sum of the biogas productions of
the first and the second digester, these percentages increased up to
7.7% and 35.0%. As for the digestion of FW, SGP and SMP results
were in the range of results of previous works adopting the two-
stage technology. Chinellato et al. [25] observed a SGP of 728
NLkgTVS~'d~! and a SMP of 484 NLCH4 kgTVS~'d~! using HRTs of
3dand 12 d and OLRs of 15 kgTVS m—3d~! and 3 kgTVS m—3d~! for
the fermentative and the methanogenic reactor, respectively.
Similarly, Cavinato et al. [27] obtained an SGP of 640 NLkgTVS~'d~!
with an average methane content of 65%. In this case, the two-stage
technology was performed using HRTs of 3.3 d and 12.6 d and OLRs
of 16 kgTVS m>d~! and 4 kgTVS m3d ! for the fermentative and
the methanogenic reactor, respectively. Regarding the single-stage
co-digestion of FW and AS, the review study of lacovidou et al. [6]
highlighted SMP in the range of 186—346 NLCH,4 kgTVS~'d !, thus
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concluding that methane production is directly related to the
amount of FW in the mixture.

As for the fermentative tank, the SGP was found to be signifi-
cantly lower than the methanogenic reactor, with the two experi-
ments showing comparable results of about 45 NL kgTVS~™' d~!. In
the matter of hydrogen generation, the co-digestion tests showed
lower productions than the digestion trial. This may be attributable
to the lower content of carbohydrates in the mixture FW + AS than
in the FW mash. Indeed, as highlighted from Table 1 and previous
studies, FW is a carbohydrate-rich substrate [6,37], while AS is
mainly composed of proteins [37,46]. The correlation between
hydrogen production and the carbohydrates content of the sub-
strate was studied by Alibardi et al. [36], who found a linear relation
between the two variables. Conversely, the same study highlighted
that proteins and lipids did not produce significant contributions to
hydrogen generation. The two final SHP values were in the same
order of magnitude of hydrogen yields of other studies using
similar reactor conditions. As such, SHP values of 1, 51.2 and 66.7
NLH, kgTVS~! d~! were obtained by Chinellato et al. [25], Cavinato
et al. [27], and Cavinato et al. [24], respectively. Conversely, Chu
et al. [47] using an HRT of 1.3d, obtained a SHP of 205 NLH,
kegTVvs~! d~1, thus suggesting that the use of low HRT can optimize
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Fig. 6. Volatile solids removal efficiency (nrvs) obtained for the fermentative (O) and the methanogenic reactor (). (») represents the total efficiency in the second scenario.
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hydrogen production.

Concerning nrys, Table 4 and Fig. 6 show an overall reduction of
degradation of the organic matter in the methanogenic reactor.
More specifically, the average value decreased from 67.0% to 62.5%
and from 61.0% to 54.5% for the digestion and the co-digestion
study, respectively. This was due to the volatile solids content of
the incoming substrate of the methanogenic reactor. Indeed, while
during S1 the reactor was fed with the pure substrates (FW and
FW + AS mashes), during S2 it was fed with the outgoing digestate
of the fermentative tank that was already partially degraded.
Indeed, while FW mash and the mixture FW + AS had a TVS content
of approximately 4% w/w, the outgoing digestate of the fermenta-
tive tank presented an average TVS content of around 3% w/w.
Taking into account the whole two-stage process, i.e. considering
TVS|n as the volatile content of the incoming substrate of the first
reactor and TVSpyur as the volatile substance of the outgoing
digestate of the second tank, the two final nrys values of S2 were
calculated to be 69.4% and 71.5%, 6.8% and 8.4% more than S1.

The present study highlighted two important results: the
confirmation of the improvement of the anaerobic digestion of FW
using a two-stage technology and the evidence that this technology
can be successfully used also for the co-digestion of FW and AS. As
expected, biogas yield and volatile solids removal efficiencies of the
co-digestion experiment were found to be lower than what ob-
tained for the digestion of FW. This is mainly due to a lower
biodegradability of the mixture of FW and AS than the mash of pure
FW. Nevertheless, the improvement of the two-stage technology
compared to the traditional one-stage system was more effective
on the co-digestion trial than the single digestion of FW. Another
relevant result achieved in the co-digestion test was a better pro-
cess stability than in the digestion study. Indeed, in the fermenta-
tive reactor, a lower average daily volume of NaOH solution was
used to balance pH (31.6 mLd~! vs 40.2 mLd~!). As for the meth-
anogenic reactor, conversely to the digestion trial, the IA PA~! ratio
was always found to be lower than 0.3. This fact is attributable to
the high alkalinity and buffer capacity of AS (Table 1). As stated by
several authors [11—13], the fermentation of this protein-rich
substrate (Table 1) is characterized by the release of a large
amount of hydroxide ions together with ammonia ions helping to
mitigate pH drop and thus consuming less external saline solution.

4. Conclusions

The two-stage co-digestion of food waste and activated sludge
efficiently improved the traditional single-stage process. The
enhancement of the anaerobic performances in terms of biogas
production, biogas quality and volatile solids removal were even
higher than the two-stage digestion of the sole food waste, thus
highlighting the viability of this technology also for the mixture of
food waste and activated sludge. Furthermore, the co-digestion
configuration observed a better process stability.

Results showed an increase in biogas production and volatile
solids removal by 26% and 9%, respectively. Concerning gas quality,
the two-stage system observed a hydrogen rich biogas in the first
fermentative reactor and an improvement of methane content in
the second methanogenic digester. The average methane content
shifted from 61.2% to 70.1%. The highest methane production of the
two-stage process was due to improved substrate hydrolysis, with
increased amounts of volatile fatty acids being readily available in
the second stage. Other additional advantages of the two-stage
process are associated to the overall reduction of the hydraulic
retention time and the higher removal of volatile solids. As such,
the reduction of the HRT implies a reduction of digester volume and
investment costs while the increase in volatile solids removal is
associated to a higher degree of digestate stabilisation, which is a

relevant issue when considering its final disposal.
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