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Abstract: The aim of this work is to optimize biogas production from thermophilic dry anaerobic
digestion (AD) of the organic fraction of municipal solid waste (OFMSW) by comparing various
operational strategies to reduce ammonia inhibition. A pilot-scale plug flow reactor (PFR) operated
semi-continuously for 170 days. Three scenarios with different feedstock, namely solely OFMSW,
OFMSW supplemented with structural material, and OFMSW altered to have an optimal carbon-to-
nitrogen (C/N) ratio, were tested. Specific biogas production (SGP), specific methane production
(SMP), the biogas production rate (GPR), and bioenergy recovery were evaluated to assess the
process performance. In addition, process stability was monitored to highlight process problems,
and digestate was characterized for utilization as fertilizer. The OFMSW and the structural material
revealed an unbalanced content of C and N. The ammonia concentration decreased when the optimal
C/N ratio was tested and was reduced by 72% if compared with feeding solely OFMSW. In such
conditions, optimal biogas production was obtained, operating with an organic loading rate (OLR)
equal to 12.7 gVS/(L d). In particular, the SGP result was 361.27 ± 30.52 NLbiogas/kgVS, the GPR
was 5.11 NLbiogas/(Lr d), and the potential energy recovery was 8.21 ± 0.9 MJ/kgVS. Nevertheless,
the digestate showed an accumulation of heavy metals and low aerobic stability.

Keywords: plug flow reactor; energy production; digestate stability; pilot-scale; operational strategies

1. Introduction

In the frame of the New Green Deal, the European Union (EU) aims at achieving
carbon neutrality by 2050 [1]. Bioenergy production is a pillar of EU climate strategy, as
it accounts for 70% of the overall renewable energy supply [2]. Anaerobic digestion (AD)
processing of organic wastes may play a central role in achieving the key target of at least
32% for renewable energy by 2030 [3].

Among organic wastes, biowaste production reached 86 million tonnes within the EU
member states [4]. The source’s sorted fraction of biowaste, which is also called the organic
fraction of municipal solid waste (OFMSW), accounts for 42.3% of the total production, but
it is going to increase, since separate collection will be mandatory by the end of 2023 [4,5].
The OFMSW has suitable physical-chemical, elemental, and bromatological characteristics
for the AD process [6], but its composition has great seasonal [7] and geographical [8] vari-
ability, as it is also influenced by the collection system [9]. The characterization of the Tuscan
OFMSW revealed a dry matter content (42%) which was ideal for dry AD processes (i.e., to-
tal solid (TS) content = 20–40%) [10]. In 2014, dry AD plants accounted for a cumulative
market share of approximately 62% of the total European installed capacity [11,12]. This
proportion is continuously increasing because dry AD requires a lower working volume
than wet AD to handle high organic loading rates (OLRs). Digested sludges can be easily
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managed by reducing dewatering costs because of the high TS content (i.e., >20%) [10], and
they are rich in nutrients [13], being suitable to produce fertilizers with a high agronomic
value [14] in accordance with the European Regulation on Fertilizers 1009/2019 [15]. The
main drawbacks are the low bioenergy recovery, the low volatile solid removal efficiency
(REvs), and the accumulation of inhibitors or toxic compounds [13,16].

The state of the art reports that biogas recovery can be maximized with OLRs higher
than 6 kgVS/(m3 d) [17,18] and long hydraulic retention times (HRTs) [10,13]. Ammonia
and volatile fatty acids (VFAs) are the main process inhibitors [10,16]. Total ammonia
nitrogen (TAN) is released during protein hydrolysis [16,19,20], and amino acids deami-
nate through the Stickland reaction [21]. TAN reduces the overall biogas production by
causing proton imbalances and interfering with metabolic enzymes [22]. TAN is toxic for
methanogenic flora at 1500–3000 mg/L, but the unionized form, free ammonia (FA), is
toxic at an even lower concentration, namely 300–800 mg/L [10,23]. A high temperature
and pH displace the equilibrium to FA production by increasing the conversion rate of
ionized ammonium to FA [10,16,23]. Acclimatation of the bacterial population [5], pH,
and temperature control [23], as well as altering the C/N ratio of the feedstock by co-
digestion of proteinaceous substrates with carbon-rich feedstocks such as paper waste [24]
or rice husks [25], have been reported as the most common strategies to reduce ammo-
nia toxicity [23,26]. Other promising options seem to be bioaugmentation [26], anaerobic
ammonia oxidation (Anammox) [10,26], the addition of trace elements [23], or struvite
precipitation [26]. Table 1 reports the findings of recent experimental tests: the addition of
zerovalent iron (ZVI) and activated carbon (AC) reduces the FA concentration and increases
the specific methane production (SMP) [27], while ammonia stripping of digestate reduces
the TAN concentration [28,29] as well as substrate dilution [30].

Table 1. Literature review of recent experimental tests to reduce ammonia inhibition in thermophilic
dry AD.

Reactor
Type (Wv) Substrate (C/N) TS

[%]
HRT
(d)

T
(◦C)

FA
(mg/L)

TAN
(mg/L)

SMP
(NLCH4/gVS)

Strategy to Reduce
Ammonia Inhibition Ref.

CSTR
(4 L)

Source segregated domestic
waste (C/N = 16.5) 23.9

n.n

55 700–
1100 2500 Digester

failure

- ◦◦ [31]Vegetables, fruits, meat,
dairy products, and bread

(C/N = 46.6)
22.5 55 700–

1000
1000–
2000 0.39

CSTR
(4 L)

Source segregated
domestic waste

n.a

75

55
n.a.

5000 0.39 Dilution W/S = 0:1

[30]
3100

0.44
Dilution W/S = 0.5:1

25
1500 Dilution W/S = 2:1

500 2300 n.a. Dilution W/S = 1:1

CSTR
(2 L)

Sewage sludge

7–8

20 55

310 2170 0.33

-
[28]

9–10

350 >2500 Digester
failure

220 1720 n.a. Ammonia stripping of
digestate

CSTR
(35 L) Food waste (C/N = 13.6) 23.8 n.a. 55 n.a.

<2500

0.5

Ammonia stripping of
digestate = 2.1 kg of

digestate twice a week

[29]1000–
2000

Ammonia stripping of
digestate = 2.5 kg of

digestate twice a week

1500
Ammonia stripping of

digestate = 5 kg of
digestate twice a week

Wv = working volume, CSTR = continuously stirred tank reactor, n.a = datum not available, TS = total solid,
HRT = hydraulic retention time, C/N = carbon-to-nitrogen ratio, FA = free ammonia, TAN = total ammonia
nitrogen, SMP = specific methane production, and W/S = water-to-substrate ratio. ◦◦ Any ammonia recovery
strategy was performed.
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These studies rely on results achieved at the lab-scale level, lacking information toward
a full-scale application of the techniques. For instance, dilution could be economically
unattractive, increasing dewatering costs and the reactor working volume [17], and am-
monia stripping from digestate still needs to be optimized [28,29]. Co-digestion with
carbon-rich substrate, aiming at altering the C/N ratio of the feedstock, seems to be a
promising technique [26], but little information is available for thermophilic dry AD treat-
ment of OFMSW at the pilot-scale level. A study has investigated this aspect in the past
but while using synthetic mixtures of OFMSW [32].

The novelty of this work relies on tackling ammonia inhibition in thermophilic dry AD
of the OFMSW, comparing different operational strategies for the optimization of bioenergy
recovery. To achieve this goal, a semi-continuous experimental test was conducted in a pilot-
scale plug flow reactor (PFR), where source-segregated OFMSW and garden waste (GW)
were used as feedstocks. Three scenarios with different feeding conditions were compared
in terms of process stability, biogas yield, energy recovery, and digestate characteristics.

2. Materials and Methods
2.1. Substrate and Inoculum

The feedstocks used in the experimental tests were OFMSW and garden waste (GW).
The OFMSW was a sample of approximately 250 kg collected from a Tuscan municipality
which operates a door-to-door collection system. In turn, GW came from a composting
pile after a curing period of 1 month. The Italian standards proposed by ANPA [33] were
applied to ensure the representativeness of the OFMSW during sampling activities. The
feedstocks were store in plastic tanks at −19 ◦C to prevent biodegradation before usage [34].

To inoculate the digester, anaerobic seed sludges from a thermophilic Italian full-scale
AD treating OFMSW and GW were used. Plastics, small twigs, or inert materials were
removed by filtering the inoculum with a sieve having an opening size of 10 mm. The
inoculum was pre-incubated for 10 days into the pilot-scale digester to remove any residual
biodegradable organic matter [35].

2.2. Reactor Configuration

The experimental system included a stainless steel, pilot-scale PFR with a total volume
of 37 L, a biogas measurement system, an electrical cabinet, a data acquisition system, and
two probes for the measurements of pH and temperature (InPro 4281i, Mettler-Toledo Spa,
Milano (MI), Italy) (Figure 1). A comprehensive description of the experimental set-up was
reported by Rossi et al. [34,36]. The mixing system of the PFR was composed of blades
assembled on a horizontal shaft. This ensured a continuous contact between the biomass
and the feedstock and favored the biogas released. An external water jacket maintained
the thermophilic conditions (i.e., 53 ± 2 ◦C). A cylindrical tube and a piston designed
for that purpose were used for manual feeding operations. The substrate was placed in
the tube, which was a gas thigh with a lock nut and a sealing ring, and it was pushed
inside the reactor operating the piston. The volumetric flow rate was continuously mea-
sured by a gasometer, which was coupled with the PFR through a 3/2-way direct-acting
solenoid valve (type 6014, Burkert Spa, Cassina de’ Pecchi (MI), Italy) [37]. The concentra-
tions of methane (CH4) and carbon dioxide (CO2) were measured continually by infrared
sensors (Gascard NG, Edinburgh Sensors, Livingston, UK). The ambient temperature
(THERMASGARD® ATM 2, S+S Regeltechnik GmbH, Nürnberg, Germany) and atmo-
spheric pressure (PREMASGARD®ALD, S+S Regeltechnik GmbH, Nürnberg, Germany)
were monitored to convert the biogas volume from ambient to normal conditions [36]. The
data from the sensors were collected by specific hardware (National Instruments, Italy Srl).
A cRIO 9030 controller coupled with Labview® software (National Instrument, Austin, TX,
USA) was installed to continuously monitor and automatically control the process.
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Figure 1. Schematic view of the experimental system.

2.3. Operating Conditions

The experimental test comprised three scenarios in which ammonia inhibition was
addressed by changing the inlet feedstock. The first scenario (S1) operated using solely
OFMSW. In the second scenario (S2), the OFMSW was co-digested with GW at a share
of 17%, and the third scenario (S3) operated by adding sucrose to simulate a feedstock
with a high C/N ratio. Dry AD technologies that are conventionally applied to treat food
waste operate with an HRT ranging from 22 to 16 [10]. The HRT is more than 30 days
for agri-livestock wastes [38,39], while the HRT is lower than 30 days for food waste and
OFMSW [32,40]. Therefore, the HRT was set equal to 22, 19, and 16 days in S1, S2, and S3,
respectively. The data used for comparison were those of the last HRT of each scenario
(e.g., days 41–63 for S1, days 93–112 for S2, and days 153–169 for S3). As reported in a
previous study, this period was chosen because after two HRTs, we could assume the
transient state to be ended [37].

Every working day the reactor was fed, and the equal weight of digestate was dis-
charged to achieve a stationary state. A share of approximately 45% was mixed with the
inlet feedstock and recirculated. The literature reports that for recirculation ratios higher
than 60%, biogas production is optimal [41]. In this study, we decided to reduce the recircu-
lating rate to 0.45 because the aim was to retain an active microbial population inside the
reactor without optimizing biogas production.

Equations used to calculate the inlet volumetric flow rate were given in a previous
study [34]. The resulting OLR was 6, 8, and 13 gVS/(L d), while the load of total N was
0.19, 0.24, and 0.26 gN/(m3 d) for S1, S2, and S3, respectively. The PFR operated with an
average TS and VS content were 34.04 ± 5.36% and 77.42 ± 5.59% (n = 170), respectively.

2.4. Analytical Measurements

The feedstocks were comprehensively characterized in terms of their physical-chemical
properties and bromatological composition (e.g., lignin, cellulose, carbohydrates, proteins,
fats, oil, and grease). The methods were described in Pecorini et al. [9] and, for this reason,
are not reported here. The same properties were measured on the digestate.

Physical-chemical characterization of feedstocks and digestate included daily mea-
surement of the moisture, TS, volatile solids (VS) content, and pH based on standard
methods [42].

Biochemical methane potential (BMP) tests were performed to preliminarily assess the
methane production of OFMSW mixed with GW. BMP tests were performed by applying
the method developed by Angelidaki et al. [35] and adapted by Pecorini et al. [34,43,44].
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The TAN, FA, and alkalinity were measured weekly on the digestate after centrifu-
gation at 13,500 rpm for 20 min and filtration at 0.45 µm. The supernatant was diluted
500 times, and the concentration of TAN was measured by an ammonia assay kit (HI93715-
03, Hanna Instrument, Woonsocket, RI, USA) and a photometer (HI 83099, Hanna In-
strument, Woonsocket, RI, USA). The FA concentration was calculated from the TAN
concentration, pH, and temperature of the digestate using the equation reported by Ra-
jagopal et al. [23]. Alkalinity was measured on an undiluted supernatant by applying a
two-endpoints titration method (i.e., pH = 5.75 for partial alkalinity (PA), pH = 4.3 for
total alkalinity (TA)) and a dosage of 1 M hydrochloric acid (HCl) [45]. The difference
between the TA and PA is the intermediate alkalinity (IA), referring to the organic acids
within the digestate. The VFA concentration was measured daily on the digestate by gas
chromatography (7890B, Agilent Technology, Santa Clara, CA, USA) [37]. The specific
VFAs detected were acetic, propionic, butyric, iso-butyric, valeric, isovaleric, and caproic
acids. The gas carrier was hydrogen, and the instrument was equipped with a CPFFAP
column (0.25 mm/0.5 mm/30 m) and a flame ionization detector (250 ◦C). The temperature
started from 60 ◦C and reached 250 ◦C at a rate of 20 ◦C/min, and 500 mL of filtrate was
blended with isoamyl alcohol (1.00179, Merck KGaA, Darmstadt, Germany) at a volumetric
ratio of 1:1, followed by 200 mL of phosphate buffer solution (pH 2.1), sodium chloride,
and 10 mL of hexanoic-D11 acid solution (10,000 ppm), which was used as the internal
standard. A Mortexer™ MultiHead vortexer (Z755613-1 EA, Merck KGaA, Darmstadt,
Germany) was used for 10 min, and an auto-sampler inserted the liquid suspension in the
gas chromatograph.

The aerobic and anaerobic biological stability of the digestate were evaluated in
accordance with European Fertilizer Regulation 1009/2019 [15]. The oxygen uptake rate
(OUR) was used as an aerobic stability index, and the residual biogas potential (RBP) was
applied to assess the anaerobic stability. The OUR assessed the oxygen required to oxidize
the residual organic matter within the sample, and Oxitop®-IDS instrumentation (Xylem
Analytics Germany Sales GmbH & Co., Oberbayern, Germania) was used to perform the
analysis in accordance with UNI EN 16087-1:2020 [46]. The RBP estimated the residual
biogas production of an organic substrate in accordance with UNI/TS 11703:2018 [47].

2.5. Peformance Evaluation

The stability parameters, biogas productivity, and VS reduction efficiency (REVS) were
used to assess the process performance.

The stability parameters included the pH, TA, IA, IA/PA ratio, total VFA concentration,
total VFA/TA ratio, and biogas composition (e.g., CH4 and CO2 as an average on a daily
basis). The biogas composition was periodically tested by gas chromatography (3000 Micro
GC, INFICON, Bad Ragaz, Switzerland) [48].

Biogas productivity included the SGP, which was measured in NLbiogas/kgVS and
was calculated as the daily biogas production divided by the daily mass of VS fed to the
PFR, the SMP, which was measured in NLCH4/kgVS and was the SGP multiplied by the
CH4 concentration, and the biogas production rate (GPR), namely the ratio between the
daily biogas production and the reactor working volume, measured in NLbiogas/(Lr d).

A preliminary assessment of bioenergy recovery was performed. Pretreatments,
pumping for feeding and recirculation, heating to maintain the thermophilic conditions,
and mixing were not included. This study evaluated the specific bioenergy recovery (i.e., ER)
and potential bioenergy generation (i.e., EG). ER was evaluated in terms of MJ/kgVS by
multiplying the SMP and the lower heating value of CH4 (LHVCH4) as reported in the
equation below:

ER = SMP × LHVCH4 (1)

The LHVCH4 was assumed to be 35.8 MJ/m3. EG was evaluated in terms of kWh/tOFMSW
in accordance with Cesaro and Belgiorno [49].
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REVS (%) was calculated with Equation (2):

REVS = (VSin − VSout)/VSin (2)

where VSin is the mass on a wet basis of VS fed daily to the reactor and VSout is the mass
on a wet basis of the volatile solid withdrawn daily from the digester.

2.6. Statistical Analysis

The Welch t-test was used to evaluate if changing the operating conditions with
the scope of optimizing biogas production by reducing ammonia inhibition produced
statistically different results. The Welch t-test compared the results achieved in terms
of the process performance indicators (i.e., SGP, SMP, GPR, REVS, and ER) and stability
parameters (pHout, pH1, pH2, T1, T2, total VFAs, TAN, and FA) by means of SPSS software
(IBM, Armonk, New York, NY, USA). If the p-value results were lower than 0.05, then the
outcomes were considered statistically different.

3. Results
3.1. Substrate and Inoculum

The inoculum and feedstock characteristics are reported in Table 2.

Table 2. Physical-chemical, elemental, and bromatological characteristics of the inoculum and
substrates, namely OFMSW and garden waste (GW).

Unit of Measurement Inoculum * OFMSW * GW *

pH - 7.26 ± 0.36 4.4 ± 0.24 6.37 ± 0.3
TOC % 8.9 ± 1.3 11.05 ± 1.06 22.56 ± 2.96

Organic nitrogen % 0.37 ± 0.05 0.55 ± 0 1.15 ± 0.17
TAN (N-NH4

+) mg/kg 3690 ± 550 390 ± 395 266.67 ± 81.54
Total alkalinity mgCaCO3/kg 15,800 ± 1900 3515 ± 21 3769 ± 454

Solid content (TS) % 22.8 ± 1.6 26.4 ± 2.26 69.83 ± 4.5
Volatile solid (VS) % 17.12 ± 0.4 20.71 ± 2.1 51.03 ± 3.16

Ash % 5.68 ± 0.4 5.68 ± 0.16 23.19 ± 1.37
C % ◦◦ 39.03 ± 1.1 41.85 ± 4.01 33.05 ± 8.89
H % ◦◦ 4.91 ± 0.11 5.66 ± 0.08 4.37 ± 0.4

N ** % ◦◦ 2.91 ± 0.1 2.34 ± 0.1 1.66 ± 0.2
S % ◦◦ 0.19 ± 0.08 0.21 ± 0.04 0.68 ± 0.12

C/N - 13.38 ± 1.3 18.1 ± 2.68 20.83 ± 1.53
Lignin % VS 40.3 ± 2.8 16.65 ± 2.38 34.51 ± 3.04

Cellulose % VS 22.78 ± 1.81 22.2 ± 2.73 26.31 ± 2.03
Carbohydrates ◦ % VS 22.19 ± 2.68 36.03 ± 2.49 27.32 ± 2.46

Proteins % VS 10.51 ± 1.86 17.37 ± 2.04 14.08 ± 2.35
Fats, oil, and grease % VS 0.81 ± 0.05 2.09 ± 0.23 0.69 ± 0.11

Aluminum mg/kg 550 ± 160 610 ± 226 550 ± 432
Calcium mg/kg 12,100 ± 1500 6600 ± 141 5962 ± 3605

Magnesium mg/kg 940 ± 280 785 ± 190 528 ± 633
Manganese mg/kg 58 ± 19 32 ± 7.07 43 ± 66
Potassium mg/kg 2990 ± 450 2425 ± 7 1563 ± 1026

Sodium mg/kg 1380 ± 450 1045 ± 77 268 ± 170
Arsenic mg/kg ◦◦ <RL <RL ± <RL 0.17 ± 1.31

Cadmium mg/kg ◦◦ 4.38 ± <RL <RL ± <RL -
Chrome mg/kg ◦◦ 131.57 ± 19.73 22.72 ± 5.35 40.05 ± 53.93
Mercury mg/kg ◦◦ <RL ± <RL <RL ± <RL -
Nickel mg/kg ◦◦ 83.33 ± 12.71 7.57 ± <RL 8.81 ± 14.39
Copper mg/kg ◦◦ 65.78 ± 10.08 28.4 ± 8.03 28.05 ± 52.33

Zinc mg/kg ◦◦ 122.8 ± 18.42 115.53 ± 13.39 38.46 ± 108.3
Iron mg/kg ◦◦ 4666 ± 425 3308 ± 254 2198.39 ± 4642.36

* n = 2. ** As total Kjieldahl nitrogen (TKN). ◦ Simple sugars and starch. ◦◦ On a dry basis.
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Regarding the OFMSW, the pH results were 4.4 ± 0.24, which is in line with the results
of Pecorini et al. [9] but slightly lower than the 5.2 ± 0.95 and 5.1 ± 0.7 results reported by
Campuzano and González-Martínez [6] and Fisgativa et al., respectively [50]. The nitrogen
content (N) on a dry basis was 2.34 ± 0.1%, which is in the range of those typically found for
OFMSW (e.g., 3.8–1.5%) [9,50,51]. The carbon content (C) on a dry basis was 41.85 ± 4.01%,
which is in the low range commonly reported for food waste (51.3–37.6%) [51]. The GW
had a pH equal to 6.37 ± 0.3, a C/N equal to 20.83 ± 1.53, and a high metal content.

The OFMSW and GW were poor in carbohydrates, which are an index of high biogas
yields and rich in proteins which are the major source of N [10], and lignin, which is an
indicator of low biogas production since lignin is a recalcitrant compound for anaerobic
flora [52]. Indeed, the BMP results were 215.7 ± 5.41 NLCH4/kgVS, which is far lower
than the average value of 415 ± 137.37 NLCH4/kgVS found for OFMSW [6]. As was just
mentioned, this outcome reflects the unbalanced content of macromolecules and the low
C/N ratio. The lignin content was 1.7 times higher than that in a previous study reporting
on the characteristics of OFMSW on a global scale (e.g., 9.7 ± 5.3% on a volatile basis) [6].

The seed sludges had a physical-chemical composition in line with the values reported
in previous studies, but the TAN was 4070 ± 610 mg/kg, a result above the inhibition limit
of 3000 mg/L for the AD process [10]. At the same time, the concentration of calcium (Ca)
also exceeded the inhibition limit for dry AD, which was reported to be 8000 mg/L [10,22].

3.2. Process Stability

The process’s stability was monitored in terms of pH, TA, IA, IA/PA ratio, VFA
concentration, and biogas composition (e.g., CH4 and CO2). Table 3 shows the results as
averages and standard deviations calculated on the last HRT of each scenario. The pH at
the outlet section (pHout) oscillated between 7.91 and 8.56, results above the optimal values
of 7.5–8 for dry AD. This value is commonly found when ammonia inhibition occurs [10].
Comparable values were found at sampling port 1 (pH1) and sampling port 2 (pH2). S2
showed the highest pH1 and pH2 among the other scenarios. This seemed to be principally
associated with the addition of GW as structural material, which had a pH 1.45 times higher
than solely OFMSW. On the other hand, pHout significantly decreased (p < 0.05) during S3.

Table 3. Process stability parameters. The results are reported as averages and standard deviations
on the last HRT of each scenario. The same letter indicates that results are not statistically different
(Welch t-test).

S1 S2 S3

pHout (-) 8.41 ± 0.12a 8.32 ± 0.1b 8.11 ± 0.08c
pH1 (-) 8.41 ± 0.03a 8.63 ± 0.05b 8.35 ± 0.09a
pH2 (-) 8.51 ± 0.03a 8.74 ± 0.07b 8.44 ± 0.12a
T1 (◦C) 53.56 ± 0.31a 53.08 ± 3.78b 52.75 ± 0.36a
T2 (◦C) 53.36 ± 0.28a 52.82 ± 3.72b 52.47 ± 0.34a

TA (mgCaCO3/L) 20,037 ± 660 21,130 ± 406 16,011 ± 50
IA (mgCaCO3/L) 6922 ± 324 7555 ± 391 5320 ± 220

IA/PA (-) 0.52 ± 0.03 0.55 ± 0.03 0.49 ± 0.03
Total VFAs (mg/L) 394 ± 210a 1162 ± 244b 3345 ± 81c

TAN (mg/L) 1 2220 ± 80 2711 ± 346 631 ± 211
FA (mg/L) 1151 ± 173 1196 ± 220 193 ± 94

CH4 (%) 62.63 ± 2.61a 64.34 ± 2.19a 64.97 ± 2.73b
CO2 (%) 37.2 ± 2.59a 35.65 ± 2.19a 35.02 ± 2.73b

1 As N-NH+
4.

Figure 2 reports the weekly trend of the TAN and FA concentrations. When operating
with solely OFMSW (S1) and adding GW as a structural material (S2), the concentration of
TAN was from 1.5 to 1.8 times higher than the inhibition threshold (i.e., 1500–3000 mg/L).
During S3, the TAN concentration decreased on average by 72% and 77% with respect to S1
and S2, respectively. S2 attained the highest TAN concentration, being equal to 3356 mg/L.
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Concerning FA, the concentration was above 800 mg/L in S1 and S2, and during S3, it
decreased by 83% and 84% with respect to S1 and S2, respectively.
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Figure 2. Concentration of TAN and FA on weekly basis measured in the digestate at the outlet
section. Double arrows indicate degassing phase and last HRT of each scenario.

The system showed an optimal buffer capacity. The TA oscillated from 24,618 to
14,743 mgCaCO3/L, the PA ranged between 15,487 and 9258 mgCaCO3/L, and the IA
ranged between 9130 and 5351 mgCaCO3/L. The TA was able to counteract the increment
of the VFA concentration similarly to a previous study on the dry AD of food waste and
rice husks [25]. S2 showed the highest TA values, as it increased by 5% and 24% when
compared with S1 and S3, respectively. Again, this result seems to be related to the addition
of structural material. In fact, the GW showed a slightly higher TA (+7.2%) than OFMSW.

Figure 3 illustrates the weekly evaluation of IA/PA together with the daily concentra-
tion of total VFAs and acetic, propionic, and butyric acid.
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The IA/PA ratio varied between 0.67 and 0.49, a result higher than the optimum value
of 0.3–0.4 recommended for reactor success, but it was lower than 0.8, which may lead to
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reactor failure [10,53,54]. The comparison of the scenarios did not show a clear trend for
this parameter. The maximum IA/AP value (e.g., 0.67) corresponded to the highest VFA
concentration at the beginning of S1.

The total VFA concentration exhibited the highest values during the transient state
of S1 and then decreased under 1000 mg/L because of degradation. During S2 and S3,
the total and specific VFA concentrations increased by 2.9 and 8.5 times, respectively, with
respect to S1. Among the specific VFAs, propionic acid prevailed, followed by acetic and
butyric acids in all scenarios except for S1. The propionate ranged between 34.2% (S1) and
79.7% (S3). Isobutyric and isovaleric acids were detected, but the concentrations never
exceeded 553 and 851 mg/L, respectively.

Figure 4 illustrates the daily concentrations of CH4 and CO2. CH4 increased by 1%
and 4% from S2 to S3 and from S1 to S2, respectively. This highlights the positive effect of
reducing ammonia inhibition by changing the inlet feedstock.
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3.3. Process Performance
3.3.1. Biogas Yields

Process performances were assessed by evaluating the SGP, SMP, GPR, and REVS.
The SGP results on average were 251.06 ± 66.96, 322.67 ± 64.78, and 361.27 ± 30.52

NLbiogas/kgVS for S1, S2, and S3, respectively, while the SMP was equal to 151.15 ± 47.97,
202.65 ± 37.46, and 229.51 ± 25.37 for S1, S2, and S3, respectively. Despite the SGP
and the SMP increasing from S1 to S3, the Welch t-test revealed that this result was not
statistically significant. However, the SGP and SMP increased by 44% and 52%, respec-
tively, from S3 to S1. This result reflects the positive effect of adding sucrose, which
increased the C/N ratio of the inlet substrate and is also a more readily biodegradable
substrate than OFMSW and GW. A more remarkable result of such a change was found
for the GPR, whose daily trend is illustrated in Figure 5. The GPR was, on average,
1.88 ± 0.28 NLbiogas/(L d) during S1, increasing to 2.34 ± 0.55 during S2 and reaching
the highest value of 5.11 ± 0.27 NLbiogas/(L d) during S3, results that were statistically
different from S1 and S2 (e.g., increasing by 117% and 172%, respectively).
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Figure 6 illustrates the relationship between GPR and FA that was found by analyz-
ing the experimental results. The parameters show an exponential relationship with a
determination coefficient R2 of 0.74.
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Figure 6. Relationship between GPR and FA.

Figure 7 illustrates the daily trend of REVS. In more detail, the results, on average,
were 36.84 ± 2.46%, 39.77 ± 4.63%, and 54.07 ± 3.28% for S1, S2, and S3, respectively.
REvs significantly (p < 0.05) increased by 26% and 44% in S3 compared with S2 and
S1, respectively.

3.3.2. Bioenergy Recovery

The preliminary assessment reported that ER was, on average, equal to 5.41 ± 1.71,
7.25 ± 1.34, and 8.21 ± 0.9 MJ/kgVS for S1, S2, and S3, respectively. EG was, on average,
76.1 ± 24.1, 128.1 ± 26.8, and 186.9 ± 15.2 kWh/tOFMSW. In S3, ER increased by 13.1%
compared with S2 and by 52% compared with S1. EG increased by 146% from S1 to S3.
This was probably the result of two main effects: the increase in GPR with the decrease in
HRT and the decrease in the ammonia concentration thanks to the high C/N ratio of the
inlet feedstock and the greater biodegradability of sucrose over OFMSW. Concerning the
daily trend (results not shown), ER reached a maximum value of 10.9 MJ/kgVS during S1
and then reached a minimum of 3.16 MJ/kgVS at the beginning of S2 before a final slight
increase until the end of the trials. EG was around the average values in each scenario
except for S1, in which it rapidly decreased when the concentrations of the TAN and
FA increased.
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3.4. Digestate Characterization

Table A1 in Appendix A reports the results of digestate characterization.
Metal ions both heavy and light, namely Al, Cr, and Ni, showed a positive trend

during the experimental activities, suggesting an accumulation inside the digester. The
maximum percentage increase was achieved in S1 and S2 (+92%, +15%, and +12% for Al, Cr,
and Ni, respectively). The concentrations of Cu, Zn, K, and Na decreased over time. Cr and
Ni exceeded the inhibition thresholds for dry AD of 3 and 2 mg/L, respectively [10]. The Ca
concentration was higher than the inhibitory limit in the dry AD process (8000 mg/L) [10],
but along with and Mg and Mn, it did not show any specific trend.

The aerobic stability index, namely OUR, was higher than the limit of 25 mmolO2/
(kgVS h) required by the EU fertilizer regulation. On the contrary, the anaerobic index,
namely RBP, was always below the threshold of 0.25 NLbiogas/gVS. By comparison, the
OUR and the RBP decreased by 5% and 12%, respectively, when GW was added. This
probably was caused by the high content of lignocellulosic compounds within the GW,
which is recalcitrant to aerobic and anaerobic processes. In fact, the lignin content was at its
maximum (39.6% on a VS basis) in S2, increasing by 21% from S1 to S2 and decreasing by 8%
from S2 to S3. On the contrary, cellulose was degraded across the scenarios and decreased by
17% from S1 to S2. The carbohydrates in the inlet feedstock (36.04 ± 2.49 %VS for OFMSW)
were consumed by the bacterial population. However, the results showed a positive
tendency across the scenarios despite being the easiest macromolecules to convert into
glucose [20]. The share of proteins slightly increased, fluctuating around 15.32–16.94 %VS.
In S1, only 11.8% of the original protein content within the OFMSW (17.38 ± 2.05 %VS)
was degraded. Lipids were consumed during the process, and the reduction from the initial
OFMSW reached a maximum of 81.72% in S3.

4. Discussion
4.1. Process Stability

The characteristics of the feedstocks and the seed sludges were probably the main
contributors to the ammonia inhibition encountered during the process. The content of Norg
and proteins in the OFMSW and GW were higher than those typically reported for such
substrates [51]. The addition of GW as a structural material was not beneficial to reducing
the ammonia inhibition. The lignocellulosic biomasses had a high C/N ratio, being 38.5 for
rice husks [25], fluctuating between 35 and 45 for corn silage [55], and varying from 11.6 to
22.7 for vegetable crop residues [56]. In this study, GW underwent a curing phase before
usage that may have reduced the C content. Therefore, it was not able to increase the C/N
ratio of the OFMSW. Instead, the addition of a carbon-rich substrate (i.e., sucrose) in S3
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increased the C/N ratio of the OFMSW up to 32, resulting in a reduction in the ammonia
concentration in terms of both TAN and FA. Furthermore, the GW showed a pH higher than
the OFMSW, and the ammonia equilibrium was displaced to FA production, as reported in
the literature [10].

The state of the art reports that the IA/PA ratio is an important indicator of AD
stability but is unreliable when the ammonia concentration in the digester is high [10,54,57].
Ammonia acts as a buffer agent, reducing the acidification effect of VFA accumulation,
but it leads the process to an unstable equilibrium. The process seems to be running
in a stable state, but slight perturbations may lead to process failure [54]. To the best
of the authors’ knowledge, previous studies reported contradictory results about VFA
accumulation in pilot-scale PFRs. Patinvoh et al. [38] reached process instability for an OLR
equal to 6 gVS/L d. Conversely, Arias et al. [58] found no accumulation of VFAs at similar
OLRs. Chinellato et al. [40] obtained similar results but could not identify a proper trend in
the VFA concentration. Jabeen et al. [25] identified process instability at an OLR of 9 gVS/L
d, reaching a concentration of total VFAs of 8344 ± 1511 mg/L [25]. On the other hand, our
study never exhibited acidification, even for the highest OLR tested (i.e., 12.4 gVS/(L d)).

The high share of propionic acid seemed to be principally related to the high con-
centration of FA. Capson-Tojo et al. [19] found that a concentration of FA higher than
800 mg/L inhibits acetoclastic methanogenesis, favoring hydrogenotrophic methanogene-
sis and syntrophic acetate oxidation [19]. Because the latter reaction is thermodynamically
unfavored, propionic acid accumulated in the digester. Franke-Whittle et al. [59] found that
the thermophilic co-digestion of cow manure and food waste incurred ammonia inhibition
with an accumulation of propionic acid.

4.2. Biogas Yields

Changing the C/N of the feedstock and increasing the OLR led to the optimal re-
sults in terms of biogas production. The previous section highlighted that the ammonia
concentration decreased by adding sucrose, which increased the C/N of the feedstock up
to 32. At the same time, the supplementation of an easier biodegradable substrate than
OFMSW and GW increased the GPR, which resulted in the maximum value during S3
(5.11 NLbiogas/(L d)). However, S2 showed the highest concentration of TAN and FA with
the lowest SGP, SMP, and GPR. The system did not fail, but it achieved a so-called “inhibited
steady state”, which was characterized by a stable but high pH, low biogas production, and
no accumulation of VFAs [10,32].

The comparison with previous studies reported within the literature revealed that
PFRs are applied to treat several feedstocks including OFMSW, cow manure, and straw
in thermophilic and mesophilic conditions, and different performances were achieved.
In thermophilic conditions and with treated OFMSW, the SMP was 203 NLCH4/kgVS
when the OLR ranged between 7.3 and 7.7 kgVS/(m3 d) [32], which is comparable to the
190 NLCH4/kgVS obtained in this work. Instead, Chaudary 2008 [60] obtained an SGP
ranging from 146 to 278 NLbiogas/kgVS for an OLR ranging between 3.9 and 2.5 gVS/L d,
which was far below the biogas yield of 331 NLbiogas/kgVS reached in this study while
operating the reactor with an OLR of 12.5 gVS/(L d). In addition, both studies evidenced
high ammonia concentrations. Mesophilic dry AD was found to be less prone to ammonia
inhibition, showing high SGP (i.e., 674 NLbiogas/kgVS) when the ammonia concentra-
tion was 2400 mg/L [40]. Moving to other substrates, SMP achieved a maximum of
163 NLCH4/gVS [38] when manure and straw were co-digested (i.e., C/N = 17), and the
reactor operated with an HRT of 40 days. Veluchamy et al. 2019 [55], using corn silage as
feedstock (i.e, C/N = 35–45), found the highest SMP of 410 NLCH4/gVS with an HRT of
17 days, indicating the importance of operating with a high C/N to achieve the maximum
biogas production.

In this work, despite the high solid content of the feedstock, no mixing issues were
found during the trials. Instead, the previous studies highlighted had criticalities related to
crust formation and the viscosity of the digestate due to the high solid content [38,58].
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4.3. Bioenergy Recovery

Within the literature, ER showed a great variability, mainly depending on the scale of
the experimental test. Regarding lab-scale tests, a specific energy recovery of 540 KJ/kgVS
was found during batch tests of microwaved OFMWS, which was rich in carbohydrates,
lipids, and proteins [43]. Kuglarz et al. [61] found that microwaved irradiation at 900 W and a
temperature higher than 70 ◦C maximized the specific energy recovery (3601 ± 287 KJ/kgVS).
In pilot-scale tests, the specific energy recovery ranged from 11.5 to 30.6 MJ/kgVS during
the thermophilic dry AD of OFMSW [32].

Concerning the EG, the results were in line with those reported in recent studies [49,62].
Cesaro et al. (2021) [49] investigated the influence of the storage time of the OFMSW on the
energetic potential [49]. The maximum EG of that study was 163.2 ± 17.0 kWh/tOFMSW,
slightly lower than the 184.35 ± 18.62 kWh/tOFMSW found here during S3, in which
the C/N ratio of the feedstock was increased to 32 as a strategy to reduce ammonia
inhibition and thus increase biogas production. On the other hand, Fei et al. [62] compared
five different scenarios of waste management and found a specific energy production of
256 kWh/tOFMSW.

If a net energy balance is considered while maintaining thermophilic conditions, diges-
tate recirculation pretreatments and mixing would account for the main energy consuming
processes [32,63]. Previous studies highlighted the importance of the energy balance to
justify the pretreatments of OFMSW [43,64]. Nevertheless, Zeshan et al. (2012) [32] ob-
tained a net energy gain in the range of 50–73% for the pilot-scale PFR, indicating the
possibility of implementing the technology as a decentralized plant. Regarding the mixing
system, Zhang et al. (2019) [63] highlighted that semi-continuous mixing permits to have a
higher electrical energy generation than a continuously mixed digester. In light of these
preliminary results, further investigations on the energy balance, including pretreatments,
pumping for feeding and recirculation, heating for maintaining thermophilic conditions,
and mixing, should be performed.

4.4. Digestate Characterization

Digestate management is an important issue related to dry AD, and comprehensive
characterization is fundamental to identifying whether toxic or inhibitory compounds
accumulate inside the digester to monitor process stability and evaluate the subsequent
application, such as final disposal [10] or exploitation in a circular economy application [14].

It is common knowledge that dry AD generally accumulates metal ions or toxic
compounds because of the high solid content at which the reactor operates [16]. However,
it is less sensitive to their negative effects because of the low mixing and bioavailability [13].
In this study, metal ions both heavy and light, namely Al, Cr, and Ni, accumulated in
the digester, probably because of the high concentration of metal ions in the GW. The
concentrations of Cu, Zn, K, and Na decreased, probably because of the low nutrient
content of GW. The concentration of Ca was high mainly because of the high values in the
seed sludges and in the GW. The other metal ions (i.e., Zn, Cd, Ni, Pb, Cu, and Hg) were
within the limit of EU Fertilizer Regulation 1009/2019 [15], while the OUR was above the
EU limit.

5. Conclusions

The experimental tests were performed with the aim of optimizing biogas production
by addressing ammonia inhibition in thermophilic dry AD. To this aim, three operational
strategies were compared by operating the reactor with solely OFMSW, by adding structural
material, and by altering the C/N ratio of the inlet feedstock.

Among the operational strategies to optimize biogas production, altering the C/N
attained the greatest results. Indeed, the total ammonia concentration decreased by 72%
and 77% compared with the scenarios in which solely OFMSW and co-digestion with
structural material were tested, respectively. The highest GPR of 5.11 NLbiogas/(Lr d)
and potential energy recovery (e.g., 8.21 ± 0.9 MJ/kgVS) were achieved in such operating
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conditions. Digestate characterization showed an accumulation of heavy metals mainly
caused by the high concentration found within the structural material and digestate, which
resulted anaerobically, but it was not aerobically stable.

Author Contributions: Conceptualization, E.R. and I.P.; methodology, I.P.; software, E.R.; valida-
tion, E.R. and I.P.; formal analysis, E.R.; investigation, E.R.; resources, I.P.; data curation, E.R.;
writing—original draft preparation, E.R.; writing—review and editing, E.R. and I.P.; visualization,
E.R.; supervision, I.P., R.I. and G.F.; project administration, I.P.; funding acquisition, I.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received S-SUPER “SMART AND SUSTAINABLE USE PHASE OF EXISTING
ROADS” PRA 2020–21 funding.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, I.P., upon reasonable request.

Acknowledgments: The authors gratefully acknowledge Alia Servizi Ambientali Spa and Belvedere
Spa for technical and economic support provided during the experimental campaigns. The authors
would like to thank Lorenzo Bosi and Alberto Baroni for the kind help in setting up the reactor.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Physical-chemical, elemental, and bromatological characteristics of digestate as means and
standard deviation for each scenario.

Unit of Measurement S1 ◦ S2 ◦ S3 *

pH - 7.96 ± 0.4 7.99 ± 0.4 7.62 ± 0.22
TOC % 7 ± 1.1 8.2 ± 1.2 8.7 ± 0.79

Organic nitrogen % 0.33 ± 0.05 0.15 ± 0.02 0.45 ± 0.06
TAN mg/kg 3420 ± 510 3490 ± 520 2366 ± 823

Total alkalinity mgCaCO3/kg 14,500 ± 1700 14,100 ± 1700 11,533 ± 288
TS % 19 ± 1.3 23.9 ± 1.7 26.63 ± 3.82
VS % 13.7 ± 1.3 15.4 ± 1.7 17.76 ± 3.75

Ash % 5.3 ± 0.37 8.5 ± 0.6 8.86 ± 0.45
C % ◦◦ 37.05 ± 4.42 34.3 ± 4.1 32.81 ± 1.61
H % ◦◦ 4.52 ± 0.45 3.97 ± 0.39 3.87 ± 0.2

N ** % ◦◦ 3.15 ± 0.37 1.79 ± 0.21 2.43 ± 0.4
S % ◦◦ 0.13 ± 0.02 0.26 ± 0.04 0.24 ± 0.1

C/N - 11.73 ± 0 19.06 ± 7.94 13.63 ± 1.71
Lignin % VS 32.84 ± 2.33 39.61 ± 2.79 36.44 ± 3.86

Cellulose % VS 22.62 ± 1.82 21.42 ± 1.68 18.82 ± 1.87
Carbohydrates 1 % VS 18.24 ± 2.18 19.48 ± 2.33 22.99 ± 3.24

Proteins % VS 15.32 ± 2.77 16.88 ± 3.05 16.94 ± 1.81
Fats, oil and

grease % VS 0.71 ± 0.04 0.64 ± 0.04 0.38 ± 0

Aluminum mg/kg 480 ± 140 920 ± 260 946.66 ± 77.67
Calcium mg/kg 8000 ± 1300 8800 ± 1400 9633.33 ± 550.75

Magnesium mg/kg 760 ± 230 1060 ± 310 1110 ± 43.58
Manganese mg/kg 48 ± 16 55 ± 18 68 ± 10
Potassium mg/kg 2640 ± 400 2560 ± 380 2670 ± 120

Sodium mg/kg 1210 ± 390 1120 ± 370 1053 ± 55
Arsenic mg/kg ◦◦ <RL 4.18 ± 0.62 <RL

Cadmium mg/kg ◦◦ <RL <RL <RL
Chrome mg/kg ◦◦ 152.63 ± 23.15 175.73 ± 26.35 189.52 ± 18.87
Mercury mg/kg ◦◦ <RL <RL <RL
Nickel mg/kg ◦◦ 89.47 ± 13.68 100.41 ± 15.06 107.56 ± 12.41
Copper mg/kg ◦◦ 73.68 ± 11.05 66.94 ± 10.04 65.86 ± 12.86

Zinc mg/kg ◦◦ 163.15 ± 24.73 150.62 ± 22.59 152.94 ± 16.15
OUR (mmolO2/(kgVS h)) 42.53 ± 2.85 40.25 ± 6.57 29.46 ± 12.26
RBP (NLbiogas/gVS) 0.11 ± 0 0.1 ± 0 0.11 ± 0

◦ n = 2 for S1 and S2. * n = 3 for S3. ** As TKN. ◦◦ On dry basis. 1 Simple sugars and starch.
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