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Abstract: In this paper, performance analysis over two years’ operation of an industrial anaerobic
digestion (AD) plant of a separately collected organic fraction of municipal solid waste is presented.
The continuous plug-flow AD plant is still regularly operating and it has been fully operational since
September 2018. Since then, it has been supplied with 40,000 t/y of pretreated separately collected
organic fraction of municipal solid waste from municipalities of the Calabria region in Southern
Italy. The AD process is carried out in a mesophilic regime at 40 ± 0.5 ◦C, using a constant hydraulic
retention time (HRT) of 22 days and a substrate with average total solids and average total volatile
solids of 30.0% and 22.2%, respectively. In the last two years, the plant produced an average of 191 m3

and 860 m3 of biogas per tonne (t) of organic input material and of total volatile solids, respectively,
with an average methane specific production of 508 m3/t (total volatile solids). The average CH4

percentage in the biogas was of 59.09%. The obtained results came out from the combination of
high organic content of separately collected organic fraction of municipal solid waste, optimized
pretreatment system and operating conditions adopted.

Keywords: dry anaerobic digestion; organic waste; separately collected organic fraction of municipal
solid waste; biogas; biomethane; industrial scale plant

1. Introduction

In recent years, the output of municipal solid waste (MSW), particularly food waste,
has increased dramatically. It has been reported [1] that every year European Union citizens
produce 76 kg of food waste per capita at a household level and this value raises up to
179 kg when considering waste generated by the manufacturing industry. In parallel, waste
disposal of MSW has become a big issue as landfills and incinerators are still widely used
as common methods of waste disposal, causing serious problems related to land, air, and
water pollution. Directive n◦ 2008/98/EC of the European Parliament and of the Council
of 19 November 2008, changed by current consolidated version of 2018/07/05 [2] imposes
a priority order in waste management following this waste hierarchy: (a) prevention;
(b) preparing for reuse; (c) recycling; (d) other recovery (e.g., energy recovery) and (e)
disposal. This hierarchy must be followed both by consumers (a, b) and waste plant
managers (c, d and e). In 2014, the US Environmental Protection Agency (EPA) defined
a similar hierarchy in food waste management [3]. Developing sustainable solutions for
waste management, especially for the organic waste management, is among the great
challenges of modern society.

Nowadays, anaerobic digestion AD is considered as one of the most effective and
environment-friendly processes for recycling the organic waste [4] as it produces two
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outputs: an energy-rich gas phase [5,6] (the so-called biogas) and a liquid stream called
digestate which can be directly used in agriculture or through its conversion into value-
added products [7].

AD is a complex microbial process [8], occurring in the absence of oxygen, that
converts organic matter into biogas. The biochemical process takes places in four stages
(hydrolysis, acidogenesis, acetogenesis and methanation) carried out by specific groups of
microorganisms. The produced biogas consists of two main components, methane (50–70%)
and carbon dioxide (30–50%), together with other minor components including hydrogen
sulfide (H2S), nitrogen (N2), oxygen (O2), water vapor, ammonia (NH3), hydrogen (H2)
and volatile organic compounds (VOCs).

Generally, operating conditions and performances of the various types of commercially
available anaerobic digesters and AD processes treating organic fraction of MSW (OFMSW)
developed on an industrial scale have been quantified in well-defined ranges [9–15] (Table 1).

Table 1. Types and characteristics of commercial organic fraction of municipal solid waste (OFMSW) anaerobic digestion
(AD) technologies. HRT—hydraulic retention time.

Process Type Process Characteristics

BTA®
One- or two-stage, wet (TS = 10%), mesophilic (35 ◦C) or thermophilic (55 ◦C) continuous

process able to producing biogas volumes of around 150 m3/t of input waste or 511 m3/t TVS
and methane volumes of 332 m3/t TVS.

Dranco®
Single-stage, dry (TS = 20–50%), thermophilic (50–58 ◦C) continuous process able to achieve
biogas productions between 100 and 200 m3/t of input materials or 468–622 m3/t TVS and

biogas production rate between 4–9.2 m3/m3 in around 14–20 days.

Kompogas®
Single-stage, dry (TS = 23–30%), thermophilic (55–60 ◦C) continuous process able to reach

biogas yield of 130–150 m3/t of input waste and methane yield 390–580 m3/t TVS operating
at a 15–29 days HRT.

Valorga®
Single-stage, dry (TS = 25–35%), mesophilic continuous process able to producing biogas

volumes between 80–180 m3/t of input waste and methane volumes of 220–300 m3/t TVS
operating at 18–23 days HRT.

Waasa®
Single-stage, wet (TS = 10–15%), mesophilic or thermophilic continuous process able to

generating a biogas production of 100–150 m3/t of input materials or also a methane
production of 170–320 Nm3/t TVS with a retention time of 10–20 days.

Garage-type (Bekon®, Gicon®)
Wet or dry, thermophilic or mesophilic (37–55 ◦C), batch process able to achieve methane

productions between 170–370 m3/t TVS in around 28–35 days.

BioFerm® Dry (TS = 25%), mesophilic (37 ◦C), batch process able to achieve methane productions of
210–350 Nm3/t TVS in 28 days.

Biocel®
Dry (TS = 35–40%), mesophilic (35–40 ◦C), batch process producing 50 m3 of biogas every t of

input materials in 21 days.

Sebac® Dry (TS = 30%), thermophilic (55 ◦C), batch process running 25–40 days and producing
220–530 m3 of methane every t of TVS.

Dry conditions are more often applied to the food waste AD process as they present
several advantages with respect to wet ones. In fact, although wet AD plants treating
food waste produce higher biogas yields, about 150–190 m3 per t of waste compared to
an average of 78 m3/t for dry conditions [16], dry AD plants can treat up to three times
greater quantities of organic substrate, generating double the biogas yield per digester
volume compared to wet AD plants [11]. Moreover, in the AD dry process, less or no
water is required, consequently simplifying the postdigestion operations for digestate
treatment. Nevertheless, application of dry conditions can considerably influence the AD
plant performance as high total solids (TS) content could reduce substrate degradation and
methanogenic activity leading to less biogas production [17–20]. It has been reported that,
in food waste dry AD, in mesophilic condition, an increase in TS content from 14% to 18%
led to a 31% reduction in methane yield [21], and it was necessary to increase the retention
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time from 20 to 40 days to maintain stable dry mesophilic conditions [22]. Likewise, biogas
and methane production decreased with the total solid contents increasing from 20% to
30% in dry batch thermophilic AD of food waste [23]. Therefore, despite the advantages
over wet AD, lacking of in-depth knowledge on TS effects on AD process still limits both
diffusion and wider industrial application of food waste dry AD.

Operating temperature is another crucial factor for food waste AD process. Temper-
ature variations influence both microbiological communities [24] and biogas production.
Some studies have shown that thermophilic temperatures, such as 55 ◦C, produced less
biogas than mesophilic temperatures of 35 ◦C and 45 ◦C [25], or even led to failure of
food waste AD process [24]. Another study reported that maximum biogas production is
achieved at 50 ◦C compared with other temperatures in the range from 30 ◦C to 60 ◦C [26].
Generally, higher temperatures improve the production rate of biogas. In particular, it
has been reported that the hydrolytic/acidogenic rate of food waste is proportional to
the increase of temperature [27,28]. Thus, at the same organic loading rate (OLR), ther-
mophilic AD increases either the degradation rate of organic MSW [29] or the solubility
of organic compounds, also reducing the solubility of the biogas in the liquid [30], lead-
ing to a faster production of biogas compared to mesophilic AD. However, the overall
methane production amount in thermophilic AD is almost identical to that obtained in
mesophilic conditions [31,32], as exergonic reactions, such as methanogenesis, reduce their
performance with higher temperature [1].

There are many substances that can inhibit the AD process, if present in certain
concentrations [33–35]. The most frequent inhibition problems are mainly due to the
accumulation of volatile fatty acids (VFA) or ammonia [36]. A phenomenon referred to as
“acidosis” [37] is the acidification caused by VFA accumulation and it is associated with a
rapid drop in pH resulting in a severe inhibition of methanogenic activity in organic waste
AD under both mesophilic and thermophilic temperatures [38,39]. In fact, while on the
one hand increasing temperature and OLR improves biogas production, on the other high
concentrations of substrate may generate inhibitory effects [40–42], due to the accumulation
of VFA and total ammonia nitrogen (TAN) because of the slower methanogenic metabolism
with respect to the acetogenic activity [43,44]. In aqueous conditions, TAN exists in both
ammonium ion (NH4

+) and free ammonia (FAN, NH3) form [45], the second one being
suggested as the main cause of inhibition. Actually, FAN may passively diffuse into the
cells of methanogens resulting in proton imbalance and potassium deficiency [33,46] and
leading to cell activity inhibition [47]. Although several studies have been published on
the determination of TAN and FAN inhibition thresholds in dry AD processing of OFMSW,
there is no yet a well-defined FAN inhibition value. However, a recent study has shown
that high pH and temperature values increase FAN concentration in the aqueous medium
and therefore the level of toxicity [48]. Process inhibition due to the accumulation of VFA
and TAN/FAN is the main problem facing food waste dry AD plants, especially those
working in thermophilic conditions. Some industrial plant experience [49] has shown
that, starting from thermophilic conditions, it was necessary to pause the feeding for two
months due to VFA and ammonia accumulation, and then restart in mesophilic conditions.
However, no instability problems were reported in mesophilic conditions.

In the management of an industrial dry AD plant treating food waste, it is therefore
necessary to reach the right balance of the various process parameters, such as temperature,
OLR, retention time and TS content, both to optimize the biogas production and to avoid
the AD process instability or failure problems.

Since AD is a complex process in which many species of coexisting microorganisms
have different vital needs, it will be necessary to steadily monitor the trend of the process
to check system stability and to optimize the overall efficiency of the biogas production.
Furthermore, since there is not just a single control parameter suitable to reflect the state of the
entire AD process, it is necessary to measure as many useful parameters as possible [50,51]
to understand the process goodness and of any necessary actions to be taken. Methane
production rate is normally stable in the digester and it is often used in AD plants as a
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simple indicator of process stability as the response to process conditions modifications
is almost instantaneous [52,53]. However, a change in methane yield does not provide
any information about biological processes and on the causes of any imbalances that
might occur. In fact, since fluctuations in the production and composition of the biogas
can also take place in conditions of stability, being linked to multiple factors such as
substrate load and composition, temperature, pH etc., methane or biogas production
cannot be used as a single criterion for a direct evidence of process imbalance without
considering any other parameter. Some of them, such as pH, temperature, pressure,
oxidation-reduction potential, biogas flow and composition, can be also measured on-
line [54] using commercially available sensors and instrumentation. Other parameters,
such as TS, total volatile solids (TVS), total alkalinity (TA), VFA, chemical oxygen demand
(COD), biological oxygen demand (BOD), ammonia, toxic substances, total organic carbon
(TOC), total nitrogen, phosphorus and sulfur content require sampling and off-line analysis.

Dealing with such a complex process and starting from at a laboratory and pilot plant
scale assessment [55], the paper presents the results of biogas and methane production from
an industrial dry mesophilic AD plant fed with separately collected OFMSW (SC-OFMSW),
during a two-year period of continuous operation. In addition to the quantity and quality
of the biogas produced, the values of some important control parameters are reported.
In particular, pH, TS and TVS for feeding has been periodically measured, as well as pH,
TS, TVS, ammonia, VFA and alkalinity ratio (VFA/TA) for both digestate and substrate
inside the digester.

2. Materials and Methods
2.1. Industrial AD Plant Characteristics

This plant is currently operating within a larger mechanical-biological treatment
(MBT) plant located in the city of Rende (Calabria region, Italy). The AD plant treats about
40,000 t of SC-OFMSW/y coming from various municipalities of Calabria region. AD plant
operations can be summarized as following (Figure 1): pre-treatment, AD process, digestate
composting, biogas purification and upgrading.
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Figure 1. Schematic diagram of Rende AD plant.

Plastic collection bags containing the organic waste are dumped in the specific recep-
tion area at the digestion plant. A bag opener is used as the first step of the pre-treatment
to separate most of the plastic and reduce the size of the substrate. Afterwards, a trommel
cleans the material destined to AD process from residual unwanted fractions. The organic
fraction obtained has dimensions less than 30 mm and is collected in a large tank feeding
the AD system. The pretreated organic waste is loaded into the feeding tank without
the insertion of any vegetable biomass, fluids, water or other additives, slowly stirred
by a vertical mixer to prevent crust forming or clustering, and piped to the AD system
through a pneumatic feeding line. A specially made piston pump is used for feeding
pretreated material in an automatic manner and is managed by a specially developed
programmable logic controller (PLC) by means of which it is possible to set and control
quantity and frequency of pretreated SC-OFMSW to be fed. Single-stage AD process takes
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place in two independent, parallel and continuous slowly moved tank reactors R1 and R2
(volume of about 1200 m3 each) with a treatment capacity of 20,000 t of SC-OFMSW/y
per single unit. Both reactors are horizontal and equipped with a heating system to main-
tain the constant operating temperature. Continuous and horizontal plug-flow process
is ensured by a slow rate rotating reel, also useful for degassing even though no relevant
mixing effects are induced. The first reactor has been fully operational since Septem-
ber 2018, while the second one since the end of October 2018. During the period examined
(September 2018–September 2020), both reactors worked under the same operating condi-
tions: temperature = 40 ± 0.5 ◦C, OLR = 10.1 kg TVS/m3 d and hydraulic retention time
(HRT) = 22 d. The AD process took place without adding any additives and no recirculation
was performed.

The digestate liquid stream resulting from the AD process is pumped to the adja-
cent composting sector, without any liquid separation or other physical treatment, and
transformed into organic high-quality compost, according to the Italian legislation [56].
The biogas produced is cleaned using a chemical scrubber and transferred to the upgrading
section to obtain biomethane ready to be injected into the natural gas distribution network,
according to the strict technical characteristics required by Italian legislation [57].

2.2. Sampling

Samples were collected and analyzed once a day for six days a week, except on
Sundays and on public holidays. In addition to the feed sample, which was in common
for both reactors, inside reactor samples (IR1 and IR2) and digestate samples (D1 and D2)
were collected. IR1 and IR2 sampling points are located in the middle of the long side of
the reactor, at a height of 3 m, while D1 and D2 samples are usually taken at the unloading
system before the composting line. Biogas was automatically sampled and analyzed by
means of the on-line stationary MRU SW-100 Biogas measuring system every eight hours
for both reactors.

2.3. Monitoring and Control Methods

Temperature inside the reactors was monitored continuously via built-in probes
connected to a data acquisition system. Daily biogas yield was measured by industrial
flowmeters, separately for the two reactors, every 24 h. Biogas composition (CH4%,
CO2%) was determined by mean of the on-line MRU SW-100 Biogas system mentioned
before. pH was measured with a Hanna HI5222 pHmeter equipped with an HI10480
electrode. TS, TVS and TAN content were determined according to standard methods [58].
The VFA/TA value was measured with a Hach AT1000 automatic titrator according to the
Nordmann method [59].

2.4. Feeding Characteristics

The used feed is that defined by the European waste code 20 01 08 which identifies
biodegradable kitchen and canteen waste deriving from municipal wastes (household
waste and similar commercial, industrial and institutional wastes) including separately
collected fractions.

OFMSW has reached a high degree of separation in recent years, probably as the
effect of the increased information and improved environmental education that population
received over time. This fact, together with the adopted pre-treatment system, make it
possible to feed the two reactors with a substrate characterized by less than 1% by weight of
undesirable and nonmethanizable material such as glass, metals, stones, non-biodegradable
plastics, cork and textiles.

Among the factors responsible for digestion performance, food waste composition [60]
and quality [61] play a crucial role in cumulative methane production and they can be
affected by various elements, including territorial differences, climate, collection frequency
and season. For the examined period, TS, TVS and pH of the pretreated organic substrate,
before being fed, were measured. As shown in Figure 2, the pH trend is strongly influenced
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by seasonality. In the warmer months, from May to October, the average pH was equal to
4.5 while, in the colder period, from December to March, it was 5.7.
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Between June and September, the average value of TVS was 23.1% while between
January and April it was 21.0%. The total average of TVS calculated over the two-year
period was 22.2%. A possible relationship with seasonality is not evident from TS trend
(Figure 3). In fact, the average values of TS in both summer and winter periods are almost
equal to the total average value of 30.0%.

2.5. Organic Loading Rate (OLR)

Aiming to introduce a constant daily volume of biomethane into the distribution
network, it has been necessary to provide the AD process with a constant daily supply of
volatile solids quantity. During the two examined years, for both reactors, the quantity of
volatile solids to be fed daily was 9.8–10.3 kg of TVS per m3 of reactor volume (with an
average value of 10.1 kg), while the average of TS was 13.6 kg/m3 d. Since volatile solids
percentage usually changes according to seasons (Figure 3), the quantity of fed pretreated
organic was not constant but it was set to 51–54 t/d in the summer months and 55–58 t/d
in the colder months, with a total two-year average of 54.5 t/d. The total amount of daily
feed was equally distributed over the 24 h.
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3. Results and Discussion
3.1. Biogas and Methane Yield

The produced volumes of biogas and methane were measured separately for the two
reactors even though no appreciable difference was noticed for both daily quantity of
produced biogas and methane percentage in the biogas (Table 2). The production rate
and the specific biogas and methane production, referred to both TVS and input organic
material, are also reported.

Table 2. Rende AD plant average performances from September 2018 to September 2020.

Reactor 1 Reactor 2

Biogas Methane Biogas Methane

CH4 (%) 59.22 58.96
Yield (Sm3/d) 1 9661 5709 9865 5829

Specific production (Sm3/t TVS) 1 798.5 471.9 815.4 481.8
Specific production (Sm3/t input material) 1 177.3 104.8 181.0 107.0

Production rate (Sm3/m3) 1,2 8.05 4.76 8.22 4.86
1 The International Standard Metric Conditions (S) are 288.15 K and 101.325 kPa. 2 Production rate refers to the
useful volume of the reactor. CH4 content in the biomethane before injection in the natural gas grid is 98.5–99.0%.

Daily deviations of about ±5.5% from the average values reported were sometimes
found, probably due to the daily fluctuation of the organic waste to be processed. More
pronounced deviations were observed after temporary feed stop but biogas and methane
production returned to the reported average values, once the normal feeding conditions
were re-established.

Although numerous studies of AD have already been performed at laboratory scale
and on pilot plants, the transfer and replication of these studies results to industrial scale
have rarely occurred because process management and fluctuations control are relatively
more difficult in full-scale plants.

The addition of cosubstrates in an appropriate ratio with OFMSW [12,62–64] is of-
ten needed to maintain optimum availability of macro- and micronutrients required for
metabolic activity, improving process efficiency, kinetics, stability and economic compet-
itiveness. Full-scale applications of the OFMSW codigestion with sewage sludge [65],
animal waste, wastewater, agriculture waste and other additives [66–68] can even double
the specific biogas production and increase the methane content.

The reported cases concerning plants of AD of OFMSW without the use of co-
substrates are very few and often lacking in detailed information. Several commercial full
AD plants treating OFMSW have been developed over the years (Table 3).

A comparative analysis of the obtained results (Table 2) with open literature data
from other biogas plants (Table 3) highlights the higher yield of both biogas and biomethane
reached in the AD plant under study. Compared to reported wet industrial
plants [69,71,73,77–79], a higher biogas and methane production rate was obtained in
Rende dry plant. An exception is the Barcelona plant [78] which, however, to obtain such a
high methane production, used a very low OLR and HRT of up to 40 days. Rende plant
was able to obtain high methane production using higher OLR, corresponding to 10.1 kg
TVS/m3 d, and process greater quantities of OFMSW per day. Moreover, compared to
Barcelona and other wet plants, digestate does not have to undergo a post-treatment for
liquid fraction separation but it is directly composted.
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Table 3. Reported literature data of industrial biogas plants treating OFMSW.

Plant Location Process Characteristics Operating Parameters Biogas Yield Methane Yield Ref.

South Shropshire
(UK) Wet 42 ◦C; OLR = 2.7 kg

TVS/m3 d; HRT = 80 d

156 m3/t TS;
642 m3/t TVS;
1.59 m3/m3

98 m3/t TS;
402 m3/t TVS;
1.00 m3/m3

[69]

Tilburg
(NL)

Semicontinous
one-stage, dry (Valorga)

40 ◦C; HRT = 20–55d;
TS = 30% 210–290 m3/t TVS [70]

(KR) Wet

(a) mesophilic; OLR =
3.9–5.4 kg TVS/m3 d
(b) mesophilic; OLR =
5.3–6.1 kg TVS/m3 d

(a) 340–430 m3/t
TVS

(b) 220–310 m3/t
TVS

[71]

Oława
(PL) Dry (Kompogas)

54 ◦C;
(a) HRT = 32.2 d;

(b) HRT = 31; TS =
32–35%

(a) 102.3 m3/t
w; 2.79 m3/m3

(feed = 30 t w,
operating vol. =

1,100 m3)
(b) 111.1 m3/t w

(a) 53.2 m3/t w d
(calc.CH4 = 52%);
(b) 66.7 m3/t w d
(calc.CH4 = 60%)

[72]

Karlsruhe
(DE) Wet (BTA) 37 ◦C; OLR = 8.3–8.5 kg

COD/m3 d; HRT = 12 d
511 m3/t TVS;

2.6 m3/m3
332.2 m3/t TVS

(calc., CH4 = 65%)
[73]

Bassano
(I) Dry (Valorga)

36.7 ◦C; OLR = 4–6 kg
TVS/m3 d; HRT = 40–60

d; TS = 30%

400 m3/t TVS; 3.2
m3/m3 [74]

Varennes Jarcy
(FR) One-stage, dry, (Valorga) TS = 30% 140 Sm3/t w 240 Sm3/t TVS [75]

Amiens
(FR) One-stage, dry, (Valorga) 37 ◦C; TS = 30% 145 m3/t w 205 m3/t TVS [76]

Engelskirchen
(DE) One-stage, dry, (Valorga) 37 ◦C; TS = 30% 126 m3/t w 280 m3/t TVS [76]

Müster
(DE) One-step, wet thermophilic 90 Nm3/t w

40.5–58.5 m3/t w
(calc. CH4 =

45–65%)
[77]

Kirchstockach
(DE) Two-step, wet mesophilic 60–100 Nm3/t w 36–60 m3/t w (calc.

CH4 = 60–65%)
[77]

Barcelona
(ES) Wet

37 ◦C; OLR = 0.8–1.7 kg
TVS/m3 d; HRT = 20–40

d
440–580 m3/t TVS [78]

Toronto
(CA) Wet 37 ◦C; OLR = 5 kg

TVS/m3 d; HRT = 17 d 377 m3/t TVS [79]

Berlin
(DE) Semidry

mesophilic; OLR = 3–7
kg TVS/m3 d; HRT =
15–17 d; TS = 10–15%

100–150 m3/t TVS
50–105 m3/t TVS

(calc. CH4 =
50–70%)

[15]

Harbin
(CN) Batch, dry (garage-type) 37 ◦C; RT = 35 d; TS =

43.5%
411 m3/t TVS;

0.72–2.22 m3/m3 270 m3/t TVS [80]

w = waste; calc. = methane yield calculated using the declared CH4 percentage in the biogas.

Operating conditions similar to those used in the Rende plant, such as TS content and
temperature in the mesophilic range, have enabled the production of 400 m3 of methane
per tonne of TVS in the Bassano plant [74]. However, to achieve this performance, the
Bassano plant used an OLR of 4–6 kg TVS/m3 d and an HRT of 40–60 days. In the two
examined years, the Rende plant reached an average methane production of 508 m3/t
TVS adopting an OLR equal to double and an HRT about half of Bassano plant. It should
be noted that the other plants shown in Table 3 operating in dry conditions [15,70,75,80]
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reached much lower biogas and methane yields than those of the Rende plant, whose
performances have not been reached even if thermophilic temperature was applied [72].

The best AD performances obtained in the Rende plant are mainly due to the better
quality of the feedstock and to operating conditions.

The quality of the OFMSW greatly affects the productivity of the AD process as it has
been shown [81,82] that the source sorted and segregated OFMSW have a higher percentage
of biodegradability, leading to greater biogas yields and an improved quality digestate for
agricultural land applications, with respect to the mechanically sorted OFMSW. Results
of a study conducted [74] in the Bassano plant have shown that biogas production from
mechanically sorted OFMSW is about three times lower than source-sorted OFMSW. These
results can be confirmed by the low methane production from the dry AD of mechanically
sorted OFMSW in the Oława, Varenne Jarcy and Amies plants. Consequently, waste
collection can be considered as the first key-treatment step which significantly affects the
characteristics and the yields of biogas production through OFMSW AD.

Currently, the separate collecting system adopted by many municipalities of the
Calabria region provides the Rende plant with OFMSW which is rich in food waste with a
high methane potential and a reduced fraction of inert and nonfermentable materials. The
OFMSW collection strategy together with the pretreatment system used make it possible to
obtain a high-quality feed with the presence of unmethanizable materials below 1%.

Particle size can also affect the performance of AD process as the increase in contact
surface area available to the microorganisms can positively impact on process kinetics. Al-
though the AD of pretreated organic materials with smaller particles is generally associated
with an increased biogas production and accelerated kinetics, especially for ligno-cellulosic
materials [83–86] and waste-activated sludge [87,88], contradictory studies have been re-
ported [11] on the effectiveness of particle size reduction in AD process. In fact, both
decrease and no significant effect on biogas production have been reported after reducing
particle size of several feedstock, especially OFMSW [89] and food waste [90], due to VFA
accumulation resulting in decreased methane production. Since the general perception
that a smaller particle size automatically leads to higher AD performance is not necessarily
correct, it is indispensable to determine the most suitable particle size according to the
specific AD plant characteristics. The choice of a pretreatment system able to release a
feed with a particle size of less than 30 mm and TS = 30.0% represented a fair compromise
between the stream handling, via pumping system, and the degree of biodegradability and
fermentability.

The choice of operating in dry conditions has allowed processing a greater quantity
of pretreated SC-OFMSW in a smaller reactor volume and thus to use a higher OLR, with
respect to wet conditions.

The combination of the quality and the particle size of the pretreated feed together
with the operating conditions of OLR, HRT and temperature made it possible to achieve
the reported AD process performances.

3.2. Control Parameters Values

The pH, VFA/TA, TVS and TAN values were almost the same for both reactors (Table 4).
For all monitored points, the mean, minimum and maximum observed values are reported.

Table 4. Monitored parameters data of internal material of the two reactors (IR1 and IR2) and digestate (D1 and D2) from
September 2018 to September 2020.

pH
Mean (Min–Max)

VFA/TA
Mean (Min–Max)

TVS
%Mean (Min–Max)

TAN g/L
Mean (Min–Max)

IR1 7.90 (7.40–8.13) 0.381 (0.295–0.452) 8.99 (6.78–9.95) 3.79 (2.55–4.51)
IR2 7.89 (7.38–8.15) 0.388 (0.292–0.449) 8.98 (7.24–9.97) 3.76 (2.78–4.39)
D1 8.01 (7.81–8.28) 0.319 (0.232–0.358) 8.38 (6.20–9.09) 3.55 (2.02–4.27)
D2 8.02 (7.78–8.37) 0.314 (0.249–0.350) 8.42 (6.92–8.98) 3.44 (2.18–4.16)
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During the two monitored years, the average pH inside both reactors (IR1 and IR2)
fell within the range considered optimal for the AD process. Sometimes a deviation from
the average value of up to 0.5 pH units was found, but no significant repercussions were
observed on the biogas production. The pH of the two digestates (D1 and D2) was on
average higher by about 0.1 units compared to IR1 and IR2.

The VFA/TA values were also in line with those considered ideal for managing the
AD plant [91]. Even at the maximum observed VFA/TA value of 0.452, no negative effect
on biogas production was found and no corrective actions were taken.

Starting from a TVS average percentage of 22.2% in the pretreated SC-OFMSW fed, it
is observed that an average value of 8.38% and 8.42% of the TVS of the two digestates D1
and D2 were obtained, with a TVS removal efficiency of 62.3% and 62.1%, respectively. By
calculating the TVS removal percentage at points IR1 (TVS = 8.99%) and IR2 (TVS = 8.98%),
a value of 59.5% was obtained in both cases; this value represents the removal efficiency
obtained in the first half of the reactors, since the analyzed points IR1 and IR2 are placed in
the middle length of them. The TVS removal percentage in the second half of the reactors
is 2.8% for R1 and 2.6% for R2. This leads us to conclude that most of the TVS removal and
consequently biogas production, about 95.5%, takes place in the first half of the reactors
while the remaining 4.5% takes place in the second half of the reactors.

So far, the literature has not defined a precise level of TAN and FAN concentration
to be considered as an inhibitory threshold of the AD process, since it depends on many
factors such as waste stream, pH, temperature, acclimation etc. [45]. The average measured
TAN values of the two reactors were 3.79 g/L and 3.76 g/L corresponding to average FAN
values of 0.47 g/L and 0.45 g/L, respectively, falling within the range of values generally
considered normal for the AD process. No inhibitory effect [92] was observed with the
measured values of TAN, demonstrating a good tolerance and adaptation capacity of the
microbial community to the operating conditions.

4. Conclusions

The results related to the monitoring of the performance and operating conditions of
the dry mesophilic AD plant located in Rende (Italy) from September 2018 to September
2020 have been reported. The obtained biogas and methane yield were higher than those
reported so far in the literature for other similar AD full-scale processes treating OFMSW.
With an average OLR of 10.1 kg TVS/m3 d, they were 860 m3/t TVS and 508 m3/t TVS of
biogas and methane, respectively. The production rate was of 8.67 m3/m3 d for biogas and
5.12 m3/m3 d for methane. The values of the monitored parameters of pH, VFA/TA and
TAN fell within the generally accepted optimal ranges of the AD process. The production
data and the operating parameters values were practically the same for both reactors used.
The AD process remained stable without the addition of cosubstrates or other additives
and no inhibitory effect was found. The association of the SC-OFMSW quality, the pre-
treatment system and the operating conditions adopted made it possible to obtain the
reported results.
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