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Abstract: Fruit and vegetable waste (FVW) generated locally in open (public or wholesale) markets
is a valuable resource and should not be considered as waste. The anaerobic digestion (AD) of
FVW can minimize landfill disposal and generate renewable energy, thus decreasing greenhouse
gas emissions. Moreover, the digestate after the AD of FVW, devoid of antibiotics and animal fats
in manure and food waste, may have a high fertilizing value. In this study, FVW mixtures were
composed to mimic the real FVW generated in Mediterranean open markets annually. The first goal
was to evaluate the biochemical methane potential (BMP) of different size fractions resulting from
FVW grinding. Indeed, the FVW was ground and separated into two size fractions, 0–4 mm and
4–10 mm, respectively. The 0–4 mm fraction exhibited a lower BMP but a higher rate constant than
the 4–10 mm fraction. The second goal was to first evaluate the BMP of the lumped fraction of FVW
after grinding (0–10 mm) via BMP assays and then feed it to a mesophilic two-stage leaching-bed
reactor (LBR)-upflow anaerobic sludge bed (UASB) system for almost one year. The BMP of the FVW
ranged between 406 and 429 L kg−1 of volatile solids (VS) independently of the FVW production
season. The system received an average organic loading rate (OLR) of 3.1 ± 0.7 g VS L−1 d−1. During
operation, the LBR gradually transited from acidogenic to methanogenic, and the overall methane
yield of the system increased from 265–278 to 360–375 L kg−1 VS, respectively. The proposed
technology does not require water addition or liquid digestate removal. Compared to the continuous
stirred tank reactor (CSTR) digester technology, the LBR/UASB system is suitable for the anaerobic
digestion of FVW. The results of this study can be further used to upscale the proposed technology
and contribute to the societal need for affordable and clean energy included in the Sustainable
Development Goals (SDGs).

Keywords: anaerobic digestion; biogas; fruit; vegetable; waste; valorization; BMP; two-stage

1. Introduction

FVW contributes most of the organic fraction of municipal solid waste [1,2]. Large
quantities of FVW such as leaves, peels, seeds, whole vegetables, and fruits (unused,
spoiled or rotten) are generated locally in open (public or wholesale) markets [3–5]. In
densely populated countries such as India, FVW from a wholesale market complex may
account for up to 150–200 ton d−1. The latter, often stored in heaps outside the market
buildings, is transported to the city landfills [6]. Focusing on the FVW generated in the
Mediterranean area, the green waste generated by municipal and open markets in Tunisia
was estimated at 18,000 ton yr−1. In Sfax city, the FVW generated from wholesale markets
was 1400 ton yr−1 [7]. Proper management of FVW is a prerequisite to avoid landfill
disposal, since landfilling accounts for more than three ton CO2-equivalent ton−1 FVW [8].
Furthermore, the anaerobic digestion of fruit and vegetable waste can generate renewable
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energy, thus decreasing the overall greenhouse gas (GHG) footprint between −40 and
−230 kg CO2-eq ton−1 FVW [3,8,9].

FVW is characterized by high moisture (870–930 g kg−1 FVW), a high organic content
(64–120 g kg−1 FVW) consisting mainly of sugars and hemicellulose (62–78 g kg−1 FVW),
cellulose (9–15 g kg−1 FVW), and a low lignin content (4.5–5.6 g kg−1 FVW) [3,7]. As a result,
FVW is highly biodegradable and suitable for biogas production in anaerobic digestion
facilities. However, it is prone to quick acidification, which may cause process inhibition
due to a pH drop [1]. A strategy to overcome this inhibition from rapid acidification is
to co-digest FVW with other waste such as meat residues [10], slaughterhouse waste [6],
sewage sludge [11], and municipal solid waste [12]. Co-digestion, although leading to a
higher methane yield, results in a low-quality digestate since the other wastes are often
sources of pathogens, and the latter may survive in the digestate [13].

The mono-digestion of FVW has been extensively studied, focusing mainly on deter-
mining the BMP of whole fruits and vegetables as well as their fragments (peels, seeds,
etc.). BMP provides a measure of the maximum methane yield that can be recovered from
waste and can be used to assess the efficiency of a continuous fed process. The BMP values
of vegetable leaves (e.g., beets, carrots, turnips, cabbage, and cauliflowers) and seeds/peels
from tomatoes and potatoes ranged from 200 to 300 L kg−1 VS. In contrast, the BMP values
of pulps, whole vegetables, and fruits were higher, even up to 500 L kg−1 VS [1,3]. Gener-
ally, vegetable waste yields less methane (207–346 L kg−1 VS) [14] than fruit waste. Fruit
waste has been studied per component and has been found to yield methane in the order
of seed (500–650 L kg−1 VS) > pulp (288–469 L kg−1 VS) > peel (up to 203 L kg−1 VS) [15].
Ta and Babel [16] found that the BMP of vegetable waste mixtures collected in Thailand
was 306 L kg−1 VS on average.

Other studies focused on the annual variation in the composition and BMP of FVW
mixtures such as those generated in open markets. It is worth noting that although FVW
mixtures vary in composition annually, they exhibit a similar BMP depending on the fruit-to-
vegetable ratio (FVR) in the FVW. For example, Edwiges et al. and Papirio et al. [7,17], who
studied the seasonal variation effect on the FVW generated in Brazil and Mediterranean
countries, respectively, identified higher FVR in the FVW mixtures (0.74–2) than Mozhiarasi
et al. [6] found in FVW in Indian markets (FVR: 0.27). Interestingly, the average BMP
values determined from multiple samples of FVW were higher in Brazil and Tunisia–Jordan
(377 ± 67 and 399 ± 65 L kg−1 VS, respectively) than in India (253.7 ± 27 L kg−1 VS). In
either case, the standard deviation was slight, indicating that FVW mixtures can provide
anaerobic digesters with a relatively stable organic feedstock.

The anaerobic mono-digestion of FVW in continuously operated bioreactors has been
previously studied. Using conventional CSTR, a methane yield within the range of the
expected BMP values was achieved under low OLR. Edwidges et al. [4] operated a CSTR
under an OLR of 3 g VS L−1 d−1, adding water to maintain the hydraulic residence time
(HRT) equal to 20 d and recorded a methane yield of 285 NL kg−1 VS. On the other hand,
Trujillo-Reyes et al. [18], who did not report adding water, achieved a similar yield of 229
and 254 L kg−1 VS under an OLR of 1 g VS L−1 d−1. They attributed the instability of
the reactors under an OLR of 3 g VS L−1 d−1 to the accumulation of the antimicrobial
monoterpenes present in fruits, vegetables, etc. Improvement in the anaerobic digestion
process was possible with plug-flow (tubular) reactors (PFR), in other words, at a similar
HRT of 20 d and an estimated OLR between 3 and 4 g VS L−1 d−1, the methane yield
increased within 360 to 450 L kg−1 VS [19,20]; however, the experiments from these studies
lasted one month, which is a relatively short time to evaluate the bioreactor’s performance
operated at an HRT of 20 d. Moreover, PFR should be designed with biomass retention to
avoid biomass washout in the long-term.

An alternative to improve the anaerobic digestion of FVW is to apply a two-stage
process to separate the acidogenesis and methanogenesis. Indeed, continuous two-stage
systems (thermophilic hydrolytic reactor coupled to a mesophilic anaerobic filter) achieved
a methane yield of 420 L kg−1 VS under an OLR of 5.65 g VS L−1 d−1 [21]. Another two-
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stage configuration involves an LBR as the first stage to allow the leaching of the aqueous
phase of FVW. The generated leachate can be digested in the second stage, consisting of
a high-rate system (e.g., UASB reactor). At the same time, the remaining solid fraction is
stabilized inside the LBR. The supernatant from the second stage can be further recirculated
to the LBR to enhance the leaching process [22,23]. Mtz-Viturtia et al. [23] operated a
solid-bed reactor of the LBR type coupled to a UASB to treat shredded FVW. The OLR
of the system gradually increased from 3.1 to 6.3, 9.4, and 12.6 g VS L−1 d−1, yielding
methane at 400, 290, 190, and 100 L kg−1 VS, respectively [23]. Considering that the
maximum methane yield was achieved at an OLR between 3.1 and 6.3 g VS L−1 d−1, the
minimum HRT of the solid-bed/UASB reactor system was 9 d, significantly lower than
the conventional CSTR or PFR design. However, their study used a limited mixture of
fruits and vegetables (tomato, lettuce, cucumber, cauliflower, orange, and melon). At the
same time, they presented steady state and not dynamic results for their LBR-UASB system.
Moreover, to our knowledge, no data exist concerning the long-term dynamic performance
of a two-stage system (LBR/UASB) operated on realistic, seasonally variable FVW mixtures
while increasing the loading rate.

Therefore, this study aimed to operate a two-stage LBR-UASB system using seasonally
generated FVW mixtures for almost one year. The composition of the FVW mixture
typically generated in Mediterranean open markets and varied in time was adapted by
Papirio et al. [7]. Process efficiency was evaluated in terms of biogas production and
composition in both stages, methane yield, removal of VS, and the accumulation of volatile
fatty acids. Methane yield from the two-stage system was finally compared to short-term
experiments using the BMP assays of the FVW mixtures. Moreover, although particle
size has been extensively studied as a parameter affecting the rate and BMP of the FVW,
there was no consideration of the characteristics of different size fractions obtained after
shredding. To fill this gap, the BMP and the methane production rate constant of two
different size fractions (0–4 mm and 4–10 mm) resulting after shredding were evaluated
and correlated with the lumped fraction (0–10 mm).

2. Materials and Methods
2.1. Waste Mixtures and Composition

Mixtures of seasonally generated FVW were prepared to simulate the FVW composi-
tion of Mediterranean open markets for autumn/winter (Season 1; S1), spring (Season 2;
S2), and summer (Season 3; S3), respectively, according to Papirio et al. [7]. Papirio et al. [7]
determined the typical composition of FVW throughout the year in two Mediterranean
countries (Tunisia and Jordan), merging the similarities and differences in the three peri-
ods/seasons. The fruits and vegetables used for the mixture preparation were purchased
from local Greek markets. Table S1 (Supplementary Materials) shows the exact composi-
tion thereof.

2.2. Mechanical FVW Pretreatment and Fractionation

The FVW was shredded using a kitchen grinder equipped with a cutting disk with
10 mm holes. The shredded mixture was sieved, and the fraction larger than 10 mm was
rejected for use in BMP assays so that the particle size remained below 10 mm.

For each FVW mixture, fractionation of the shredded material was studied using a
series of 10 and 4 mm sieves. Tap water (0.4 L per kg FVW) was added to facilitate sieving.
First, the 10 mm sieve was used, and a fraction of 0–10 mm was obtained. Then, the
mechanical shredding was repeated on fresh FVW mixture, and using two sieves in series,
two fractions (0–4 mm and 4–10 mm) were obtained. In this way, the fraction 0–10 and its
two sub-fractions (0–4 mm and 4–10 mm) could be studied separately (see Figure S1). All
fractions were characterized in terms of physicochemical composition and BMP.
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2.3. Batch Anaerobic Digestion Assays

The FVW samples were digested in 500 mL glass bottles with a 420 mL working
volume, in triplicate, under mesophilic conditions (37 ◦C). The inoculum consisted of
400 mL of anaerobic sludge (pH = 7.22, Total Solids; TS = 0.95–1.15 g L−1, Volatile Solids;
VS = 75–76% TS) from a municipal wastewater treatment plant. Before inoculation, anaer-
obic sludge was left at 37 ◦C for five (5) days to degasify. The ratio of substrate VS over
inoculum VS was set at 0.5. NaHCO3 (1.68 g) was added to increase the alkalinity from
1400 to 3100 mg CaCO3 L−1. Blank tests were also prepared using the inoculum only
and tap water instead of the substrate. There was no addition of macro or trace elements.
Oxygen from the headspace of the batch reactors was removed by N2/CO2 (80/20) flushing
for 1 min, followed by sealing the reactors with rubber stoppers. After sealing, the batch
reactors were placed on magnetic stirrers at 360 rpm inside the incubator. The headspace
of each reactor was connected to a NaOH (6 N) trap to remove biogas CO2. The methane
volume produced was measured in mL through the displacement method. Any gas volume
was estimated at standard temperature and pressure (0 ◦C, 1 atm) conditions (STP). In all
cases, the methane from the blank assays was subtracted. Data from the BMP tests were
kinetically analyzed as per the first-order kinetics model (Equation (1)):

BMPmodel = BMPmax·
(

1 − e−k·t
)

(1)

where BMPmax (L kg−1 VS) is the ultimate methane yield, k is the first-order kinetic constant
(d−1), e is Euler’s number, and t is the time (d). The model’s parameters were determined
through the solver Microcal Origin 6.0, which allows multiple curve fitting with shared
parameters and estimates the confidence and prediction bands at a 95% confidence level.
The goodness-of-fit was assessed via the determination coefficient (R2) and chi-squared
(χ2) as calculated by Microcal Origin.

2.4. Bench-Scale Reactor Design and Operation

The bench-scale reactor consisted of an LBR and UASB reactor. The LBR was made
of glass (7 cm internal diameter and 21 cm bed depth, with a total volume of 1.9 L and a
working volume of 1.3 L). The UASB reactor was also made of glass (8 cm internal diameter
and 60 cm total height, with a total volume of 3 L and a working volume of 2.15 L). A
4 mm screen was placed at the bottom of the LBR to facilitate leachate separation and
its collection in a tank (working volume 1 L) underneath (Figure 1). The leachate was
recirculated continuously to the top of the LBR at a constant flowrate of 13.8 L LLBR

−1 d−1

and fed to the UASB reactor at gradually increasing flowrates of 0.18, 0.36, 0.72, and
1.45 L LUASB

−1 d−1. The UASB effluent was recirculated continuously to the bottom of
the UASB reactor at a constant flowrate of 37.2 L LUASB

−1 d−1. Peristaltic pumps (Injecta
NK.LP180, Italy and Watson Marlow 530S UK) were used to control the flows between
the bioreactors.

The LBR was fed three times per week (Monday, Wednesday, and Friday, respectively),
adding 150 to 250 g (corresponding to 16 to 27 g VS) FVW of the 0–10 mm fraction,
previously mixed with 0.39 ± 0.03 gTS wood chips per gTS of FVW mixture (Plospan
Classic Wood shavings) to improve the water leaching/drainage. Before feeding, a portion
of the LBR bed was removed from an opening at the bottom of the column to ensure that the
bed volume would remain constant after feeding. The removed solids were characterized
as per their VS, and the retention time (RT) was determined as the reactor volume per
volume of FVW fed to the LBR. The RT was 6 d considering the LBR volume and 15.8 d
considering the total system volume. Following FVW feeding, the LBR was flushed with
N2/CO2 (80/20) to ensure anaerobic conditions. Then, the leachate was removed again
under anaerobic conditions. The BMP of wood chips (Figure S3 in the Supplementary
Materials) was 14 ± 2 L kg−1 VS and considered negligible.



Sustainability 2024, 16, 50 5 of 20Sustainability 2024, 16, x FOR PEER REVIEW 5 of 21 
 

 
Figure 1. Experimental layout of the LBR-UASB system used for the study (P1—LBR recirculation 
pump, P2—UASB recirculation pump, P3—UASB feeding pump). 

The LBR was fed three times per week (Monday, Wednesday, and Friday, respec-
tively), adding 150 to 250 g (corresponding to 16 to 27 g VS) FVW of the 0–10 mm fraction, 
previously mixed with 0.39 ± 0.03 gTS wood chips per gTS of FVW mixture (Plospan Clas-
sic Wood shavings) to improve the water leaching/drainage. Before feeding, a portion of 
the LBR bed was removed from an opening at the boĴom of the column to ensure that the 
bed volume would remain constant after feeding. The removed solids were characterized 
as per their VS, and the retention time (RT) was determined as the reactor volume per 
volume of FVW fed to the LBR. The RT was 6 d considering the LBR volume and 15.8 d 
considering the total system volume. Following FVW feeding, the LBR was flushed with 
N2/CO2 (80/20) to ensure anaerobic conditions. Then, the leachate was removed again un-
der anaerobic conditions. The BMP of wood chips (Figure S3 in the Supplementary Mate-
rials) was 14 ± 2 L kg−1 VS and considered negligible.  

The UASB reactor was inoculated with 500 mL granular sludge from an external cir-
culation sludge bed (ECSB) reactor treating cheese industry wastewater. The main char-
acteristics of the inoculum were: pH = 7.15, electrical conductivity (EC) = 10 mS cm−1, total 
suspended solids (TSSs) = 60.7 g L−1, volatile suspended solids (VSSs) = 52.87 g L−1. Trace 
elements were added in the leachate tank at start-up and re-start-up of LBR at the follow-
ing concentrations (in g L−1): FeCl2·4H2O, 0.0987; CaCl2·2H2O, 0.0673; MgCl2·6H2O, 0.4847; 
KCl, 0.35; MnCl2·4H2O, 0.0053; CoCl2·6H2O, 0.008; H3BO3, 0.0015; CuCl2·2H2O, 0.000721; 
Na2MoO4·2H2O, 0.00069; ZnCl2, 0.00057; NiCl2·6H2O, 0.00121; Na2WO4, 0.000063; Na2SeO3, 
0.00003. A total of 0.1416 g L−1 K2HPO4·3H2O was also added [24,25]. The biogas generated 
from the LBR and UASB reactors was collected in separate aluminum foil bags and char-
acterized in terms of the CH4, CO2, H2, and N2 gas content. Both reactors and the leachate 
tank were wrapped with heating tapes (Chromalox isopad 500W, USA) that maintained 
the temperature at 37 °C. 

The bench-scale reactor was fed by first using the S1 mixture. The operation contin-
ued with the S2 and S3 mixtures, respectively. Due to season changes during the opera-
tion, the S1 and S2 mixtures were used once more toward the end of the experiment.  

  

FVW Grinder

BiogasBiogas

Digestate

P1

P2

P3

LBR

UASB

ΜΙΧ

Wood chips

Figure 1. Experimental layout of the LBR-UASB system used for the study (P1—LBR recirculation
pump, P2—UASB recirculation pump, P3—UASB feeding pump).

The UASB reactor was inoculated with 500 mL granular sludge from an external
circulation sludge bed (ECSB) reactor treating cheese industry wastewater. The main
characteristics of the inoculum were: pH = 7.15, electrical conductivity (EC) = 10 mS cm−1,
total suspended solids (TSSs) = 60.7 g L−1, volatile suspended solids (VSSs) = 52.87 g L−1.
Trace elements were added in the leachate tank at start-up and re-start-up of LBR at the
following concentrations (in g L−1): FeCl2·4H2O, 0.0987; CaCl2·2H2O, 0.0673; MgCl2·6H2O,
0.4847; KCl, 0.35; MnCl2·4H2O, 0.0053; CoCl2·6H2O, 0.008; H3BO3, 0.0015; CuCl2·2H2O,
0.000721; Na2MoO4·2H2O, 0.00069; ZnCl2, 0.00057; NiCl2·6H2O, 0.00121; Na2WO4, 0.000063;
Na2SeO3, 0.00003. A total of 0.1416 g L−1 K2HPO4·3H2O was also added [24,25]. The
biogas generated from the LBR and UASB reactors was collected in separate aluminum foil
bags and characterized in terms of the CH4, CO2, H2, and N2 gas content. Both reactors
and the leachate tank were wrapped with heating tapes (Chromalox isopad 500W, USA)
that maintained the temperature at 37 ◦C.

The bench-scale reactor was fed by first using the S1 mixture. The operation continued
with the S2 and S3 mixtures, respectively. Due to season changes during the operation, the
S1 and S2 mixtures were used once more toward the end of the experiment.

2.5. Analytical Methods

The FVW samples and different fractions were dried (105 ◦C) and ground. The
chemical characterization included the TS, VS, total Chemical Oxygen Demand (COD), and
Total Kjeldahl Nitrogen (TKN), and was performed according to standard methods [26]. All
analyses were performed in triplicate using pro-analysis grade reagents. Concentrations of
volatile fatty acids (VFA) were determined in the leachate collection tank and the UASB
reactor effluent using a gas chromatography (GC)-flame ionization detector (FID) system
(Shimadzu, GC-2014). A capillary FFAP column was used. The temperatures set in the
injector and detector were 230 and 260 ◦C, respectively. The oven temperature program
started at 50 ◦C and was ramped to 200 ◦C at 10 ◦C min−1 [27]. The biogas composition
obtained from the LBR and UASB reactors was determined using a GC-thermal conductivity
detector (TCD) system (Shimadzu, GC-2014). The detector, injector, and oven temperatures
were constant at 120, 110, and 100 ◦C, respectively. Argon was used as the carrier gas. The
biogas and methane volume in L were expressed at STP conditions [27].
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3. Results
3.1. Fractionation of Seasonally Generated FVW

The composition of FVW varies throughout the year. The proportion of fruits in
the FVW mixture increased from autumn/winter to summer (Figure 2a), while the leafy
vegetables decreased from autumn/winter to summer (Figure 2b). The non-leafy vegetables
followed the trend observed in the case of fruits (Figure 2c).

Mechanical FVW pretreatment (shredding) was applied in the present work to reduce
the size of feedstocks. The shredding procedure was repeated to check whether repro-
ducible TS fractions were obtained (Figure 3). It was found that the 4–10 mm fractions
contained the highest TS in all mixtures. Within the 4–10 mm fractions, the autumn/winter
mixture was in the highest percentage among all mixtures (65.7 ± 5.7%), while within the
0–4 mm fractions, the summer mixture was in the highest percentage (31.6 ± 7.6%).

The overall fractions (0–10 mm) were highly biodegradable with BMP values of all
season mixtures averaging 420 ± 9 L kg−1 VS with low standard deviation (Figure 4a).
However, several differences were observed in the subfractions regarding the ultimate
methane yields and methane production rate constants; the fraction 0–4 mm of all seasonal
mixtures yielded methane at lower values (396 ± 41 L kg−1 VS) compared to the 4–10 mm
fraction (493 ± 30 L kg−1 VS) (Figure 4b,c and Table 1). The latter mainly consisted of fruit
and vegetable pieces (i.e., most FVW solids) (Figure 3 and Table 1). The former included
water, small chopped leaves–stalks, tiny fruit seeds, and FVW juices. Regarding TKN, no
significant differences were observed among the two fractions for each mixture (Table 1).
The S1 mixture contained higher TKN followed by S2 and S3, which is compatible with leafy
vegetables at a higher percentage in the S1 mixture than S2 and S3 (Figure 2). Regarding
COD, it was evident that the 4–10 mm fractions of the S1 and S2 mixtures contained higher
COD than the 0–4 mm fractions, which could explain the higher ultimate BMP value
(Table 1). However, this was not the case for the S3 mixture, which contained a higher COD
in the 0–4 mm fraction but yielded a lower BMP than the 4–10 mm fraction.

Sustainability 2024, 16, x FOR PEER REVIEW 6 of 21 
 

2.5. Analytical Methods 
The FVW samples and different fractions were dried (105 °C) and ground. The chem-

ical characterization included the TS, VS, total Chemical Oxygen Demand (COD), and To-
tal Kjeldahl Nitrogen (TKN), and was performed according to standard methods [26]. All 
analyses were performed in triplicate using pro-analysis grade reagents. Concentrations 
of volatile faĴy acids (VFA) were determined in the leachate collection tank and the UASB 
reactor effluent using a gas chromatography (GC)-flame ionization detector (FID) system 
(Shimadzu, GC-2014). A capillary FFAP column was used. The temperatures set in the 
injector and detector were 230 and 260 °C, respectively. The oven temperature program 
started at 50 °C and was ramped to 200 °C at 10 °C min−1 [27]. The biogas composition 
obtained from the LBR and UASB reactors was determined using a GC-thermal conduc-
tivity detector (TCD) system (Shimadzu, GC-2014). The detector, injector, and oven tem-
peratures were constant at 120, 110, and 100 °C, respectively. Argon was used as the carrier 
gas. The biogas and methane volume in L were expressed at STP conditions [27]. 

3. Results 
3.1. Fractionation of Seasonally Generated FVW 

The composition of FVW varies throughout the year. The proportion of fruits in the 
FVW mixture increased from autumn/winter to summer (Figure 2a), while the leafy veg-
etables decreased from autumn/winter to summer (Figure 2b). The non-leafy vegetables 
followed the trend observed in the case of fruits (Figure 2c). 

 
(a) 

0

10

20

30

40

50

60

Autumn/Winter Spring Summer

Pe
rc

en
ta

ge
 (%

)

Apple Apricot Cherry Grape

Grapefruit Kiwi Lemons Loquat

Mandarin Melon Orange Peach

Pear Pomegranate Strawberies Watermelon

Figure 2. Cont.



Sustainability 2024, 16, 50 7 of 20
Sustainability 2024, 16, x FOR PEER REVIEW 7 of 21 
 

 
(b) 

 
(c) 

Figure 2. Percentage variation of the (a) fruit, (b) leafy vegetable, and (c) non-leafy vegetable contri-
bution making up typical waste mixtures from Mediterranean open markets. 

Mechanical FVW pretreatment (shredding) was applied in the present work to re-
duce the size of feedstocks. The shredding procedure was repeated to check whether 

0

10

20

30

40

50

60

Autumn/Winter Spring Summer

Pe
rc

en
ta

ge
 (%

)

Carrot leaves Cauliflower leaves Celery

Coriander Fennel Cabbage Leaves

Green onion Parsley

0

10

20

30

40

50

60

Autumn/Winter Spring Summer

Pe
rc

en
ta

ge
 (%

)

Broccoli Courgette Cucumber Eggplant

Green beans Lettuce Peas Pepper

Potato Tomato

Figure 2. Percentage variation of the (a) fruit, (b) leafy vegetable, and (c) non-leafy vegetable
contribution making up typical waste mixtures from Mediterranean open markets.



Sustainability 2024, 16, 50 8 of 20

Sustainability 2024, 16, x FOR PEER REVIEW 8 of 21 
 

reproducible TS fractions were obtained (Figure 3). It was found that the 4–10 mm frac-
tions contained the highest TS in all mixtures. Within the 4–10 mm fractions, the au-
tumn/winter mixture was in the highest percentage among all mixtures (65.7 ± 5.7%), 
while within the 0–4 mm fractions, the summer mixture was in the highest percentage 
(31.6 ± 7.6%). 

 
Figure 3. TS content of the FVW mixtures distributed into the different size fractions. 

The overall fractions (0–10 mm) were highly biodegradable with BMP values of all 
season mixtures averaging 420 ± 9 L kg−1 VS with low standard deviation (Figure 4a). 
However, several differences were observed in the subfractions regarding the ultimate 
methane yields and methane production rate constants; the fraction 0–4 mm of all seasonal 
mixtures yielded methane at lower values (396 ± 41 L kg−1 VS) compared to the 4–10 mm 
fraction (493 ± 30 L kg−1 VS) (Figure 4b,c and Table 1). The laĴer mainly consisted of fruit 
and vegetable pieces (i.e., most FVW solids) (Figure 3 and Table 1). The former included 
water, small chopped leaves–stalks, tiny fruit seeds, and FVW juices. Regarding TKN, no 
significant differences were observed among the two fractions for each mixture (Table 1). 
The S1 mixture contained higher TKN followed by S2 and S3, which is compatible with 
leafy vegetables at a higher percentage in the S1 mixture than S2 and S3 (Figure 2). Re-
garding COD, it was evident that the 4–10 mm fractions of the S1 and S2 mixtures con-
tained higher COD than the 0–4 mm fractions, which could explain the higher ultimate 
BMP value (Table 1). However, this was not the case for the S3 mixture, which contained 
a higher COD in the 0–4 mm fraction but yielded a lower BMP than the 4–10 mm fraction. 

Table 1. Characterization of different fractions of shredded FVW used for the study. The data pro-
vide the average values of three measurements. 

Parameter 0–4 mm 4–10 mm 
0–10 mm 

(0–4 + 4–10 mm) 
Autumn/Winter (S1) 

FM distribution (%ww *) 24 76 100 
TS (g kg−1) 30 ± 1 82 ± 2 77 ± 0 
VS (g kg−1) 27 ± 0 71 ± 0 64 ± 1 

BMP (L kg VS−1) 387 ± 32 473 ±17 429 ± 13 
COD (g kg VS−1) 1196 ± 17 1340 ± 24 1396 ± 18 
TKN (g kg VS−1) 28 ± 1 24 ± 1 29 ± 1 

Spring (S2) 
FM distribution (%ww *) 46 54 100 

TS (g kg−1) 38 ± 1 92 ± 4 68 ± 0 
VS (g kg−1) 35 ± 0 77 ± 3 64 ± 2 

BMP (L kg VS−1) 360 ± 8 480 ± 7 406 ± 4 

0
10
20
30
40
50
60
70
80

>10 mm 4–10 mm 0–4 mm

%
TS

S1

S2

S3

Figure 3. TS content of the FVW mixtures distributed into the different size fractions.

First-order kinetics (Equation (1)) was used to determine the kinetic constant and
the maximum BMP in each case, fitting all replicate experiments. This simple kinetics is
adequate to simulate the methane production from particulate feedstocks since particulate
organic matter hydrolysis is slow and usually determines the rate of the whole process.
The chi-squared (χ2) and the coefficient of determination (R2) were used to evaluate the
goodness-of-fit (Table 2). It seems that Equation (1) was adequate to simulate the accu-
mulated methane yield in most cases. In particular, in the case of fractions 0–10 mm and
4–10 mm, which mainly consisted of particulate matter, the goodness-of-fit was much better
than the smaller fractions (0–4 mm). However, first-order kinetics was applied in all cases
to make the comparison of the kinetic constants feasible.

Sustainability 2024, 16, x FOR PEER REVIEW 9 of 21 
 

COD (g kg VS−1) 1221 ± 16 1512 ± 15 1280 ± 19 
TKN (g kg VS−1) 23 ± 2 24 ± 1 26 ± 1 

Summer (S3) 
FM distribution (%ww *) 61 39 100 

TS (g kg−1) 45 ± 2 88 ± 2 72 ± 2 
VS (g kg−1) 41 ± 2 81 ± 2 66 ± 2 

BMP (L kg VS−1) 441 ± 17 527 ± 21 426 ±10 
COD (g kg VS−1) 1533 ± 25 1439 ± 14 1354 ± 24 
TKN (g kg VS−1) 16 ± 1 18 ± 1 19 ± 1 

* The percentage expresses the part of each fraction (0–4 mm or 4–10 mm) with respect to the total 
fraction (0–10mm). 

 

 

0

100

200

300

400

500

600

0 5 10 15 20 25

CH
4

yi
el

d 
(m

L 
g−1

 V
S)

Time (d)

S1
S2
S3

(a)
0–10 mm

0

100

200

300

400

500

600

0 5 10 15 20 25

CH
4

yi
el

d 
(m

L 
g−1

VS
)

Time (d)

S1
S2
S3

(b)
0–4 mm

Figure 4. Cont.



Sustainability 2024, 16, 50 9 of 20Sustainability 2024, 16, x FOR PEER REVIEW 10 of 21 
 

 
Figure 4. Biomethane production potential of the different size fractions of shredded FVW (S1—
autumn/winter, S2—spring, S3—summer): (a) 0–10 mm, (b) 0–4 mm, (c) 4–10 mm. 

First-order kinetics (Equation (1)) was used to determine the kinetic constant and the 
maximum BMP in each case, fiĴing all replicate experiments. This simple kinetics is ade-
quate to simulate the methane production from particulate feedstocks since particulate 
organic maĴer hydrolysis is slow and usually determines the rate of the whole process. 
The chi-squared (χ2) and the coefficient of determination (R2) were used to evaluate the 
goodness-of-fit (Table 2). It seems that Equation (1) was adequate to simulate the accumu-
lated methane yield in most cases. In particular, in the case of fractions 0–10 mm and 4–
10 mm, which mainly consisted of particulate maĴer, the goodness-of-fit was much beĴer 
than the smaller fractions (0–4mm). However, first-order kinetics was applied in all cases 
to make the comparison of the kinetic constants feasible. 

Table 2. Kinetic parameters estimated for all BMP tests. 

Fractions BMPexp (L kg−1 VS) BMPmax (L kg−1 VS) k (d−1) χ2 R2 
  Autumn/Winter (S1) 

0–10 mm 429 ± 13 453 ± 4 0.169 ± 0.005 221 0.989 
0–4 mm 387 ± 32 386 ± 4 0.285 ± 0.005 431 0.975 

4–10 mm 473 ± 17 482 ± 4 0.178 ± 0.004 197 0.992 
  Spring (S2) 

0–10 mm 406 ± 4 407 ± 2 0.286 ± 0.006 135 0.992 
0–4 mm 360 ± 8 349 ± 3 0.387 ± 0.015 341 0.971 

4–10 mm 480 ± 7 486 ± 3 0.233 ± 0.005 183 0.993 
  Summer (S3) 

0–10 mm 426 ± 10 415 ± 3 0.557 ± 0.022 454 0.971 
0–4 mm 441 ± 17 419 ± 5 0.387 ± 0.022 932 0.945 

4–10 mm 527 ± 21 520 ± 2 0.434 ± 0.010 220 0.992 

Moreover, the confidence and prediction bands were estimated as depicted in Fig-
ures S3–S5 (Supplementary Materials). The kinetic constant, k, is proportional to the me-
thane production rate. There was a significant increase in the rate constant from 0.169 ± 
0.005 to 0.286 ± 0.006, and finally to 0.557 ± 0.022 d−1 for the autumn, spring, and summer 
mixtures, respectively. Fruits and vegetables dominated the S3 mixture, while leafy vege-
tables prevailed in the S1 mixture (fruit comprised 36%, 43%, and 53% of the S1, S2, and 
S3 mixtures, respectively) (Figure 2). The S1 mixture was prepared with more citrus fruits 
(oranges, mandarins, lemons, and grapefruits) compared to the S3 mixture, where fruits 
with high water and soluble carbohydrate content were included. Fruits rich in carbohy-
drates were also present in the S2 mixture but in lower quantities than the S3 mixture.  

0

100

200

300

400

500

600

0 5 10 15 20 25

CH
4

yi
el

d 
(m

L 
g−1

VS
)

Time (d)

S1

S2

S3

(c)

4–10 mm

Figure 4. Biomethane production potential of the different size fractions of shredded FVW
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Table 1. Characterization of different fractions of shredded FVW used for the study. The data provide
the average values of three measurements.

Parameter 0–4 mm 4–10 mm 0–10 mm
(0–4 + 4–10 mm)

Autumn/Winter (S1)
FM distribution (%ww *) 24 76 100

TS (g kg−1) 30 ± 1 82 ± 2 77 ± 0
VS (g kg−1) 27 ± 0 71 ± 0 64 ± 1

BMP (L kg VS−1) 387 ± 32 473 ±17 429 ± 13
COD (g kg VS−1) 1196 ± 17 1340 ± 24 1396 ± 18
TKN (g kg VS−1) 28 ± 1 24 ± 1 29 ± 1

Spring (S2)
FM distribution (%ww *) 46 54 100

TS (g kg−1) 38 ± 1 92 ± 4 68 ± 0
VS (g kg−1) 35 ± 0 77 ± 3 64 ± 2

BMP (L kg VS−1) 360 ± 8 480 ± 7 406 ± 4
COD (g kg VS−1) 1221 ± 16 1512 ± 15 1280 ± 19
TKN (g kg VS−1) 23 ± 2 24 ± 1 26 ± 1

Summer (S3)
FM distribution (%ww *) 61 39 100

TS (g kg−1) 45 ± 2 88 ± 2 72 ± 2
VS (g kg−1) 41 ± 2 81 ± 2 66 ± 2

BMP (L kg VS−1) 441 ± 17 527 ± 21 426 ±10
COD (g kg VS−1) 1533 ± 25 1439 ± 14 1354 ± 24
TKN (g kg VS−1) 16 ± 1 18 ± 1 19 ± 1

* The percentage expresses the part of each fraction (0–4 mm or 4–10 mm) with respect to the total fraction (0–10
mm).

Moreover, the confidence and prediction bands were estimated as depicted in Figures S3–S5
(Supplementary Materials). The kinetic constant, k, is proportional to the methane pro-
duction rate. There was a significant increase in the rate constant from 0.169 ± 0.005 to
0.286 ± 0.006, and finally to 0.557 ± 0.022 d−1 for the autumn, spring, and summer mix-
tures, respectively. Fruits and vegetables dominated the S3 mixture, while leafy vegetables
prevailed in the S1 mixture (fruit comprised 36%, 43%, and 53% of the S1, S2, and S3
mixtures, respectively) (Figure 2). The S1 mixture was prepared with more citrus fruits (or-
anges, mandarins, lemons, and grapefruits) compared to the S3 mixture, where fruits with
high water and soluble carbohydrate content were included. Fruits rich in carbohydrates
were also present in the S2 mixture but in lower quantities than the S3 mixture.



Sustainability 2024, 16, 50 10 of 20

Table 2. Kinetic parameters estimated for all BMP tests.

Fractions BMPexp (L kg−1 VS) BMPmax (L kg−1 VS) k (d−1) χ2 R2

Autumn/Winter (S1)
0–10 mm 429 ± 13 453 ± 4 0.169 ± 0.005 221 0.989
0–4 mm 387 ± 32 386 ± 4 0.285 ± 0.005 431 0.975

4–10 mm 473 ± 17 482 ± 4 0.178 ± 0.004 197 0.992
Spring (S2)

0–10 mm 406 ± 4 407 ± 2 0.286 ± 0.006 135 0.992
0–4 mm 360 ± 8 349 ± 3 0.387 ± 0.015 341 0.971

4–10 mm 480 ± 7 486 ± 3 0.233 ± 0.005 183 0.993
Summer (S3)

0–10 mm 426 ± 10 415 ± 3 0.557 ± 0.022 454 0.971
0–4 mm 441 ± 17 419 ± 5 0.387 ± 0.022 932 0.945

4–10 mm 527 ± 21 520 ± 2 0.434 ± 0.010 220 0.992

The 0–10 mm fractions produced methane at intermediate rates and final yields,
averaging the BMP profiles of the 0–4 and 4–10 mm FVW fractions. In most cases, the
methane production rate constant of the 0–4 mm fractions was higher than the 4–10 mm
fractions (Table 2). On the other hand, the BMPmax values showed the opposite trend,
with the BMPmax of the 0–4 mm fractions being lower than the 4–10 fractions (Table 2).
The shredding of FVW not only resulted in a size reduction, but also released water (and
water-soluble organics) and small (shredded) leaves, stalks, and seeds from the solid matrix.
This fraction exhibited a higher rate constant but lower ultimate yield, possibly due to low
biodegradability or inhibitory compounds.

3.2. Performance of the LBR-UASB

The LBR-UASB system was operated for over a year using seasonal FVW. Feeding was
performed thrice weekly, and the OLR was maintained on average at 3.07 ± 0.7 g VS L−1 d−1

(Figure 5a). The system started using the S1 mixture (Period I). During this period (days
0–57), methanogenesis was suppressed, and the LBR gas mainly consisted of carbon dioxide
(55–65%) and hydrogen (3–12%) (Figure 6a). The biogas composition was consistent with
the high VFA concentrations (up to 8 g L−1 of acetic and propionic acids) (Figure 7a) and
the low pH (5.44 ± 0.35) (Figure 7c) of the leachate. The UASB reactor was operated at
an HRT = 5.6 d (Figure 5b), and the pH remained neutral (7.49 ± 0.14) (Figure 7c) with
low VFA concentrations (<0.05 g L−1) (Figure 7b). The biogas recovered had high methane
content (74.2 ± 1.9%) (Figure 6b). By the end of period I, the LBR gas hydrogen content
decreased to 2.0 ± 0.5%, and the methane content increased from zero to 10.5 ± 0.6%,
indicating that LBR methanogenesis had started to establish. The methane yield of the
LBR-UASB system (Figure 5c) during period I was 278 ± 96 L kg−1 VS and was primarily
attributed to the UASB.

During period II (days 57–87) (S2 mixture), the LBR gas hydrogen content remained
low (2.5 ± 0.5%), and the methane content increased from zero to 12.5 ± 0.8% (Figure 6a).
The VFA concentrations were between 2 and 4 g L−1 (Figure 7a). The pH of the leachate
was 6.00 ± 0.32 (Figure 7c). As in period I, the methane yield was 265 ± 70 L kg−1 VS,
primarily due to the UASB (Figure 5c).

During period III (days 87–155) (S3 mixture), the VFA concentration of the leachate
decreased below 2 g L−1 (Figure 7a), and the pH became neutral (Figure 7c). As such,
the LBR gas hydrogen content was lower than 0.5%, and methane gas increased to 40%
(Figure 6a). From day 125 and on, steady-state conditions were recorded, and the overall
methane yield stabilized to 360 ± 30 L kg−1 VS (Figure 5c). Under these conditions, the
LBR became methanogenic and contributed to 60% of the overall methane yield.
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Figure 5. (a) Overall organic loading rate, (b) the HRT in the UASB reactor, and (c) methane yield of
the LBR-UASB reactor system. The red vertical line denotes the restart-up of the LBR, while the grey
lines show the time when the FVW mixture changed.

Due to damage in the LBR, it was decided to restart the LBR with the S3 mixture.
In this case (period IV, days 160–180), a sharp increase in VFA concentrations was again
observed (up to 8 g L−1 of butyric and acetic acids) (Figure 7a), which was accompanied
by an LBR gas hydrogen content 20–22% (Figure 6a). However, within 20 days, the LBR
hydrogen gas decreased below 1%, and methane gas began to form. Changing the incoming
FVW to the autumn/winter mixture (Period V, days 180–270), the LBR gas methane content
increased and stabilized to 25% (Figure 6a), followed by neutral pH (Figure 7c) and low VFA
concentrations (below 2 g L−1) of the leachate (Figure 7a). During period V, the HRT of the
UASB reactor decreased from 5.6 to 2.8 d (Figure 5b), which did not affect the UASB process
efficiency (in terms of effluent COD, accumulation of VFA, pH, and biogas composition).
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As such, the methane yield for the S1 mixture was 375 ± 54 L kg−1 VS (Figure 5c), and the
UASB released 74% of the methane gas. During period VI (days 270–350), the system was
fed with the S2 mixture, while the HRT of the UASB was further decreased to 1.4, and finally
to 0.7 d (Figure 5b). The performance of the UASB remained unaffected, similar to period V,
and the overall methane yield was 364 ± 34 L kg−1 VS (Figure 5c). During the whole study
period, the concentrations of COD and VFA at the UASB reactor effluent were stable (COD
total: 2.42 ± 0.22 g L−1; COD soluble; 1.23 ± 0.04 g L−1; VFAs < 0.05 g L−1; Figure 7b),
independently of the applied HRT or FVW mixture, which indicates high process efficiency.
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Figure 6. Biogas composition produced from the (a) LBR and (b) UASB reactor. The red vertical line
denotes the restart-up of the LBR, while the grey lines show the time when the FVW mixture changed.

The quantity of shredded FVW fed to the LBR three times a week (150 to 250 g)
decreased to 60–92 g per feed at the LBR effluent within 4 to 5 days. The VS removal was
estimated per loading between 49 and 77%, averaging 65 ± 7%. Moreover, the average
BMP of the effluent solids was 74 ± 17 L kg−1 VS (Figure S6).

It is worthwhile mentioning that the humidity contained in the FVW entering the
LBR was adequate to sustain the electrical conductivity of the circulating leachate constant
(14.4 ± 0.25 mS cm−1) after being built-up due to leachate recirculation and enrichment
with inorganic compounds (Figure 8). At the restart-up of the LBR, the electrical conductiv-
ity dropped since the fresh FVW mixture was packed in the LBR. After this, the electrical
conductivity increased to 15.75 ± 0.2 mS cm−1.
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Figure 7. VFA concentration of the (a) LBR leachate, (b) UASB reactor effluent, and (c) pH of the
leachate and UASB reactor effluent. The red vertical line denotes the restart-up of the LBR, while the
grey lines show the time when the FVW mixture changed.
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4. Discussion
4.1. Composition and Methane Yield of Seasonally Generated FVW

Fruit and vegetable wastes are carbohydrate-rich substrates with low lignocellulosic
content [1,28]. Mozhiarasi et al. [6] studied the seasonal FVW composition in India. Their
sampling campaign was performed from a storage heap outside a market building in
June, October–December, and January–May. All samples were characterized by high
carbohydrate content (on average 680 and 700 g kg−1 TS for vegetable and fruit market
wastes, respectively), followed by proteins (115 and 123 g kg−1 TS, respectively) and lipids
(52 and 59 g kg−1 TS, respectively). Edwiges et al. [4] studied FVW collected from a
wholesale market in Brazil. They recovered 33 kinds of fruits and vegetables (48% fruits
and 52% vegetables), with no individual type representing more than 7% of the mixture on
a wet-weight basis. The FVW mixture was ground and analyzed for total carbohydrates
(552 g kg−1 VS), proteins (158 g kg−1 VS), and lignocellulose (111 g kg−1 VS cellulose,
114 g kg−1 VS hemicellulose and 38 g kg−1 VS lignin). Di Perta et al. [29] similarly found
that FVW was characterized by a high total carbohydrate content (720–920 g kg−1 VS), with
the soluble carbohydrate fraction comprising 57 and 90% of the total.

Mixtures of FVW simulating those generated by Mediterranean open markets during
the autumn/winter, spring, and summer seasons were prepared by different research
groups [7,18,30]. Trujillo Reyes et al. [18] and Scotto Di Perta et al. [29] studied the same
mixtures of FVW as in the present study but reduced the size of the mixtures to different
levels. Trujillo Reyes et al. [18] studied three size fractions (0–4 mm, ~6 mm, and >10 mm),
while Scotto Di Perta et al. [29] reduced the size to 5 mm. In the present study, grinding
to 10 mm resulted in the fractionation of the ground material, which was separated into
size fractions of 0–4 mm and 4–10 mm. Optical observation verified that different parts
of the FVW were distributed in the two fractions; water-soluble constituents but also
chopped leaves and stalks or tiny fruit seeds preferred the 0–4 mm fraction. Therefore,
the size reduction effect was studied on the FVW mixtures in [18,29]. In contrast, the size
fractionation effect was studied after grinding to 10 mm in the present study. The VS
content of the FVW mixtures was between 84 and 94%TS with a slightly increasing trend in
the order of autumn/winter < spring < summer [7].

Regarding the seasonality effect on the COD content of the FVW mixtures, Scotto Di
Perta et al. [29] reported that the autumn/winter mixture contained the highest COD per
mass of VS, but this was not verified by Trujillo-Reyes et al. [18] and the present study.
On the other hand, they all agreed that there was an increasing trend of the soluble COD
and soluble carbohydrates in the order of autumn/winter < spring < summer. In the
present study, the mass of the 0–4 mm over the 4–10 mm fractions increased in the same
order (Table 1), concluding that seasonality and grinding will result in mixtures richer in
soluble organic matter and fractionating toward the smaller size scale in the following order:
autumn/winter < spring < summer. In the present study, the TKN measurements showed
a decreasing trend in the order of autumn/winter > spring > summer. This is compatible
with the results by Trujillo-Reyes et al. [18], who reported an increasing C:N ratio in the
order of autumn/winter~spring < summer. Korai et al. [31] found that the C:N ratio in
fruits was higher (13–16) than in vegetables (8–9). Therefore, the higher participation of
leafy vegetables in autumn/winter and spring than in summer FVW may be a determinant
factor of the TKN and C:N ratios in these mixtures. On the other hand, the study of Arhoun
et al. [11] showed that the C:N ratios of FVW were very similar throughout the four seasons,
averaging 24. However, no quantitative data on the vegetable and fruit content in the
various mixtures were reported in the latter study.

The BMP of FVW typically ranges between 340 and 470 L kg−1 VS with an average
value of 420 L kg−1 VS [21], which agrees with the results of the present study. FVW from
Pakistan’s fruit shops and vegetable markets was collected during summer and winter [31].
Summer mixtures included mostly discarded mango and peels (35%), watermelon (25%),
and melons (20%), while winter mixtures consisted of discarded orange and peels (35%),
grapefruit and peels (25%), and banana and peels (20%). The BMP tests revealed a similar
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methane yield for the summer and winter mixtures (i.e., 370 and 400 L kg−1 VS, respec-
tively), agreeing with the results of the present work. Similarly, in the study of Papirio
et al. [7], no significant difference in the BMP of seasonal FVW mixtures was reported. On
the other hand, in the study of Korai et al. [31], winter blends of fruit and vegetables (1:1)
yielded a higher BMP (460 L kg−1 VS) than summer blends (420 L kg−1 VS). Similarly,
Arhoun et al. [11] showed that summer mixtures had the lowest BMP (323 L kg−1 VS) than
the other seasons (393–416 L kg−1 VS). Reyes et al. [18] reported the highest BMP in the
spring mixtures chopped at 10 mm (45% and 67% higher than the BMP of the summer and
autumn/winter seasons, respectively). Therefore, there are contradicting results regarding
the effect of the seasonality of the BMP values of FVW in the literature, probably because
of the high heterogeneity of the mixtures, which induces high uncertainty when trying to
draw general conclusions.

Decreasing the particle size of FVW by mechanical pretreatment affected both the
methane production rate and the ultimate yield, as evidenced by the present work results.
Upon grinding the FVW, water-soluble organics are released from the solid matrix into
the smaller fraction (0–4 mm), which contains more humidity (Table 1). This resulted
in a higher methane production rate, as expressed by the higher rate constant (Table 2)
compared to the rate constant of the other fractions. However, fine grinding often results
in the release of low biodegradability or inhibitory compounds such as fragments of fruit
peels, seeds, and leaves. Previous studies showed that the methane yield from fruit peels
was low (from zero to 202 L kg−1 VS) compared to fruit pulp (287–468 L kg−1 VS) and seeds
(504–657 L kg−1 VS) [15]. This was attributed to the chemical composition (lignocellulosic
structure), volatile organic compounds (flavors–flavonoids), and the physical structure
of fruit fragments. Similarly, Zhao et al. [28] revealed low BMP values and an extended
lag-phase in the BMP of different fruit seeds and peels/shells, especially those rich in lignin.

Trujillo-Reyes et al. [18] found that FVW ground at 4 mm yielded methane at a higher
rate (approximately 150 L kg−1 VS d−1 irrespectively of the seasonality) but at a lower
ultimate yield (from 482 to 310 L kg−1 VS in the spring mixtures as the size was reduced
from 10 to <4 mm). To compare the methane production rate with the results of the present
study, the BMPmax was multiplied with the rate constant (Table 2), and it was found that
the methane production rate ranged from 110 to 162 L kg−1 VS d−1 (the increasing rate
was in the order of autumn/winter < spring < summer). However, the increasing trend
in the methane production rate with the reducing size reported in [18] was not consistent
in the spring season. At the same time, in the present study, this observation was not
consistent in the case of the summer season. It is worth mentioning that the rate constant (k,
Table 2) and the methane production rate (BMPmax*k) were found to increase in the order
of autumn/winter < spring < summer in the case of all fractions in the present study. The
higher rate in the case of the smaller fractions is probably due to the smaller size and more
soluble organic matter, which promotes the biodegradation rate. On the other hand, the
lower ultimate yield of the smaller fractions may be the release of inhibitory compounds
that have severe effects as the BMP test evolves (and not from the start). It is known that
fruits and vegetables contain terpenes (mainly monoterpenes) with potential antimicrobial
properties, which may affect the stability of the anaerobic digestion of wholesale market
waste at high organic loading rates [32].

4.2. Comparison of LBR/UASB with Conventional CSTR

Table 3 summarizes the performance of the conventional CSTR and the LBR/UASB
system regarding methane yield and VS removal. The data collected from previous studies
include anaerobic digester performance parameters during stable operation at low VFA
concentrations and the maximum methane yield. Shredded fruit and vegetable market
wastes (no particle size was given) were digested by Lin et al. [33] with a methane yield
of 420 L kg−1 VS under an OLR = 3 g L−1 d−1. Jiang et al. [34] digested ground vegetable
wastes (no particle size was given) and showed high process efficiency at OLR between
3–4 g L−1 d−1 after trace element supplementation. When trace elements were excluded,
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increasing the OLR higher than 2 g L−1 d−1 was impossible. In a similar study, Li et al. [35]
recorded high process efficiency at OLR between 3.0 and 3.5 g L−1 d−1 when trace elements
were supplemented in a CSTR treating market FVW. In a previous study without trace
elements, it was impossible to operate the CSTR at an OLR higher than 1 g L−1 d−1 [36].
Viswanath et al. [37] used a CSTR at sub-optimum temperature conditions (30 ◦C) and
recorded a methane yield of 370 L kg−1 VS while treating a mixture of fruit and vegetable
processing (industrial) residues. The authors provided no data for digester effluent VS
nor VS removal efficiency; however, the process performance deteriorated with increasing
influent VS concentration (from 56 to 75 and 94 g kg−1).

Similarly, Trujillo-Reyes et al. [18] digested FVW at a high influent VS concentration
(100 g kg−1), and it was impossible to increase the OLR higher than 1 g L−1 d−1. Edwidges
et al. [4] operated a CSTR at an HRT of 30 d using whole market FVW with increasing
influent VS concentration. Maximum process efficiency was recorded between 60 and
90 g kg−1 at influent VS concentration. At higher concentrations (100–120 g kg−1), the
CSTR encountered VFA accumulation and low methane yield. Considering the above, it
is speculated that high influent VS concentration in CSTRs treating FVW may gradually
displace digester anaerobic biomass (inoculum). This was evidenced in the study of Trujillo-
Reyes et al. [18], who noticed a severe reduction in the species diversity and relative
abundance of methanogenic archaea in all digesters. Decreasing the FVW VS content
requires water supplementation (FVW dilution), which may increase the quantity of liquid
digestate for treatment and disposal. Since trace element supplementation was beneficial
to ensure high methanogenic activity in CSTRs, increasing water addition would result in
micro-nutrient losses with the liquid digestate.

The proposed LBR/UASB system provides an interesting alternative for the anaerobic
digestion of FVW. It can be operated at high influent VS concentrations and does not require
water addition. The liquid fraction generated by the LBR, rich in soluble organics and micro-
nutrients, is continuously recycled through the UASB to generate biogas. As there was no
water addition, an accumulation of soluble salts occurred in the liquid fraction (evidenced
by the gradual increase in the electrical conductivity); however, this accumulated up to a
level that was not inhibitory for anaerobic digestion [38]. The humidity of the fresh FVW
fed to the LBR was adequate to avert further accumulation of the electrical conductivity.
The solids recovered by the LBR effluent yielded a low BMP (50–99 L kg−1 VS), agreeing
with the range of 55–147 L kg−1 VS for full-scale biogas plant digestates recorded by
Uludag-Demirer and Demirer [39]. Mtz.-Viturtia et al. [23] operated an LBR/UASB system
similar to this work. However, the feeding was a standard shredded FVW mixture, constant
in composition (tomato 25%, lettuce 25%, cucumber 25%, cauliflower 10%, orange 7.5%,
melon 7.5% w/w) instead of seasonally variable as in the present study. The LBR became
methanogenic within 15–20 days, and the methane yield was 400 L kg−1 VS while the
system was operated at an OLR of 3 g L−1 d−1. Therefore, under similar operational
conditions, the LBR/UASB systems responded equally well, albeit the composition of the
VFW and its variability in time.

In the study of Rajeshwari et al. [40], the FVW leachate from an LBR was continuously
treated in a UASB reactor at high OLR. The authors reported high UASB process efficiency
when the OLR reached 15 to 20 g COD L−1 d−1. However, in the present study, the OLR
of the UASB could not increase more than 10 g COD L−1 d−1 due to the oversized UASB.
This indicated that the UASB could further decrease in volume, and the overall OLR of the
system would be increased. Moreover, the yields obtained from the LBR/UASB reactor
system are compatible with the BMP tests; irrespectively of the seasonal nature of the FVW,
the yield remained high (360–375 L kg−1 VS) and close to the BMP tests (406–429 L kg−1).

Therefore, the two parts of the present study (short-term and long-term experiments)
agree that seasonality does not cause stability or other problems during the anaerobic
digestion of FVW. It is important to note, though, that the high heterogeneity of the FVW,
affected by local, seasonal, and collection conditions, does not permit drawing definite
conclusions, as evidenced by contradictory results in the literature. Furthermore, if the
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small size fractions created during the FVW shredding could be further processed to remove
any potential inhibitory agents, the overall methane yield could be increased. Finally, this
work was performed with FVW mixtures prepared using fresh fruits and vegetables; thus,
an industrial prototype must be designed and operated with raw FVW from open markets.

Table 3. Comparison of FVW anaerobic digestion using LBR/UASB and conventional CSTR.

FVW Origin–Pretreatment V (L) T (◦C) VS in
(g kg−1)

VS out
(g kg−1) RT (d) OLR

(g L−1 d−1)
YCH4

(L kg−1 VS) VS r (%) Reference

CSTR
Industry FVW–ground 45 30 38 nr 20 2 370 Nr [37]
Market FVW–shredded 4 35 65 18 22 3 420 72 [33]

Market VW–ground 4–5 mm 60 35 60–70 Nr 20 3 340 83 [35]
Market FVW–ground 10 mm 4 37 90 Nr 30 3 285 Nr [4]

Simulated VW–ground 1.5 35 72 14 20 3–4 350 84 [34]
Simulated FVW–ground 4 mm 1.7 35 95 Nr est 100 1 254 Nr [18]

Simulated FVW–ground 10 mm 1.7 35 100 Nr est 100 1 229 Nr [18]
Simulated FVW–ground 10 mm 10 35 110 19 45 3.5 450 82 [41]

LBR/UASB
Simulated FVW–ground 1.3 + 0.5 35 57 Nr 13 + 5 3 400 72 [23]

Simulated FVW–ground 10 mm 1.2 + 2.2 37 140 183 6 + 10 3.1 ± 0.7 360–375 83 This study

est: estimated, Nr: not reported, RT: retention time.

5. Conclusions

During FVW shredding, different size fractions were produced, which entailed differ-
ent methane production rates and ultimate yields. The smaller fraction (0–4 mm), mainly
containing soluble organics but also small leaves, seeds, etc., was characterized by a higher
methane production rate, but lower ultimate yield than the larger fraction (4–10 mm). These
findings were consistent for most FVW mixtures prepared throughout the year.

Treatment of FVW using the LBR/UASB system ensures a high concentration of
active methanogenic biomass inside the UASB, which gradually inoculates the LBR. Under
these conditions, the LBR becomes methanogenic, and the overall methane yield of FVW
processing is increased. The yield remained high (360–375 L kg−1 VS) and close to the
BMP tests (406–429 L kg−1), irrespective of the seasonally variable composition of the
FVW mixtures.

The UASB reactor exhibited a stable performance even during operation at high influent
flowrates (low HRT). Therefore, the volume of the UASB reactor should be further decreased
in future studies, increasing the OLR of the system to more than 3.1 ± 0.7 g VS L−1 d−1. The
LBR/UASB system requires no water addition or liquid digestate removal. Furthermore,
the electrical conductivity of the recirculating medium remained at a non-inhibitory level
during the study period. The digested material was characterized by low water content
and BMP values. The results of this study demonstrate that the anaerobic digestion of FVW
is possible using LBR/UASB technology.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su16010050/s1, Table S1. Composition of fruit and vegetable
waste mixtures used for this study; Figure S1: FVW fractionation: (a) schematic presentation of
the procedure followed, (b) photographs of the fractions taken from the seasonal FVW mixtures;
Figure S2: BMP of wood chips; Figure S3: BMP of S1 mixtures chopped in the 0–10 mm fraction
(a) before and (b–c) after separation into two individual sub-fractions (0–4 mm and 4–10 mm,
respectively). Points represent the experimental data obtained in three replicates. The lines depict
the analysis of the first-order kinetics model fitting (black solid line: model, black dotted lines:
confidence band at 95% confidence level, magenta dotted lines: prediction band at 95% confidence
level; Figure S4: BMP of S2 mixtures chopped in the 0–10 mm fraction (a) before and (b–c) after
separation into two individual sub-fractions (0–4 mm and 4–10 mm, respectively). Points represent
the experimental data obtained in three replicates. The lines depict the analysis of the first-order
kinetics model fitting (black solid line: model, black dotted lines: confidence band at 95% confidence
level, magenta dotted lines: prediction band at 95% confidence level.; Figure S5: BMP of S3 mixtures
chopped in the 0–10 mm fraction (a) before and (b–c) after separation into two individual sub-
fractions (0–4 mm and 4–10 mm, respectively). Points represent the experimental data obtained in
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three replicates. The lines depict the analysis of the first-order kinetics model fitting (black solid line:
model, black dotted lines: confidence band at 95% confidence level, magenta dotted lines: prediction
band at 95% confidence level.; Figure S6: BMP of the digestate.
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Abbreviations

AD Anaerobic digestion
BMP Biochemical methane potential
COD Total chemical oxygen demand
CSTR Continuous stirred tank reactors
EC Electrical conductivity
ECSB External circulation sludge bed
FID Flame ionization detector
FVR Fruit-to-vegetable ratio
FVW Fruit and vegetable wastes
GC Gas chromatography
GHG Greenhouse gas
HRT Hydraulic residence time
LBR Leaching bed reactor
OLR Organic loading rate
PFR Plug-flow reactors
RT Retention time
S1, S2, S3 Season 1 (autumn/winter), Season 2 (spring), Season 3 (summer)
SDGs Sustainable Development Goals
STP Standard temperature and pressure conditions.
TCD Thermal conductivity detector
TKN Total Kjeldahl nitrogen
TS Total solids
TSS Total suspended solids
UASB Upflow anaerobic sludge bed
VFA Volatile fatty acids
VS Volatile solids
VSS Volatile suspended solids
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