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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Scale-up of anaerobic digestion (AD) 
with olive mill solid waste (OMSW) is 
reviewed. 

• The feasibility of pretreatment processes 
were compared at different operating 
scales. 

• Techno-economic challenges are associ
ated with the scaling-up of mono-AD of 
OMSW. 

• CoAD with manure could improve year- 
round process stability in larger-scale 
plants.  
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A B S T R A C T   

In this review, the main properties of olive mill solid waste, the primary by-product of olive oil production, and 
its feasibility as a feedstock for anaerobic digesters operating at laboratory-, pilot- and industrial-scales are 
discussed in detail. Nutrient addition and thermal pretreatments were found to have the potential to address the 
challenges arising from the high carbon-to-nitrogen ratio, the low pH, and the high concentration of phenolic 
compounds. Furthermore, anaerobic co-digestion with different organic feedstocks has been identified as one of 
the most promising options to solve the aforementioned problems and the seasonality nature of olive waste, 
while improving the efficiency of anaerobic treatment plants that operate throughout the whole year. The in
sights generated from this study show co-digestion with wastes from animal farming to be the most environ
mentally and economically sustainable method for improving anaerobic digestion processes with olive mill solid 
waste.   

1. Introduction 

According to the most recent estimations, the worldwide production 
of olives stands at about 23 million tons per year, of which about 20 

million tons are used in the production of olive oil, and the remaining 3 
million tons are allocated to the production of table olives (Di Giacomo 
and Romano, 2022). With 69 % of the world’s production, the European 
Union is the largest producer of olive oil, with most of its production 
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being concentrated in 4 member states, namely Spain, Italy, Greece, and 
Portugal (Di Giacomo and Romano, 2022; Directorate-General for 
Agriculture and Rural Development, 2022). The olive oil manufacturing 
process is marked by notable quantities of residues within a relatively 
short period of time (October – March), which must be managed effi
ciently from both economic and environmental perspectives (Aliakbar
ian et al., 2011; Christoforou and Fokaides, 2016). Depending on the 
technology employed for olive oil extraction, the quantity and chemical 
composition of solid and fluid residues produced are different. Over the 
past few decades, most olive mills have used three-phase (3P) and two- 
phase (2P) centrifugal procedures. At the conclusion of each process, the 
systems produce three distinct fractions: a solid residue called olive 
cake, olive pomace (OP), or olive mill solid waste (OMSW), the oil, and a 
liquid fraction called olive mill wastewater (OMWW). During the 3P 
extraction, a large amount of water is added throughout the centrifu
gation process, resulting in a huge volume of wastewater (Fig. 1(a)). The 
failure of the development of an efficacious and cost-effective approach 

for OMWW treatment has led olive mill operators to prefer the “eco- 
friendly” 2P method, avoiding the introduction of additional water 
during the centrifugation steps (Manthos et al., 2023). However, the 
amount of OMSW from the 2P process is estimated to be approximately 
four-fold the amount of oil generated. As can be seen in Fig. 1(a), which 
schematically compares the 3P and 2P centrifugation processes, around 
900 kg of OMSW per ton of processed olives result from 2P system uti
lization (Alburquerque et al., 2004; Cappelletti et al., 2014). Particular 
interest in the 2P method has been shown in areas where water resources 
are limited and/or wastewater discharge needs to be minimized. This 
will support the achievement of the Sustainable Development Goal 
(SDG) target 6 on improving water quality by reducing pollution, 
eliminating dumping, and minimizing the release of hazardous chem
icals and materials. Moreover, the 2P centrifuge is less complex, and it 
has reduced energy consumption and operating costs (Borja et al., 
2006). Recently, the results obtained from the work of Restuccia et al. 
showed that the 2P extraction process is more sustainable than the 3P 

Fig. 1. (a) Comparison of the three- and two-phase centrifugation systems for olive oil extraction (adapted from (Cappelletti et al., 2014)). (b) Main characteristics 
and components of the olive mill solid waste from two-phase (2P-OMSW) and three-phase (3P-OMSW) centrifugation systems (adapted from (Černe et al., 2023)). 
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one, following the life cycle assessment (LCA) methodology in all nine 
impact categories considered (Restuccia et al., 2022). It is reasonable to 
foresee that the 2P systems will rapidly replace the 3P plants, imple
menting the recycling of the aqueous phase (i.e., OMWW). In this way, 
the only residue from the oil industry will be a solid material, the 
OMSW. 

1.1. Olive mill solid waste properties and current managing practices 

The comprehensive physico-chemical characterization of olive solid 
wastes is a crucial aspect to foresee and assess its efficiency and potential 
application as an energy resource. The chemical composition of olives 
and OMSW depends on several factors, such as their variety, the degree 
of ripeness at the time of harvest, and the duration and conditions of 
temporary storage (Di Giacomo and Romano, 2022). The structure of 
OMSW primarily comprises a combination of pulp and skin of the olive 
fruit, alongside a minimal quantity of residual oil. The main character
istics of the OMSW are a low pH (4.7–5.2) (Rouvalis and Iliopoulou- 
Georgudaki, 2010) and a high carbon-to-nitrogen (C/N) ratio (Černe 
et al., 2023), while the structural composition is 45–75 % water, 18–25 
% cellulose and hemicellulose, and 8–15 % lignin (Fig. 1(b)). The 
moisture content of OMSW is highly variable depending on the partic
ular olive oil extraction technology employed, i.e., 45–55 % for the 3P 
and 55–75 % for the 2P systems (Restuccia et al., 2022; Vlyssides et al., 
2004). 

The majority of oil mills still treat their wastes in open ponds to 
evaporate water and then spread the residues on potentially cultivable 
lands, thereby posing significant environmental risks (Justino et al., 
2012; Sellami et al., 2008). This practice is probably due to the relatively 
small size of most of the olive processing sites and their scattered dis
tribution across the territories. However, the process is land-consuming 
and not economically attractive, it generates unpleasant odors, 
methane, and sulfur oxides emissions, and is frequently responsible for 
vermin proliferation (Orive et al., 2016). Furthermore, national legis
lations that vary across the Mediterranean countries set limits to the 
quantity of olive mill wastes that can be discharged into agricultural soil 
(Serrano et al., 2021; Tamborrino et al., 2021). This is due to the high 
concentration of phenols, low pH, and phytotoxicity of residues that 
might have negative effects on the physico-chemical properties of soil, 
the microorganisms, and the groundwater quality (Stoyanova et al., 
2017). Animal feeds have also been formulated using OMSW. However, 
since phenolic compounds serve as digestive enzyme inhibitors, OMSW 
shows little nutritional value while having a high fiber concentration 
(Dermeche et al., 2013). To date, the combustion of OMSW for energy 
generation has emerged as the most widespread option for its valori
zation (Christoforou and Fokaides, 2016). Nevertheless, the high mois
ture content coupled with the significant energy requirements 
associated with combustion may jeopardize its potential as a compre
hensive solution for OMSW valorization (Messineo et al., 2020). More
over, a recent research has shown that incorporating dried OMSW in 
coal-burning power facilities has resulted in unanticipated issues due 
to the tendency of the OMSW to form cohesive clusters, commonly 
referred to as “caking” (Williams et al., 2017). Therefore, there is an 
imperative need to enhance the possibilities of OMSW valorization, 
considering both techno-economic and environmental perspectives. 

1.2. Anaerobic digestion: Opportunities and challenges with olive mill 
solid waste 

The anaerobic digestion (AD) process has been widely recognized as 
a highly effective and ecologically friendly biochemical process for the 
generation of bioenergy from organic biomasses, with the production of 
biogas and digestate. The constituents of biogas are primarily methane 
(CH4) in a percentage ranging from 50 % to 75 %, alongside carbon 
dioxide (CO2) and minor constituents including ammonia (NH3), silox
anes, H2, N2, and O2, among others (Liberti et al., 2019). Application of 

biogas are direct utilization as a fuel, deployment in co-generation sys
tems to produce both electricity and heat, and upgrading through the 
process of purification to extract methane for resale as a form of natural 
gas (“biomethane). The AD process is marked by a sequence of 
biochemical conversions, comprising hydrolysis, acidogenesis, aceto
genesis, and methanogenesis, with each step being brought about by 
distinct groups of bacteria in the absence of oxygen (Fezzani and Cheikh, 
2010). The source of the inoculum is a central aspect, as it defines the 
initial activity of the bacterial community and establishes the balance of 
microorganisms that will control substrate digestion kinetics (De la 
Rubia et al., 2018; Yan et al., 2023). In particular, the source of the 
inoculum affects the methane yield, the timing of the process, and its 
stability (Ge et al., 2016). Numerous substances can be used as an 
inoculum, including digestate from other AD processes, sludge from 
wastewater treatment, effluent from the treatment of manure, or landfill 
leachate (De la Rubia et al., 2018). The digestate, being rich in nutrients 
and micronutrients , can be employed as a fertilizer for agronomic 
purposes, with the primary focus on enhancing soil fertility and 
increasing the quality of plant growth, in addition to offering an 
ecological alternative growing medium or nutrient suspension for hy
droponic vegetable cultivation (Fig. 2) (Aboelfetoh et al., 2022; Albu
rquerque et al., 2012; Fantozzi and Buratti, 2009). 

AD can be conducted either in a single step (single reactor) or in 
separate steps (two or three apparatuses). In particular, in the two-stage 
system, the acidogenesis is separately conducted in a reactor, while 
methanogenesis is carried out in a second vessel fed with the effluent 
from the first one. The main purpose of separating the two phases is to 
improve specific gas production and to optimize the degradation of the 
organic substrate by selecting and enriching different bacteria and 
archaea in each separate process stage. However, multi-stage reactors 
are often described as uneconomical solutions, due to the increment of 
the capital costs of the biogas plant (Liberti et al., 2019). Due to their 
simple designs and ease of operation, semi-continuously and continu
ously stirred tank reactors (sCSTRs and CSTRs) are popular configura
tions in both research and industrial settings since they allow greater 
homogeneity of process variables such as substrate concentration, pH, 
and temperature (Mahata and Das, 2022). Whereas only a few studies 
have been conducted on thermophilic processes that operate above the 
temperature threshold of 55 ◦C, anaerobic treatment of OMSW has 
predominantly been investigated in the mesophilic temperature ranges, 
typically between 32 and 40 ◦C (Gunay and Karadag, 2015). However, 
AD can be hindered by several characteristics of OMSW, such as low pH 
values, high salinity, high content of lignocellulosic biomass, high C/N 
ratio (which would slow down the microbial growth rate and, therefore, 
all substrate transformation reactions into biogas), and high concen
tration of polyphenols and other compounds with strong antibacterial 
activity, such as vanillin and hydroxymethylfurfural (De La Lama et al., 
2017; Li et al., 2018; Serrano et al., 2019a; Siciliano et al., 2016). It is 
noteworthy that the degradation products of lignin are generally 
phenolic compounds, including vanillic acid, syringic acid, ferulic acid, 
and p-coumaric acid, which have different but strong antimicrobial 
mechanisms of action against bacteria (Contardi et al., 2021; Rincón 
et al., 2013). In the case of OMSW, they end up contributing to the 
polyphenolic content of the olive residue during the hydrolysis and 
degradation steps of the matrix. One of the most significant challenges of 
AD with OMSW is its high seasonality (October – March), with olive 
production varying considerably from year to year. The small size of 
most of the mills and their spread-out distribution in the territory 
hamper the feasibility of larger centralized treatment plants (Messineo 
et al., 2020; Orive et al., 2021). On the other hand, the high installation 
costs as well as the seasonality of the produced wastes often discourage 
olive oil producers from setting up their own AD plants (Messineo et al., 
2020). 

Co-digestion (coAD) could be an effective strategy to reduce the C/N 
ratio of OMSW (up to optimal values of 20–30), while simultaneously 
rising nutrient levels, reducing acidity, and mitigating the concentration 
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of inhibitory substances, including polyphenols, in the reactor 
(Fernández-Rodríguez et al., 2022; Li et al., 2018). Moreover, most of 
the co-substrates introduced in AD reactors are waste from food and 
animal farming activities or sludge from wastewater treatment and are 
available year-round. Undeniably, even if the practical application of 
coAD mainly depends on the presence or absence of such co-substrate at 
a given site, coAD with different biomasses mixed at optimum ratios 
could represent a technologically and economically viable solution for 
OMSW treatment. 

2. Aim of the review and literature analysis methodology 

This review aims to critically analyze the recent research advance
ment in the field of AD of OMSW. It complements other reviews on the 
topic by giving a comparison of laboratory-, pilot-, and industrial-scale 
studies, with a focus on pretreatment applied, co-feedstocks fed, and 
methane production values obtained. In the present review, data were 
selected from published research articles (2000–2023) using Google 
Scholar, PubMed, Scopus, and Science Direct databases. The forced 
keywords “anaerobic digestion” and “olive mill solid waste”/“olive 
pomace”/“olive cake” were used for the search. Articles with consistent 

Fig. 2. Schematic process diagram of anaerobic digestion. It contributes to the implementation of circular economy concepts.  

Fig. 3. Flowchart outlining literature search and articles selection process for the present systematic review.  
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and clear data were considered and are here described in chronological 
order in their pertinent section. Fig. 3 shows the flowchart of the liter
ature search strategy for this systematic review and the subsequent di
vision of articles into groups for further analysis. Tables in this review 
report the most relevant parameters related to AD of OMSW, including 
the optimized operational parameters and biogas/methane production. 
For Tables reporting results from mono-AD experiments, the inoculum 
source is specified, being a central element affecting the efficiency and 
yield of biomethane in such processes (Evranos and Demirel, 2015). 
When specified in the original article, the type of olive oil production 
process (2P or 3P) is indicated. Papers that exclusively reported 
biochemical methane potential tests were excluded, due to the limit of 
applicability of their results to pilot- and industrial-scale plant processes. 
It is known from the literature that the current methodology of these 
tests does not have the capability to evaluate the adaptation potential of 
the anaerobic microbial community to inhibitory compounds across a 
prolonged time frame (Koch et al., 2020). 

Within the context of AD research, the word “pilot-scale” might be 
confusing. Such systems must possess the ability to undergo scaling-up 
procedures without necessitating substantial design modification and 
incurring a drop in performance functionality. Therefore, the following 
volume-based criterion was chosen for this review paper: pilot-scale 
reactors have sizes ranging from 10 to 1000 L, whilst laboratory-scale 
digesters have reactor volumes ranging from 1 to 10 L (Bird et al., 
2022; Rodriguez-Perez et al., 2018; Zhang et al., 2020). The structure of 
this review follows the objective outlined above. Specifically, each 
paragraph chronologically presents the main findings of AD experiments 
performed at laboratory- (paragraph 3), pilot- (paragraph 4), and 
industrial-scale (paragraph 5). Research needs and future perspectives 
are then discussed in paragraph 6. 

3. Laboratory-scale anaerobic digestion of olive mill solid waste 

Different studies have been conducted to evaluate the potential 
benefits and limits of AD processes of olive mill solid wastes on a lab
oratory scale (i.e., with reactor volumes less than 10 L). Typically, ex
periments were conducted to determine the optimal conditions and 
parameters, such as organic loading rate (OLR) and hydraulic retention 
time (HRT), for the degradation of the substrate, production of bio
methane, removal of chemical oxygen demand (COD), and volatile 
solids (VS), while simultaneously ensuring the stability of the process 
(Tables 1, 2). Among the first to study the process of AD with OMSW 
were Tekin and Dalgiç in 2000, who explored the biogas generation 
from slurry obtained by blending OMSW with water (Tekin and Dalgıç, 
2000). The highest biogas productivity was shown to be 0.70 Lbiogas/ 
(Lreactor*d), corresponding to a methane productivity of 0.62 LCH4/ 
(Lreactor*d). A subsequent, more detailed study was carried out by Borja 
et al. (Borja et al., 2002), who examined the digestibility of OMSW in a 
CSTR using four different influent substrate concentrations ranging from 
0.9 to 15.0 gCOD/(Lreactor*d), corresponding to 20–80 % OMSW. The 
findings indicated that, while methane productivity marginally dropped 
when the OLR was raised, the volume of methane daily produced grew 
linearly. In particular, at an OLR of 12.02 gCOD/(L*d) and a HRT of 12.5 
days for the most concentrated substrate (OMSW 80 %), COD and VS 
removal efficiencies of 89 % and 91 % were achieved, respectively, with 
a maximum methane productivity of 2.12 LCH4/(L*d). A follow-up study 
by the same authors using different OMSW concentrations, including 
100 % OMSW, showed that an excess increase in influent substrate 
concentration led to process failure by lowering pH and increasing the 
ratio of total volatile fatty acids (VFAs) to total alkalinity (Borja et al., 
2004). Lastly, the authors demonstrated that the methanogenic phase 
predominated at high HRT values, whereas the hydrolysis and acido
genic stages did so at HRT shorter than 20 days (Borja et al., 2005). 

In 2006 a research study was conducted by Rincón et al. on the 
anaerobic digestion of 2P-OMSW in CSTRs (Rincón et al., 2006) at OLRs 
lower than 3 gCOD/(L*d). The authors observed a positive correlation 

between loading rate and methane production: for instance, by 
increasing the OLR from 0.75 to 3.00 gCOD/(L*d), methane productivity 
increased from 0.16 LCH4/(L*d) to no less than 0.66 LCH4/(L*d), while 
the corresponding COD removal efficiency only decreased from 97 % to 
96 %, with a methane yield essentially unaffected by OLR. In a further 
research published in 2008, the same authors, looking at the impact of 
HRT and OLR on CSTR performance (Rincón et al., 2008a), confirmed 
the above linear correlation between methane productivity and OLR 
(higher than in the previous study) and found COD removal efficiencies 
ranging from 77 % to 97 %. The highest methane productivity (1.7 LCH4/ 
(L*d)) was attained at OLR of 9.2 gCOD/(L*d) and HRT of 17 days, while 
the mean methane yield was found to be 0.24 LCH4/gCOD removed. 

Pretreatments are widely employed in AD studies, particularly in the 
case of hardly biodegradable substrates. Controlling the formation of 
VFAs without affecting the methanogenic activity of bacteria can be 
made possible by using the first acidogenic phase as a pretreatment for 
the second methanogenic one. In particular, in the hydrolytic- 
acidogenic reactor, a more solubilized OMSW is obtained with a high 
concentration of VFAs and a high percentage of acetic acid as the 
principal precursor of methane (Rincón et al., 2008b). The methano
genic stage of two-stage AD of 2P-OMSW was investigated by three 
different research-groups (Koutrouli et al., 2009; Rincón et al., 2009; 
Stoyanova et al., 2017). In particular, Rincón et al. (Rincón et al., 2009) 
observed a methane productivity of 3.24 LCH4/(L*d) at an OLR of 20 
gCOD/(L*d) and 5 days HRT, corresponding to a methane yield as high as 
0.27 LCH4/gCOD removed. The second-step methane-producing reactor 
developed by Koutrouli and coworkers proved successful when oper
ating at HRTs of 20, 15, and 10 days, with maximum methane produc
tivity of 1.13 LCH4/(L*d) at 10-day HRT and an OLR of 5.26 gCOD/(L*d), 
but it failed at HRT of 5 days, due to an increase in volatile fatty acids 
concentration (Koutrouli et al., 2009). The two-stage process described 
by Stoyanova et al., which combined a first thermophilic acidification 
stage and a second mesophilic methanogenic one, proved to be highly 
effective in OMSW AD (Stoyanova et al., 2017). Their experimental 
setup comprised a 1-L gas-tight plastic chamber for the first stage (4 days 
HRT) and a 6-L CSTR for the second methanogenic stage, with 150 days 
HRT. Such value is much higher than those reported by other studies and 
would have required higher reactor volumes or a reduction of the 
necessary HRT, as pointed out by the authors themselves. The meth
anogenic process remained stable at OLR of 1.56 gVS/(L*d), and the 
buffering capacity of the system was twice as high compared to the one- 
stage fermentation, without the supplement of additives. However, the 
methane yield of the process (0.2 L/gCOD removed) was slightly lower than 
that observed by Rincón et al. (0.27 L/gCOD removed). 

The effects of physical, chemical, and biological pretreatments of 
OMSW on its anaerobic digestibility and biogas production have been 
investigated as well, even if their environmental and economic aspects 
are frequently overlooked. De La Lama et al. suggested a heating step at 
120 ◦C for 180 min as a pretreatment to increase OMSW biodegrad
ability (De La Lama et al., 2017). By applying such conditions, the lowest 
lignin and hemicellulose contents were found in the residue. Other 
positive consequences include sanitation and a decrease in viscosity. 
However, it is often reported that the application of high temperatures 
leads to larger expenses and to the formation of recalcitrant compounds 
(Carrere et al., 2016). An OLR of 4.5 gVS/(Lreactor*d) ensured maximum 
methane productivity (1.72 LCH4/(L*d)), 39.8 % higher than that ob
tained from untreated OMSW at the same OLR. At OLRs between 1.5 and 
2.2 gVS/(L*d), Al Afif and Linke tested the AD of 3P-OMSW in an 8-L 
CSTR (Al Afif and Linke, 2019) after treatment with the enzyme 
mixture MethaPlus®, which aids in the breakdown of cellulose into 
glucose, cellobiose, and oligomers. While enzymatic pretreatments often 
demand low energy and can be easily implemented in large-scale re
actors, their cost and substrate specificity are their weak points for AD 
applications. Al Afif and Linke reported that the methane output 
increased by 10 % under thermophilic conditions, but after 70 days of 
digestion (higher than most of the reported studies), the accumulation of 
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Table 1 
Laboratory-scale mono-digestion of OMSW.  

Volume of 
reactor (L) 

Type of 
reactor 

Substrate Incolum 
source 

Pretreatment HRT 
(days) 

OLR COD removal 
efficiency (%) 

VS removal 
efficiency (%) 

Methane production Methane yield Reference 

1 sCSTR OMSW LL – 20 – 65 – 0.62 L/(L*d) 0.07 L/gCOD (Tekin and 
Dalgıç, 2000) 

2 sCSTR 2P-OMSW DAD Steam explosion (200 ◦C 
5 min) 

– 1.0 gVS/(L*d) – – 0.16 L/(gVS*d), 0.4 
gCOD-CH4/(gCOD*d) 

– (Serrano et al., 
2019a) 

2 sCSTR 2P-OMSW DAD Thermal (170 ◦C 1 h) 25 1.0 gVS/(L*d) – 85 0.17 L/(gVS*d) – (Serrano et al., 
2019b) 

6 sCSTR OMSW DAD Organosolv with water 
and ethanol 

6 2.6 gVS/(L*d) 73 53 1.83 L/(L*d) – (Paz et al., 2023) 

1 CSTR 2P-OMSW DAD – 12.5 12.0 gCOD/(L*d) 89 (80 % OMSW) 91 (80 % 
OMSW) 

2.12 L/(L*d)(80 % 
OMSW) 

0.30 L/gCOD removed 

(20 % OMSW) 
(Borja et al., 
2002) 

1 CSTR 2P-OMSW DAD – 50 3.76 gCOD/(L*d) – – 2.25 L/(L*d) 0.35 L/gCOD (Borja et al., 
2004) 

1.5 CSTR 2P-OMSW DAD – 16.6 – 31 – 0.94 L/(L*d) – (Borja et al., 
2005) 

2 CSTR 2P-OMSW DAD – – 3.0 gCOD/(L*d) 96 – 0.66 L/(L*d) 0.26 L/gCOD removed, 
0.29 L/gVS removed 

(Rincón et al., 
2006) 

2 CSTR 2P-OMSW DAD – 17 9.2 gCOD/(L*d) 77 – 1.70 L/(L*d) 0.24 L/gCOD removed (Rincón et al., 
2008a) 

1.8 CSTR 2P-OMSW DAD Acidification 5 20.0 gCOD/(L*d) 61 56 3.24 L/(L*d) 0.27 L/gCOD removed (Rincón et al., 
2009) 

2 CSTR 2P-OMSW DAD Thermal (120 ◦C 180 
min) 

74 4.5 gVS/(L*d) 72 – 1.72 L/(L*d), 0.38 L/ 
(gVS*d) 

– (De La Lama 
et al., 2017) 

3 CSTR 2P-OMSW DAD Hydrogenogenic reactor 10 5.26 gCOD/(L*d) 53 – 1.13 L/(L*d) 0.14 L/kgCOD (Koutrouli et al., 
2009) 

6 CSTR 2P-OMSW DAD Acidification 150 1.5 gVS/(L*d) – – – 0.20 L/gVS, 0.20 L/ 
gCOD removed 

(Stoyanova et al., 
2017) 

8 CSTR 3P-OMSW EM Enzymes 70 2.0 gVS/(L*d) – – – 0.30 Lbiogas/gVS (CH4 

50–58 %) 
(Al Afif and 
Linke, 2019) 

2P, two-phase centrifugal process; 3P, three-phase centrifugal process; COD, chemical oxygen demand; CSTR, continuously stirred tank reactor; DAD, digestate from previous AD processes; EM, effluent of the treatement 
of animal manure; HRT, hydraulic retention time; LL, landfill leachate; OLR, organic loading rate; OMSW, olive mill solid waste; sCSTR, semi-continuously stirred tank reactor; VS, volatile solids. 
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Table 2 
Laboratory-scale co-digestion of olive mill solid waste.  

Volume of 
reactor (L) 

Type of 
reactor 

Substrate Pretreatment HRT 
(days) 

OLR COD removal 
efficiency (%) 

VS removal 
efficiency (%) 

Methane production Methane yield Reference 

1 Batch-fed 2P-OMW (67 %) + cow 
manure (33 %) 

– 45 – – – – 0.34 L/gVS (55 ◦C), 0.24 L/ 
gVS (35 ◦C) 

(Aboelfetoh 
et al., 2022) 

2.4 Batch-fed OMSW (30 %) + Organic 
fraction of municipal solid 
waste (70 %) 

– 170 – 83 81 0.03 L/(L*d) 0.04 CH4-COD removed/ gVS (Ağdağ, 2011) 

5 Batch-fed 3P-OMW – 126 – 83 – 0.24 Lbiogas/(L*d) 
70–77 % CH4 

– (Fezzani and 
Cheikh, 2008) 

1 Batch-fed 3P-OMSW + cow manure Enzymes 40 – – – – 0.13 L/gVS (3:1 mix), 0.18 L/ 
gVS (with enzymes to the 1:1 
mix) 

(Al Afif and 
Amon, 2019) 

2.5 Batch-fed OMSW (50 %) +
wastewater sludge (50 %) 

Ultrasounds or 
microwaves (on 
sludge) 

30 – – 51 – 54 0.05 L/(L*d) 
(ultrasounds), 0.06 
L/(L*d) 
(microwaves) 

0.26 L/gVS (ultrasounds), 
0.32 L/gVS (microwaves) 

(Aylin Alagöz 
et al., 2015) 

5 sCSTR 2P-OMSW (60 %) + cow 
manure (40 %) 

– 40 – – – 0.34 L/(L*d) – (Rubio et al., 
2022) 

6 sCSTR OMSW (40 g) + wastewater 
sludge (75 mL) 

Organosolv with water 
and ethanol (on 
OMSW) 

6 2.5 gVS/(L*d) 92 87 0.37 Lbiogas/(L*d) 
65–70 % CH4, 0.23 
LCH4/(gVS*d) 

– (Paz et al., 
2023) 

2.5 CSTR OMSW (50 %) + sewage 
sludge (50 %) 

5 % KOH 20 1 gVS/(L*d) – 43 – 0.22 L/gVS (Elalami et al., 
2020b) 

6 CSTR 2P-OMSW (57 %) + chicken 
manure (42 %) 

– 193 1.5 gVS/(L*d) – – – 0.17 L/gVS, 0.17 L/gCOD 

removed 

(Stoyanova 
et al., 2017) 

6 CSTR 2P-OMSW (4.3 %) + food 
waste (95.7 %) 

10 % NaOH (on 
OMSW) 

28.7 4.6gCOD/ (Lsludge *d) – – – 0.45 L/gVS_OMSW (Al-Mallahi 
et al., 2016) 

2P, two-phase centrifugal process; 3P, three-phase centrifugal process; COD, chemical oxygen demand; CSTR, continously stirred tank reactor; HRT, hydraulic retention time; OLR, organic loading rate; OMW, olive mill 
waste; OMWW, olive mill wastewater; OMSW, olive mill solid waste; sCSTR, semi-continuously stirred tank reactor; VS, volatile solids. 
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VFAs was the first indicator of a process failure. In 2019, Serrano et al. 
conducted steam explosion pretreatments at a temperature of 200 ◦C for 
5 min to assess the digestibility of dephenolized OMSW for a period of 
275 days (Serrano et al., 2019a). According to the authors, steam ex
plosion allows higher breakdown (i.e., hydrolysis) of the lignocellulosic 
structures compared to other thermal treatments. However, poor enzy
matic digestibility has been documented when steam explosion is per
formed under extremely harsh circumstances, which is often related to 
the production of furans (from xylose and glucose breakdown) and 
phenolics (from lignin degradation) (Mabutyana and Pott, 2021). AD 
was found to be stable at an OLR of 1 gVS/(L*d) with a methane pro
ductivity of 0.16 LCH4/(gVS*d). In the same year, the same researchers 
described an alternative approach for OMSW thermal pretreatment 
involving the application of pressurized steam at a temperature of 
170 ◦C and a pressure of 0.85 MPa for 60 min (Serrano et al., 2019b), 
which gave comparable results. The stability of AD of thermally pre
treated and dephenolized OMSW, at an OLR of 1 gVS/(L*d), enabled a 
methane productivity of 0.17 LCH4/(gVS*d); however, due to the accu
mulation of VFAs, the system was unable to operate at an OLR of 2 gVS/ 
(L*d), resulting in the complete failure of the process. Recently, Paz et al. 
highlighted the positive effect of organosolv extraction on improving the 
suitability of OMSW as an AD substrate (Paz et al., 2023). In particular, 
such pretreatment (50 % (v/v) ethanol/water mixture and 0.5 % (w/v) 
H2SO4 as a catalyst in a stainless-steel autoclave reactor) was able to 
convert the lignin fraction of the material into a more accessible form to 
the AD microbial communities (i.e., it led to an increase in carbohydrate 
content). The AD of 60 g feeding of treated OMSW into a 6-L sCSTR 
ensured a value of 1.83 LCH4/(L*d) at an OLR of 2.60 gVS/(L*d), higher 
than that obtained by De la Lama et al. with thermal pretreatment 
(1.72 LCH4/(L*d) at an OLR of 4.5 gVS/(L*d) (De La Lama et al., 2017). 

In conclusion, looking at methane production (normalized to reactor 
volume and experiment duration), it is possible to notice that without 
any pretreatment Borja et al. in 2004 obtained the highest methane 
productivity (2.25 LCH4/(L*d)) and Rincón et al. the highest value using 
a two-stage AD system (3.24 LCH4/(L*d)) (Borja et al., 2004; Rincón 
et al., 2009). It has to be noted that throughout the years those authors 
always used as the inoculum source a methanogenically active biomass 
from a laboratory-scale AD reactor processing OMWW. Such inoculum is 
already acclimatized to the higher polyphenols content and low pH 
values characteristic of olive by-products, and it is likely to allow a faster 
and more efficient digestion of the substrates. Among the various pre
treatments proposed, Paz et al. and De La Lama et al. obtained a value of 
1.83 LCH4/(L*d) and 1.72 LCH4/(L*d) with organosolv pretreatment or 
by treating OMSW at 120 ◦C for 180 min, respectively (De La Lama et al., 
2017; Paz et al., 2023). It is interesting to notice that both research 
groups used as the inoculum source the anaerobic sludge from 
industrial-scale AD reactors. 

3.1. Laboratory-scale anaerobic co-digestion of olive mill solid waste 

Several studies reported successful coAD of OMSW with municipal 
organic wastes, agro-industrial wastes, and animal manures (Fig. 4(a), 
Table 2). Each kind of residue has different characteristics regarding pH, 
C/N ratio, and presence of trace elements or toxic substances, allowing 
to combine two or more of them to reach the optimum nutrient 
composition for AD. Fezzani et al. aimed to optimize the proportions of 
OMWW and OMSW for coAD in 5-L digesters at 37 ◦C (Fezzani and 
Cheikh, 2008). The results indicated that the optimal amount of OMSW 
was about 56 gTS/LOMWW, which allowed to almost triple biogas pro
duction (0.24 L/(L*d)) compared to OMWW alone (0.09 L/(L*d)) and 
almost duplicate soluble COD (sCOD) removal efficiency (83 % vs. 45 
%). However, the start-up time of steady biogas production was not 
significantly changed. It has to be noted that, coming from the same 
organic source (i.e., olives), a decrease in operational and traveling costs 
for AD plant operators is expected with these types of feedstocks. On the 
other hand, the high seasonality of OMWW and OMSW might hamper 

the feasibility of scaling up this type of coAD process. In 2011 Ağdağ 
found that the co-digestion of OMSW with the organic fraction of 
municipal solid waste (OFMSW) at a ratio of 30:70 (“run 1”) was more 
effective than using a feedstock composed of 30:70 (OFMSW:OMSW, 
“run 2”) (Ağdağ, 2011). The maximum cumulative methane gas pro
duction was recorded as 17.6, 13, and 9.7 L in control (only OFMSW), 
run 1 and run 2 reactors, respectively, at the end of the 170-day diges
tion period, corresponding to methane productivity of only 0.04, 0.03, 
and 0.02 LCH4/(L*d), respectively. Subsequently, Aylin Alagöz et al. 
found that the methane yield from the mono-digestion of OMSW was 
0.18 LCH4/gVS, whereas the co-digestion with wastewater sludge yielded 
approximately 0.21 LCH4/gVS (Aylin Alagöz et al., 2015). Moreover, 
compared to coAD with untreated wastewater sludge, the microwave 
(30 min at 175 ◦C and 2000 kPa) and ultrasonic (20 kHz, 70 % ampli
tude, and 200 W of supplied power) pretreatments applied to sludge 
prior to coAD resulted in an additional 52 % and 24 % increase in 
methane production, respectively. Consequently, the former pretreat
ment of sludge allowed the co-digestion process to achieve the highest 
methane yield (0.32 LCH4/gVS) and productivity (0.06 LCH4/(L*d)). It is 
worth mentioning that while both ultrasound and microwave pre
treatments have a high electricity demand, ultrasound methods are 
usually more easily scalable than microwave ones (Carrere et al., 2016). 

Alkaline pretreatments of organic materials have been found to 
facilitate the solubilization of various components, including sugars, 
polyphenols, and lipids, and to reduce their lignin content (Elalami 
et al., 2020a). Chemical pretreatments have usually a low energy de
mand but can be extremely costly. The pretreatment with NaOH has 
been extensively studied and documented in the literature, making it the 
most commonly employed technique in this regard. The investigation 
conducted by Al-Mallahi and colleagues in 2016 aimed to determine the 
optimal parameters for coAD of NaOH-pretreated 2P-OMSW with 
shredded and 50 % diluted (by weight) food waste in four distinct 
mixing ratios (Al-Mallahi et al., 2016). The goal of this study was to 
conduct a simulation of the AD process occurring in a plant transitioning 
from mono-digestion of food waste to co-digestion with OMSW during 
the period of olive oil production. As previously mentioned, this is of 
particular importance for the scalability, costs, and start-up of an AD 
plant, given the high seasonality of OMSW. The authors noted that the 
use of 10 % NaOH for 6 days to pretreat OMSW resulted in a methane 
yield as high as 0.45 LCH4/gVS OMSW and pH stability across the experi
mental runs with food waste. Even though the 20 % NaOH-pretreated 
OMSW ensured the maximum sCOD value and an 11 % higher 
methane yield, pH adjustment was required. The use of KOH rather than 
NaOH may potentially mitigate the negative effects of these pre
treatments on the application of digestate as a soil fertilizer thanks to its 
lower soil salinization potential (Bolzonella et al., 2018; Elalami et al., 
2020b). The ability of KOH alkaline pretreatment to enhance methane 
production was assessed by Elalami et al (Elalami et al., 2020b). Spe
cifically, compared to the untreated mixture, the KOH pretreatment (5 
% TS basis, at 25 ◦C for 2 days) increased methane production by 15 % in 
the 1:1 blend of OMSW and wastewater (or “sewage”) sludge (0.22 L/ 
gVS) by significantly hydrolyzing the hemicellulose-like and cellulose- 
like fractions contained in the biomass. Moreover, the digestates (orig
inating from untreated and KOH-pretreated residues) were character
ized according to their physico-chemical and agronomic properties. 
KOH pretreatment reduced the TS and VS content (due to methane 
improvement) and increased the ammonium content (due to higher 
protein degradation rates) in digestates, which led to significant impacts 
on the dry mass of vegetables grown with such biofertilizers. Recently, 
the coAD of OMSW (pretreated with organosolv extraction, as described 
earlier) and wastewater sludge was also analyzed by Paz et al., who 
reported a methane production of 0.23 LCH4/(gVS*d), and the highest 
volatile solids removal so far (87 %) for laboratory-scale coAD of OMSW 
(Paz et al., 2023). 

As anticipated, coAD of animal manure with OMSW is a viable 
approach for improving biogas yield, while simultaneously addressing 
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the challenges associated with the management of manure wastes. With 
the addition of OMSW, two types of animal manure were tested and are 
to date reported in the literature, i.e., cow manure, also known as dairy 
manure or cattle manure, and chicken manure. Stoyanova et al. co- 
digested OMSW with chicken manure, a nitrogen-rich co-substrate 
able to improve the C/N ratio of OMSW as well as the buffering capacity 

of the mixture (Stoyanova et al., 2017). Although the maximum loading 
rate and process stability were both enhanced by using a co-substrate, 
this strategy also had certain disadvantages. The methane yield ob
tained at the highest OLR (0.17 L/gVS) was 26 % and 15 % lower than 
those of single-stage and two-stage AD of OMSW alone, respectively. 
Ammonia inhibition caused by free ammonia nitrogen is in fact one of 

Fig. 4. Co-feedstocks tested for the co-digestion of olive mill solid waste during laboratory-scale (a) and pilot-scale (b) anaerobic digestion experiments. Methane 
production values obtained from various anaerobic digestion experiments carried out with different pretreatement methods on olive mill solid waste (c) or different 
co-feedstocks mixed with olive mill solid waste (OMSW) (d). Number of documents on anaerobic digestion (AD) performed with pilot- and industrial-scale digesters 
according to the Scopus database, here divided by (e) number of documents published year by year and (f) number of documents per type of publication. 
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the major concerns for co-digestion with these waste streams (Wang 
et al., 2014). On the other hand, the advantages were that the HRT was 
35 % lower compared to single-step digestion and that the rise in OLR to 
the maximum value of 1.56 gVS/(L*d) at the end of coAD was achieved 
three times more quickly during stable digestion. Interestingly, the au
thors compared the trace elements (necessary for the metalloenzymes) 
found in the digestates retrieved from mono-AD and coAD experiments. 
Increments in all element levels (e.g., Mg, Ca, Fe, Co, Mn, Zn) were 
found when manure was added to the mixture, which would improve the 
performance of the digestate as a soil amendment (Wang and Lee, 2021). 
Al Afif et al. investigated the coAD of 3P-OMSW and cow manure in 
different ratios, either with or without an enzyme supplement contain
ing cellulases, xylanases, and lipases (Al Afif and Amon, 2019). The 
findings showed that for 3P-OMSW, cow manure, and their combina
tions, the suggested retention time to achieve a high rate of biodegra
dation was between 20 and 30 days, and for the mixture with the 
addition of enzymes, it was around 40 days. Experiments at a ratio of 3:1 
gave the highest methane yield (0.13 L/gVS). Moreover, this parameter 
was increased by no less than 47 % (0.18 L/gVS) when the enzymes were 
added to the 1:1 mixture. In a following study, Rubio et al. used a similar 
co-substrate and investigated the start-up stage of a sCSTR for the 
mesophilic treatment of a mixture of 2P-OMSW and cow manure (60:40) 
(Rubio et al., 2022). The biomasses were anaerobically co-digested, with 
a total period of 140 days required to start up and stabilize the process. 
During the stable period, methane productivity was 0.34 LCH4/(L*d) at 
40 days HRT. The experimental findings indicated that the accumulation 
of propionic acid played a pivotal role in hindering the progression of 
the methanogenic phase, thereby inducing a state of process imbalance. 
Lastly, the research conducted by Aboelfetoh and colleagues in 2022 
aimed to identify the optimal combination of AD temperature (meso
philic and thermophilic) and 2P-OMSW to cow manure ratio in order to 
achieve the targeted biogas production and quality (Aboelfetoh et al., 
2022). After a period of 45 days, it was observed that the methane yield 
increased from 0.24 L/gVS to 0.34 L/gVS when the temperature was 
raised from 35 ◦C to 55 ◦C. 

In conclusion, for the laboratory-scale coAD of OMSW, it is difficult 
to properly assess the optimal pretreatments and feedstocks to be used in 
order to obtain the highest methane production. Several factors such as 
the availability of biomasses at the AD plant site, the cost of pre
treatments, and the biomass mixing ratio all influence the final outcome 
and energy assessment. Several authors did not report a proper value for 
methane production (normalized to reactor volume and experiment 
duration), presenting the tests carried by Rubio et al. with OMSW and 
cow manure as the best-performing ones (0.34 LCH4/(L*d) (Rubio et al., 
2022). Moreover, it is possible to see in Table 2 that Aboelfetoh et al. 
reported the highest methane yield (0.34 L/gVS) for a feedstock 
composed of OMSW and cow manure in a similar ratio (Aboelfetoh et al., 
2022). It is reasonable to infer that cow manure, containing a broad 
range of nutrients and micronutrients (such as nitrogen, copper, man
ganese, and zinc), provides the required alkalinity to stabilize the AD 
process with OMSW (Li et al., 2021). When comparing the data obtained 
by laboratory-scale coAD with that of mono-digestion, it emerges that 
methane production values are higher in the second case (2.25 L/(L*d)), 
bearing in mind the advantage of using bacteria coming from AD re
actors processing OMWW (Borja et al., 2004), while methane yield data 
seem higher for coAD experiments (0.34 L/gVS) (Aboelfetoh et al., 
2022). Similar findings can be found when comparing the pretreated 
biomass: in particular, the acidification step ensured the maximum 
methane production (3.24 L/(L*d))(Rincón et al., 2009) and yield (0.2 
L/gVS)(Stoyanova et al., 2017) for the mono-digestion of OMSW, while 
the organosolv extraction and microwaves pretreatment resulted 
promising options for high methane production (0.26 L/(L*d))(Paz 
et al., 2023) and yield (0.32 L/gVS)(Aylin Alagöz et al., 2015), respec
tively, when co-digesting OMSW. However, few of the analyzed articles 
accurately report values for both categories, thus making comparison 
difficult. It is also important to remember that co-digestion processes are 

the only ones that at larger scales would ensure the operation of 
anaerobic digesters all-year around. In fact, without the use of a co- 
substrate, the amount of OMSW obtained in the few months of har
vesting (mid-September-March) would not be enough to feed a large- 
scale anaerobic digester that operates continuously throughout the 
year in mono-AD mode. On the other hand, other feedstocks such as 
manure and slurry are available year-around at low cost and can be used 
to enhance the biofertilizer potential of the resulting digestates, but also 
dilute and store OMSW for its subsequent use as feed for coAD processes. 

4. Pilot-scale anaerobic digestion of olive mill solid waste 

It is important to note that while cost-effective small-scale studies 
play a paramount role in identifying fundamental process parameters, 
they often fail to mimic the rheology and the phenomena that are 
typically observed in pilot- and industrial-scale plants, such as foam 
buildup and substrate mixing problems within the reactor, resulting in a 
concomitant reduction in biomass conversion efficiency. Ascertaining 
the feasibility of translating laboratory findings to larger-scale systems 
and identifying potential issues are of paramount significance, otherwise 
laboratory results may “vanish in the haze” and not contribute to the 
development of applicable OMSW treatment technology. To the best of 
the authors’ knowledge, only two articles discussed the use of OMSW as 
a substrate for mono-AD carried out in pilot-scale digesters with volumes 
between 10 and 1000 L (Table 3). In 2016 Siciliano et al. proposed a 
chemical pretreatment with hydrogen peroxide (H2O2) under alkaline 
conditions (maintained by NaOH addition) for 3 h to subsequently 
perform 2P-OMSW AD in a 150-L sCSTR for 110 days (Siciliano et al., 
2016). Polyphenols concentration was reduced by 72 % when 0.25 g of 
H2O2 were added per gram of COD at 20 ◦C. Moreover, the increase in 
the production of VFAs suggests that part of the polyphenols and other 
recalcitrant compounds were degraded in such a basic environment into 
various easily biodegradable intermediate organic compounds. Such 
pretreatment process led to a subsequent 77 % COD removal and a 
methane yield (0.33 LCH4/gCOD removed) higher than those reported for 
bench-scale mono-digestion by Borja et al. (0.30 LCH4/gCOD removed), by 
Rincón et al. (0.27 LCH4/gCOD removed) for two-stage mono-digestion, and 
by Stoyanova et al. (0.17 LCH4/gCOD removed) for coAD of OMSW (Ta
bles 1 and 2) (Borja et al., 2002; Rincón et al., 2009; Stoyanova et al., 
2017). Moreover, in their research, Siciliano et al. stated that proceeds 
of about 36.3 €/m3

OMSW are achievable, which, taking into account the 
expense for the pretreatment, will lead to a net profit of at least 15 
€/m3

OMSW (considering 0.24 €/KWh). However, such analysis takes only 
into consideration the cogeneration of electric energy by means of 
biogas produced and the cost of consumption of chemical compounds (i. 
e., H2O2 and NaOH). The combination of polyphenol extraction and the 
subsequent AD was explored by Orive et al. in a 10-L sCSTR (Orive et al., 
2021). In terms of extracting solvents, it is interesting to note that the 
extraction yield achieved by using for 1 h a solution of methanol, formic 
acid, and water was roughly five times greater than that obtained by 
using ethanol, formic acid, and water (solvents/2P-OMSW ratio was 
fixed at 1:1 (w/w)). Nevertheless, the ethanol-containing solution was 
preferred to perform OMSW dephenolisation due to the possible toxicity 
of methanol residues in the extracted materials. OMSW dephenolisation, 
which occurred with a yield of 55 %, had a positive impact on meth
anogenesis, allowing a methane productivity of 0.42 L/(gVS*d) (1.53 L/ 
(L*d)) at an OLR of 2.89 gVS/(L*d) and 24 days HRT. Although in this 
case ethanol can be regarded as an environmentally preferable solvent, 
greener technologies should be explored to pretreat biomass without 
chemical methods. Biomethane and clean energy production cannot, in 
fact, come at the expense of the use of chemical solvents, as their pro
duction, utilization, and disposal methods can potentially lead to addi
tional air, water, and soil pollution issues (Capello et al., 2007). 
Moreover, such a pretreatment process with solvents does not affect the 
solubilization of lignin and lignocellulosic components of OMSW, in 
contrast to what is hypothesized with thermal methods. By comparing 
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the results obtained with a solvent extraction pretreatment process at 
the laboratory scale by Paz et al., and the one obtained by Orive et al., it 
can be observed that COD and VS removal are increased when operating 
at pilot scales, while the biomethane productivity is lower (1.53 L/ 
(L*d)) in comparison with the results obtained at laboratory-scale (1.83 
L/(L*d)). This can be explained by the longer HRT used at the pilot scale, 
which can lead to a drop in pH values and compromised methane pro
duction. Furthermore, it has to be noted that the inoculum used by Paz 
et al. was an anaerobic sludge from a biogas production plant, while the 
one used by Orive et al. came from a wastewater treatment plant. Even 
though the methane volumetric productivity reported for OMSW by 
Orive et al., (1.53 L/(L*d)) was slightly lower than the average value 
obtained from laboratory-scale mono-AD experiments (~1.62 L/(L*d)), 
the one referred to the VS unit (0.42 L/(gVS*d)) was higher than those 
obtained by De La Lama after thermal pretreatment (0.38 L/(gVS*d))(De 
La Lama et al., 2017) and by Serrano et al. after either steam explosion 
(0.16 L/(gVS*d))(Serrano et al., 2019a) or thermal pretreatment (0.17 L/ 
(gVS*d))(Serrano et al., 2019b) of OMSW (Table 1). Interestingly, here 
Orive et al. presented a detailed report on the economic feasibility of an 
imaginary plant that treats 8000 t of 2P-OMSW per year (Orive et al., 
2021). With a capital cost of $1.74 million and operational costs of $1.46 
million per year, revenues of $1.72 million per year were calculated to 
be achievable. Earnings from waste management and selling digestate 
were also included in the economic study. However, a correct market 
value of unpure polyphenol extracts is yet to be reported and, more 
importantly, the economic assessment is based on pilot-scale results (in 
this case in a reactor of 10 L volume). 

As anticipated in the previous sections, several papers are now 
available on co-digestion of OMSW with other substrates to overcome 
some of the challenges that olive residues present during AD steps. More 
than a few studies reported successful coAD of OMSW with OMWW, 
animal residues (such as manure and whey), sewage sludge, and silage 
(Fig. 4(b), Table 4). It is noteworthy that different co-feedstocks require 
different optimized mixing ratios depending on the characteristics and 
composition of the raw materials, hampering the establishment of pre
cise protocols for biogas production. As it has been already described for 
laboratory-scale AD, the first experiments were carried out by diluting 
OMSW with OMWW, which is already available in large quantities in the 
same operating plant. In a study conducted by Fezzani and Cheikh, the 
anaerobic co-digestion of OMWW and OMSW was investigated under 
both mesophilic and thermophilic conditions employing two 18-L 
sCSTRs (Fezzani and Cheikh, 2007a). The findings obtained from the 
mesophilic digester demonstrated that coAD occurred with an optimal 
methane productivity of 0.95 L/(L*d), whereas it was 0.7 L/(L*d) when 
OMWW was digested alone at the same conditions. On the other hand, 
under thermophilic conditions, methane productivity using the same 
feed content was twice as high (46 L/(LOMWW*d) vs. 23 L/(LOMWW*d)) 
(Fezzani and Cheikh, 2007b). Such a performance improvement may 
have been due to an increase in the rate of OMSW hydrolysis, resulting in 
more ammonium nitrogen available as well as an acceleration of both 
methanogenic bacteria growth and biological reactions inside the 
digester. Such richness in nitrogen (but also phosphorous, potassium, 
and calcium) in the effluents of coAD experiments makes them partic
ularly interesting for agricultural purposes to increase soil fertility. In 
particular, the amount of ammonium nitrogen (NH4

+-N), phosphorous 
(PO4

- -P), and potassium (K) was 200, 530, and 1380 mg/L in the efflu
ents of OMWW digested alone and 600, 780, and 3860 mg/L in effluents 
of OMWW co-digested with OMSW. However, at HRT ≤ 12 days, there 
was a significant increase in the levels of total VFAs and COD in the 
effluent, and methane generation was stopped. It is widely accepted that 
digesters operating at a short HRT are likely to lose methanogenic 
bacteria that are frequently washed out before growing enough to 
complete the process of biogas production (Fezzani and Cheikh, 2007a). 
It has to be noted that, while thermophilic processes usually are more 
efficient, they are also more expensive than mesophilic ones. The au
thors subsequently used the same substrates in two 18-L mesophilic Ta
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Table 4 
Pilot-scale co-digestion of olive mill solid waste.  

Volume of 
reactor (L) 

Type of 
reactor 

Substrate Pretreatment HRT 
(days) 

OLR COD removal 
efficiency (%) 

VS removal 
efficiency (%) 

Methane production Methane yield Reference 

50 Batch- 
fed 

2P- or 3P-OMW + milk whey – 30 – – 28 (2P-OMW), 
44 (3P-OMW) 

0.06 L/(L*d) (2P-OMW), 
0.17 L/(L*d) (3P-OMW) 

0.04 L/gVS,0.14 L/gΔVS 

(2P-OMW), 0.10 L/gVS, 

0.25 L/gΔVS (3P-OMW) 

(Battista et al., 
2015) 

10 sCSTR 2P-OMSW (80 %) + pig slurry 
(20 %) 

– 24 2.72 gVS/(L*d) 59 52 0.89 L/(L*d), 0.27 L/ 
(gVS*d), 0.34 L/(gCOD*d) 

– (Orive et al., 
2016) 

18 sCSTR 3P-OMW – 24 2.34 gCOD/(L*d) 73 – 0.95 L/(L*d), 23 L/ 
(LOMWW fed *d) 

0.30 L/gCOD (Fezzani and 
Cheikh, 2007a) 

18 sCSTR 3P-OMW – 36 3.62 gCOD/(L*d) 72 (sCOD) – 46 L/(LOMWW fed*d) 
(55 ◦C) 

– (Fezzani and 
Cheikh, 
2007b) 

18 sCSTR 3P-OMW Acidification 24 6.87 gCOD/(L*d) 79 (sCOD) – 40.17 L/(LOMWW fed*d) 0.31 L/gCOD (Fezzani and 
Cheikh, 2010) 

128 sCSTR Cow manure (85 %) + Apple 
pulp (5 %) + OMSW (10 %) 

– 40 2.75 gVS/(L*d) or 2.65 
gCOD/(L*d) 

63  0.31 L/(L*d) 0.22 L/gVS (Riggio et al., 
2015) 

16 sCSTR 2P-OMSW (5 %) + sewage 
sludge (95 %) 

Extraction of 
OMSW 
polyphenols 

17 0.94 gVS/(L*d) 43 27 0.26 L/(L*d) 0.28 L/gVS (Fragoso et al., 
2022) 

17 CSTR Olive husk + piggery manure 
anaerobically digested 

– 43 – – – – 0.11 L/gVS (Fantozzi and 
Buratti, 2009) 

24 CSTR 2P- or 3P-OMSW (46 %) +
cow manure (8 %) + maize 
silage (46 %) 

– 50 4.10 gVS/(L *d) (2P- 
OMSW), 4.30 gVS/(L 
*d) (3P-OMSW) 

– – – 0.24 L/gVS (3P-OMSW), 
0.27 L/gVS (2P-OMSW) 

(Soldano et al., 
2014) 

45 CSTR 2P-OMSW (25 %) + milk 
whey (75 %) 

– 40 3.40 gCOD/(L*d) 70 64 0.55 L/(L*d) 0.22 L/gΔVS (Battista et al., 
2013) 

75 CSTR 2P-OMSW (25 %) + cow 
manure (75 %) 

– 21.4 5.50 gCOD/(L*d) – 53 (37 ◦C), 54 
(55 ◦C) 

1.10 Lbiogas/(Lsludge*d) 
(37 ◦C), 1.30 Lbiogas/ 
(Lsludge*d) (55 ◦C) 

0.18 L/gVS (37 ◦C), 0.21 L/ 
gVS (55 ◦C) 

(Goberna et al., 
2010) 

2P, two-phase centrifugal process; 3P, three-phase centrifugal process; ΔVS, difference between the initial and final amount of volatile solids; COD, chemical oxygen demand; CSTR, continuously stirred tank reactor; HRT, 
hydraulic retention time; OLR, organic loading rate; OMW, olive mill waste; OMSW, olive mill solid waste; OMWW, olive mill wastewaters; sCOD, soluble chemical oxygen demand; sCSTR, semi-continuously stirred tank 
reactor; TS, total solids; VS, volatile solids. 
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sCSTRs arranged in series in order to conduct a comparative analysis 
with the conventional single-stage configuration, with a focus on key 
performance indicators, such as methane productivity and soluble COD 
level (Fezzani and Cheikh, 2010). The two-phase system operating with 
a HRT of 24 days in both phases allowed to achieve a methane pro
duction (40.17 L/(LOMWW*d)), higher than those previously obtained 
with the single-stage process (23 L/(LOMWW *d))(Fezzani and Cheikh, 
2010). The improved qualities of the effluents generated by the acidi
fiers were the cause of this rise in methane production. As a matter of 
fact, the methanizers readily metabolized the high concentrations of 
VFAs present in these effluents, turning them into CH4 and CO2. 
Furthermore, the increase of both alkalinity and total nitrogen content 
of acidifier effluents strengthened their resistance to pH instability and 
shielded them from the danger of ammonium nitrogen shortage caused 
by methanogens. Unfortunately, comparison between these results and 
other studies on different scales or with different feedstocks is precluded 
by the chosen unit of measurement (i.e., referring to liters of OMWW 
added in the digester). 

Animal manure is an excellent substrate for the coAD of several 
biomasses, including OMSW, as already mentioned in the preceding 
section on laboratory-scale coAD. In a 17-L CSTR, Fantozzi and Buratti 
examined the yields of single-stage mesophilic coAD of various matrices, 
namely olive husk mixed with slurries and manure from different animal 
species (Fantozzi and Buratti, 2009). In particular, the blend of olive 
husk with anaerobically pre-digested pig manure resulted in a methane 
yield of 0.11 L/gVS. A similar co-feedstock was used by Orive et al., who 
conducted a study on the coAD of 2P-OMSW and pig slurry (Orive et al., 
2016). Five alternative feedstock proportions, ranging from 100 % pig 
slurry to 100 % OMSW, were tested in a 10-L sCSTR at 37 ◦C, and stable 
pH values (7.9–8.6) were observed throughout the experiments without 
the addition of any chemicals or nutrients. With an OMSW:pig slurry 
ratio of 80:20, an OLR of 2.72 gVS/(L*d), and a HRT of 24 days, a 
maximum methane productivity of 0.27 L/(gVS*d) was recorded. The 
high C/N ratio of raw OMSW was lowered from 46 (which would have 
hindered the mono-AD process) to 38 due to the dilution with pig slurry 
(with a C/N ratio of 15). The outcomes showed that 2P-OMSW and pig 
slurry co-digestion had high process stability and higher rate of methane 
generation than mono-digestion of the two individual feedstocks (0.14 
L/(gVS*d) for 100 % pig slurry and 0.08 L/(gVS*d) for 100 % OMSW). 
Additionally the authors included a detailed report on the economic 
feasibility of a future industrial-scale anaerobic plant that could treat 
8750 ton of 2P-OMSW and pig slurry (80:20) per year. The results of this 
study are compared against those obtained from a conventional pig 
slurry mono-AD plant. Revenues and payback time periods were re
ported to be € 362,338 per year and € 210,933 per year, 6.7 and 9.2 
years for coAD and mono-AD plants, respectively, the latter leading to a 
unprofitable scenario. 

As already mentioned for laboratory-scale experiments, cow manure 
is another widely available co-substrate. Biogas produced by the co- 
digestion of 2P-OMSW and cow excreta at a ratio of 1:3 (v/v) was 
examined by Goberna et al. (Goberna et al., 2010). The low pH and low 
alkalinity of OMSW were buffered by the manure, enabling the anaer
obic biodegradation of the mixture in a 75-L CSTR without any pre
treatment or chemical addition. After 21 days, the ratio of VFA to 
alkalinity in the reactor digesting OMSW alone at OLR of 3.8 gCOD/(L*d) 
was higher than 0.8, causing acidification and inhibiting methano
genesis. The co-digestion of the mixture under mesophilic conditions 
resulted in more than four times higher biogas productivity (1.1 Lbiogas/ 
(Lsludge*d)) compared to the sole excreta (0.25 Lbiogas/(Lsludge*d)) and a 
methane yield of 0.18 L/gVS, while the thermophilic operation allowed 
further 16.6 % and 18.2 % increases in methane yield and productivity, 
respectively. As anticipated, further studies are needed to assess whether 
this increase in methane production is economically beneficial for plant 
operators by calculating the energy consumption required to heat the 
digester to thermophilic temperatures. Riggio and colleagues in 2015 
investigated the coAD of OMSW, cow slurry, and apple pulp in a 128-L 

pilot-scale anaerobic digester under mesophilic conditions (Riggio et al., 
2015). They reported that the optimal mixture for biogas and methane 
production was 85 % cow slurry, 10 % OMSW, and 5 % apple pulp, by 
volume. Operating at a HRT of 40 days and an OLR of 2.75 gVS/(L*d), 
biogas and methane yields were found to be 0.39 Lbiogas/gVS and 0.22 
LCH4/gVS, respectively, and the COD removal 63 %. By comparing the 
above two papers that described the co-digestion of cow manure and 
OMSW, it is easy to notice that, despite some operational differences, 
methane yield was quite similar: 0.22 L/gVS using 10 % OMSW (Riggio 
et al., 2015), and 0.18 L/gVS using 25 % OMSW (Goberna et al., 2010). 
Similar values were obtained by Soldano et al., who used a smaller 
amount of cow manure (8–10 %) to co-digest 2P- or 3P-OMSW (46 %) 
and maize silage (44–46 %) (Soldano et al., 2014). In particular, in both 
cases a methane yield of 0.24–0.27 LCH4/gVS was obtained, even if 
special attention to the evolution of the main parameters for AD moni
toring was required. All these values are significantly higher than those 
obtained by Fantozzi and Buratti with pig manure and olive husk (0.11 
LCH4/gVS) (Fantozzi and Buratti, 2009). If a comparison is made between 
experiments carried out with animal manure at different scales, it can be 
noted that the biomethane production is higher at pilot-scale (0.89 L/ 
(L*d)) than at laboratory-scale (0.34 L/(L*d))(Orive et al., 2016; Rubio 
et al., 2022), similarly to what observed when using OMSW and OMWW 
as co-feedstocks. Accordingly, the methane yield values are slightly 
higher (0.18 L/gVS and 0.17 L/gVS) than the one reported at laboratory- 
scale (0.13 L/gVS), even if a higher amount of OMSW was used in the 
mixture in the latter case. 

By using different wastes from cattle farms, Battista et al. tested milk 
whey, an important by-product of the dairy industry, as a co-feedstock 
for the coAD of OMSW (Battista et al., 2013). Today the dominant use 
of milk whey is as animal feed or to recover lactose and whey proteins, 
but such valorization technologies imply high investment costs (Pra
zeres et al., 2012). Here, a 45-L batch reactor was used in a first attempt 
to co-digest OMSW and milk whey. Over time, a feed combination of 50 
% (w/w) OMSW and 50 % (w/w) OMWW was diluted with water, and 
starting from the 40th day onwards OMWW was gradually replaced with 
whey. The combination had 25 % (w/w) OMSW and 75 % (w/w) whey 
milk. By producing up to 0.8 Lbiogas/(L*d), the authors observed great 
performance in biogas generation, and the VS removal remained stable 
at 64 %. The present findings confirm the suitability of whey as a viable 
substitute for water as a diluting agent, serving also to reduce the overall 
levels of polyphenols present in OMSW. In a related, later investigation, 
it was determined which process was the most profitable in terms of 
methane production by comparing 2P- and 3P-OMSW combined with 
OMWW and milk whey (Battista et al., 2015). The mixture had around a 
3:1 ratio of milk whey to olive wastes (OMSW and OMWW). Methane 
production and yields from 3P-OMSW in a 50-L batch digester (0.10 
LCH4/gVS, 0.25 LCH4/gΔVS, and 0.17 LCH4/(L*d)) were about twice the 
one from 2P-OMSW (0.04 LCH4/gVS, 0.14 LCH4/gΔVS, and 0.06 LCH4/ 
(L*d)), likely because 2P-OMSW has a greater moisture content than its 
3P counterpart, thereby leading to a concomitant increase in the levels 
of polyphenols (Fig. 1(b)). The methane yield obtained with 3P-OMSW 
was slightly higher than the one described by the same authors in their 
previous paper (0.22 LCH4/gΔVS) (Battista et al., 2013). It is noteworthy, 
however, that in both investigations the addition of whey increased the 
acidity (since the pH of milk is usually 3–3.5) and required pH adjust
ment in the digesters with a NaOH solution.lab 

Lastly, Fragoso and colleagues in 2022 investigated the coAD of 
sewage sludge sourced from a wastewater treatment plant and partially 
dephenolised 2P-OMSW at a concentration of 5 % (v/v) as a co-substrate 
in a 16-L sCSTR, with the goal of enhancing the digestibility of both 
substrates (Fragoso et al., 2022). The transition from mono-AD of 
sewage sludge to coAD with OMSW resulted in a 1.4-fold increase in 
COD biodegradation at a HRT of 17 days and a 39 % increase in the 
average daily biogas productivity (from 0.28 L/(L*d) to 0.39 L/(L*d)). 
Furthermore, a notable enhancement was also observed in methane- 
specific productivity and yield (0.26 L/(L*d) and 0.28 L/gVS, 
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respectively). These data provide further confirmation of the feasibility 
of converting digesters that operate year-round by feeding them with 
feedstocks including OMSW during their production period (October – 
March). Analogous values were obtained by Paz et al. who similarly used 
a dephenolised OMSW and sewage sludge to feed a laboratory-scale AD 
and obtained a methane production of 0.26 L/(L*d) (Paz et al., 2023). 
Moreover, the methane yield value obtained by Fragoso et al. is also 
comparable to the ones obtained with sewage sludge by Elalami et al. 
(0.22 L/gVS, with KOH-pretreated biomass)(Elalami et al., 2020b) and 
Aylin Alagöz et al. (0.26 L/gVS and 0.32 LgVS when the biomass was 
pretreated with ultrasounds and microwaves, respectively)(Aylin 
Alagöz et al., 2015), even if in the latter cases the amount of OMSW in 
the digester was greater (~50 %). 

Surprisingly, the results obtained by Orive et al. for mono-digestion 
of OMSW on a pilot-scale (Table 3) show higher methane productivity 
(1.53 L/(L*d), 0.42 L/(gVS*d)) when compared with co-digestion ex
periments (Table 4) (Orive et al., 2021). Such results are a confirmation 
of the necessity to remove the inhibitory compounds such as poly
phenols prior to the digestion of OMSW. Moreover, the extraction of 
such high-added-value compounds during pretreatment steps may aid in 
the spread of OMSW AD and help revalorize such by-products, since 
these molecules can be exploited in the pharmaceutical, cosmetics, and 
food sectors. As an example, Orive et al. obtained 0.4 mg of hydrox
ytyrosol and 0.09 mg of tyrosol per gram of dry OMSW, after the 
extraction with ethanol, water, and formic acid. Nowadays, such pure 
products have a selling price of € 23700/g and € 14650/g for hydro
tyrosol and tyrosol, respectively (Sigma-Aldrich). Nevertheless, in-depth 
investigations are still needed to assess whether polyphenols extracted 
and purified from OMSW can economically compete with the existing 
commercial ones. 

5. Industrial-scale anaerobic digestion of olive mill solid waste 

The industrial-scale implementation of the AD process using exclu
sively OMSW as biomass has yet to be documented. This can be due to 
the long adaptation time of the inoculum, digester instability, and more 
importantly limited year-round availability (Stoyanova et al., 2017). As 
a result, the interest of the industrial sector in this technology using such 
substrate has not been adequately fostered. The implementation of AD 
plants on an industrial scale necessitates significant investments and 
operational expenditures, ultimately impeding the profitability of uti
lizing solely olive oil mill residues. The team of Battista et al. in 2013 
was the first to scale up the co-digestion of 2P-OMSW (25 % w/w) and 
milk whey (75 % w/w) using an industrial 2 m3 bioreactor (Battista 
et al., 2013). Prior to this achievement, various fed proportions were 
tested in a 45-L CSTR to determine the optimal feedstock composition, 
as stated in the preceding section. A pulper (with a working volume of 
120 L) was employed to mechanically grind and homogenize the input 
material. Pulping avoids the risk of the formation of recalcitrant com
pounds, even if it still demands high electricity consumption. Biogas 
productivity achieved a value (1.45 Lbiogas/(L*d)) significantly higher 
than that obtained with pilot-scale operations (0.78 Lbiogas/(L*d)), with 
comparable methane content (65–70 % v/v). COD and VS removal 
percentages were also increased by employing industrial-scale digestors 
(72 % vs. 64 % and 68 % vs. 64 %, respectively). Such results were also 
confirmed by a subsequent study from the same authors when investi
gating the possibility of using either 3P-OMSW or 2P-OMSW (Battista 
et al., 2015). The industrial-scale results indicated that AD of 3P-OMSW 
ensured methane yield (0.74 L/gVS) and productivity (0.87 L/(L*d)) 
more than double that obtained using 2P-OMSW (0.29 L/gVS and 0.36 L/ 
(L*d)), likely due, as mentioned before, to the higher 2P-OMSW mois
ture and polyphenols contents (130 mg gallic acid equivalent/L) compared to 
3P-OMSW (25 mg gallic acid equivalent/L). Additionally, as is well known, 
3P-OMSW exhibits higher total and volatile solids concentrations, which 
consequently enhance the conversion of organic matter into biogas. 
Comparison of results from the two different volume scales (Tables 4 and Ta
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5) shows that methane yield, calculated in the last 15 days of the 
experimental campaigns, when biogas production was in a quasi-steady- 
state condition, was much higher in the industrial-scale plant (0.74 and 
0.29 LCH4/gVS from 3P- and 2P-OMSW, respectively) than in the pilot- 
scale one (0.10 and 0.04 LCH4/gVS from 3P- and 2P-OMSW, respec
tively). Similarly to the previous study, VS removal percentages were 
also increased by employing industrial-scale digestors (71 % vs. 44 % 
from 3P-OMSW and 59 % vs. 28 % from 2P-OMSW, digested in pilot- 
and industrial-scale plants, respectively). In 2019 Liberti et al. tested a 
CSTR with the addition of an incubation reactor (where a nutrient mix is 
added), in which the substrate from the acidogenic digester reacts with 
the nutrients (Liberti et al., 2019). They employed the digestate of the 
primary reactor (2000 m3), made up of 62.28 % maize, sorghum, and 
triticale silage, 16.26 % humid pitted pomace, and 21.55 % pig waste
water as an inoculum for the secondary digester (5000 m3). The nutrient 
mixture consisted of micronutrients and macronutrients that microor
ganisms need for optimal growth, which however were not described by 
the authors due to a confidentiality agreement with the company that 
developed the incubator system. Moreover, the authors reported only a 
limited amount of information on methane generation in such an in
dustrial plant, choosing instead to focus on the study of its economic 
viability. Regarding this last aspect, the authors concluded that using 
such a mix of nutrients in a pretreatment reactor increased methane 
production by 12 %, which could have significant economic advantages. 
The payback period can diminish to 5.8, compared to the esteem of 7 
calculated for the reference situation (i.e., AD without the incubator 
with the nutrient mix). In a following study, Scano et al. attempted to 
determine the optimal parameters for coAD of a mixture of sheep 
manure, whey, OMSW, and OMWW (Scano et al., 2021). The authors 
claimed that a combination of the aforementioned agro-industrial by- 
products could substitute dedicated crops (e.g., maize silage and triti
cale) at very high replacement rates (at least 65–70 %) in an industrial- 
scale AD reactor. The values for the C/N ratio were reported to be 21 for 
the feeding mixture and 13 for the digestate, suggesting the use of the 
latter as a soil amendment or as a source for other energy conversion 
processes. 

A comparative analysis of the operational performance of a 1.13 m3 

and a 6400 m3 reactor indicated that the larger configuration can 
employ OLR values comparable to those of the smaller counterpart, but 
with lower residence time. However, the smaller plant showed yields of 
biogas (0.64–0.86 Lbiogas/gVS) and methane (0.30–0.43 LCH4/gVS) 
approximately 1.8 times greater than the larger one (0.35–0.4 Lbiogas/ 
gVS, 0.20 LCH4/gVS). The authors attempted to explain this discrepancy 
by highlighting the challenge of carefully mixing the substrate inside 
very large reactors, which led to a decrease in the rate of biomass con
version. If a comparison is made between such results and the one ob
tained at the pilot scale by different authors but with similar co- 
feedstocks (i.e., OMSW, cow manure, and maize silage), it can be 
noted that similar methane yield values (0.2–0.3 L/gVS) were obtained. 
Such comparison is an excellent hint that pilot-scale studies can guide 
and predict the scaling-up of treatment processes and energy output of 
AD with OMSW and multiple co-feedstocks. 

A recent study conducted by Tamborrino et al. on coAD of olive pulp, 
OMSW, and 10 % of crushed cereals in two parallel 200 m3 digesters is 
worth mentioning (Tamborrino et al., 2021). Both the initial hydrolysis 
phase and the subsequent methanogenic one that converted acids from 
the previous phase into methane lasted approximately 20 days. The 
resulting biogas contained approximately 60 % methane, corresponding 
to a methane yield of 0.70 L/gVS and methane production of 3.74 L/ 
(L*d), which indicates a great potential for utilizing a large share of olive 
oil effluents to sustain an AD facility on an industrial scale. Such high 
methane yield resulted very similar to the value obtained by Battista 
et al. with milk whey, as described above (0.74 L/gVS) (Battista et al., 
2015). The results of physico-chemical analyses indicated that the pro
cess stability indexes, as well as the parameters characterizing the reg
ularity of AD kinetics (e.g., pH, the ratio between volatile organic acids, 

and alkalinity), were within the optimal range. Such high methane 
production and yields reported for industrial-scale plants by Battista 
et al. and Tamborrino et al. (Table 5) are higher than any other data 
obtained at any digestion scale. Lastly, Tamborrino et al. reported the 
characteristics of digestate samples with particular reference to agro
nomic parameters. The pH values, metals, and microelements content 
are largely compatible with the requirements related to digestate dis
tribution on soil as fertilizer. In particular, the C/N final value (9.5) 
shows that the discharged digestate can be considered an excellent base 
for the composting process. It can be observed that the most studied 
physico-chemical but also biological pretreatments at laboratory-scale 
have not been applied in industrial-scale plants. This could be due to 
the fact that published industrial-scale data involving the use of OMSW 
are very scarce. Moreover, since the availability of olive residues varies 
seasonally, most industrial-scale studies use cereal or animal residues (e. 
g., whey or manure) as the primary feedstock, avoiding the need for 
pretreatment steps or chemical addition. 

6. Research needs and future directions 

To date, investigation on the AD of OMSW for biogas production has 
predominantly concentrated on enhancing methane yield through the 
identification of optimal operational parameters or the application of 
different pretreatment methods involving biological, physical, or 
chemical techniques. In the case of OMSW, a pretreatment stage before 
the AD process could facilitate the hydrolysis of lignocellulosic fibers by 
disintegrating their complex chemical structure and separating the huge 
amount of phenolic compounds. Findings from the scientific literature 
allowed to establish a maximum threshold of 600 parts per million 
(ppm) of polyphenols during AD processes (Tamborrino et al., 2021). 
Nevertheless, pretreatment procedures require a substantial amount of 
energy, therefore a comprehensive assessment of the energy balance 
must be carried out to ascertain whether the increase in methane yield 
compensates for energy consumption, especially in large-scale systems. 
It has been frequently assumed that thermal processes, using the heat 
release from biogas combustion, are more desirable for the energy (and 
economic) balance of the whole AD system than technologies that use 
electrical power (e.g., ultrasound methods) (Carrère et al., 2010). As a 
result, thermal pretreatments are already frequently implemented in 
full-scale AD reactors. Nonetheless, more research is needed on simple 
and cost-effective technologies to increase OMSW biodegradability. 
Alternative and green methods should be proposed, such as the one 
described by Shabtay et al. (2009) who grew lignin-degrading fungi on 
OMSW. Here the authors demonstrated the ability of an edible mush
room strain to produce a wide range of extracellular enzymes that 
enable it to degrade lignin, cellulose, and hemicellulose into soluble 
substances that can be taken up by the fungus. 

Other limitations of AD of OMSW could be overcome by the addition 
of nitrogen (e.g., urea, NH4Cl, and aqueous ammonia) and phosphorous 
(e.g., K2HPO4 and (NH4)2HPO4) or trace elements in pretreatment 
stages, in order to compensate for their low levels in the original feed
stock (Pinto-Ibieta et al., 2016). Acidity is commonly corrected with the 
addition of salts or hydroxides, such as NaHCO3, NaOH, or Ca(OH)2. 
However, all these chemical compounds are not considered neither 
environmentally nor economically friendly, with ecological risk assess
ment being needed especially regarding the fate of digestate. This last 
aspect (i.e., the characterization of the remaining digestate) is often 
overlooked while the fertilization value and chemical composition of 
digestate should be more in-depth investigated and compared. In gen
eral, few researchers have carried out economic evaluations of the 
application of additives or pretreatment processes for AD, especially on 
large-scale reactors. Achieving an optimal balance between capital and 
operational costs and the increment in biogas production requires a 
more complete and standardized approach (Ibarra-Esparza et al., 2023). 

Regarding future perspectives, it is crucial to focus on replicating the 
most promising laboratory settings at the pilot/industrial level to 
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investigate the technical scalability obstacles and alleviate the residual 
uncertainties linked to the economy of scale (e.g., transportation costs 
for co-feedstocks, and energy consumption). To help in designing in
dustrial plants and predict their behavior, several computational models 
could be developed that take into account the complex aspects of the AD 
process. Some of them are already reported in the literature and are 
described as able to provide results close to the ones obtained with 
experimental trials on pilot-scale digesters (Boubaker and Ridha, 2008). 
In general, there is a broad need for more published data from labora
tory-, pilot-, and particularly full-scale (co)AD. A comparison of 
methane production values (LCH4/(Lreactor*d)) among results obtained 
with different reactor volumes is shown in Fig. 4(c, d). Several factors 
are affecting methane production, such as OLR, HRT, and the ratio be
tween OMSW and the eventual co-feedstock, leading only to the possi
bility of a preliminary comparison. It is clear that very large 
discrepancies exist between research studies using similar pretreatments 
or co-feedstocks. As be can observed, data should not be directly pro
jected from laboratory-scale to industrial-scale designs, especially due to 
the different hydrodynamic conditions. Aspects still poorly investigated 
are coAD of OMSW and manure at laboratory-scale level (e.g., to detect 
differences among various animal sources), and coAD of OMSW with the 
organic fraction of municipal solid waste (OFMSW) at all scale levels, 
being nowadays OFWSW one of the most employed substrates in full- 
scale AD reactors (Zamri et al., 2021). 

In the last ten years (2013–2023), the number of publications on 
pilot- and industrial-scale AD progressively increased (Fig. 4(e, f)). In 
particular, the last few years (2021–2023) have been the most prolific in 
publications. In 2022, 51 documents (41 for pilot-scale and 10 for 
industrial-scale AD) were recorded versus 18 in 2013 (16 for pilot-scale 
and 2 for industrial-scale AD). Therefore, the evolution of publication 
demonstrated that, nowadays, there is a progressive trend in the study of 
AD technology at larger-scales. This increase can be explained by a 
strong need for clean production of bioenergy and products, as required 
by the SDG agenda. However, such a trend was not detected when 
shifting to OMSW AD on pilot- and industrial-scales, with only 4 articles 
published in the last 5 years (2 on pilot-scale and 2 on industrial-scale 
OMSW AD). More connections are hoped between academic in
stitutions/research centers and industries, which could boost local 
economies and enhance innovation through knowledge exchange. In 
fact, the numerous advantages offered by AD processes, as well as 
generous national incentives, have led to the installation of more than 
18,000 anaerobic digestion plants in Europe, according to the European 
Biogas Association. In the latest REPowerEU scheme, the European 
Commission established a goal of generating 38 billion cubic meters of 
biomethane annually through AD by 2030. Manure will account for 33 
% of all feedstocks, followed by agricultural residues (25 %), and 
sequential cropping (21 %) (European Commission, 2022). However, 
co-digestion requires more research into a variety of bio-resources and 
their specific blend proportions with OMSW (Kunatsa and Xia, 2022). It 
should be noted that, given the seasonality of OMSW production and the 
scattered distribution of olive mills across the territories, the best option 
might be provided by small pilot-scale plants. This could create oppor
tunities for AD plant construction even in developing countries and rural 
areas. Additionally, the smaller plants may help to reduce concern about 
bad smells and loud sounds, which are more noticeable in bigger facil
ities (Chodkowska-Miszczuk et al., 2019). Even better, a potentially 
viable solution could be the conversion of existing pilot-scale AD plants 
treating animal and farm waste to co-digestion plants that combine 
those residues with olive oil residues for a short period of time. Signif
icant economic benefits related to reduced plant operation costs can be 
achieved as well as an increase in process performance. Accordingly, 
Bacenetti et al. pointed out that it is environmentally preferred to have 
smaller plants using slurry and waste rather than bigger plants fed with 
energy crops (Bacenetti et al., 2016). More studies are needed to eval
uate the environmental and economic sustainability of biogas generated 
through coAD of OMSW with different feedstocks, with life cycle 

assessment and life cycle costing studies only being recently carried out. 
The impacts of such systems vary mainly according to the characteristics 
and availability of the co-substrates. However, coAD with manure is 
considered the preferable treatment method due to its best performance 
in most environmental impact assessment analyses (Zhang et al., 2021). 
Recently Balcioglu et al. evaluated biogas plants fed with chicken 
manure, organic wastes (vegetable and slaughterhouse wastes), and 
crop maize silage, and found that using feedstocks with high solid 
content and biogas yield (i.e., organic wastes and chicken manure) led to 
lower environmental impacts in 15 out of 17 categories considered, 
including climate change (Balcioglu et al., 2022). This is feasible since 
the manure and slurries are a waste product of other processes, therefore 
there is no environmental impact related to them. Furthermore, credits 
for the emissions saved during their traditional treatment in open tanks 
were frequently associated with their AD processes (Bacenetti et al., 
2016). 

7. Conclusions 

Primary issues of AD with OMSW are seasonality, low hydrolysis rate 
due to lignocellulosic materials, and presence of polyphenols. Caution 
must be exercised when projecting results from laboratory-scale studies 
straight to industrial-scale reactors. While various pretreatment strate
gies are being proposed, coAD with animal by-products seems the most 
promising solution due to its high alkalinity and the simultaneous 
dilution of inhibitory elements of OMSW. The comprehensive assess
ment of their environmental and economic benefits will help AD become 
a more attractive technology for managing OMSW, as it will enable the 
disposal of polluting waste and the production of green fertilizers and 
energy. 
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scaling-up PHA production from waste streams. A Review. J. Environ. Manage. 205, 
215–230. https://doi.org/10.1016/j.jenvman.2017.09.083. 

Rouvalis, A., Iliopoulou-Georgudaki, J., 2010. Comparative assessment of olive oil mill 
effluents from three-phase and two-phase systems, treated for hydrogen production. 
Bull. Environ. Contam. Toxicol. 85, 432–436. https://doi.org/10.1007/s00128-010- 
0106-x. 

Rubio, J.A., Fdez-Güelfo, L.A., Romero-García, L.I., Wilkie, A.C., García-Morales, J.L., 
2022. Start-up of the mesophilic anaerobic co-digestion of two-phase olive-mill 
waste and cattle manure using volatile fatty acids as process control parameter. Fuel 
325, 124901. https://doi.org/10.1016/j.fuel.2022.124901. 

Scano, E.A., Grosso, M., Pistis, A., Carboni, G., Cocco, D., 2021. An in-depth analysis of 
biogas production from locally agro-industrial by-products and residues. An Italian 
Case. Renew. Energy 179, 308–318. https://doi.org/10.1016/j.renene.2021.07.050. 

Sellami, F., Jarboui, R., Hachicha, S., Medhioub, K., Ammar, E., 2008. Co-composting of 
oil exhausted olive-cake, poultry manure and industrial residues of agro-food 
activity for soil amendment. Bioresour. Technol. 99, 1177–1188. https://doi.org/ 
10.1016/j.biortech.2007.02.018. 
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