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Despite being a mature biotechnological process, anaerobic digestion is still attracting considerable
research attention, mainly due to its versatility both in substrate and product spectra, as well as being
a perfect test system for the microbial ecology of anaerobes. This Special Issue highlights some key
topics of this research field.

Anaerobic digestion (AD) originally refers to biomass degradation under anoxic conditions in
both natural and engineered systems. AD is one of the oldest biotechnologies used to produce an
energy carrier, i.e., biogas, from organic waste. Therefore, it can be considered as one of the earliest
approaches to a circular bioeconomy. Technological development was sparse until the beginning of the
20th century; however, with increasing industrial interest, research into anaerobic microbial processes
was also intensified with the aim of identifying the important process parameters and to promote
methane production from all kinds of residual organic matter, especially agricultural residues such as
manure and slurry. Technological progress has been made, particularly with the development of the
UASB reactor at the end of 1970s [1], which facilitated AD of substrates with a very low content of
total solids such as municipal or industrial wastewater (reviewed in this Special Issue by Mainardis et
al. [2]). From the industrial perspective of electrical power production, with 19 GW installed capacity
worldwide and 6,586 TWh electrical power production in 2018, biogas plants are major players even if
not reaching the podium of top three renewables. The majority of biogas plants are located in Asia
(40%), Europe (20%) and North America (19%).

Extending the definition of AD, in addition to solid and liquid substrates, it can also convert
gases rich in hydrogen and carbon dioxide into methane via hydrogenotrophic methanogenesis.
This pathway can be used for biological upgrading of biogas, as reviewed in this Special Issue by
Adnan and co-workers [3]. The resulting methane can substitute natural gas, which opens new
opportunities by a direct link to traditional petrochemistry. Due to the wide substrate spectrum, AD is
an ideal end-of-pipe technology for waste treatment and energy recovery in several (bio)technological
applications. Furthermore, AD can be coupled with emerging biotechnological applications, such as
microbial electrochemical technologies or the production of medium chain fatty acids by anaerobic
fermentation. Ultimately, because of the wide range of applications, AD is still a very vital field in
science. This is impressively shown by the number of scientific publications in 2019, which has been,
with more than 2800 publications, the year with the most contributions in this field since the beginning
of records in 1945. In the last five years, 12,529 papers on AD were published, accounting for 49.54 % of
the total publications on that topic (Web of Science, www.webofknowledge.com, accessed 05.11.2020).

However, today, the AD sector faces new challenges, such as limited feedstock availability at
increased price, the reduction of subsidies as well as the low competitiveness of the current products.
Therefore, the techno-economical assessment of current and future technologies is important for
investors in the waste management sector, which is addressed by Bhatt and Tao in this issue [4].
To avoid competition with food and feed production, the AD feedstock spectrum is currently being
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extended to waste products either rich in recalcitrant lignocellulose or containing inhibitory substances
such as ammonia (see the studies of Wedwitschka et al. [5] and Mahato et al. [6] in this Special Issue).
The development and evaluation of various pretreatment technologies for lignocellulosic biomass
is a hot topic of AD research that several articles in this Special Issue deal with (see the studies of
Muiiller et al. [7], Schumacher et al. [8], and Monlau et al. [9]). The effect of the inoculum on the
microbial community structure and performance of the AD process is still an enigma. The study
of Moestedt et al. [10] in this issue sheds some light on the microbiology of process inoculation and
start-up, which was handled as a black box in the past. Although academic knowledge about the
microbiome, the engine driving the AD process, has been accumulating, the use of this knowledge for
the innovation of AD technologies is still scarce. With the rapid development of novel sequencing
technologies, we also expect changes on that and the emergence of new reactor systems or technology
concepts based on ecological knowledge in the future.

The fate of veterinary antibiotics, microorganisms resistant to antibiotics, resistance genes and
pathogenic microorganisms in AD is a further important topic due to the massive application of
antibiotics in livestock farming (see the studies of Hosseini Taleghani et al. [11] and Russel at al. [12]).
We see AD plants more as treatment options than a threat, when the process parameters are properly
adjusted to maximize attenuation. Aquacultures are also hotspots of direct antibiotics usage or indirect
input from untreated manure and human wastes that are still applied in many Asian shrimp and
tilapia farms. In general, the sludge from aquacultures is a very specific and problematic waste but AD
technology can also contribute to its treatment (an example of reactor system development is presented
in this issue by Chiumenti and co-workers [13]).

Germany is one of the European leaders in biogas technology, with regards to the number of
large-scale plants and their installed capacity, partially due to the generous subsidy system of the
German energy transition (Renewable Energy Sources Act). However, this support has gradually
decreased in recent years. This situation, in addition to comparably high feedstock prices, enhances the
competition with other renewables. Otherwise, AD plants are able to provide power on demand,
thus balancing the fluctuations in power generation from wind turbines and photovoltaics. Therefore,
the AD plants of the 21st century should be more flexible in terms of power generation, the substrate
as well as the product spectra.

All of these examples highlight that there is still an enormous potential in AD to be an important
engine of new biorefinery concepts and renewable power generation and to contribute substantially to
greenhouse gas reduction as well as to a circular bioeconomy.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Up-flow anaerobic sludge blanket (UASB) reactor belongs to high-rate systems, able to
perform anaerobic reaction at reduced hydraulic retention time, if compared to traditional digesters.
In this review, the most recent advances in UASB reactor applications are critically summarized
and discussed, with outline on the most critical aspects for further possible future developments.
Beside traditional anaerobic treatment of soluble and biodegradable substrates, research is actually
focusing on the treatment of refractory and slowly degradable matrices, thanks to an improved
understanding of microbial community composition and reactor hydrodynamics, together with
utilization of powerful modeling tools. Innovative approaches include the use of UASB reactor
for nitrogen removal, as well as for hydrogen and volatile fatty acid production. Co-digestion of
complementary substrates available in the same territory is being extensively studied to increase
biogas yield and provide smooth continuous operations in a circular economy perspective. Particular
importance is being given to decentralized treatment, able to provide electricity and heat to local users
with possible integration with other renewable energies. Proper pre-treatment application increases
biogas yield, while a successive post-treatment is needed to meet required effluent standards, also
from a toxicological perspective. An increased full-scale application of UASB technology is desirable
to achieve circular economy and sustainability scopes, with efficient biogas exploitation, fulfilling
renewable energy targets and green-house gases emission reduction, in particular in tropical countries,
where limited reactor heating is required.

Keywords: UASB; co-digestion; biogas; high-rate anaerobic digestion; energy recovery;
granular sludge; renewable energy; decentralized wastewater treatment; two-stage anaerobic
digestion; Anammox

1. Introduction

Nowadays, the over dependence on fossil fuels poses global risks, such as resources depletion
and increasing climate change, due to the net increase in CO; levels in the atmosphere [1]. Anaerobic
digestion (AD) is one of the most promising technologies, breaking complex organic substrates into
biogas [2] that is substantially composed of a mixture of methane and carbon dioxide. AD, being 100%
renewable, is an effective and environmental-friendly waste and wastewater management technique
and can be considered as one of the most important renewable energy sources, due to CHy generation
during the digestion process [3]. However, biogas generation from different streams, together with
utilization in energy applications, is still somewhat challenging due to complex waste physicochemical
properties, affecting biomass metabolic pathways and methane yield [2].

AD requires less energy than other thermochemical methods, such as gasification and pyrolysis,
due to the low operating temperature [4], and consequently AD application throughout the world has

Bioengineering 2020, 7, 43; doi:10.3390/bioengineering7020043 5 www.mdpi.com/journal/bioengineering



Bioengineering 2020, 7, 43

continuously increased in the last decades. Beside highly biodegradable streams, advances in research
allowed to apply AD also to lignocellulosic substrates, characterized by slow hydrolysis kinetics, such
as macroalgal biomass [5], switchgrass [6] and yard waste [7], widening the spectrum of suitable
matrices for biogas production. Proper pre-treatment application before AD or creating a mixture
of complementary substrates can significantly increase process efficiency and consequently biogas
yield [4]. Apart from large-scale plants, AD can be applied also to small-to-medium enterprises (SMEs),
contributing to local energy and environmental sustainability, if the produced organic substrates
have a suitable methane potential (typically evaluated by means of Biochemical Methane Potential
(BMP) tests) [8]. An increased biogas production helps to augment renewable energy production and
penetration in the fossil fuel market, as sustained by European Union (EU) sustainable development
programs [9].

High-rate anaerobic digesters, in particular, received great attention in recent years, due to their
high loading capacity and low sludge production [10]. High-rate reactors, by uncoupling biomass
retention (expressed as solid retention time, SRT) and liquid retention (hydraulic retention time, HRT),
allow to significantly reduce the required reactor volume, if compared to traditional systems [11].
Among this wide category, up-flow anaerobic sludge blanket (UASB) reactor is the most widely
applied system worldwide [10]. UASB reactor was developed in the 1970s in the Netherlands and its
application rapidly increased, due to its excellent reported performances on different biodegradable
wastewater streams [12]. The key feature of a UASB reactor is the granular sludge, that retains highly
active biomass with excellent settling abilities in the reactor [11], showing a very low sludge volume
index (SVI), consequently improving also sludge-effluent separation.

A simplified scheme of a UASB reactor is reported in Figure 1. Wastewater enters at the bottom
of the reactor and flows upwards through a so-called “sludge blanket”, consisting of a granular
sludge bed [13]. UASB configuration enables an extremely efficient mixing between the biomass and
the wastewater, leading to a rapid anaerobic decomposition [13]. The operation of a UASB reactor
fundamentally revolves on its granular sludge bed, that gets expanded as the wastewater is made to
flow vertically upwards through it [14]. The microflora attached to the sludge particles removes the
pollutants contained in wastewater, thus biofilm quality and the intimacy of sludge-wastewater contact
are among the key factors governing UASB reactor success [14]. The generated biogas facilitates the
mixing and the contact between sludge and wastewater, and the three phase gas-liquid-solid separator,
located in the upper part of the reactor, allows to extract biogas, separating it from liquid effluent
and residual sludge particles [13]. Typical geometrical and operating characteristics of UASB reactor
include a height to diameter ratio of 0.2-0.5 and an up-flow velocity of 0.5-1.0 m/h [12].

_[arms
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| DISTRIBUTOR

Figure 1. Up-flow anaerobic sludge blanket (UASB) reactor process scheme.
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UASB treatment, if compared to aerobic stabilization, requires lower energy consumption, is
efficient at higher loading rate and needs limited micro and macro-nutrients, producing a reduced
amount of sludge, that is characterized by an improved dewaterability [12]. In fact, only about 5-10%
of the organic matter in wastewater is transferred to the sludge fraction [12]. On the other hand, UASB
treatment is known to have a limited effect on nutrients (nitrogen and phosphorous), as well as on
micro-pollutants [15]. UASB treatment of high-strength industrial wastewater allows to significantly
reduce energy expenses for aeration in wastewater treatment plants (WWTP), if UASB is applied
as a pre-treatment before secondary biological process [16]. UASB reactor is able to efficiently treat
various high-strength industrial wastewater (such as brewery wastewater [17], sugarcane vinasse [18],
paper mill wastewater [16], dairy wastewater [16]), characterized by high chemical oxygen demand
(COD) concentration and substantial biodegradability (high biochemical oxygen demand (BOD)/COD
ratio). UASB treatment of high-loaded substrates allows to get high methane yields with a reduced
energy requirement (if compared to aerobic stabilization) and a significantly lower excess sludge
production [19]. Furthermore, recently UASB has proved to be efficient also on diluted streams, such
as municipal wastewater [12], even at ambient operating temperature.

UASB treatment was compared to aerobic open lagoon in the work reported in [20] to treat
wastewater from ethanol production, highlighting that the environmental cost of open lagoon is greater
than UASB reactor. UASB reactor and anaerobic membrane bioreactor (AnMBR) are particularly
indicated for treating chemical-industrial wastewater [21]. However, a further exploitation of
anaerobic treatment is actually curbed by the ineffective mineralization of degradation-resistant organic
substrates [21], thus a proper pre-treatment needs to be applied to enhance anaerobic degradability.

The most important aspects to be controlled when applying a UASB treatment are reactor start-up
and granulation enhancement, coupling the anaerobic section with a post-treatment unit to efficiently
abate organic matter, nutrients and pathogens [10]. A sufficient inoculation must be provided at the
beginning of operations to reduce drawbacks such as process sensitivity, vulnerability, odor emission,
long start-up period [12]. UASB operation start-up typically requires that 10-30% of the volume is
inoculated with active granular biomass [12]. Given that the long start-up and the slow granulation
are major constraints (in particular when treating complex and refractory wastewater), recently it
was proved that granulation could be stimulated by chemical addition, such as calcium sulphate,
enhancing granulation rate and improving methanogenic activity [22]. An increased granule formation
(>0.25 mm) in the range of 7-40% was reported in a UASB reactor with CaSO, addition after 90 d
in comparison with control, with an increased COD removal efficiency (3-9%) at moderate organic
loading rate (OLR) (2.89 kg COD/m3d) [22]. Granular biomass is able to tolerate higher hazardous and
toxic compound concentration than traditional flocculent sludge: as an example, UASB was shown
to tolerate higher organic loading rate (OLR) than anaerobic membrane bioreactor (AnMBR) when
treating N, N-dimethylformamide [23].

In this review, the most recent advances in UASB anaerobic treatment are presented and discussed,
with a focus on the most critical aspects for possible further developments. In Section 2, the most recent
literature results regarding methane yields and operating parameters from a variety of substrates
are presented, while in Section 3 the advances in UASB hydrodynamic understanding and microbial
community composition are discussed. In Section 4, the most recent outcomes regarding two-stage
UASB digestion are highlighted, while in Section 5 co-digestion applied to high-rate anaerobic
treatment is presented. In Section 6, UASB application as Anammox process is introduced. Modified
UASB systems are successively presented in Section 7. A particular focus on low-temperature
decentralized UASB treatment of municipal streams is done in Section 8. Section 9 specifically deals
with pre-treatments before AD and post-treatment of the treated anaerobic effluent with a plant-wide
perspective. Section 10 analyzes toxicity aspects in UASB treatment, considering meaningful recent
literature outcomes. The most critical aspects and future perspectives, with a focus on the energy and
environmental aspects, are finally discussed in Section 11.
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The main aim of the paper is to provide an up-to-date vision of the engineering aspects of UASB
reactor application, together with forecasting possible further advancements. Most of the literature
studies provide the results of laboratory and pilot-tests, while full-scale applications are still limited, in
particular on slowly degradable substrates. An increased exploitation of biogas generation from liquid
and solid substrates is strongly recommended to increase renewable energy share in the global market:
high-rate anaerobic reactors can help to move towards an increased sustainable energy generation,
in particular in tropical and decentralized areas.

2. UASB Reactor: Substrate Characteristics and Operating Conditions

In Section 2.1, the most recent literature outcomes regarding UASB treatment are critically
summarized, while in Section 2.2 the influence of operating conditions is discussed; in Section 2.3,
advanced high-rate reactors, developed from original UASB, are presented.

2.1. Substrate Characteristics

Substrate characteristics play a major role in UASB process efficiency: a high nitrogen concentration
and a significant particulate matter content in the influent wastewater can lead to an excessive ammonia
accumulation, which is notoriously toxic (after a certain threshold), and to a slow hydrolysis phase,
reducing biogas production rate [24]. Some of the most recently reported literature outcomes regarding
UASB treatment of different high-loaded substrates were summarized in Table 1. Besides traditional
highly biodegradable substrates, research is actually focusing on refractory (chemical or industrial
wastewater) and diluted (municipal wastewater) streams to extend the applicability of high-rate
anaerobic reactors. Typically, complex wastewater requires a two-stage digestion (Section 4) or the
selection of a proper pre-treatment (Section 9) to increase its biodegradability. UASB treatment of
municipal wastewater, instead, is difficult to apply due to diluted stream characteristics, and is
specifically described in Section 8. UASB reactor has shown to be particularly effective in degrading
highly biodegradable substrates, where short HRTs (<24 h) can be applied, together with consistent
OLRs (>20 kg COD/m®d), obtaining high COD removal efficiency (>90%) (Table 1).
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Most of the studies regarding UASB treatment report mesophilic operations, which proved
to be particularly effective in coupling a high biogas yield and a good process stability. A great
variability in the applied operating conditions emerges from Table 1, both in terms of OLR and HRT,
demonstrating that a substrate-specific approach is required to obtain a high COD abatement and a
satisfactory methane yield. The highest abatements arise when treating highly biodegradable and
soluble components, where the particulate fraction (difficult to hydrolyze) is limited. The treatment of
extremely loaded substrates (COD > 100 g/L) leads to the necessity of adopting longer HRT, to have
an efficient treatment, while streams characterized by lower COD concentration (<2 g/L) generally
produce a lower methane yield, due to the reduced OLR. Moreover, it appears from Table 1 that
standardization of methane yields from literature results is complex, due to the different adopted unity
of measure.

Salinity is an important parameter in UASB anaerobic treatment when treating brackish streams:
recent research proved that a high substrate removal can be achieved even under a salinity level
of 10 g NaCl/L [29]. However, lower salt conditions stimulate the formation of larger granules and
a faster degradation rate [29]. Moreover, it was seen that salinity does not substantially modify
microbial community composition, even if methanogen abundance is reduced [29]. In a consistent
way, a previous study on phenol UASB treatment demonstrated that the granular biomass is able to
tolerate moderate salinity levels (up to 10 g Na*/L), while higher salt levels (10-20 g Na*/L) reduce
reactor efficiency [37].

The treatment of substrates available in a specific territory is fundamental to achieve local circular
economy and sustainability visions. Waste and wastewater can be valorized on-site to produce electric
energy, fulfilling a high share of plant total need, and heat (that can be used for district heating).
As an example, pistachio wastewater was tested as a possible feed for UASB reactor in the work in [31]
and a potential to produce up to 28,200 MWh of electric energy from biogas was highlighted in Turkey
by considering annual wastewater production (520,000 m3/y) [31].

Wastewater containing high lipid concentration is particularly critical to be treated, given to a
number of drawbacks such as clogging, sludge floatation, formation of foams and odor emission,
biomass washout. However, lipid-rich wastewater has a higher methane potential (0.99 L CH,/g)
than proteins (0.63 L CH,4/g) and carbohydrates (0.42 L CH,/g) [38]. Consistently, the treatment of
slaughterhouse wastewater in a UASB reactor has to face with the inability to operate at high OLRs, as a
result of suspended and colloidal impurities, including cellulose, proteins and fats, abundantly present
in this stream [39]. In these situations, in order to achieve the desired efficiency, UASB reactor must be
often coupled with an efficient post-treatment. In addition, substrate pre-treatment can be beneficial for
increasing its biodegradability and the subsequent obtainable methane yield. The available pre- and
post-treatment technologies are specifically described in Section 9. As an example, a semi-continuous
process for slaughterhouse wastewater treatment was proposed in the work in [33], followed by a
photoelectro-Fenton (PEF) treatment [33]. Wastewater from fish processing industry, instead, was
studied in the work in [40] as another lipid-rich wastewater stream, suggesting a complex treatment
scheme (baffled moving bed biofilm reactor followed by UASB reactor, fluidized immobilized cell
carbon oxidation and chemoautotrophic activated carbon oxidation), with excellent COD, protein,
lipid, oil and grease abatement [40].

Finally, particular attention has to be given to wastewater having significant sulfur concentration
(such as sugar cane vinasse), considering that the inner part of the UASB reactor is exposed to a higher
H,S concentration than that measured in the treated effluent [41]. The influence of COD/SO42~ ratio on
starch wastewater biodegradation in a UASB reactor was studied in the work in [42] with a progressive
COD/SO4%" ratio decrease, highlighting a stable biogas production and a satisfactory COD and sulfate
removal until COD/SO42~ > 2 [42]. A further decrease in COD/ SO42 ratio suppressed methanogenesis
through electron competition and sulfide inhibition [42]. Crude glycerol was again investigated in [43],
where a sulfidogenic UASB reactor was proposed, showing maximum COD removal efficiency at
COD/S-sulfate ratio of 8.5 g Op/g S-SO4>~.
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2.2. Influence of Operating Conditions

Beside substrate characteristics, the operational conditions play a major role in UASB process
efficiency and stability. The main parameters that influence UASB performances are operating
temperature (psychrophilic, mesophilic or thermophilic regime), pH, HRT, OLR, up-flow velocity.
A stable pH, close to neutrality, is required to obtain a good-quality granular sludge, with sufficient
alkalinity in the feeding substrate [14]. Up-flow velocity helps to maintain the mixing between sludge
bed and wastewater, as well as to guarantee the desired HRT. The recommended up-flow velocity range
in a UASB reactor is 0.5-1.5 m/h [11], even if values above 1 m/h in conventional UASB systems can lead
to granule disintegration and biomass washout, due to shear stress that fragments the biomass [14].
A higher up-flow velocity is generally applied in the reactor start-up phase to select the biomass,
removing smaller granules and maintaining the larger ones. As previously stated, the start-up of
a UASB reactor is particularly critical and needs to be specifically controlled, with a progressive
OLR increase.

Regarding temperature, most of the reported literature studies include mesophilic operations,
which are widely accepted to be a good compromise between a sufficient biomass activity and reactor
stability. The transition of operating conditions between different temperature regimes is another
noteworthy aspect to be investigated, due to instability effects that can arise. As an example, the shift
from mesophilic to thermophilic temperature regime was studied in the work in [44], with glucose and
ethanol as feed: a better resistance to temperature variations was observed using ethanol as substrate,
finding a significant correlation between granular sludge conductivity and COD removal rate, as well
as between Geobacter abundance and COD abatement [44]. An enhanced sludge conductivity means
a frequent electron transfer, subsequently increasing the efficiency of methane production, mainly
through direct interspecies electron transfer (DIET) mechanism [44]. The influence of temperature and
particle dimensions on UASB treatment of swine manure slurry was analyzed in [45], highlighting
that temperature effect was more pronounced on high-particle content substrate. In fact, while at
25 °C the methane yield from raw and centrifuged manure was comparable, at 35 °C a significantly
higher methane production was obtained from raw manure, showing that small particles and soluble
components were mainly digested at the lower tested range [45].

Regarding pH effect, a stable pH close to neutrality is optimal for continuous operations. A sudden
pH reduction leads to an imbalance in anaerobic trophic chain, with accumulation of undegraded
volatile fatty acid (VFA) and a further tendency to pH decrease, particularly if a limited alkalinity is
present. Sugar refinery wastewater was treated in a UASB reactor in the work in [46] by reducing pH
to 5.0 to analyze bacterial dynamics, showing that COD and methane yield reduced of about 25%, with
a significant change in acidogenic biomass, leading to propionate increase and accumulation, together
with block of metabolic balance [46]. In another study, it was showed that intermediate compounds
from glycerol degradation are mainly propionic and acetic acid and detrimental effects on system
performances (with acetic acid accumulation) were highlighted when UASB reactor was subjected to
pH shocks [43].

Finally, as for organic load, a low starting OLR is typically required in start-up and transitory
periods, to allow biomass adaption, followed by a moderate progressive increase towards final target
value. An increasing bacterial specialization and a progressive decrease in methanogenic population
was highlighted by step-wise augmenting OLR in glycerol UASB treatment, due to a functional biomass
organization, that corresponded to a proportional increase in methane yield [47].

2.3. Advanced High-Rate Reactors

Continuous research on UASB reactor performances in the treatment of different substrates led to
the development of advanced high-rate reactors, starting from the basic UASB configuration (Figure 1).
These advanced systems include expanded granular sludge bed (EGSB) reactor, which allows an
improved contact between granules and wastewater and an enhanced sludge separation (due to the
rapid up-flow velocity), and static granular bed reactor (SGBR), which acts as an anaerobic filter, with
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absence of mixing and opposite gas and wastewater flows [48]. Internal Circulation (IC) reactor is
another advanced high-rate system, based on a series connection of two UASB reactors: IC has a
higher height/diameter ratio and shows proved advantages over conventional UASB, such as increased
operating OLR, powerful stress resistance, operational stability, economic space utilization [49].
Recently, a high-rate External Circulation Sludge Bed (ECSB) reactor was proved to be beneficial for
high-rate anaerobic treatment of cheese industry wastewater at full-scale, capable also to tolerate high
influent calcium loads [50].

The most recent advances in high-rate AD include Internal Circulation Experience (ICX) systems,
having a two-stage separation system that enables an excellent biomass retention [51]. Higher OLRs
(up to 20-35 kg COD/m3d) can be applied in comparison to traditional UASB (10-15 kg COD/m3d) and
IC (20-30 kg COD/m3d) reactors, maintaining at the same time a stable and high COD abatement [51].
The key feature of a ICX reactor is the two-stage phase separation, where the traditional three-phase
separator is substituted by a top separator, that removes biogas from the reactor, and a bottom separator,
that separates granular biomass from the treated effluent [51]. This system results in a higher biomass
retention efficiency, if compared to UASB reactor [51]. More than 70 full-scale ICX reactors have been
built since 2013, with a size ranging from 85 to 5000 m3, showing a high and stable COD removal even
under fluctuating operating conditions [51].

3. UASB Hydrodynamics and Microbial Community

The deepening of UASB hydrodynamics is fundamental to understand and model UASB reactor,
providing useful insights for process optimization. Hydrodynamic UASB modeling is complex and
should integrate AD process dynamics (for example by applying the widely known anaerobic digestion
model number 1 (ADM1), developed by International Water Association (IWA) [52]), flow pattern,
biofilm characteristics and sulfate reduction process [53]. A non-ideal flow was shown to better simulate
UASB hydrodynamics by evaluating fundamental hydrodynamic parameters, such as Peclet number
and dispersion coefficient [53]. UASB reactor hydraulics can be described with a dispersive model
or a multi-continuously stirred tank reactor (CSTR) model [54]. It was highlighted that a dispersive
model simulates in a better way experimental data (if compared to the multi-CSTR approach), and
could be integrated with the ADM1 bioprocess model to include both biological and hydrodynamic
aspects [54]. A three-dimensional numerical hydrodynamic study was proposed in [55] to simulate a
UASB reactor with different inclinations of the gas deflector, showing a good fitting between modelled
and experimental data regarding flowrate, influent and effluent organic matter, solid concentration at
liquid-gas interface, pressure field [55].

The core aspect of UASB technology is undoubtedly the granular sludge bed, which is identified
by an extreme compactness and a high capability to tolerate harsh environments. The granules in
UASB reactors are characterized by a layered structure, where hydrolytic and acidifying bacteria
are located in the outer granule shell, while methanogens are positioned in the inner stratus [12].
Cavities and holes in the granules allow transporting gases, substrates and metabolites from a layer to
other layers [12]. A granular sludge having proper particle size, density and microfilm characteristics
enhance reactor efficiency [14]. The knowledge of microbial community composition is fundamental
to optimize granule performances: it has been recently proved that reactor operating parameters are
correlated with granule microstructure [56]. In particular, the loading ratio was identified as the key
parameter controlling granule transformations [56]. Beside upward velocity, intermittent gas sparging
could be an effective way to promote liquid shear, altering granule surface structure [56]. The detailed
microscopical analysis of granule structure demonstrated that larger granules (3—4 mm diameter)
have multi-layered internal microstructures, with more consistent methanogenic activity than smaller
granules (1-2 mm diameter) [57]. Granular sludge was shown to have superior performances than
thickened digestate and anaerobic sewage in UASB reactors [35].

The microbial community in UASB reactors is capable to adapt even to sudden changes in
operating parameters that can arise in continuous operations. Bacteria response to alkaline pH
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perturbations in a full-scale UASB reactor treating dairy wastewater showed that after an accidental pH
increase (which affected microbial community structure) the microbial population was able to regain
diversity and methanogenic activity [58]. Granulation fundamentals are not completely understood
at the present, despite the number of existing granulation-based treatment plants [59]. Anaerobic
granulation substantially consists of a microbial aggregation where communities are organized into
dense and highly-structured aggregates, not necessitating any carrier media [59]. Microbial community
composition was shown to modify in continuous operations, depending on the treated substrate [60].
As an example, in the work in [60], it was observed that Methanosaeta and Methanobacterium, despite
being absent in the original inoculum, became dominant archaea in phenol UASB treatment, while the
dominant bacteria were Syntrophorhabdus (known to degrade phenol to benzoate and then benzoate to
acetate and Hy) and Clostridium [60].

A limit of the anaerobic trophic chain is the slow conversion metabolism of short-chain fatty acids
and alcohols by syntrophic bacteria [61]. Recently, this bottleneck was solved by promoting the DIET
mechanism, where electron transfer can directly proceed via bio-electrical connections or in combination
with abiotic conductive materials such as biochar, activated carbon or magnetite [61]. DIET stimulates
microbial communities, rapidly establishing biological electrical connections [62]. DIET was shown
to reduce initial lag-phase, enhancing organic matter degradation and improving, at the same time,
biogas production rate [63]. Ethanol could be used to stimulate DIET, favoring the formation of
aggregates having higher conductivity and stability in response to environmental disturbances, with
enrichment in Petrimonas and Methanothrix species [62]. Besides traditional conductive materials, in
a recent literature study blast furnace dust was tested in UASB treatment of synthetic wastewater,
highlighting an increased methane production due to an improved DIET mechanism [64].

4. Two-Stage UASB Anaerobic Digestion

An alternative to single stage digestion is two or multiple stage process, where in each phase
the conditions are optimized for a different biomass type: typically, in the first step hydrolytic
and acidogenic reactions are completed, followed by methanogenic reactions in the second stage.
The microbial community operating in the AD process, in fact, can be broadly classified into acidogenic
and methanogenic, whose optimal operational and environmental conditions do not coincide, mostly
in terms of the pH where the maximum activity is observed [65]. Acidogenic bacteria, in fact, require a
lower pH (4-6) and a shorter HRT than methanogenic bacteria [66].

The main advantages and drawbacks of two-stage AD are summarized in Table 2. Two-stage
systems provide an optimal process stability with enhanced pollutant removal, an increased energy
efficacy and an enhanced control of critical parameters, by reducing VFA and ammonia inhibition,
controlling at the same time the production of harmful byproducts and providing sufficient buffering
capacity [65]. On the other hand, co-digestion leads to increased capital costs and process control is
not as simple as in mono-digestion operations, due to the not standardized operating conditions.

Recent studies claimed a 10-30% increase in methane yield via two-stage AD, even if this augment
is typically not sufficient to sustain the costs of building a second digester in full-scale operations [67].
Through a techno-economic analysis, it was proved that two-stage AD is slightly more expensive than
single-stage AD [67]. However, the economic profitability of two-stage AD should be assessed in each
specific application, given the extreme variability in local market and substrate characteristics. Further
work is required, in addition, to standardize two-stage AD to optimize OLR, HRT, total solids (TS)/
volatile solids (VS) balance [67].

Two-stage AD, with separation of acidogenesis from methanogenesis, has proved to be particularly
effective in the treatment of readily biodegradable substrates such as food waste, where the second
process stage can be accomplished using high-rate UASB reactor [65]. Generally, it should be reminded
that acid fermentation reduces alkalinity and reactor instability is triggered when acid generation is
faster than degradation through the methanogenic pathway [68]. Thus, the substrates which are known
to undergo fast acidification, are the most suitable ones to apply two-stage treatment. Consistently,
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a two-stage system was applied to treat potato wastewater in the work in [68]. In the treatment of starch
wastewater, pre-acidification was similarly shown to be beneficial for granular sludge stabilization,
avoiding granules floatation and disintegration (triggered by extracellular polymeric substances, EPS),
when compared to single-stage UASB system [69]. A combined two-stage CSTR-UASB digestion
system achieved superior performances and an alkali-addition free cheese whey wastewater treatment,
if compared to single UASB treatment [70].

Table 2. Main advantages and drawbacks of two-stage UASB treatment.

Advantages Drawbacks
Improved process stability Increased capital costs
Increased pollutant abatement Not standardized operating conditions (Hydraulic
Retention Time, Organic Loading Rate, total solids
Augmented methane yield (TS)/ volatile solids (VS)
Need for a second digester
Optimal operating conditions for diverse Biogas surplus typically not sufficient to
microorganism consortia cover expenses
Better process control Need for an extra process control

Reduced fatty acid and ammonia inhibition

Economic sustainability not always favorable
Augmented buffering capacity

Improved control of byproducts

Enhanced sludge stabilization

Reduced biomass floatation and disintegration

Effective in readily biodegradable substrate treatment

Two-stage UASB treatment is beneficial also when dealing with substrates containing a fraction
of readily degradable matter together with a fraction of slowly degradable compounds. In fact,
a two-stage process was proposed in [71] to treat purified terephthalic acid wastewater, with acidogenic
and methanogenic reactors operating at different HRTs, obtaining an enhanced pollutant abatement.
More complex schemes can be adopted in particular situations, operating with different COD loading
rates in the different process stages. A three-stage UASB reactor with methanogen sludge recirculation
was studied in [72] for H, and CHy production from cassava wastewater, with a significantly higher
energy yield, if compared to single and two-stage UASB reactor [72]. Coherently, H, and CHy were
produced in two-stage UASB reactor treating cassava wastewater with added cassava residue in [73]:
at a thermophilic temperature (55 °C), by applying an OLR of 10.29 kg COD/m?3d, a favorable gas
composition was highlighted both in the first (42.3% Hj, 55% CO,, 2.7% CH,) and second (70.5% CHy,
28% COy, 1.5% Hy) reactor [73]. A two stage system, including a UASB reactor for H, production and
an IC reactor for CHy production was proposed in [66] to treat medicine herbal wastewater, obtaining
a Hj yield of 3.0 L/L d in the UASB reactor (HRT = 6 h) and a CHy4 production of 2.54 L/L d in the IC
reactor (HRT = 15 h) [66]. In optimal conditions, COD removal was 90%, with an energy conversion
efficiency of 72.4% [66]. Modified UASB systems for hydrogen and VFA production are described
more in depth in Section 7.

5. UASB Co-Digestion

Single substrate AD can lead to inhibitory phenomena, due for example to a lack in alkalinity
or to an excessive ammonia concentration in the feeding stream [74]. The contemporary anaerobic
treatment of multiple substrates, widely known as co-digestion process, is accepted to be beneficial
for an enhanced process stability and an increased biogas generation, helping to balance macro- and
micro-nutrient concentration [75].
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Recent research focused on addition of micronutrients to enhance co-digestion performances,
as well as on the contemporary treatment of substrates available in a local territory, contributing to
circular economy and sustainability principles. The most recently reported UASB co-digestion results
were summarized in Table 3. It can be seen that food waste and farm wastewater are commonly
investigated streams [76-79], characterized by complementary properties, mostly in terms of carbon
to nitrogen (C/N) ratio and nutrients, where co-digestion can lead to a significant increase in energy
yield. Applied HRT in co-digestion studies is typically longer than that used for the treatment of single
substrates (as reported in Table 1), while again mesophilic operations are claimed for most of the tests.

Micro-nutrient supplementation (in form of Fe, Co, Ni, Se, Mo) was proved to be crucial to enhance
methanogenic activity, stimulating methane production [76]. The addition of metals and natural
elements showed to have a positive effect both on COD removal and on biogas production in UASB
co-digestion of high-loaded substrates [76,77]. Carbon-rich co-substrates can be strongly beneficial,
instead, when working with sulfate rich-wastewater, given the competition between sulfate-reducing
bacteria (SRB) and methanogenic biomass [80], which is reduced by C addition. On the other hand,
nutrient and alkalinity can be provided by animal residues when working with highly degradable
and acidifying substrates [81]. An integrated solution for the treatment of different farm wastes, such
as the liquid fraction of manure and cheese whey, characterized by complementary properties, was
recently proposed and could be applied in areas with intense presence of cheese factories and intensive
livestock farming, reducing overall environmental pollution [82].

From the data reported in Table 3, a great effort in finding suitable substrates for co-digestion in
UASB reactor emerges, even if most of the studies are conducted at laboratory phase and need a further
deepening to prove up-scale feasibility. Moreover, the analysis of available waste and wastewater
fluxes in a selected area is recommended, estimating the total potential energy production and allowing
continuous operations throughout the year. In fact, not all the industrial waste and wastewater streams
are produced in a continuous way: as an example, ethanol industry produces sugarcane molasses
and vinasses, whose co-digestion proved to be highly beneficial, due to the factory batch operations
mode [83].
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6. UASB Application as Anammox Process

Anammox process consists in the simultaneous abatement of ammonium and nitrite to nitrogen gas
and is performed by anaerobic ammonium oxidation bacteria [84]. Anammox is being widely applied
worldwide to remove high nitrogen loads, given that the total cost of partial nitrification-Anammox
process is significantly lower than that of conventional nitrification-denitrification processes [84].
In fact, conventional biological nitrogen removal (BNR) processes are economically limited by the
large amount of excess sludge that is inevitably produced [85]. It was recently proved that Anammox
process is optimized by growing Anammox bacteria in granular form, enhancing biomass retention
and shock resistance, as well as system resilience [84].

Landfill leachate is a complex wastewater with high levels of COD and ammonia, with a tendency
to COD reduction and increase in NHy*-N over time: the treatment of mature landfill leachate is
particularly cumbersome due to the low COD/N ratio [86]. In a recent literature work, a three-stage
Simultaneous Ammonium oxidation Denitrifying (SAD) process was proposed to treat mature landfill
leachate [85]. UASB was intended as Anammox reactor, efficiently removing ammonia and nitrite
(formed in the previous process stage). An excellent TN removal (98.3%) was obtained in the integrated
process, with reduction in oxygen consumption, sludge production and organic matter concentration,
if compared to traditional aerobic treatment [85]. Similarly, in the work in [86] UASB reactor was
used as Anammox process to treat landfill leachate after a pre-denitrification phase, fully degrading
biodegradable COD in wastewater and reducing the need for oxygen supply in the aerobic process.

It is known that the activity of Anammox bacteria strongly depends on the operating temperature.
An Anammox UASB system operating at ambient temperature (between 9 °C and 28 °C) was proposed
in [87] for artificial wastewater treatment without temperature control, underlining high N removal
ability (90%) during Summer period, with a maximum N removal rate up to 62.5 kg N/m3d and an
enrichment of Anammox bacteria in the UASB granular sludge [87]. An external nitrite source was
used instead in an Anammox UASB reactor treating diluted chicken waste digestate, characterized by
high presence of nitrogenous and organic compounds in the work in [88], obtaining a good pollutant
abatement (respectively, 57% on total ammonia nitrogen and 80% on COD).

7. Modified UASB Systems for Bio-Hydrogen, Volatile Fatty Acids and Methane Production

The original UASB configuration was modified in a number of scientific studies to satisfy a
particular purpose, such as producing hydrogen or VFA (rather than methane), or increasing reactor
performances through the introduction of packing materials (Table 4). UASB reactor, in fact, can be
used also for bio-hydrogen production by inhibiting methanogenic bacteria through sludge thermal
pre-treatment, acid-basic procedures or headspace gas recirculation [89-91]. Different substrates have
been tested for bio-hydrogen production, including palm oil mill effluent, winery wastewater and
synthetic media [89-91]. Besides Hj, waste-derived VFA, especially acetate, are valuable bio-refinery
products that can be used as precursors to fuels and chemicals in different industrial sectors [92].
In particular, foul condensate from a Kraft pulp mill was shown to be adapt for VFA production in a
UASB reactor, due to its high methanol, ethanol and acetone content [92].
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Table 4. Recently reported UASB modified systems.

li Organic
Temperature Hydraulic Loading
Substrate Reactor o Product Retention Yield Reference
o Time (d) Rate (kg
COD/m3d)
Palm oil mill 1
effluent UASB 55 H, 0.25 - 11.75 [89]
Winery P
UASB 37 H, 0.23 - 62 [91]
wastewater
Synthetic media UASB - Hyp 0.25 - 4341 [90]
Foul condensate UASB 255 VFA 313 8.6 52703 [92]

from Kraft mill

Nitrobenzene UASB with nanoscale 35 CH, 1 024 . 193]
zero-valent iron addition

Petroleum UASB with diatomite and

- 225 4
wastewater maifanite addition % CH, 10-20 n 161-22 4]
Sewage water Packed UASB reactor Ambient CHy 0.21-0.25 1.8 - [95]
Swine wastewater ~ UASB aerobic packed 37 cH, 079 326-1014 0260816 9]
bed reactor
Textile Micro-aerated UASB 25 CH, - 127-1.5 - 71
wastewater
Cattle . .
slaughterhouse UASB with sy1.1thetlc 35 CHy 1 10 205 [98]
grass packing
wastewater
Diluted food UASB W1Fh‘ biochar 30 CH, 1 6.9-78 0867 [99]
waste paste addition

1L Hy/Leffiuent d, 2 mL Ha/L h, 3 % of utilized carbon, * kg NB/m3d, > m3/m3d, © kg COD-CHy/kg VSS d, 7L biogas/g
CODremoved d-

The presence of support materials in a traditional UASB reactor for methane production triggers
the formation of densely packed aggregates and a more consistent presence of large granular sludge
(=0.6 mm), with an increase in EPS production, promotion of VFA degradation and methane yield
stimulation, together with stabilized performances [93,94]. Different materials were proposed for
packing UASB reactor, including metals, minerals, recycled plastic material, synthetic grass and
biochar [93-95,98,99]. Biochar, in particular, is a biomass-derived carbonaceous material, obtained from
pyrolysis process, with proved capability of enhancing AD process performances, by DIET stimulation,
C/N ratio optimization, micro-pollutant adsorption [74]. Biochar is able to enhance UASB performances
when treating highly soluble substrates, that rapidly produce VFA: in a recent study, a biochar-amended
UASB reactor treating diluted food waste paste highlighted a significantly higher COD removal than
control reactor (77% versus 47%), with improved biogas yield at an OLR of 6.9-7.8 kg COD/m3d [99].

Hybrid aerobic-anaerobic reactors, coupling a UASB section and a packed bed reactor, were
investigated in the work in [96] for swine wastewater treatment, with a progressive OLR increase,
allowing nitrogen removal in the final aerobic phase. This solution would allow complying with current
regulations for discharge to water bodies [96]. Micro-aerated UASB reactor can be a feasible solution
to reduce effluent toxicity, in particular when treating complex industrial wastewater: micro-aeration
allows removing the aromatic amines formed under anaerobic conditions [97].

8. UASB Treatment of Municipal Wastewater

The operating temperature is known to have a primary impact on anaerobic process kinetics
(Section 2.2): low-