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Abstract

This Ph.D. research was aimed at liquid organic substrates valorisation, by means
of energy and material recovery. The mountain area of Friuli-Venezia Giulia
region was selected as case-study: Cheese Whey (CW), coming from local dairies,
condensate Pulp and Paper (P&P) wastewater, Organic Fraction of Municipal
Solid Waste (OFMSW), brewery organic waste (spent grain, yeast, whirlpool
residue, end-of-fermentation beer) and slaughterhouse liquid waste were selected
for Anaerobic Digestion (AD) process application (with energy recovery, through
biogas), as well as for resource recovery (through valuable compounds extraction
from CW and fertilizers production from OFMSW).

The work started with a preliminary literature study, followed by physico-
chemical characterization of the substrates (using traditional and macromolecular
parameters), BMP tests (useful to estimate methane yields of each substrate, in
different operating conditions), continuous UASB tests (performed on a pilot-
UASB unit, located in Tolmezzo WWTP), and it was then completed with an
energetic analysis, as well as with some final remarks and suggestions, to improve
actual management strategies of this wastes.

The Ph.D. dissertation starts with a general introduction, aimed at describ-
ing EU perspective in renewable energy (focusing in particular on biogas and
biomethane) and waste management, to contextualize the study. Given the in-
creasing importance of biomethane, the currently applied technologies for biogas
upgrading are briefly discussed, as well. Then, UASB anaerobic treatment, as an
interesting process for energy recovery from high-loaded industrial wastewater,
and Tolmezzo WWTP (143,000 PE) are described, as the starting point of the
work.

Successively, the analysed substrates are introduced (preceded by a general
literature study), and the obtained characterization results are presented, also
in comparison with literature evidences. The results from Biochemical Methane
Potential (BMP) tests follow: these data were useful to estimate potential
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methane yields and maximum methane fluxes, as well as to introduce continuous
UASB tests, that were conducted on a pilot-unit, located in Tolmezzo WWTP.

In the final chapter, some energetic and material recovery considerations are
drawn, in light of the results of the study, considering, where available, the actual
energetic costs in selected real plants and suggesting, for each substrate, an
optimization route, both from an economical and an environmental perspective.

The results underlined that a high potential is present for biogas production,
in particular for dairies: CW can be successfully digested, and, if performed
at plant level, AD process can provide most of the electricity and heat needed
by the process. Moreover, the installation of simple digesters can allow to
reduce pay-back time of the investment cost, allowing also for small plants to
sustain the initial expense. In larger dairies, instead, resource recovery should
be privileged, due to the extra income that could be provided by the obtained
products. Furthermore, ultrasound (US) pre-treatment was shown to be effective
in increasing biogas yields, but only at low applied US energy.

OFMSW can be separated into a liquid fraction, highly biodegradable and
having good methane potential, and a solid fraction, that is easily stabilized
through composting units. Given the general low amount of available organic
waste in the analysed territory, co-digestion of OFMSW liquid fraction with
other substrates, such as excess sewage sludge, can be an interesting option,
to increase biogas yields and obtain a co-digestion mixture having optimum
characteristics for AD process.

Condensate water is a highly concentrated P&P wastewater, and is amenable
to be pre-treated using UASB technology; this can reduce organic load to the
aerobic basins of Tolmezzo WWTP, leading to a significant energy saving for
aeration.

Brewery organic waste is characterized by a pool of different substrates,
including spent grain (trub), yeast, whirlpool residue and end-of-fermentation
beer. A good potential for biogas production was shown to be present mainly
in spent grain and yeast, while lower yields were obtained from whirlpool and
beer. The addition of little amounts of biochar and granular activated carbon
increased obtainable methane yields from whirlpool and yeast in a significant way
(more than 35%), so a synergistic effect between biomass plants and processing
plants can be achieved, improving energy production. Co-digestion of brewery
organic substrates at plant level can be successfully performed, and positive
mutual effects between yeast and AD biomass should be evaluated, that could
potentially further enhance methane yields. Given the high energy demand of
this plants, in particular for thermal energy, AD process appears to be a good
solution to reduce operating costs of local breweries.



Slaughterhouse waste, finally, is a harsh substrate, difficult to hydrolyse in
AD processes, and rich of proteins and fats: in order to be successfully treated
using AD process, efficient pre-treatments should be investigated. Moreover,
sanitary protocols have to be followed, for its proper management. Again, it
could be interesting to evaluate the effects of co-digestion with complementary
substrates, rich in C, that could allow easy operations and increase in methane
yields.





Chapter 1

Introduction

In this chapter, the general framework in which this research was conducted
will be described; in particular, the EU perspective in waste management will
be discussed, with particular focus on anaerobic digestion (AD) technology. As
waste-water (WW) treatment requires huge energy inputs, some general consider-
ations about energy consumption in waste-water treatment plants (WWTPs) will
be made; in addition, the currently available technologies to upgrade biogas to
biomethane will be briefly introduced, given the great expansion of biomethane
market, that is being observed nowadays in EU. Moreover, some statistical data
from European Biogas Association (EBA) about AD diffusion in EU will be
presented. Finally, the aim of the current Ph.D. research, that was focused on
energy and material recovery from high-loaded liquid substrates, present in the
mountain area of Friuli-Venezia Giulia region, will be stated.

1.1 EU perspective in waste management

In recent years, due to urgent environmental problems, such as climate change,
temperature increase and growing pollution levels, a great effort has been done by
political and economic authorities to promote a shift towards a more sustainable
management of natural resources. In particular, the concept of circular economy
raised attention in EU proposals, leading to the development of well-structured
funding programs, such as Horizon 2020 [1].

Actually, EU encourages the transition to a new economic paradigm, where
the value of products, materials and resources is maintained in the system as
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Figure 1.2: EU waste hierarchy in the circular economy approach [3]

Finally, in addition to water-efficiency measures, another noticeable aspect,
that is specifically mentioned in EU acts, is treated wastewater reuse, that must
be safe and cost-effective, and that should alleviate, in the future, the pressure
on over-exploited water resources [1].

The importance of anaerobic treatment of solid waste and WW showed its
great potential in last decades, to reduce GHG emissions, and to properly valorise
organic waste from agriculture and industry. Historically, waste treatment in EU
has undoubtedly evolved, starting from simple composting process of organic
waste, localized at farm level, to the development of centralized AD plants
(working not only with single substrates, but also in co-digestion) and, more
recently, to biogas up-grading technologies, whose high-value final product is
bio-methane, that can fully replace fossil-based natural gas.

Hopefully, as sustained by EU, the next step will be bio-refineries development,
able to produce a large spectrum of commercial products, currently manufactured
using fossil fuels (mainly oil-derived, such as plastics) [1]. The concept of bio-
refinery is exemplified in fig. 1.3, where the products that can be obtained in
an ideal bio-based plant are listed, starting from alternative fuels (for example,
ethanol and biodiesel), to bulk chemicals, plastics and fine chemicals.

Bio-refining was defined from the International Energy Agency as “the
sustainable processing of biomass into a spectrum of marketable products and
energy” [6]. The raw materials have an organic biological origin and can be
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without any major energetic consideration [9]; so, WWTPs were hardly ever
designed with energy efficiency in mind [10]. This attitude was however changing
in recent years, to reach the 20-20-20 goals, defined for Climate and Energy
by Directive 2009/28/E [11]. Moreover, considering both the improvement of
pollutants removal and the diffuse centralization trend of WWTPs in highly
populated metropolitan areas, the optimization of WWTPs energy efficiency is
nowadays a crucial issue for managing companies [12].

In a conventional WWTP, about 25-40% of global operating costs can be
ascribable to electric energy consumption; this value is reported in literature to be
in the range of 0.3-2.1 kWh/m3 of treated wastewater [13]. The main contributes
to energy consumption in a conventional WWTP are typically mixed liquor
aeration (55-70%), primary and secondary settling with sludge pumping (15.6%)
and sludge dewatering (7%) [10]. In an advanced biological treatment, with
nutrients removal and filtration, an increase up to 50% in electricity consumption
can be observed, in comparison with a conventional activated sludge process [10].
Other important issues, that can decrease energy efficiency, are the incorrect
maintenance of electro-mechanic devices, the presence of infiltration surface
rainwater in the sewer network, and any anomalous hydrodynamic behaviour of
the reactors [12].

In literature, energy efficiency optimization in WWTPs is a rather popular
topic; as an example, a remarkable work, reported in [12], presents a multi-step
methodology to evaluate the energetic consumption of a large Italian WWTP
(2.7M PE). Each phase of the process scheme was considered, to get specific
electricity consumption for all electro-mechanic devices. Successively, the total
electric energy demand of the plant was evaluated (66.8 GWh/y, about 50% from
aeration tanks) and four specific energy consumption indexes were introduced,
relating the electric energy demand to treated PE, WW volume, removed COD
and TN, in order to compare the selected WWTP with other plants. Furthermore,
the thermal energy demand of the plant was estimated (49.2 GWh/y, more than
93% from sludge line), and, finally, some energy optimization solutions were
suggested, to decrease operating expenses.

This is a meaningful example of the work that IWS authorities need to face,
to increase WWTPs energy efficiency, starting from largest plants, which are
more easily controlled: WWTP management, in the future, will need to shift
from an approach solely oriented to effluent limits respect, to a broader view,
that should consider the energetic optimization of each process phase. Moreover,
resource recovery from WW and sludge will allow to reduce the environmental
impact of the plants; this new perspective is well summarized in the acronym
WRRFs (Water Resource Recovery Facilities) [14], that is progressively replacing
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Figure 1.4: Concept of biogas upgrading [17]

the "traditional" acronym WWTPs, to underline the paradigm shift from basic
WW treatment to a more complex platform, where energy and resources are fully
recovered, reducing GHG emissions and effluents toxicity, leading to innovative
platforms, that preserve environmental quality with a neutral (or even positive)
energy balance.

Finally, another aspect that is worthwhile to mention is the increasing
diffusion of WWTP mathematical models, that can help to achieve a deeper
knowledge of the processes and can be very useful in identifying the tricky issues:
a proper model application in existing WWTPs generally allows to reduce energy
consumption, achieving, at the same time, a higher general process efficiency.

1.3 Biogas upgrading technologies

As was briefly highlighted in the previous paragraphs, biogas is playing a key
role in the emerging renewable energy market [15]. In fact, it is estimated that
a major part of the EU-27 renewable energy target by 2020 will be met by
bioenergy, at least 25% of which will be biogas [16]. In addition, the global
capacity for power generation from commercial biogas facilities will more than
double over the next decade, from 14.5 GW in 2012 to 29.5 GW in 2022 [15].
In large WWTPs, biogas is already produced from AD of excess sewage sludge
and, in some cases, co-digestion with other organic substrates is performed, to
increase energy production.

It is well known (fig. 1.4) that biogas is mainly composed of CH4 and CO2;
small amounts of water vapour, NH3, H2S, H2, O2, N2, CO and siloxanes are
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Table 1.1: Comparison between biogas and natural gas characteristics [18]

Parameter Biogas from AD Natural gas

LHV (MJ/Nm3) 23 39
CH4 (% mol) 60-70 85-92
Heavy hydrocarbons (% mol) 0 9
H2 (% mol) 0 -
CO2 (% mol) 30-40 0.2-1.5
H2O (% mol) 1-5 -
N2 (% mol) 0.2 0.3
O2 (% mol) 0 -
H2S (ppm) 0-4,000 1.1-5.9
NH3 (ppm) 100 -
Total Cl (mg/Nm3) 100 -

present, as well. Some of the impurities may have significant negative impacts
on the utilisation system, such as corrosion, increased pollutants emissions and
hazards for human health [18]. Moreover, it must be considered that raw biogas
has a consistently lower calorific value, if compared to natural gas. These
observations are further detailed in tab. 1.1, where the chemical characteristics
of natural gas and raw biogas are compared.

In order to increase the calorific value and reduce unwanted components in
biogas (such as H2S), it is indeed important to clean raw gas and upgrade it to
a higher fuel standard. This process is called biogas cleaning and upgrading [19].
Upgrading biogas to biomethane is one of the technologies that actually attract
greater interest in the bioenergy industry. In Europe, the total installed capacity
for biogas upgrading grew from less than 10,000 Nm3/h (raw gas) in 2001 to
over 160,000 Nm3/h (raw gas) in 2011 [20]. A large number of technologies for
biogas cleaning and upgrading have been developed up to date, and some of
them are commercially available.

Actually, the main technologies, currently applied in this field, are:

• Water scrubbing (eventually with regeneration);

• Cryogenic separation;

• Physical absorption;

• Chemical absorption;
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• Pressure Swing Adsorption (PSA);

• Membrane separation [18].

An important factor, that must be carefully considered when choosing between
these technologies, is the loss of methane in the process, together with its
contribution to green-house gases (GHG) emissions [18].

It has been well recognised that the selection of the “right” upgrading tech-
nology must be site-specific and case-sensitive, depending on local circumstances
and specific requirements by end-use purposes, as well as related regulations
[18]. The main technologies, mentioned above, will be briefly described in the
following, considering both technical and economic aspects.

1.3.1 Water scrubbing

Water scrubbing, whose general scheme is reported in fig. 1.5, exploits water
as scrubbing agent, to remove impurities from biogas: CH4 solubility in H2O
is much lower than that of CO2. H2S, being more soluble than CO2, can be
as well eliminated, even if H2S pre-separation is normally necessary, because it
is poisonous and creates corrosion problems. Water scrubbing can give a CH4

purity of 80-99%, depending on the volume of non-condensable gases, such as
N2 and O2, that cannot be separated from CH4 [18]. It is possible, as well, to
achieve a high purity (up to 80-90%) side-stream of CO2; CH4 losses are usually
in the range of 3-5%, even if suppliers claim that they can be controlled below
2% [21]. Energy consumption is mainly related to raw gas compressing and water
processing by circulation pumps. If also air stripping is included, it should be
reminded that the air fan for water regeneration also consumes some electricity.

1.3.2 Cryogenic separation

Cryogenic separation (fig. 1.6) takes advantage of the different condensing
temperatures of the gases, to separate CO2 from CH4; to avoid freezing, water
and H2S need to be pre-separated out. N2 and O2 can also be removed, differently
from water scrubbing. A large amount of energy (5-10% of produced biomethane)
is required in the process, because raw gas must be compressed to high pressure
(up to 200 bar) to be cleaned [23]. The main advantages of cryogenic separation
are the production of liquid and high-purity biomethane, and the limited losses
of CH4 (lower than 1%). Also, high-purity CO2, up to 98%, can be produced
[24].
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Figure 1.5: Water scrubbing (biogas upgrading) [22]

Figure 1.6: Cryogenic separation (biogas upgrading) [25]
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1.3.3 Physical absorption

Physical absorption is based on the same principle as water scrubbing, but,
instead of water, organic solvents (such as methanol) are used to absorb CO2.
The main technical characteristics are indeed similar to water scrubbing (inability
to remove N2 and O2, high CH4 losses). Since CO2 has a higher solubility in
organic solvents, the upgrading system can be more compact, producing a
high-purity CO2 stream, and part of the pumping work can be avoided. H2S
pre-separation is again required, because it is difficult to regenerate H2S from
the solvent. The energy consumption of physical absorption is comparable to
that of water scrubbing; in addition to electricity, heat, at T of 55-80 °C, is
needed, to regenerate the solvent [18].

1.3.4 Chemical absorption

In this case, differently from physical absorption, chemical reactions between
absorbed substances and solvent occur; the use of chemical solvents is generally
preferred over physical methods when CO2 concentration is low. The scheme of
a chemical absorption process is reported in fig. 1.7; amines are widely employed
as reagents, as they selectively react with CO2, with no CH4 losses. However,
simulations show that more than 4% of CH4 can be lost, due to the dissolution
in water [27]; this loss further affects the purity of CO2 stream, which contains
about 93% CO2 and 6% CH4 [24]. Another downside of this technology is related
to energy consumption: a large amount of high-temperature heat is needed to
regenerate chemical solvents.

1.3.5 Pressure Swing Adsorption (PSA)

PSA process (fig. 1.8) is based on selective adsorption of gas molecules on solid
surfaces, according to the molecular size. In fact, CH4 can be separated from
N2, O2, CO2, since CH4 molecule is larger than the other gas molecules [28].
H2S adsorption is irreversible, and so H2S is considered toxic to PSA, and needs
to be pre-removed [24]. CH4 concentration after upgrading is typically 96-98%,
and methane losses are about 2-4% [23]. More CH4 is lost at higher purity
requirements and, due to the high CH4 concentration, the vent gas has to be
properly treated, before being released to the atmosphere [29].
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Figure 1.7: Amine absorption (biogas upgrading) [26]

Figure 1.8: Pressure Swing Adsorption (biogas upgrading) [26]
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Figure 1.9: Membrane technology (biogas upgrading) [30]

1.3.6 Membrane technology

Membrane technology is a separation method at molecular scale, and has a
number of merits, including low cost, energy efficiency and ease of process. CO2

and H2S, as well as O2 and H2O, pass through the membrane to the permeate
side (fig. 1.9), while CH4 is retained on the inlet side. Since some CH4 molecules
can pass through the membrane, if a high CH4 purity is needed, large CH4 losses
are encountered. The most suitable commercial membranes are polyimide and
cellulose acetate-based membranes. Process optimization can lead to a CH4

purity of 98%, with 99% CH4 recovery, while electrical energy consumption is
around 0.3 kWh/m3 [18].

1.4 AD plants actual situation in Europe

After having introduced relevant aspects related to EU perspectives in renewable
energy, and in particular biogas, in this paragraph some statistical data about
AD technology application throughout Europe will be briefly presented. EBA
(European Biogas Association) publishes yearly a statistical report of the current
situation in AD plants in Europe; some of the most recent data are described
hereunder, to give a general overview.

As can be seen from fig. 1.10, the leading country in Europe, as for AD
technology application, is Germany, where more than 10,000 AD plants are
actually operating. Italy comes second, with more than 1,500 AD facilities,
followed by France and Switzerland. So, it can be inferred that there is quite
some unexploited potential for further AD improvement, because of the abundant
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Figure 1.10: AD plants distribution in EU in 2015 [31]

presence (in particular in the Mediterranean area) of organic substrates, amenable
to be anaerobically valorised. Moreover, EU incentives boost for an additional
development of a robust and mature technology, as AD proved to be, reducing
the dependence on extra-EU fossil fuels, that are going to be more and more
costly in the future.

Biomethane, more than simple biogas, represents the technology with the
largest growth potential, because of its capability to penetrate monopolistic fossil
market in transports, helping to increase renewable fraction in the sector. Fig.
1.11 represents the increase in biomethane facilities in the years 2011-2015: a
mean 25-30% increase was observed from one year to the successive one, and
a greater increase is expected in next years, following EU policies towards an
increase in sustainable and renewable energy sources, immediately applicable
to full-scale (that is, having a Technology Readiness Level, TRL, of 9). It
can be highlighted, in the end, that EBA conference, that is organized every
year to spread technical knowledge and facilitate collaboration between political
authorities and companies, was mainly focused, in 2016 and 2018, on biogas
upgrading, being “Greening the gas” the main theme of the event.
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Figure 1.11: Growth in biomethane plants in Europe from 2011 to 2015 [31]

1.5 Aim of the work

In this perspective, the work that was carried out in this Ph.D. was focused
on energetic valorisation (through AD) and material recovery from high-loaded
liquid substrates, in order to propose a solution for selected waste and WW
treatment, able to improve energy, environmental and economic balance, both
for IWS authorities and local industrial facilities.

In particular, Tolmezzo WWTP (143,000 PE), located in the mountain area of
Friuli-Venezia Giulia region, was selected as a case-study. This plant is provided
of a high-velocity anaerobic up-flow anaerobic sludge blanket (UASB) reactor;
the technical feasibility of anaerobically digesting selected organic substrates,
available in the analysed territory, was investigated, taking into account the
specificity of each stream, and evaluating the impact of biogas on energetic need
from the plants. The selected substrates where chosen among the matrices whose
management and disposal costs actually represent an issue for the producing
plants.

In particular, the following matrices were selected, basing on a preliminary
literature work:

• Cheese Whey (CW), coming from local cheese factories (first whey was
collected and analysed separately from second whey);

• Condensate P&P wastewater, coming from lignin-sulphonate concentration
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process;

• OFMSW leachate, originating from percolation of source-sorted OFMSW;

• Brewery organic waste (spent grain, whirlpool residue, yeast, beer);

• Slaughterhouse liquid waste, generated in process activities.

The work proceeded through the following phases:

1. Literature study of selected liquid organic substrates;

2. Contact with local facilities, followed by samples withdrawal and physico-
chemical characterization (using traditional and macromolecular parame-
ters), to underline the main substrate properties that influence AD process;

3. Laboratory batch anaerobic digestion tests, performed using Automatic
Methane Production Test System (AMPTS, Bioprocess) equipment, to
establish CH4 production potential from each substrate, using standardized
protocols;

4. Continuous UASB tests, executed, as for CW, OFMSW leachate and
condensate water, using a pilot-UASB reactor, to verify the actual feasibility
of a UASB treatment, at proper operating conditions;

5. Energetic and material recovery considerations, in particular for CW,
OFMSW and brewery waste, with analysis of obtainable methane yields
at full-scale AD, and final conclusions, in light of the obtained results.

Chapter 2 will present the case study (Tolmezzo WWTP), focusing in partic-
ular on UASB section, and some general considerations about anaerobic UASB
treatment will be made. A particular focus will be put on UASB (and in general
AD) process modelling, given the actual possibility of mathematically describing
these processes.

Chapter 3 will highlight the peculiar characteristics of each selected matrix,
starting from literature evidences, and will present the results of physicochemical
characterization, comprising both traditional, macromolecular and elemental
parameters.

Chapter 4 will be focused on BMP tests, presenting the used laboratory
equipment and the obtained results, that were used to plan the successive phases.
Ultrasound (US) pre-treatment was tested on CW, in order to evaluate a possible
increase in biogas yield, through disaggregation of large CW molecules. Biochar
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and granular activated carbon, instead, were added to selected brewery waste
(spent yeast and whirlpool) to enhance methane yields. In addition, a kinetic
analysis was performed on the obtained data, to get some meaningful parameters
on substrates hydrolysis.

Chapter 5 will present UASB-pilot plant, that was built in Tolmezzo WWTP,
and will describe the results obtained on the different substrates (diluted CW,
OFMSW leachate, condensate water). The results from odour campaign and
respirometric COD fractioning (executed on condensate water) will be presented,
as well.

Chapter 6 will conclude the work with some energetic and material recovery
considerations, in particular on CW, OFMSW and brewery waste, suggesting a
new treatment strategy, that should privilege resource recovery, as well as energy
valorisation, rather than simple utilisation as a feed in animal farms, as it is
done nowadays, and some suggestions for further studies on this topic will be
stated.
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Chapter 2

UASB treatment: The
case-study

2.1 Geographic overview

Tolmezzo (Ud) is a little municipality of about 10,000 inhabitants, located in
the mountain area of Udine province (fig. 2.1); in this area, Integrated Water
Service (IWS), that includes, as known, freshwater supply, sewers and WWTPs
management, is actually held by CAFC S.p.A., that is the reference water utility
for most of the province (121 out of 135 villages), excluding Cividale area. CAFC
is also the most important IWS authority in Friuli-Venezia Giulia Region. The
total managed area by CAFC is 4,594 Km2; in this vast territory, an analysis
of the actual WW treatment situation (fig. 2.2) shows that a huge amount of
WWTPs is present (more than 500), mainly because of the scattered demographic
distribution: a high number of little villages is present, each one with his own
WWTP.

This is merely an inheritance of the first sanitation techniques, applied
after "Merli" Law of 1976, that introduced some basic principles to prevent
the release of untreated WW in the environment; the approval of this law, in
Friuli-Venezia Giulia Region, actually coincided with the terrible earthquakes
of May and September 1976, that caused the loss of hundreds of human lives,
as well as huge damages to local infrastructures and buildings. The majority
of the existing WWTPs were built during the reconstruction, that followed
in the successive years, and, in recent decades, they have been started to be
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progressively revamped, given the actual concern not only for C removal, but
also for nutrient (N and P) uncontrolled release in the environment.

Nonetheless, actually most of the existing plants in the province (fig. 2.2)
have a very limited potentiality (<500 PE), merely consisting of simple Imhoff
tanks; a limited number of medium potentiality plants (5,000<PE<50,000) is
present, while only 4 big plants exist: S. Giorgio di Nogaro (700,000 PE), Udine
(200,000 PE), Tolmezzo (143,000 PE) and Lignano (86,400 PE) WWTPs. It
should be pointed out that a complete shut off of little plants is not feasible,
especially in the mountain area, because many kilometers of sewer pipes should
be laid, to collect and transport all WW to largest plants, given the long distance
from a village to the nearest one.

S. Giorgio plant has the highest potentiality in Udine province, because it was
designed to treat WW coming from an important industrial area (Aussa-Corno),
even if, after economic crisis in 2008, a significant number of industries reduced
their activity, so the plant is currently treating only about 200,000 PE.

Lignano plant is characterized by an extreme seasonal variability, due to the
tourist fluxes, that are very consistent in Summer: as an example, in August
the plant needs to face an organic load that is even 10 times higher than in the
Winter period.

Udine plant, instead, is a typical municipal plant, characterized by a substan-
tial absence of industrial WW and mixed sewage network.

2.2 Tolmezzo WWTP

2.2.1 Process scheme

Tolmezzo WWTP (fig. 2.3) is a predominantly industrial plant, that treats 4
distinct WW streams, 3 of them coming from the neighbouring Mosaico P&P
factory (namely condensate water, whitening water and process water); municipal
WW, that is the fourth stream, is coming from Tolmezzo, Amaro and Villa
Santina sewers. Globally, plant potentiality is 143,000 PE, where 128,000 PE
come from the P&P factory, while the remaining 15,000 PE are ascribable to
civil wastewater [35]. The treatment process, summarized in fig. 2.4, mainly
consists of the following steps [35]:

• Urban wastewater pre-treatment (screening, sand and oil removal);

• UASB anaerobic pre-treatment of condensate water;
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Figure 2.3: Tolmezzo (Ud) WWTP

• Aerobic activated sludge treatment of all the WW streams (pre-treated
condensate water, whitening and process P&P WW, urban WW) followed
by secondary clarification;

• Tertiary physicochemical treatment of coagulation-flocculation;

• Sludge aerobic digestion, thickening and mechanical de-watering.

Some meaningful pictures from the plant could be reported: in fig. 2.5, air
diffusers arrangement in biological tanks is showed, while in fig. 2.6 sludge
extraction system from secondary clarifiers is visible.

The peculiarity of this plant is obviously the prevalence of P&P wastewater,
that is characterized by low nutrients concentration: as a consequence, a specific
N and P removal is not needed, so aerobic basins have just the function of organic
C abatement (total oxidation). Classical municipal WWTPs, instead, nowadays
need to perform nutrient, as well as carbon, removal: this is typically done by
alternating anoxic, anaerobic and aerobic phases, where NH3 is firstly oxidized
to NO3

- (through intermediate production of NO2
-), in the nitrification process,

and then NO3
- is reduced to N2, through denitrification. Also, biological or

chemical P removal is usually performed.
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Figure 2.4: Tolmezzo (Ud) WWTP process scheme
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Figure 2.5: Air diffusers arrangement in Tolmezzo (Ud) WWTP

Figure 2.6: Sludge extraction system in Tolmezzo (Ud) WWTP clarifiers
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2.2.2 Influent streams characteristics

Condensate water comes from lignin-sulphonate concentration, performed in
Mosaico P&P factory, that is a process aimed at increasing solution solid content
(from 10%, to values as high as 55%), allowing to make it marketable. In fact,
lignin-sulphonate is a binder and can be used, as an example, for animal feed
pellet production, or other zootechnical applications [33]. Condensate water is
characterized by the highest COD concentration of all the Mosaico P&P streams
(COD up to 3.5-4.0 g/L), negligible solid matter, acidic pH, scarce nutrient (N
and P) concentration, sulphur compounds presence, high T (30-35 °C). However,
a detailed characterization of this stream, for the purposes of this work, will be
presented in Chapter 3.

Whitening water comes from pulp bleaching, where several chemical agents
(such as hydrogen peroxide, sodium hypochlorite, sodium hydroxide and sodium
silicate) are used in different stages to whiten the paper product. This stream
is characterized by lignin presence (highly refractory to biodegradation, that
means low BOD/COD value), as well as high organic and hydraulic loads [33].

Process water, finally, originates from paper production, where internal
and external pulp are mixed and inert substances, starches and adhesives are
added, to improve mechanical and chemical characteristics of the product. Paper
production process is then completed in the paper machine, where water is
extracted from cellulose fibers, by means of hydrodynamic, mechanical and
thermal steps. Process water is characterized by the majority of hydraulic
flowrates, but lower COD and pollutants concentration, if compared to the other
P&P streams [33].

Urban WW, finally, shows the typical characteristics of mixed sewage, with
significant infiltrations from aquifers, so it is a highly diluted stream.

Some meaningful characterization parameters (expressed as mean values from
daily analysis, in a "standard" month) of the 4 streams entering Tolmezzo WWTP
are listed in tab. 2.1: from these data, the high acidity of condensate water
stands out, together with the low solid matter and nutrient concentration of all
P&P streams. As for COD load, the total plant load was estimated as 17,188 kg
COD/day: whitening water accounts for 60% of this load, while condensate and
paper WW contribute, respectively, for 24% and 10% of the total COD load.
Municipal WW, finally, carries just the residual 6% of the load.

Another noticeable aspect is the high temperature of all P&P WW streams,
in particular as for condensate and whitening water, that influence the kinetics
of COD removal in the activated sludge process.
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Table 2.1: Mean physicochemical and hydraulic characteristics of influent streams
in Tolmezzo WWTP

Parameter Whitening Condensate Paper Urban

pH 6.8 2.9 7.1 7.9
T (°C) 24.1 33.3 21.4
COD (mg/L) 846 3,566 156 214
SS (mg/L) 67 19 21 139
Ntot (mg N/L) 1.7 1.5 1.6
Ptot (mg P/L) 0.3 0.4 0.2
Q (m3/h) 510 48 478 182
Load (kg COD/day) 10,355 4,108 1,790 935

2.2.3 UASB line in Tolmezzo WWTP

Condensate water, before being piped to Tolmezzo WWTP, is partially laminated
in Mosaico P&P factory, through a 1,200 m3 collection basin, and is sent to
a stripping unit, to reduce sulphite concentration, that is very high in the
stream. Then, conditioned WW is sent to the WWTP in the neutralization-
pre acidification basins (total HRT of 3.5 h); here, the influent mixes with
recirculated effluent from UASB unit, to partially laminate influent COD and
increase alkalinity, reducing, at the same time, the required chemical dosage [35].

The first basin has V=50 m3, and is provided of a stirrer, to homogenise
influent and recirculated effluent characteristics, while the second basin (200
m3 volume) allows chemicals dosage, both to correct pH (through soda) and
to increase nutrients concentration (through ammonia and phosphoric acid).
In addition, a control unit measures some fundamental parameters, such as T,
sulphites, chlorides, pH, redox and TOC [35].

Conditioned wastewater is then pumped to UASB reactor, through 2 hori-
zontal axis centrifugal pumps, characterized by 100 m3/h maximum flow rate.
UASB reactor (whose inner structure is visible in fig. 2.7) was projected for a
HRT of 5.0 h, with a maximum up-flow velocity of 0.9 m/h; project OLR was 4.9
kg COD/m3d (calculated on mean COD value) or 5.6 kg COD/m3d (calculated
on peak COD). The reactor is characterized by a modular geometry: there are
20 modules of 50 m3 each, for a total volume of 1000 m3 [35].

Biogas is separated from the effluent and the residual sludge granules in a
three-phase separator, while condensation water is removed in a gravel filter.
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Figure 2.7: Internal view of UASB reactor, installed in Tolmezzo WWTP

Specific biogas production from condensate water was assumed as 0.4 Nm3/kg
CODremoved. The gasometer, installed in biogas line, has a volume of 1000 m3,
allowing a 15 h storage. In case of emergency, biogas is burnt in a torch, which
allows a maximum flow rate of 200 Nm3/h. Biogas composition is assumed to be
80% CH4, 19% CO2, 0.5-1% H2S: in order to protect CHP unit, biogas needs to
be desulphurized, through an iron oxides packed bed. Finally, biogas is burned
in CHP unit, that is characterized by an electric power of 115 kWel [35].

UASB unit in Tolmezzo WWTP (fig. 2.7) was operating for some years (1995-
2007), even if only a variable fraction (20-50%) of condensate water total flowrate
(50 m3/h, as reported also in tab. 2.1) was treated. The main operating problem,
that was encountered in daily operations, was the high H2S concentration in
biogas, originated from anaerobic conversion of sulphate and sulphite, abundantly
present in this stream, that caused odour emissions and required a high-efficiency
biogas purification, in order not to damage the co-generative motor.

After 2007, technical and economic considerations of plant managing company
led to the shut-off of UASB reactor; different societies followed one another
in the last ten years in Tolmezzo plant management, and last IWS authority,
CAFC, pushed for UASB section revamping, in order to reduce the organic load
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to the aerobic phase (and consequently excess sludge production), improving,
at the same time, plant energy balance. In fact, as was shown in tab. 2.1,
condensate water accounts, from an hydraulic point of view, for about 4% of the
total flowrate, but, given its high COD concentration, the COD load fraction is
as high as 24%.

It must be highlighted, finally, that in recent years condensate water com-
position (in terms of sulphur compounds) has significantly changed, because
of the installation of stripping towers in Mosaico P&P plant: this enabled to
reduce sulphate and sulphite concentration in the stream entering the plant,
consequently reducing sulphur load to biogas line. However, a detailed analysis
of sulphur compounds in condensate water will be presented in Chapter 5, where
continuous pilot-UASB tests will be described.

2.3 UASB treatment: theoretical deepening

2.3.1 Anaerobic digestion principles

Generally speaking, anaerobic conversion of a generic organic substance proceeds
through 4 successive phases (fig. 2.8), namely:

1. Hydrolysis;

2. Acidogenesis;

3. Acetogenesis;

4. Methanogenesis.

The final phase (methanogenesis) consists in two different reactions, namely ace-
toclastic (acetic acid-consuming) and hydrogenotrophic (H2 and CO2-consuming)
methanogenesis; the reaction products basically consist in a mixture of CH4 and
CO2, that is biogas, with other gases (O2, N2, H2, H2S) present as impurities
[37].

As evident from fig. 2.8, differently from what happens in aerobic processes,
a real trophic chain develops in anaerobic systems, where the products of one
phase become reagents for the successive reaction [37]; process optimization is
thus fundamental, because the slowing down of a single phase reduces overall
reaction rate [38].

If compared to traditional aerobic treatment, anaerobic reactions are typically
slower; moreover, a prevalence of energy production (catabolism) is observed over

38



Figure 2.8: Anaerobic digestion process [36]
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cellular synthesis (anabolism). Methanogenic bacteria are, among the different
anaerobic microorganisms, the most sensitive to operating conditions (pH, T,
OLR), and so, if process conditions are not properly controlled, they can be
easily inhibited, reducing, or even stopping, methane production rate [37].

2.3.2 UASB reactor configuration

UASB (acronym of Up-flow Anaerobic Sludge Blanket) reactor belongs to the
category of high-rate anaerobic reactors, and was introduced (as anaerobic filter)
between the late 1960s and 1980. The main general feature of high-rate reactors
is to carry out AD at a much faster rate than was possible earlier. All kinds
of high-rate reactors, but in particular UASB, were used in the treatment of
various types of biodegradable wastewaters, with considerable success [39].

The main advantages of UASB technology can be summarized as follows:

• Substantial compactness (low required volumes);

• Low operational cost;

• Energy recovery (through biogas);

• Low sludge production, particularly significant if compared to flocculent
processes.

UASB reactors demonstrated their efficacy in the treatment of high-strength
industrial wastewaters, containing easily hydrolisable substrates, such as sugar
industry wastes, distillery wastes and brewery wastes [40]. The performances
of UASB reactor in treating difficult-to-hydrolize and complex substrates, such
as effluents from food and milk processing plants, or slaughterhouse WW, have
been less satisfactory [41], but continuous improvement of UASB design, start-up
and operation have solved this shortcomings to a large extent [42].

A typical scheme of UASB reactor is reported in fig. 2.9. Wastewater is fed
at the base of the reactor and flows upwards; the influent passes through granular
sludge bed, that is maintained as suspended, and anaerobic reactions take place.
Successively, wastewater crosses blanket zone, that is characterized by a lower
biomass density, where sludge particles are separated from biogas bubbles, that
move upwards, together with the effluent. Biogas is finally separated from the
effluent and residual solid particles in the upper part of the reactor, by means of
a three-phase separator [37].

Granular biomass, differently from classical flocculent biomass, has high
density and optimum sedimentability. An ideal granular sludge (fig. 2.10) can
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Figure 2.9: UASB reactor scheme [43]

be viewed as a layered structure, where methanogenic bacteria occupy the inner
part, attached to an inert nucleus, while hydrolytic and acidogenic bacteria are
positioned in an outer layer [39]. Granule diameter is in the range of 0.1-5 mm,
and SVI index is typically less than 20 mL/g SS (consistently lower than classical
flocculent sludge).

Due to the optimum biomass immobilization in the system (that consequently
increases SRT), UASB uncouples biomass retention and liquid retention [45];
moreover, being characterized by high SRT/HRT ratio, UASB allows to reduce
HRT, to values even lower than 10 h, if the influent WW is highly biodegradable.
However, high velocity reactors, such as UASB, are mostly indicated for dissolved
organic compounds treatment, rather than suspended solids removal, because
the latter require longer HRT, to be hydrolysed. Excess sludge production is
negligible, if compared to aerobic units, and this aspect is noticeable, because
sludge treatment and disposal is one of the main operating costs in WWTPs.

Typical UASB operating parameters, as reported in literature, are the fol-
lowing [37]:

• Influent COD concentration: 5-10 g/L;

• Operating temperature: 32-36 °C;
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retention in the reactor, without the need for an external clarifier [48]. Actually,
UASB and its variant, EGSB, account for 72% of anaerobic reactors present all
over the world [49]. The main downside of this technology, as mentioned above,
is the long start-up period, accompanied with significant sludge washout.

UASB performances are negatively affected by low temperature operations,
where the hydrolysis of the entrapped COD becomes limited, resulting in solids
accumulation in the sludge bed, especially when working at high organic loadings
[50]. Low T, high loading rate and high TSS result in a shorter SRT, decreasing
biogas production and COD removal efficiency. Moreover, it should be reminded
that only a change in nitrogen and phosphorous chemical forms takes place, so
nutrient removal is not significant [51].

Given these general aspects, it can be inferred that UASB reactor can be useful
as pre-treatment of high-strength wastewater; however, it is usually followed by an
aerobic polishing step. In fact, anaerobically treated effluents contain solubilized
organic matter, optimum for subsequent aerobic treatment, due to the reduced
organic content and enhanced amount of nutrients [52]. Moreover, complete
stabilization of high-strength organic matter cannot be achieved anaerobically,
and this results in an effluent quality that fails to comply with the legislative
standards [53] (in Italy, the main reference for WWTP effluents is D. Lgs.
152/2006). The advantages of this combined process (anaerobic + aerobic) can
be summarized in great potential for energy recovery, high overall treatment
efficiency, less sludge amounts to dispose, low energy consumption and minimum
volatilization in the aerobic phase.

2.3.4 UASB operational parameters

Organic Loading Rate (OLR) is an important parameter, significantly affecting
microbial ecology and performance of UASB systems. OLR integrates reactor
characteristics, operational characteristics, and bacterial mass and activity [54];
moreover, it is related to COD concentration and HRT, thus a good balance
between these two parameters needs to be found, for good digester operations
[55]. In fact, excessive OLRs reduce COD removal efficiency; on the other hand,
gas production tends to increase with OLR, until a point where methanogens
could not work quick enough to convert acetic acid to methane [55].

pH is another fundamental parameter: methanogenic bacteria activity is
strongly affected by pH. The optimum pH range for microbial activity is 6.8-7.2,
while pH values lower than 4, or higher than 9.5, are not tolerable [57]. In
literature, several cases of reactor failure have been reported, caused by accu-
mulation of Volatile Fatty Acids (VFA), that caused pH drop and consequently
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Figure 2.11: Another UASB reactor scheme [56]

inhibited methanogenesis [58]. Due to this fact, VFA concentration, being also
an intermediate product of AD process, is an important parameter to monitor,
in order to guarantee good reactor performance [59].

Alkalinity helps to give a buffering capacity to UASB reactor, providing
a hedge against sharp changes in pH [39]. For UASB reactor, an optimum
alkalinity range of 250-950 mg/L was suggested in literature [60].

Up-flow velocity, vup, is another meaningful parameter, because it maintains
the mixing and HRT of substrate and biomass. Many researchers reported
a permissible vup of 0.5-1.5 m/h [55], even if values greater than 1 m/h can
cause granules disintegration, due to increasing shear stress, and the resulting
fragments may wash-out the reactor [61].

In addition, temperature, T, is a significant factor, that directly influences
biomass activity. The influence of T on microbial growth and biodegradation
rate can be described by the Arrhenius equation [62], where the rate constant of
a generic reaction is related to T, activation energy (Ea) and pre-exponential
factor, A.

k = Ae(−Ea/RT ) (2.1)

It has been proved that anaerobic bacteria show good activity in the mesophilic
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range (T= 30-40 °C). Operation of anaerobic reactors under thermophilic (40-55
°C) conditions offers a number of advantages, such as increased reaction rates
and improved biodegradability of organic compounds. However, start-up and
operation of a thermophilic reactor is cumbersome, due to the high sensitivity
of thermophilic microorganisms to variations in OLR, influent composition and
reactor pH [55].

Nutrient request (in terms of N and P) is generally limited in UASB re-
actors, and is typically calculated on classical COD:N:P ratio of 350:5:1 [37].
Methanogens utilize ammonia as a source of nitrogen, and even ammonium-rich
substrates can be successfully treated in UASB reactors, if a sufficient acclimation
period is forecast [63].

Finally, inhibitory compounds concentration must be carefully monitored,
to avoid negative effects on biomass: the main compounds that are typically
considered as toxic are NH3, that comes from proteins degradation, H2S, that
originates from sulphate reduction (operated by Sulphate Reducing Bacteria,
SRB), and heavy metals [64]. Successful bacteria acclimation, however, can allow
to operate under even high concentrations of NH3 (in the order of g N/L).

2.4 UASB modelling

A growing importance is being given nowadays to process modelling, that is
a useful tool to assist project engineers in design of new WWTPs, as well as
in revamping of existing plants. Modelling helps to study plant performances
under different operating conditions, without doing full-scale tests, that are
anti-economic and, in addition, can create disturbances to the process itself.

As for AD processes, given their inner complexity, it is difficult to evaluate
the impact of all process variables on digesters performance. Hence, it is not
trivial to optimize the design and operation of these plants. Pilot testing, also
as experienced in this research work (Chapter 5), is challenging, due to the
extended time period that is required. The use of models for predicting process
performance over a range of design and operating conditions becomes therefore
attractive [66].

As for UASB process, the first proposed approach is to use ADM1 model,
that has been developed by International Water Association (IWA) [67], even if
this model has been specifically designed for solid-treating anaerobic digesters,
rather than liquid-treating reactors, such as UASB. There exist also specific
UASB models; some of them will be briefly described in the following. However,
it should be reminded that more complex models require a higher number of
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input parameters, so the choice of the model to apply should consider also the
capability to collect detailed data about biomass and substrate characteristics,
as well as kinetics and stoichiometry.

2.4.1 ADM1

Over the years, a range of models were created for AD processes; in 2002 there was
a move by IWA Task Group for Mathematical Modelling of Anaerobic Digestion
Processes to develop a common model, that could be used by researchers and
practitioners [67]. The developed model has a structure that is similar to the IWA
Activated Sludge Models (ASM1, ASM2, ASM3), that have received acceptance
by practitioners over the last 20 years.

The ADM1 model is a structured model, that reflects the major processes
involved in the conversion of complex organic substrates into methane, carbon
dioxide and inert byproducts [66].

This model includes disintegration of complex solids into inert substances,
carbohydrates, proteins and fats; its structure is schematically represented in
fig. 2.12. The disintegration products are respectively hydrolyzed to sugars,
amino acids and long chain fatty acids (LCFA). Carbohydrates and proteins
are fermented, to produce volatile organic acids (acidogenesis) and molecular
hydrogen. LCFA are anaerobically oxidized to produce acetate and molecular
hydrogen. Propionate, butyrate and valerate are then converted to acetate
(acetogenesis) and molecular hydrogen. Methane is produced by both cleavage
of acetate to methane (aceticlastic methanogenesis) and reduction of carbon
dioxide by molecular hydrogen (hydrogenotrophic methanogenesis) [66].

The model employs state variables to describe the behaviour of soluble (S)
and particulate (X) components. All organic species and molecular hydrogen are
described in terms of COD. Nitrogenous species and inorganic carbon species
are described in terms of their molar concentrations.

Soluble components (S) are those able to pass through microbial cellular
walls, and include the monomers of complex polymers (sugars, amino acids,
long chain fatty acids), volatile organic acids (propionate, butyrate, valerate,
acetate), hydrogen, and methane. In addition to organic species, the model
considers inorganic carbon (carbon dioxide and bicarbonate) and nitrogenous
species (ammonia and ammonium) [66].

All of the species that dissociate as a function of pH (VFAs and ammonia)
have variables defined for both the protonated and non-protonated species. The
model maintains a charge balance among ionic species, and hence there are
variables for inorganic anions and cations, including the hydrogen ion. The
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Figure 2.12: Conceptual AD scheme for ADM1 model [66]
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model solves for the hydrogen ion concentration, and thereby pH, by ensuring
chemical neutrality in solution [66].

Particulate species (X), instead, consist of either active biomass or particulate
substances, that are incapable of directly passing through bacterial cell walls. The
microbial species that are considered in the model include sugar fermenters, amino
acid fermenters, LCFA oxidizers, butyrate and valerate oxidizers, propionate
oxidizers, aceticlastic methanogens and hydrogenotrophic methanogens. Non-
microbial particulate species include complex organics, that either enter the
process in the influent, or that result from the death and decay of microbial
species and the products of disintegration of the complex organics. This latter
group consists of carbohydrates, proteins and LCFAs [66].

Substrate conversion processes are described by a number of kinetic expres-
sions, that model the conversion rates in terms of substrate concentrations and
rate constants. The disintegration of complex particulate organic matter (Xc)
and hydrolysis of carbohydrates (Xch), proteins (Xpr) and fats (Xli) are described
by first order rate expressions. Substrate conversion processes have Monod-type
kinetic expressions, while endogenous decay processes are first order in biomass
concentration [66].

For each of the above-mentioned processes, the rate of product generation is
related to the process rate through stoichiometric coefficients. For example, the
rate of organism growth is related to the rate of substrate consumption through
the yield coefficient for the organism on the substrate. This format is consistent
with the approach that is employed in the ASM models [66].

In the model, all microbially mediated substrate conversion processes are
subject to inhibition by extremes of pH. All anaerobic oxidation processes are
subject to inhibition by accumulation of molecular hydrogen, and aceticlastic
methanogenesis is inhibited at elevated free ammonia concentrations. Liquid–gas
mass transfer of gaseous components (methane, carbon dioxide and molecular
hydrogen) is described by mass transfer relationships. Hence the application
of the model equations requires separate mass balances for the liquid and gas
phases of the components [66].

2.4.2 Specific UASB models

ADM1 model has been used to simulate UASB reactor performance at different
scales, for treating a large WW variety. However, in these studies the flow
pattern of UASB was assumed to be near-ideal mixing, because ADM1 was
initially developed for continuously stirred-tank reactor (CSTR) systems [68].

The hydrodynamic characteristics of UASB reactors have been extensively
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explored under different conditions. Batstone et al. [69] indicated that the flow
pattern in a UASB could be between plug flow and ideal mixing flow, instead
of ideal mixing. Some literature papers pointed out that the hydrodynamics of
UASB reactors could be described by a dispersive model, with a proper diffusion
coefficient [70], whereas others showed that the multi-CSTR model could be
effectively employed to simulate UASB reactor hydrodynamics [71].

These results imply that the flow pattern of UASB reactors is very important
but complex, and that therefore it cannot be simply regarded as ideal mixing.
Up to now, very limited work has been done to consider complex reactor hydro-
dynamic characteristics simultaneously, when developing an ADM1-based model
to describe UASB reactors.

Axial dispersion model

In the work by Chen et al. [72], an axial dispersion model was developed to
simulate the axial soluble component and biomass species distributions in a
UASB reactor. The hydrodynamic transport of the components was described
using the following equation, referred to the general scheme reported in fig. 2.13:
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∂C
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The boundary conditions were the Danckwerts equations [72]:
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Combining these equations with the bio-kinetic part, the distributions of the
soluble substrate and insoluble biomass in the ADM1-based dispersive model
were obtained as follows [72]:
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∂Xi
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∂z
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∂Xi

∂z
) − u

∂Xi

∂z
+ rX,i(z, t) (2.6)

In eq. 2.5 and 2.6, the right-hand side represents the sum of the dispersive and
convective components, with the bio-dynamic term (rS,i and rX,i), indicating
reaction of the substrate (S) or biomass (X). A similar distribution of soluble
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Figure 2.13: Scheme of UASB reactor using the ADM1-based dispersive model
[72]

and insoluble compounds was adopted, but a smaller conversion coefficient, D2,
was introduced for the insoluble terms. Moreover, in this model two different
up-flow velocities were used, with a smaller one, u2, in the upper separator, due
to a greater cross sectional area; a boundary was assumed, as can be seen in fig.
2.13, between the reaction zone and the three-phase separator. It was assumed
that, for 0<s<h1, u=u1, and, for h1<s<h1+h2, u=u2 [72].

The results of the model implementation, reported in [72], showed that the
dispersive model fitted best the results, if compared to a multi-CSTR model.

AM2 model

The AM2 model was proposed by Bernard et al. [73], as a simple two-step
(acidogenesis-methanisation) mass balance model. In the first step, acidogenic
bacteria, X1, consume the organic substrate, S1, producing VFA (S2), CO2 and
more bacteria. Methanogenic bacteria, then, consume VFA, originating CH4,
CO2 and more microorganisms. The two biological reactions can be written as
follows [74]:

k1S1 → X1 + k2S2 + k4CO2 (2.7)

k3S2 → X2 + k5CO2 + k6CH4 (2.8)
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The specific reaction rates are:

r1 = µ1X1 (2.9)

r2 = µ2X2 (2.10)

The other state variable that is considered in the model is the inorganic C. It
is assumed that inorganic C is formed by CO2 and bicarbonate, while total
alkalinity is the sum of bicarbonate alkalinity and VFA. In the liquid phase, CSTR
behaviour is assumed; moreover, an α parameter is introduced, representing the
solid fraction that exits the reactor, to incorporate the effects of solid retention
in the reactor. The equations of the dynamic model can be written as follows,
where D is the dilution rate (in d-1) and qC is the CO2 flux.

dX1

dt
= [µ1(ξ) − αD]X1 (2.11)

dX2

dt
= [µ2(ξ) − αD]X2 (2.12)

dS1

dt
= D(S1,in − S1) − k1µ1X1 (2.13)

dS2

dt
= D(S2,in − S2) + k2µ1X1 − k3µ2X2 (2.14)

dC

dt
= D(Cin − C) − qC + k4µ1X1 + k5µ2X2 (2.15)

Methane flux, qM, can be finally evaluated as follows:

qM = k6µ2X2 (2.16)

As already discussed, the main problem with dynamic models is their complexity:
many parameters are not easy to measure experimentally [75]. Simple models, on
the other hand, such as AM2 model, omit some important processes, such as mass
transport resistance [76]. So, as previously discussed, the right balance between
model accuracy and ease should be found, depending on the specific purposes.
This simple model, anyway, can be a first approach for UASB modelling, requiring
a limited number of input data.
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Multi-CSTR method

In the work by Rodriguez et al. [71], the multi-CSTR method was used to
simulate a UASB reactor; the number of CSTRs in which the UASB was divided,
N, was related to the Peclet number (Pe), that indicates the relative ratio between
advective and diffusive transport rate:

N =
Pe

2
+ 1 (2.17)

A quasi-steady state mass balance for substrate concentration in the granule
was applied, because it was assumed that the amount of substrate degraded in
a time interval was much greater than the substrate variation in the granule,
in the same time interval. In eq. 2.18, DA is the substrate diffusion coefficient
within the granule, while Sp is substrate concentration within the granule [71].

DA
1

r2

d

dr
(r2 dSp

dr
) = −rs (2.18)

The kinetic term was modelled with Monod equation [71]:

rs = −
µmax

Y

X

Ks + Sp
Sp (2.19)

Three governing equations were used, describing, for each small reactor, the
concentration of substrate (Si), active biomass (Xi) and inactive biomass (Ei).

dSi

dt
=

Q

Vi
(Si−1 − Si) − ri (2.20)

dXi

dt
= riY − kdXi (2.21)

dEi

dt
= kdXi (2.22)

The reaction term, ri, was expected to change in every time interval, so a new
kinetic value was continuously calculated, using the following equation, where q
represents the flux (expressed as kg/m2h) and Np is the number of granules per
volume of the reactor (granule/m3):

ri = q 4πr2Np (2.23)

This model can be used as another approach to model UASB systems, and the
effective model to apply should be evaluated case by case, by studying the best
fitting between experimental and modelled data.
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2.5 Conclusions

The case-study analysed in this Ph.D. research, Tolmezzo WWTP (143,000
PE), was introduced in this chapter, mainly focusing on plant process scheme
(traditional activated sludge, followed by tertiary physicochemical coagulation-
flocculation) and meaningful characteristics of the influent streams (three P&P
WW streams and a municipal WW stream). A particular attention was put on
UASB line, being this technology one of the main targets of this work.

Moreover, it was seen in this chapter that anaerobic processes, and in partic-
ular UASB, can be a good practice for the treatment of high-strength industrial
wastewater, and the most important operating parameters were briefly discussed.
In addition, a theoretical deepening was made, to describe UASB process mod-
elling. Actually, given the impossibility of collecting a detailed spectrum of data
for modelling, it was not possible to effectively model the results of the BMP
and UASB tests, a part for a simple regression analysis, that was performed on
BMP tests (Chapter 4). This further deepening can be suggested as a possible
prosecution or implementation of the actual work.
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Chapter 3

Characterization of selected
substrates

3.1 Introduction

In the first part of this chapter, a brief literature overview will be presented,
to introduce the physicochemical characteristics and the current technologies
applied to treat the selected substrates: CW, Pulp & Paper WW, OFMSW
leachate, brewery waste, slaughterhouse waste. Sonication will then be described,
as an interesting pre-treatment, both to increase energy recovery from AD
(through disaggregation of large molecules), and to facilitate resource recovery
from ultra-filtration processes (described in detail in Chapter 6).

Successively, the obtained physicochemical characterization results will be
presented and discussed with literature evidences, preceded by Material and
Methods section, where analytical methods will be mentioned. A particular
focus will be put on macromolecular composition, because it directly influences
the behaviour of anaerobic reactors: proteins, if present in high concentrations,
can even lead to reactor failure, due to excess NH3 formation, while lipids, if not
efficiently degraded, can form foam and greases, which accumulate in the system.
Elemental analysis results will be presented as well: they were particularly useful
to estimate C/N ratio from selected matrices.

The results from laboratory analysis are mandatory to correctly plan Bio-
chemical Methane Potential (BMP) tests, that will be reported in Chapter 4,
and continuous UASB tests, that will be presented in Chapter 5.
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Figure 3.1: Cheese whey (main sub-product of cheese production chain) [82]

3.2 Literature evidences

3.2.1 Cheese whey

Dairy industry is one of the main sources of industrial effluents in Europe [77];
dairy WW characteristics are highly variable, depending on the specific final
products and operation methods used in the manufacturing plant [78].

In fact, cheese effluents have a broad COD concentration range of 0.8-102
g/L (BOD=0.6-60 g/L), and biodegradability index, expressed as BOD/COD
ratio, is 0.4-0.8 [79]. The main organic pollutants founded in this stream are
lactose and fats [80]; a wide pH range has been reported in literature (3.3-9.0),
even if this stream is typically acidic. SS, TKN and TP literature values are
respectively in the range of 0.1-22.0 g/L, 0.01-1.7 g/L and 0.006-0.5 g/L [79];
cheese effluent composition can be approximated to a C:N:P ratio of 200:3.5:1,
that is N deficient for aerobic or anaerobic processes [81].

The typical manufacturing process in dairies can be summarized as follows:
the milk is stored at low temperature in stainless steel tanks, and is then sent to
coagulation, where microbial or vegetable rennet is added. After the required
time, the fermented milk produces the curd, that is cut and converted into the
desired commercial products. Part of Cheese Whey (CW), the so called first
whey, resulting from hard cheese production, is processed again, obtaining cottage
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cheese or curd cheese [83]. These further processing leads to the generation of
second whey. So, cheese manufacturing industry produces three different WW
streams, namely first whey, second whey and CW wastewater (coming from
pipelines, storage and tanks washing) [79]. Given the importance of separately
characterizing the dairy streams, both first and second whey will be analysed in
this work.

CW (fig. 3.1) is the most polluted stream produced by dairy industry, because
of its extreme organic load (BOD= 27-60 g/L; COD= 50-102 g/L); BOD/COD
ratio is normally above 0.5, indicating a easily biodegradable substrate [81].
Another noticeable characteristic of CW is the low buffering capacity, that is
responsible for the rapid acidification, frequently observed in biological treatments
[84]. Casein precipitation leads to the formation of two different kinds of whey,
namely acidic (pH<5) and sweet (pH=6-7) whey; typically, acidic whey has a
higher ash and lower protein content than sweet whey [79].

Second CW contains about 60% of dry matter content of first whey [85], but
it retains a significant COD concentration (up to 80 g/L) and a high salinity,
even higher than first whey, due to further salts addition in processing [79]. COD,
BOD and TSS are lower than first whey, because of the flocculation process,
while pH is generally acidic and biodegradability ratio is close to 0.5 [79].

Finally, cheese whey WW has a significantly lower contamination than CW,
even if its pollution is variable, depending on the quantity of whey eventually
discharged with washing water [79].

From a massive point of view, it is important to highlight that, for the
production of 1 kg of cheese, 10 kg of raw milk are needed, and 9 kg of CW are
generated; so, high amounts of whey need to be properly managed and treated,
even by small dairies [81]. According to the physicochemical characteristics
previously described, whey, if improperly managed and discharged, can cause an
excess of oxygen consumption, impermeabilization, eutrophication and toxicity
in receiving environments [81].

Because of the high organic content of CW, alternative treatment techniques
have been developed and applied, including [86]:

• Land application as fertilizer;

• Valorisation through biological treatments;

• Physicochemical treatments, to produce and recover valuable compounds,
such as proteins and lactose.

Physicochemical treatments have shown to be successful for dairy companies with
high processing volumes and enough capital to invest in their implementation.
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Figure 3.2: Pulp and paper mill [90]

On the contrary, for Small to Medium Enterprises (SMEs), such as the plants
studied in this work, CW disposal is challenging, because they do not have the
economic resources required for the proper treatment and valorisation. Therefore,
these companies prefer to give away this residue for farm animal feeding [81]; this
is actually done also by the dairies located in the mountain area of Friuli-Venezia
Giulia region, that represent the case-study.

Anaerobic digestion (AD) of this high-loaded matrix can be a triple action
process for CW treatment, also for SMEs, if simple reactor configuration is pre-
ferred: pollution discharge reduction, energy obtainment, and nutrient recovery
[87].

3.2.2 Pulp & Paper wastewater

Pulp and Paper (P&P) industry (fig. 3.2) generates relatively large amounts of
both WW and solid waste [88], even if the effective amounts produced by each
plant depend on the raw materials used for production (i.e. wood or non-wood
matrices, recovered fibers). After the separation of stock material, the main
processing steps include pulping, bleaching and, in the end, paper making [89].
P&P mill is a relatively high water-dependent industry, if compared to other
industrial sectors; water is generally withdrawn from surface and ground waters,
is used for most of the process stages and forms the main liquid reject from the
industry [89].
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Due to global concerns on water resources scarcity, though environmental
regulations have been developed, to ensure the sustainable water use for industrial
users. Indeed, there was a strong push for water consumption reduction in P&P
industry, that was enormous at the beginning of 20th century (200-1,000 m3/ton
paper). For example, nowadays a German P&P industry has succeeded in
reducing water consumption to values as low as 13 m3/ton paper [91].

Moreover, recovered paper volume greatly increased in recent decades, leading
to a further decrease in P&P WW, because recovered fibre mills are less water
intensive than virgin fibre P&P mills [92]. Actually, only a small part of the
water is consumed throughout the process: for instance, in US 88% of intake
water is returned back to surface waters, after being treated, while only 11% is
evaporated and 1% is embedded in the product or solid waste [93]. A simplified
process scheme for P&P production from virgin fibres is reported in fig. 3.3.
As for P&P WW characteristics, it must be highlighted that several chemical
additives are used in the process and, if chemical recovery is not applied, they
exit the plant in the WW [89]. Moreover, the presence of toxic and non-toxic
compounds, such as resin acids, sterols, waxes and esters is sometimes detected
in WW [94].

Various techniques applied for P&P WW treatment have shown different
capabilities to remove pollutants. Physicochemical methods showed acceptable
performances on pollutants removal, and, in fact, they are applied also in
Tolmezzo WWTP, as a tertiary treatment of WW, but, on the other hand, they
are very expensive (due to the huge chemicals cost). Biological methods are
efficiently used for the treatment of WW from many types of P&P production
processes, even if it should be considered their limited effect on the refractory
fraction, significantly present in this WW (being rich in lignin).

Although activated sludge processes are currently the major treatment for
P&P mill effluents (as previously described, they are in fact the main treatment
applied also in Tolmezzo WWTP), AD has attracted a great amount of attention
in recent years, due to its inherent merits, such as biogas production and solid
waste minimization, which have made it an attractive candidate for P&P WW
treatment [89].

In addition, the treatment of P&P WW normally produces a large amount
of primary and secondary waste sludge, whose management and disposal are
contributing to about 60% of the total P&P WW treatment cost [95]; however,
actually a pre-treatment is performed in Tolmezzo P&P factory, so as to remove
most of the solid content, before WW streams enter the WWTP. In fact, as
reported also in Chapter 2, a low SS concentration is typically measured in all
the influent P&P streams.
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Figure 3.3: Scheme of P&P production process from virgin fibres [89]
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Figure 3.4: Organic Fraction of Municipal Solid Waste (OFMSW) [97]

3.2.3 OFMSW leachate

Organic Fraction of Municipal Solid Waste, OFMSW (fig. 3.4), essentially con-
sists of food and garden waste from domestic, commercial and street cleanings.
It is the main cause of smell and nuisance in municipal solid waste (MSW),
and is responsible for most of the environmental hazards associated with MSW
management, such as formation of polluting leachate and methane gas, un-
der anaerobic conditions [96]. Nowadays, OFMSW, separately collected from
household and commercial facilities, is often anaerobically digested, either in
mono-digestion or in co-digestion with other substrates, such as sewage sludge; to
this purpose, several mature commercial processes are available, including BTA,
Dranco and Valorga [98]. However, OFMSW is a complex and heterogeneous
material, characterized by a TS content of 20-30% [99], and many questions still
remain about the most effective AD process to apply [100].

Water leaching has been used in scientific literature to extract soluble organic
compounds from OFMSW; the leachate is readily available for microorganisms, if
compared to lignocellulosic substances, such as the ones present in garden waste.
It has been shown that, by extracting the soluble substances from OFMSW
(resulting in leachate and bagasse, that is the residual solid fraction), it is
possible to obtain the same amount of biogas in less time than with wet or dry
conventional technologies [101].
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Innovative solutions to treat OFMSW include the use of Leach Bed Reactors
(LBR), that allow OFMSW digestion in static piles, with leachate recirculation
over the fermenting material. This technology can be applied in high solids
materials (25-50% TS) treatment; in addition, it has the advantages of simplicity
(little moving parts) and reduced heat demand [102]. In literature, the coupling
of a solid-treating LBR and a liquid-treating UASB has been named Hybrid Solid-
Liquid Reactor (HASL) [103]. The main operating problem in these reactors is
LBR clogging, due to high waste density; bulking agents can be used, to avoid
clogging and facilitate leachate percolation [104]. Two-phase digestion, in this
configuration, can be a good solution: water is sprayed over the top of waste pile,
and percolates, assimilating soluble fermentation products, such as organic acids,
leading to COD increase in the liquid phase [96]. Leachate is then transferred to
UASB reactor, to produce methane.

An alternative to percolation is mechanical solid-liquid separation through
mechanical pressing (such as use of screw presses), that can be used to reduce
OFMSW moisture content, without adding any process water to the waste; for
example, in the work by Nayono et al. [105], a mash-separator was employed
to this purpose. From 1 t of OFMSW, 700 kg of solid material for composting,
and 300 kg of so-called press water, with a high organic content for AD, were
generated. Press water showed a tCOD of 213 g/L, while sCOD was as high as
100 g/L; its maximum CH4 production was estimated as 0.49 m3 CH4/kg VS
[105].

It must be underlined, in any case, that, after extraction of soluble compounds
from waste, the residual solid fraction needs to be properly managed, typically
with a composting process, in order to stabilize the organic matter and to
eliminate pathogens and unwanted materials. This process, if applied locally,
can contribute to the closure of organic waste cycle, leading to an effective
application of circular economy principles (previously described in Chapter 1).

3.2.4 Brewery waste

In the food industry, the brewing sector (fig. 3.5) holds a strategic position,
with annual world beer production exceeding 1.34 billion hL in 2002 [106].
The brewing process is energy intensive and uses large volumes of water; beer
production includes the blending of malt, hops and sugar extracts with water,
followed by its subsequent fermentation with yeast [107]. A number of batch-type
operations are employed in processing raw materials to the final beer product.

Water is a substantial ingredient of beer, composing 90-95% of the final
product by mass [109]. Water chemistry can influence not only beer taste, but
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Figure 3.5: Brewery [108]

also the brewing efficiency; water consumption for modern breweries generally
ranges from 0.4 to 1 m3/hL of produced beer [110].

Brewing residues include brewery wastewater and solid waste, that is com-
posed of hops, trub, sludge, surplus yeast [109]. Brewery spent grain (BSG),
fig. 3.6, in particular, represents the main brewery organic residue, and has a
significant commercial value, because it can be sold as by-product for livestock
feed; it is generally characterized by a water content of 80% [109]. Another
process residue is whirlpool residue, that originates from a separation process,
aimed at separating hop pellets and trub from wort, after wort boil. The wort is
pumped into a whirlpool vessel at high velocity for 10-20 min; the wort starts
spinning itself and allows separation of wort from residual pile [111].

Surplus yeast (fig. 3.7), instead, is recovered by natural sedimentation at the
end of fermentation and maturation process, but only a fraction can be reused,
while spent yeast can be sent to animal industry as feeding supplement, given its
high content of proteins and B vitamins [109]. Two main types of yeast are used
in brewing industry, depending on its separation: top-fermenting (whose strain is
Saccharomyces cerevisiae) and bottom-fermenting (whose strain is Saccharomyces
uvarum). Darker beer (such as IPA) results when using top-fermenting yeast,
while a clear beer (such as lager) originates when choosing bottom-fermenting
yeast [117].
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Figure 3.6: Brewery Spent Grain (BSG) [116]

Brewery wastewater, being highly biodegradable, can be successfully treated
using UASB technology [112]; surplus yeast, as well, has been successfully
digested also at full-scale [113]. However, BSG is the main by-product generated
during beer production, and its worldwide annual production has been estimated
as 38.6 x 106 tons [114]. As for BSG, many different possibilities are feasible;
among them, use as food supplement and cattle feed are the most widely applied
[115]. Actually, as observed also in the case of dairies, selected breweries in
Friuli-Venezia Giulia region, having small-to-medium size, usually employ their
BSG as cattle feed.

Only in recent years BSG was considered as an energy substrate; earlier studies
revealed that BSG has a biogas potential, even if conventional AD processes are
economically unattractive, because of long HRTs and slow biodegradability [118].
In fact, BSG is composed of cellulose (16.8-25.4%), hemicellulose (21.8-28.4%),
lignin (11.9-27.8%), protein (15.2-24.0%), lipid (up to 10%) and ash (2.4-4.6%)
[119], so a significant fraction with low biodegradability is present. Furthermore,
the high protein content (C/N=3-5; TN=11-13 g/kg of wet weight) can lead to
NH3 inhibition, if BSG is used as mono-substrate in AD. Therefore, substrate
dilution or co-substrate addition (using a carbon-rich substrate) is suggested in
literature as for AD processes optimization [120].
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Figure 3.7: Brewery yeast [117]

3.2.5 Slaughterhouse waste

Slaughterhouse waste (fig. 3.8) is a biodegradable waste, that mainly consists of
blood, manure, offal and paunch contents of animals. The slaughtering process
involves different steps, such as animal killing, carcass removal, stomach and
intestines cleaning [121]. The bloodstream is highly concentrated in BOD and
COD; obviously, in this stream pollutants concentration is consistently higher
than in washing water (produced from site washing) [122]. In literature, typical
observed COD in slaughterhouse waste ranged from 18 to 43 g/L [123], even if it
could reach levels as high as 100 g/L, depending on the waste composition and
dilution [124]. However, for the purposes of this study, only the liquid organic
waste from a local Friuli-Venezia Giulia slaughterhouse, mainly consisting of
blood, was studied and analysed.

Similarly to what happens in dairies, slaughterhouse waste treatment and
disposal is costly and difficult to apply locally, in particular for little facilities;
in addition, due to the possible risk of biological contamination, many sanitary
protocols should be observed in all process phases.

European Union (EU) legal framework for slaughterhouse byproducts man-
agement is mainly represented by European Regulation (EC) No. 1069/2009.
Animal byproducts (ABP) consist of full bodies or parts of animals, as well as
products of animal origin that are not intended for human consumption, either
because they are improper for consumption, as a result of their nature, or due
to a lack of commercial demand. More specifically, ABP are classified into three
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Figure 3.8: Slaughterhouse liquid waste [125]

categories, namely Category 1, 2 and 3, which reflect the degree of risk, on the
basis of a risk assessment procedure [126].

ABP are characterized by high organic carbon contents and are rich in lipids
and proteins, thus making them an interesting feedstock for AD, due to the
elevated potential for biogas production. On the other hand, the composition
of ABP may sometimes slow down the hydrolysis step, and consequently the
overall process rate.

In fact, fat hydrolysis results in the production of glycerol and long chain
fatty acids, whose accumulation has been associated with possible methanogenic
activity inhibition [127]. In addition, high fat contents may cause flotation
and biomass washout. Furthermore, inhibitory effects, due to high ammonia
concentration (result of protein degradation), may also manifest. Therefore,
anaerobic treatment of slaughterhouse waste can be a good solution for a proper
management of this waste, even if an efficient process control is required, due
to the high protein and lipid concentration of the waste, to avoid generation of
floating aggregates, that consequently increase effluent COD [128].

3.2.6 Sonication pre-treatment

Ultrasound (US) is a sound wave at a frequency range from 20 kHz to 10 MHz,
and has a wide range of environmental applications [129]. A typical scheme
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Figure 3.9: Example of industrial-scale US equipment [132]

of industrial-scale sonication equipment is reported in fig. 3.9. In WW sludge
management, low frequency US pre-treatment, prior to sludge AD, is one of the
most promising technniques, and it has been extensively investigated in recent
years [130]. It has been demonstrated that US pre-treatment of both primary
and secondary sludge enhances AD performances, by accelerating the hydrolysis
step, due to an increase in bioavailable substrate concentration [131].

Beside sludge management, in the last decade, there has been a growing
interest in US application to water and industrial WW treatment, to improve
biodegradability and reduce the toxicity of different industrial WWs.

However, total mineralization of organic pollutants, by means of US irra-
diation, still remains a difficult task to achieve, and thus US application at
industrial scale is impractical [134]. To overcome the limitation of low degrada-
tion efficiency, many efforts have been made on investigating various combined
US systems (such as US+H2O2, O3, electrochemical methods, Fenton reagent,
photocatalysis), in order to reach the desired efficiency, reducing, at the same
time, the required reaction time [135].

A new and upcoming approach is the use of US in food and dairy processing
industries; in these cases, typically low frequency US is applied (20 kHz), to
generate shear and turbulence. In the specific case of dairy industry, US pre-
treatment can be applied, from a theoretical point of view, to increase methane
production in AD processes; in addition, sonication can be used for process
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improvement in different operating phases (pre-treatment, ultrafiltration, spray
drying and crystallization) in recovery of valuable products from CW, where
membrane ultrafiltration is applied [136]. The first approach will be used in this
chapter, and also in BMP tests (Chapter 4), while the second approach will be
more deeply described in Chapter 6.

In fact, US was tested, in this work, on CW, with the aim of disaggregating
solid matter and large macromolecules (abundantly present in this substrate),
producing lower molecular weight compounds, more easily biodegradable. This
could potentially enhance hydrolysis rate in anaerobic digestion, improving not
only Biochemical Methane Potential (BMP) value, but also CH4 production
kinetics.

A laboratory-scale equipment was used, and separate characterization of
sonicated and untreated CW was done, in order to underline meaningful dif-
ferences in physicochemical properties. Moreover, BMP tests were executed
on sonicated and non-sonicated whey (Chapter 4). Furthermore, given the
undoubted importance of resource recovery, in particular from CW, the process
of protein and lactose recovery from CW will be deeply analysed in Chapter 6.

3.3 Materials and methods

3.3.1 Inoculum and substrates

All the substrates were withdrawn from local facilities (Enemonzo and Ovaro
cheese factories, fig. 3.10, Tolmezzo P&P factory, Sauris brewery, Amaro slaugh-
terhouse), located in the Carnia territory (mountain area of Friuli-Venezia Giulia
region) and were fully characterized, both using traditional and macromolecular
parameters. First and second CW were separately collected and analysed, to
underline the differences between these two matrices. Moreover, due to the
limited number of data in scientific literature regarding detailed characterization
of first and second whey, the analysis were repeated over a period of time, to
obtain robust results.

Granular sludge was taken from UASB reactor, located in Tolmezzo WWTP,
while anaerobic flocculent sludge, used for some BMP tests, in particular on
brewery waste, was withdrawn from a full-scale anaerobic digester, located in
Udine WWTP (200,000 PE).

OFMSW was collected from Udine University canteen, manually selected,
to remove non-biodegradable materials, such as plastics or bones, and treated
in the percolation bed without delay. In this work, the percolation bed was
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Figure 3.10: Artelatte cheese factory (Ovaro) [137]

used only as a pre-treatment of the waste, to separate leachate from residual
solid waste (as described by [138]); no inoculum was added to the leaching bed,
differently from the work reported in [102] and [139], where a two-stage AD
process was implemented.

The percolation bed was assembled as shown in fig. 3.11: the waste was
dimensionally reduced and put over a porous tissue, which allowed water to stay
in contact with the solid waste, and slowly percolate in the lower part of the
bed; in addition, a layer of sand and gravel was put under the tissue, to allow a
better separation of solid particles. The liquid fraction was extracted after the
desired contact time, by means of a silicon tube and a peristaltic pump.

A defined protocol was adopted, in order to make the tests reproducible: 1.4
kg of selected OFMSW were put in the percolation bed, adding 1.5 L of tap
water. After 24 hours, the leachate was extracted, and other 1.5 L of water were
added. Then, the leachate was extracted after other 24 hours, and the 48-hour
mixture of first and second day leachate was used for laboratory analysis and
BMP tests. Globally, water-to-waste ratio was calculated to be 2.1:1 [140].

Three different OFMSW granulometries were tested in the leaching bed:
untreated waste (i.e. without dimensional reduction), ground waste (particle
diameter=12 mm) and pulp waste (particle diameter <0.5 mm).
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at 60 °C and thermal conductivity detection system.

Mean value will be reported for all physicochemical parameters; for each
parameter, triplicate analysis were conducted, and standard deviation was <10%.

3.3.3 Ultrasound tests

Up200St (Dr. Hielscher) (fig. 3.12) was used for US tests; this device was
characterized by maximum power of 250 W, working frequency of 26 kHz,
oscillation amplitude of 20%. Before starting the tests, calibration was performed,
both using thermal (measuring T increase in water at different powers) and
chemical method (measuring absorbance of KI solution, at different US time); a
good linearity was observed, in particular at low treatment power (in the range
of 40-160 W).

Treatment time, in this first phase, was fixed at 200 s, corresponding to 50 kJ
of energy transmitted to the substrate, and the device was used at the maximum
power, to enhance disaggregation of larger molecules. The matrix to be treated
was introduced in a specific beaker, in 250 mL aliquots, and was then sonicated,
maintaining the sonotrode at the same depth for all tests, to obtain reproducible
conditions.

Specific energy transmitted to the samples was calculated: starting from
cheese whey density (1020 kg/m3), the sonicated mass during each cycle was
255 g; taking into account mean TS content of whey (6.6%), that was obtained
from physicochemical characterization results, the sonicated TS for each cycle
were then estimated as 16.83 g TS. So, the specific energy transmitted to the
sample was 2,971 kJ/kg TS, coherently with the range used in other literature
studies [145].

3.4 Results and discussion

3.4.1 Physicochemical characterization

The results from physicochemical characterization of selected substrates (CW,
condensate water, OFMSW leachate, brewery waste, slaughterhouse waste) were
summarized in tab. 3.1. As for leachate, the liquid obtained from untreated
(OFMSWu), ground (OFMSWg) and pulp (OFMSWp) waste percolation was
separately analysed. As for brewery waste, the results from the analysis on trub,
yeast and end-of-fermentation beer were reported, given the fact that whirlpool
residue gave similar results to trub.
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waste (11,100 mg CaCO3/L). It should be reminded that some alkalinity is
needed in anaerobic processes, to prevent any pH drop.

As for nutrients, low NH3-N concentration was found in all substrates, starting
from condensate water (<1 mg N/L), passing to slaughterhouse waste (19.6 mg
N/L), CW (3.19-44.1 mg N/L) and OFMSW leachate (24.8-41.6 mg N/L). The
highest NH3-N concentration was registered in brewery waste, in particular yeast
(160 mg N/L). PO4

3-, instead, were totally absent in condensate water (0.05 mg
P/L), moderate in leachate (51-86 g P/L), high in slaughterhouse waste (173
mg P/L) and brewery waste (200-280 mg P/L), very abundant in CW (527-530
mg P/L).

TKN concentration, representative of the totality of N compounds, was very
high in slaughterhouse waste (2,160 mg N/L), moderate in leachate (241-405
mg N/L) and first whey (332 mg N/L), low in condensate water (80 mg/L) and
second whey (28 mg/L).

Sulphate concentration was negligible in slaughterhouse waste and first whey
(<2 mg/L), while it was appreciable in condensate water (17.3 mg/L), leachate
(16.6-20.2 mg/L) and second whey (55.5 mg/L). In brewery waste, a significant
difference between sulphate concentration could be highlighted: while trub did
not contain significant sulphate (15.1 mg/L), high SO4

2- was measured in yeast
(65.5 mg/L) and, mostly, in end-of-fermentation beer (180 mg/L).

TS and VS concentration was again highly variable: condensate water had
the lowest TS concentration (0.018% w/w), followed by leachate (1.41-3.23%
w/w), CW (6.63-7.44% w/w) and slaughterhouse waste (15.11% w/w). Again,
as could be imagined, significant variations in solid concentration were registered
in brewery waste: end-of-fermentation beer had a low TS content of 3.77%
w/w, while trub (15.99% w/w) and spent yeast (18.29% w/w) had higher TS.
VS/TS ratio, that represents solid matter biodegradability, was fairly high for all
the analysed substrates: the minimum percentage was found in leachate (66.9-
79.5%) and brewery yeast (76.35%), while the maximum one was encountered in
slaughterhouse waste (94.6%) and brewery trub (97.15%).

VFA concentration, indicative of an on-going acidification, was low in conden-
sate water (38 mg/L) and CW (1-41 mg/L), while it was significant in leachate
(56-158 mg/L) and, mainly, in slaughterhouse waste (820 mg/L).

Elemental analysis (fig. 3.13), executed on TS, highlighted the following
aspects:

• UASB sludge (9.7%) and condensate water (12.1%) were predictably rich
in S;

• Anaerobic sludge from Udine WWTP had very low C content (26.4%), if
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Table 3.1: Results from physicochemical characterization of selected substrates

Parameter Sludge Conden 1st CW 2nd CW OFMSWu OFMSWg OFMSWp Trub Yeast Beer Slaught

tCOD (g/L) n.d. 4.15 105.0 81.8 17.9 40.0 26.5 n.d. n.d. n.d. n.d.
sCOD (g/L) 1.73 4.15 68.6 62.5 15.1 37.4 22.2 41.5 26.0 109.8
Alka (mg CaCO3/L) 1873 <5 1297 1153 490 443 538 298 905 322 11100
NH3-N (mg N/L) 179 <1 44.1 3.19 24.8 36.5 41.6 78.3 160 65 19.6
TKN (mg N/L) 216 80 332 28 241 405 291 n.d. n.d. n.d. 2160
PO4

3--P (mg P/L) 30.8 0.05 530 527 67 86 51 280 n.d. 200 173
SO4

2- (mg/L) <2 17.3 <2 55.5 16.6 20.2 <2 15.1 65.5 180 <2
pH 6.9 3.5 5.5 5.8 5.2 4.6 4.9 5.8 6.1 5.2 7.2
TS (% w/w) 4.18 0.018 7.44 6.63 1.41 3.23 2.22 15.99 18.29 3.77 15.11
VS (% w/w) 3.79 n.d. 6.73 5.64 0.94 2.57 1.53 15.53 13.96 3.56 14.29
VS/TS (%) 90.59 n.d. 90.37 85.18 66.99 79.52 68.91 97.15 76.35 94.47 94.57
VFA (mg/L) 110 38 41 1 109 56 158 n.d. n.d. n.d. 820
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Table 3.2: C/N ratio from selected inocula and substrates

Matrix C/N ratio

UASB sludge 7.0
Udine sludge 8.5
Condensate water 35.5
First whey 18.3
Second whey 35.8
Untreated leachate 17.7
Ground leachate 22.9
Pulp leachate 19.1
Slaughter 3.4
Trub 16.4
Yeast 5.2
Whirl 17.0
Beer 16.4

A balanced C/N ratio, in the range of 20-30, is expected to favour stabilization
of conditions inside anaerobic digesters; low C/N can lead to excessive NH3

concentrations, impeding microbial growth, while, on the other hand, excessive
C/N stimulates VFA build-up [147].

Macromolecular analysis results (fig. 3.14), in addition, revealed that:

• UASB sludge was rich in lipids (4.55 g/L);

• Condensate water, as expected, was generally poor in all macromolecules;

• The main difference between first and second whey was in lipid concen-
tration, that was noticeably higher in first whey (33.0 g/L versus 2.4
g/L);

• Leachate was mainly composed of carbohydrates (6.1-15.2 g/L);

• Slaughterhouse waste was rich in proteins (13.5 g/L) and mostly in lipids
(110.3 g/L).

It should be reminded that carbohydrates are believed to be readily biodegrad-
able in anaerobic environment, while lipids, despite being able to produce higher
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as well as to the peculiar operations performed in each dairy. They reported VS
of 40-65 g/kg (coherent with the range of 56-67 g/kg measured in this study)
and COD of 65-140 g/L (the analysed whey showed an intermediate range of
81.8-105.0 g/L). In addition, they reported two ranges in VFA concentration, one
between 8 and 10 g/L, and the other between 2 and 5 g/L, while other literature
findings reported a lower range of 0.5-5.45 g/L [148]. However, measured
VFA concentration in the collected whey samples was consistently lower than
typical literature range. This high VFA concentration from literature evidences
underlined that CW is a substrate capable of producing high methane yields,
but with a notorious lack of alkalinity, that can lead to acidification during AD
processes [149].

As for pH, in [86] an acidic range of 3.0-6.5 was reported, well fitting with
the results of the current analysis (5.5-5.8), that highlighted a mild acidity in
whey. Generally speaking, a lower pH is typically associated with a higher VFA
concentration. Erguder et al. [150] reported an acidic pH in whey (3.44-3.92),
together with a lower COD concentration (55.3-74.5 g/L) than that of the present
work; also, the reported PO4

3- concentration from their work (124 mg/L) was
lower than the actual results.

Blonskaja and Vaalu [151], instead, studied different substrates, including
CW, and reported a COD range of 60.3-66.7 g/L, lower than that of the present
study, while BOD was in the range of 35.5-46.0 g/L. Dry matter and pH, instead,
were coherent with the results of the actual characterization, having respectively
the ranges of 5.7-7.1 g/L and 3.8-6.3.

It could be concluded that a great variability in reported physicochemical
properties of CW emerged from literature studies, but it can be easily explained,
because this substrate is strongly heterogeneous, and its composition depends
both on the characteristics of raw milk (type of animal and feed), as well as
processing conditions, that are adjusted case by case in each dairy plant, to obtain
the desired products. In addition, these variations can be further exacerbated,
if little dairies are considered, such as the ones present in Friuli-Venezia Giulia
mountain area.

Condensate water

Due to the particular operations performed in Tolmezzo P&P factory, that include
lignin-sulphonate concentration, from which condensate water is originated, it is
difficult to find meaningful comparisons with other literature studies. However,
in the work by Meyer and Edwards, several pulp and paper mill streams were
presented and characterized; in particular, they reported, for kraft combined
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condensates, a COD range of 0.7-4.0 g/L, coherent with the analysed condensate
water. Moreover, a high sulphide concentration (210 mg/L) was highlighted, that
could be probably encountered also in Tolmezzo stream, before the stripping
tower. Furthermore, they reported methanol as the main organic compound
in the stream, having concentration of 1.3 g/L, while TSS concentration was
very low (12 mg/L), well fitting with the results from the stream considered in
this research (in Chapter 2, a SS concentration of 20 mg/L was reported for
condensate water).

OFMSW leachate

Campuzano et al. [138] used ground waste for percolation, and tested different
waste-to-water ratios (1:1, 1:2, 1:3), coherent with the ratio of 1:2.1, that was
used in the laboratory tests. The reported results of their study (fig. 3.15)
showed that, after 30 min of contact between water and organic waste, no further
solubilisation occurred; in addition, the water extracts exhibited a high VS/TS
ratio (83.4-88.9%), greater than that reported in the present work. This could
be explained with a worse retention of inorganic sand particles in the actual
leach bed, so some particles could be dragged with the leachate. However, it
must be noticed that there are many variables affecting leachate characteristics,
starting from OFMSW composition (highly dependent from producing facilities
and seasonality) and particle dimensions, as well as percolation bed configuration,
waste-to-water ratio and contact time; so, it is really difficult to standardize this
substrate.

Nayono et al. [153] characterized press water, obtained after OFMSW
mechanical pressing, and they obtained a very high COD (tCOD=213.4 g/L,
sCOD=100.1 g/L), significantly higher than that of the studied leachate; more-
over, also TS (168.4 g/L) and VS (117.7 g/L) of press water were higher than
that of the obtained leachate. In addition, significant TKN (4.1 g/L), ashes (50.7
g/L) and acetic acid (8.56 g/L) concentrations were reported. The accelerated
acidification process was underlined, given the high concentration of total VFA
(9.51 g/L), where acetic acid was the predominant compound [153]. Thus, it
could be seen that a higher load is obtained, when using mechanical separation,
instead of percolation; this can be a good point also for increasing obtainable
methane yields in AD processes.
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Figure 3.15: OFMSW leachate, derived from 6 successive extractions [152]

Brewery waste

Panijicko et al. [120] reported a higher TS content (21.1-26-3%) in BSG, if
compared to the actual results; this could be explained with a better separation
of residual liquid fraction from trub. VS/TS ratio, instead, was 96.1%, that
was similar to that obtained in the actual study. Moreover, they claimed TN
concentration in the range of 11-13 g/kg wet weight; the prevailing compounds
in BSG were showed to be hemicellulose (24.7% of TS), cellulose (23.7% of TS),
lignin (24.6% of TS) and protein (21.4% of TS). Bougrier et al. [154], instead,
reported again a high TS concentration in BSG (24.4%), similar to that reported
in [120].

As for spent yeast, in [109] a dry matter content of around 10% was reported,
lower than that obtained in the present study.

In [120], brewery wastewater was characterized, having a pH of 6.8-7.1 (signif-
icantly higher than measured pH in this work) and a very low TS concentration
(90-280 mg/L). Moreover, as for brewery wastewater, in [109] a nitrogen concen-
tration of 30-100 mg N/L was reported (measured NH3 in end-of-fermentation
beer fell in this range), while, as for P, a similar range of 30-100 mg P/L was
claimed (actually, measured phosphate concentration in end-of-fermentation beer
was significantly higher).
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Slaughterhouse waste

Again, a high variability was reported in literature for slaughterhouse waste,
because of its extreme heterogeneity; slaughterhouse waste could contain different
animal residues, and also the operating conditions in the slaughterhouses are
not standardized at all. Ahmad et al. [124] reported in their work a COD
concentration ranging from 27.1 to 101.0 g/L, lower than that measured in this
study; Moukazis et al. [126] studied 4 different ABPs from slaughterhouses: the
stomach contents characterization showed similar TS (13.5%) and VS (11.7%)
content to that of the analysed waste, even if the studied waste was mainly
composed of blood, so its origin was not comparable at all. Moreover, as for
elemental analysis, their matrix had a similar C (50.1%) and H (5.8%) percentage
to the actual waste, while they reported lower N (3.6%) and higher S (4.4%). In
this study no S was detected in the slaughterhouse waste.

3.4.3 US pre-treatment

As previously stated, characterization of some meaningful parameters was done
for untreated and sonicated samples, in order to understand the possible influence
of this pre-treatment on AD processes. In particular, US was tested on a single
first whey sample and two distinct second whey samples, collected during different
times of the year, to consider the variability in whey characteristics. The results,
reported in tab. 3.3, highlighted that in first whey an interesting reduction in
lipids (-95%) and carbohydrates (-17%) was observed after sonication, together
with an high increase in TKN (indicating protein degradation). No VFA increase
was observed.

As for sonication results on second whey, significant differences in macro-
molecular composition were observed in the analysed samples; again, a moderate
carbohydrates (4-11%) degradation was observed, while lipid degradation, simi-
larly to first whey, was more consistent (36-86%). A significant increase in TKN
concentration was noticed, and VFA concentration increased, at the same time:
in one sample, there was an increase as high as 183%, while in the successive
sample the increase was moderate (11%).

From this preliminary tests, it could be stated that US is expected to reduce,
in particular, lipid and protein concentration, while its effect on carbohydrates is
negligible. However, a more in depth analysis is required, to better understand
the effective modification induced from US pre-treatment on physicochemical
properties of CW. In fact, it should be underlined that, given the high expense
for these macromolecular tests, only a limited number of analysis could be done.
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Table 3.3: Characterization of untreated and sonicated cheese whey samples

Matrix VFA (mg/L) Lipid (g/L) Carb.(g/L) TKN(mg/L)

First whey 1 2.388 43.8 28
US 1st whey 1 0.110 36.2 493
Second whey (I) 41 32.955 27.5 332
US 2nd whey (I) 116 4.680 24.4 997
Second whey 2(II) 90 6.720 41.7 120
US 2nd whey (II) 100 4.020 40.0 1130

3.5 Conclusions

Some useful indications were obtained from literature study and laboratory
physicochemical analysis of the selected substrates. In particular, it was noticed
that:

• Condensate water is a nutrient deficient substrate, highly acidic, and
without significant solid matter; it is generally poor in macromolecules
and has an optimum COD concentration for UASB process. Elemental
analysis underlined the high S concentration in the scarce solid matter
content of this matrix, together with the high C/N ratio. Moreover, its
high T is already optimal for mesophilic AD processes, without any heat
requirement;

• CW has a COD concentration (80-100 g/L) greater than typical values used
in high-velocity processes, and so a useful dilution should be planned in
continuous UASB tests. A high heterogeneity in physicochemical properties
was underlined, also coherently with literature evidences. A mild acidic
pH was observed, together with a high phosphate and low ammonia
concentrations. First whey was generally richer in lipids, if compared to
second whey; US pre-treatment had an interesting effect in reducing lipid
and protein concentration, while its effect on carbohydrates was negligible;

• OFMSW leachate had a high COD value, however highly dependent on
leaching bed operating conditions, such as waste origin, characteristics,
granulometry, as well as percolation bed configuration (water-to-waste ratio,
contact time). Its low solid matter content and its significant carbohydrate
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concentration indicated a general good biodegradability, useful for AD
processes;

• Brewery waste (BSG, yeast, whirlpool, end-of-fermentation beer) was
characterized by high COD (26-134 g/L), variable TS content (from 3.77%
in beer, up to 18.29% in yeast), substantial acidity and low alkalinity.
The high biodegradability of brewery residues, as highlighted also from
literature evidences, can be fruitfully exploited in AD processes;

• Slaughterhouse waste had an extreme solid matter concentration (15.11%
TS), coupled with very high organic matter content (sCOD up to 109.8 g/L)
and significant protein (13.5 g/L) and lipid (110.3 g/L) concentrations,
that are expected to create operational problems in continuous systems,
such as NH3 accumulation and foam formation. Moreover, it should not
be forgotten that sanitary protocols should be taken into account, in its
proper treatment and disposal.

In Chapter 4, given the obtained physicochemical properties of the analysed
substrates, the results from BMP tests will be presented, in order to establish
potential methane recovery from each matrix. The results from this chapter will
be particularly useful in selecting correct I/S ratios and proper inoculum for
each test.
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Chapter 4

BMP tests

In this work, different inocula were used for BMP tests, depending on the
substrate characteristics. In fact, a first series of tests was executed on CW,
condensate water, OFMSW leachate and slaughterhouse waste using granular
UASB sludge, withdrawn from Tolmezzo WWTP, as inoculum; successively,
a further series of tests was done on the same substrates, with a different
granular sludge, taken from an Internal Circulation (IC) reactor, that is merely
an evolution of classical UASB, located in Castelfranco Veneto (Tv). Then a
comparison was made, in order to evaluate the unavoidable activity loss of a
sludge, such as that of Tolmezzo plant, that has been inactive for nearly 10 years.
Further tests were planned on CW, where a broader spectrum of I/S ratios was
experimented, to evaluate the best operating conditions, using the highly active
granular IC sludge.

US pre-treatment was evaluated on CW, as a useful tool to increase methane
yields in AD process: to this purpose, different US conditions, in terms of applied
power and time, were tested, to study an eventual correlation between applied
US energy and increase in BMP value. An energetic analysis was then made on
the obtained results, to convert BMP increase in potential methane yield.

Furthermore, BMP tests were made on brewery waste (spent grain, yeast,
end of fermentation beer and whirlpool residue) using flocculent AD sludge,
from full-scale traditional batch digester, located in Udine WWTP (200,000
PE), that actually stabilizes excess sludge. This sludge was used because of the
high solids content of brewery waste, that, excluding end-of-fermentation beer,
cannot be efficiently treated using granular UASB processes. Granular activated
carbon (GAC) and biochar were added to selected BMP tests (in particular
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as for yeast and whirlpool residue), in order to evaluate a possible increase in
methane production and propose a synergistic effect with thermal processes.

Finally, a kinetic analysis was performed on BMP test results, applying
first-order kinetic model and modified Gompertz equation, and some meaningful
parameters for AD modelling were inferred, such as estimation of hydrolysis
constant and lag phase duration.

4.1 Introduction

CH4 production potential from a generic substrate, suitable for undergoing an AD
process, can be investigated by means of a simple Biochemical Methane Potential
(BMP) test (schematically represented in fig. 4.1), that allows the determination
of biodegradability and the associated methane production potential during AD
of a given substrate [155]. Several studies were carried out over the last years,
demonstrating an increasing interest in methods for an accurate measurement of
the BMP of different substrates.

BMP assays provide an array of information on the substrate, including how
fast and how much of the material can be degraded under optimal conditions,
as well as its potential methane yield. Primary outputs of BMP assays are
cumulative methane production curves (fig. 4.2), that are generally plotted
against time. The tests duration depends on substrates biodegradability, and is
generally in the range of 20-25 days.

The patterns that these curves follow are far from trivial, and have meaningful
implications on substrate degradation [156]. With reference to fig. 4.2, reverse
L-shape pattern is typically observed when digesting a readily-biodegradable
substrate, where the organic matter is quickly converted to biogas; viceversa,
an elongated S-shape trend appears when slowly degradable matrices are tested.
Finally, a stepped curve can arise when the substrate is characterized by a
fraction of readily available material, and another fraction of slowly degradable
compounds.

The kinetics of the different stages of AD process (hydrolysis, acidogenesis,
acetogenesis and methanogenesis), and ultimately the shape of methane pro-
duction curves, are primarily controlled by the biodegradability characteristics
of the substrate, the production of inhibitory intermediate fermenters and the
performance of methanogenic bacterial populations [172]. The analysis of these
curves can be significantly deepened using mathematic modelling of methane
production kinetics, allowing further insight into substrate behaviour during AD
process [156].
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Figure 4.1: Schematic representation of BMP tests [157]

Figure 4.2: Examples of cumulative CH4 production curves [156]
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A raw estimation of methane production, based on substrate chemical com-
position, is possible but not very reliable, and so BMP measurement is generally
preferred in scientific literature, even if standardization between literature data
is complex, but necessary, to obtain robust, reproducible and universal results
[158]. Guidelines for BMP determination in batch assays have been proposed
by Angelidaki et al. [159], regarding substrate characterization, inoculum and
activity, as well as experimental procedure and data collection, interpretation
and reporting.

Raposo et al. [160] reviewed the factors affecting the performance of anaer-
obic batch assays, and indicated that, although experimental conditions are
synchronized, a certain degree of variability in the results always remains, due to
the biological nature of the systems. This biological difference can be attributed
to inoculum origin, as it comes with a different microbial population, leading to
differences in initial activity and adaptation to the substrate [161].

BMP tests are sensitive to operating conditions (temperature, pH, agita-
tion intensity, inoculum to substrate ratio, i.e. I/S), as well as to substrates
characteristics, such as particles size. I/S ratio, that indicates the relative ratio
between inoculum and substrates amounts, is generally expressed on VS or COD
basis, and is typically in the range of 1-3 (when calculated on VS), that is a
value sufficiently high to reduce the lag phase (i.e., the time requested by the
biomass to adapt to the substrate), but, on the other hand, also sufficiently low
not to increase endogenous biogas production, that can false the results [162].
However, sometimes higher I/S ratios should be adopted, in particular when
testing complex substrates, having high lignin or solid matter concentration.

BMP equipment, schematically represented in fig. 4.1, is a useful tool in
order to simulate AD processes, even if continuous reactors, such as UASB,
obviously cannot be well represented by a batch test. BMP tests can be a
starting point, to study the interaction biomass-substrate, calculate methane
potential from a given matrix and prevent possible operating problems, that can
arise in continuous tests. BMP essays can give an indication of final methane
yields and are also useful to study the kinetics of CH4 production in the first
digestion days, where the promptly biodegradable substances are expected to
degrade [140]. Moreover, operating in standardised laboratory conditions can
allow to establish a hierarchy of each substrate biodegradability in anaerobic
environment, when multiple matrices are investigated.

Some preliminary considerations on UASB granular sludge characteristics
and BMP tests can be made to conclude this paragraph, according to literature
evidences. In the work by De Vrieze et al. [158], four different substrates were
anaerobically digested with four different inocula, including a brewery wastewater
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value of 0.52 was chosen, calculated on sCOD. However, due to the fact that CW
produced acidification in the first digestion tests, executed at I/S=2, successive
tests were planned, using a variable I/S ratio (3, 5, 8), in order to get more
reliable information about the obtainable methane yields from this substrate.

In addition, the effect of sonication pre-treatment on CH4 yield was investi-
gated, as well; sonication was performed, in a first run of tests, using the same
US conditions described in Chapter 3 (maximum power and treatment time
of 200 s), and a safe I/S ratio of 8. A variable range of US power (40, 80 W)
and treatment time (5, 10 min) were used in a second phase, using an optimum
I/S ratio of 6, in order to evaluate an eventual correlation between applied US
energy and increase in BMP yield. The surplus in BMP yield was then converted
in theoretical methane potential, assuming calorific value of methane as 10.30
kWh/Sm3 and a conversion factor, from Nm3 to Sm3, of 1.056.

Finally, as for the tests executed on brewery residues, following some pre-
liminary tests, that were useful to identify the best AD conditions for each
substrate, an I/S ratio of 3 (calculated on VS) was adopted as for BSG (trub),
while whirlpool residue, end-of-fermentation beer and spent yeast were tested
using a higher I/S ratio of 6 (again calculated on VS).

Thermostatic bath temperature was set at 35 °C for all tests, and a discon-
tinuous (30 seconds on-30 seconds off) mixing regime was set up. Before starting
the tests, each reactor was flushed with nitrogen for 30 seconds, to establish full
anaerobic conditions [163].

BMP tests were stopped when no methane production was observed for more
than 24 hours. All the tests were done in triplicate, with a blank control. Final
BMP value was calculated by subtracting methane production of the sludge alone,
from methane production of the sample, and correcting methane production of
the sludge with the actual amount of biomass in the sample bottles [140]. In
fact, generally speaking, blank samples, even if are characterized by low biogas
yield, play an important role, to assess the net gas production from a substrate
[163].

All BMP tests were performed in triplicate; no pH correction or nutrient
addition was performed, in order to analyse biomass adaptation to the substrates
[140]. As previously mentioned, a large variety of BMP tests were executed,
using 3 different inocula, namely Tolmezzo UASB sludge, Castelfranco P&P IC
sludge and Udine classical AD sludge.
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observed; final BMP was only 74.8 L CH4/kg CODadded.
CW, finally, gave a scarce CH4 production; a further set of analysis was

executed immediately after the end of the tests, in order to understand what
happened in the reactors, and it was highlighted that pH decreased to values
as low as 4.0, so an intense acidification occurred, that inhibited methanogenic
bacteria and stopped methane production. This was probably due to the
extreme COD concentration of this matrix, coupled to an insufficient alkalinity:
organic acids generation (acidogenesis) was much faster than their consumption
(methanogenesis). A successive series of BMP tests was indeed planned, using
different I/S ratios and the more active IC biomass (taken from Castelfranco
plant) as inoculum; the results will be shown in paragraph 4.3.3.

4.3.2 BMP tests (Castelfranco granular biomass as inocu-
lum)

BMP tests were repeated, at the same operating conditions (I/S ratio, substrate,
T, mixing rate) using a highly active biomass, taken from a full-scale P&P factory,
located in Castelfranco Veneto (fig. 4.5). For each substrate, the comparison
between CH4 yield with the 2 inocula was reported in fig. 4.6, 4.7, 4.8 and 4.9.

As for CW, again a low methane yield was observed, even lower than that
obtained using Tolmezzo sludge; also in this case, a strong acidification happened.
It should be concluded that, despite biomass origin and activity, a higher biomass
amount is required in BMP tests, to provide sufficient buffering capacity to avoid
methanogens inhibition, when digesting CW. Indeed, a higher spectrum of I/S
ratios was used in further tests, to obtain reliable data on the effective CH4

yield from this substrate. The influence of I/S ratio on cheese whey BMP value
will be deeply analysed in the paragraph 4.3.3, where also the first results from
sonication pre-treatment influence on BMP value will be presented.

As for condensate water, BMP value, and also methane production rate,
was significantly higher, in the case of Castelfranco sludge, if compared to the
previous tests: this could be explained with the high activity of the current
inoculum, and, moreover, by considering the fact that condensate water was
very similar to P&P WW effectively treated in Castelfranco plant, so biomass
adaptation, in this case, was not needed. Condensate water, in fact, was the
substrate which highlighted the highest difference in the two inocula performance:
BMP curves, reported in fig. 4.7, showed that condensate water, tested with
IC sludge, produced more than three times the CH4 obtained with Tolmezzo
UASB sludge (687 NmL CH4/g CODadded, versus 213 NmL CH4/g CODadded);
in addition, a much faster kinetics was observed. Anyway, CH4 production,
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Figure 4.5: Castelfranco Veneto P&P factory [164]

despite the different biomass characteristics, similarly stopped after 17-18 days
of tests.

As for OFMSW leachate, a similar trend from the two sets of tests was
observed in methane production, as highlighted in fig. 4.8, even if a higher
CH4 production was obtained in the first 2 days, using the more active biomass,
while in the successive days the low activity biomass outperformed the other
one. However, final BMP value from leachate digested using the two inocula was
very similar (216.5 versus 202.8 NmL CH4/g CODadded). This behaviour could
be explained with the substantial biodegradability of the substrate: in this case,
CH4 production was not greatly influenced from inoculum characteristics.

Finally, slaughterhouse waste tests (fig. 4.9) underlined again a higher
methane production using Castelfranco biomass; in particular biogas generation
was significantly higher in the first days of digestion, indicating a faster hydrolysis
of complex organic material. Final BMP reached 162.8 NmL CH4/g CODadded,
using IC biomass as inoculum, instead of 74.8 NmL CH4/g CODadded, that were
obtained using UASB inoculum. However, slaughterhouse waste, among the
tested substrates, was the one which produced the lowest CH4 yield; consequently,
it was chosen not to proceed with further tests on this matrix, given also the
long times needed to obtain some meaningful indications from continuous tests,
such as the ones presented in Chapter 5. Moreover, given the high solid content
of this matrix, different inoculum should be used, to obtain higher methane
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4.3.5 BMP tests on sonicated CW

As previously mentioned, a further series of tests was conducted, to better
evaluate the feasibility of US pre-treatment to increase CH4 production from
CW. Two different whey streams (FW, fat whey, and SW, skimmed whey) were
selected, and different sonication conditions, in terms of power and treatment
time, were tested. Input parameters and observed increase in CH4 yields were
summarized in tab. 4.2, where also theoretical energy gain from surplus in BMP
value was calculated. In this set of tests, all the results were expressed on VS
basis, in order to compare in a simple way the obtained results with literature
references.

The results, reported in tab. 4.2, highlighted that the best outcomes, in
terms of BMP increase, were obtained at low US power (40 W) and time (5
min), for both kinds of CW: the successive increase in US energy, applied for
longer times (10 min) or using higher power (80 W), did not translated into a
correspondent augmentation of methane yields. In fact, all the tests executed at
high US energy (in the range of 502.8-1,387.5 Wh/kg VS) showed a negative final
energetic balance. In particular, at the same US energy, it appears advantageous,
from these data, to prefer higher US power, rather than longer US time: at the
same applied US energy, a significant increase (up to 16.0%) was registered for
samples treated at 80 W power for 5 min, while even a reduction in final BMP
(until -5.7%) was encountered when using 40 W power for 10 minutes.

Net energy gain could be calculated as the difference between increase in
BMP yield and US energy expense. As for the difference between different kinds
of CW, a similar behaviour in BMP curves was observed in fat and skimmed
whey: a significant increase in CH4 production (up to 53%) was registered after
2 days of digestion, particularly evident in the case of 5 min US pre-treatment;
after that, this increase progressively reduced, until the final BMP was reached.
However, as can be visible from the graphs reported in fig. 4.14 and fig. 4.16,
the obtained increase in BMP value, and methane production kinetics, was more
visible when testing fat whey, instead of skimmed whey.

It could be concluded that an effective increase in final BMP from sonicated
whey was observed only from the tests executed at US time of 5 minutes, and
it was around 15%; interestingly, even a slight reduction in BMP value was
observed in the tests where a 10 min US pre-treatment was applied. Thus, a
strong non-linear correlation between applied US energy and increase in BMP
yield was found. These findings suggest that US can be useful to accelerate AD
process, disaggregating large molecules in simpler ones, but operating conditions
should be properly set, in order not to vanish US effect; final methane yield,
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Table 4.2: Input parameters for CW sonication tests and obtained increase in CH4 yields in BMP tests

Matrix US P (W) US t (min) Spec US EE (Wh/kg VS) CH4 increase (NmL/g VS) Theor en gain (Wh/kg VS)

FW 40 5 251.4 70.6 786.1
FW 80 5 502.8 68.7 747.1
FW 40 10 502.8 -24.6 -268.0
FW 80 10 1,005.5 -6.7 -72.5
SW 40 5 346.9 38.8 422.5
SW 80 5 693.7 30.2 328.9
SW 40 10 693.7 -14.0 -152.4
SW 80 10 1,387.5 -18.5 -201.0

10
0



Figure 4.12: CW sonication

obtainable from CW, can be augmented at least by 15%, using this pre-treatment.

4.3.6 BMP tests on brewery waste

Brewery waste was tested using Udine AD sludge as inoculum, because of the
general high solid content of the material; I/S ratio was set at 3 (on VS basis),
as for BSG (trub), while, according to some preliminary tests, a higher I/S ratio
of 6 (on VS basis) was adopted for spent yeast, whirlpool residue and end-of-
fermentation beer. The results were expressed on VS basis, as well, given the
impossibility of measuring tCOD for most of the samples, and also to fruitfully
compare the obtained results with literature evidences.

The available organic streams from a selected local brewery, namely trub,
spent yeast, whirlpool residue and end-of-fermentation beer, were separately
tested, to establish methane potential of each fraction. The results were sum-
marized in fig. 4.17, and highlighted a substantial biodegradability of all the
fractions. However, a remarkable aspect was the fact that spent beer, that had
the lower solids content between all brewery residues, gave the highest CH4

production in the first digestion day, while, successively, methane production was
substantially inhibited (with a low final BMP of 126.0 NmL CH4/g VSadded); the
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Table 4.3: Biochar characterization

Parameter Value

Bulk density (kg/m3 446
Specific surface area BET (m2/g) 327
Total water (% w/w) 2.6
Ash content at 550 °C (% w/w) 6.1
Gross calorific value (kJ/kg) 30,875
H (% w/w) 1.54
C (% w/w) 1.54
N (% w/w) 1.54
O (% w/w) 1.54
H/C ratio 0.21
O/C ratio 0.01
pH 8.4
Electrical conductivity µS/cm 217

dosage was set at 0.2 g/g VSsub, following the indications of [168].

Commercial GAC was obtained by Sigma-Aldrich, having particle size of
50-150 µm; biochar, instead, was furnished by University laboratory, and some
meaningful characterization parameters were reported in tab. 4.3.

The results from BMP tests, reported in fig. 4.20 and fig. 4.21, highlighted a
significant increase in biogas yield from brewery residues, both with the addition
of GAC and biochar. This effect was similar between spent yeast and whirlpool
residue; in particular, BMP value of yeast increased up to 641.0-642.2 NL CH4/kg
VSadded (+31.7%, compared to untreated yeast), while BMP from whirlpool
residue rose up to 404.4 NL CH4/kg VSadded (+39.7%, if compared to untreated
whirlpool residue).

This strong effect can be ascribed to a significant improvement in C/N ratio,
as for spent yeast, where a high N concentration emerged (Chapter 3), that
allowed a better operation of anaerobic bacteria, while, as for whirlpool residue,
this meaningful increase can be explained with peculiar biochar characteristics,
that is characterized by a porous morphology and surface crevices, providing ideal
conditions for microorganisms adhesion. This led to an enhanced digestibility
and also help to shorten the digestion start-up time; a significant effect was
indeed seen in the second methane peak, that appeared after 7-8 days of digestion,
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the observation that larger doses of applied US energy did not corresponded to a
proportional increase in methane production. This was similar to what obtained
in this work, where a clear correlation between applied US energy and increase
in BMP yield was not found. Similar results were obtained in [174], where a
wide range of US power (22, 44, 66, 88, 110 W) and time (6-45 min) were used
to pre-treat landfill leachate, before AD process. They reported a maximum
CH4 production at 44W power, and a decreasing CH4 yield at higher US power.
It was observed that transient cavitation, occurring at high power inputs, could
accelerate biosolids solubilization; however, organic substrates, produced from
this pre-treatment, were not easily consumed by microbial cultures [174].

Interestingly, differently from what obtained in this work, a linear correlation
between applied US energy and methane yield was observed in [175], where
microalgal biomass was tested as substrate: using a US energy in the range of
16-67 MJ/kg TS, they obtained a linear increase in BMP of 20-30%. Another
remarkable work reported that US pre-treatment of municipal waste activated
sludge, with applied US energy in the range of 1,000-10,000 kJ/kg TSS, led to
an increase in CH4 production in the range of 15-24% [176].

As for condensate water, in the work by Meyer and Edwards [177], the
physicochemical characteristics and BMP yields of a great variety of P&P WWs
were reported; in particular, as for kraft condensate, a broad COD removal
range of 41-68% was reported, together with a methane yield of 0.32 m3 CH4/kg
CODremoved. Considering the maximum removal rate of 68%, a specific methane
yield of 0.22 m3 CH4/kg CODremoved was calculated, that was coherent with
the BMP measured in the tests executed using Tolmezzo sludge. Actually, a
significantly higher CH4 production was obtained in the tests performed using
Castelfranco sludge (687 NmL CH4/g CODadded).

As for brewery waste, in [178] BMP from BSG was reported to be 545 L
CH4/kg TS, that actually was significantly higher than the obtained BMP from
trub (356.1 L CH4/kg VS, corresponding to 345.4 L CH4/kg TS). However,
also from this work it could be highlighted that trub characteristics are highly
variable; in particular humidity, and consequently TS and VS, can vary in a
broad range, depending on a better or worse separation of the liquid content, at
the end of the process.

As for spent yeast, a part from the high methane production, that was found
in this tests, a synergistic effect with anaerobic bacteria should be evaluated (as
was done, for example, in [179]), when co-digesting the different brewery residues.
Because of the limited amount of time, it was not possible to perform these tests,
but this can be a suggestion for a successive work. It was observed that adding
a carbon-rich matrix, such as biochar, a significant increase in methane yield
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can be obtained, both from spent yeast and whirlpool residue.
Finally, as for slaughterhouse waste, BMP tests reported in [126] showed an

extreme variability (until extremely high values of 815 NmL CH4/g VSadded), and
ABP2, that was considered in Chapter 3 the substrate most comparable to the
analysed waste, actually produced the lowest yield of 117 NmL CH4/g VSadded.
In the tests executed using Tolmezzo sludge, the actual waste produced a BMP
yield of 150.2 NmL CH4/g VSadded, slightly higher than ABP2 (considering a
VS basis). The second set of tests, instead, produced a BMP yield of 326.8
NmL CH4/g VSadded, that was similar to the BMP of SH5 (coming from animal
intestines), reported in [126], that was 344 NmL CH4/g VSadded.

4.4 Kinetic parameters estimation

As could be inferred from the theoretical deepening and the results presentation in
this chapter, the experimental determination of BMP value is a time-consuming
process (each test requires approximately 20-25 days), and thus it is not always a
practically feasible management tool at industrial scale, for AD optimization or
implementation. Therefore, it is attractive to use faster methods to predict how
much methane gas can be produced from a given substrate. This is particularly
true when making theoretical studies without access to laboratory facilities, or
when a fast prediction of the BMP from new substrates is required [180].

Due to the microbial role in the anaerobic process, kinetic models were
commonly applied to simulate anaerobic biodegradation. Similarly to bacterial
growth phases, biogas production shows a rising curve, and a successive decreasing
curve, indicated by exponential and linear equations [181]. Understanding
the kinetics of methane production from feedstocks is important for designing
and evaluating anaerobic digesters operations. The first order kinetic model,
Gompertz equation and Chen and Hashimoto models have been successfully
applied to anaerobic treatment, using different kind of reactors [182].

4.4.1 First order kinetic model

The first order kinetic model is the simplest model, but it does not predict
the conditions for maximum biological activity and possible system failures.
Hydrolysis is often assumed to be the rate-limiting step in AD and, based on this
consideration, researchers modelled batch BMP data using first-order hydrolysis
models, to obtain valuable information about hydrolysis kinetics. A basic first
order equation can be written as follows, where k is the disintegration rate
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constant and C is the biodegradable substrate concentration (expressed as VS
or COD) [180]:

dC

dt
= −kC (4.1)

Rearranging and integrating for time t=0 to t days gives:

Ct

C0
= e−kt (4.2)

However, it is easier to derive the model by using the gas measurement instead
of measuring C, which is difficult. The relationship between VS (or COD) and
methane production can be exemplified as follows, where G(t) is the cumulative
methane yield at digestion time t (evaluated in mL/g COD or VS) and G0 is
the methane potential of the substrate (mL/g COD or VS) [180]:

Ct

C0
=

G0 − Gt

G0
(4.3)

Substituting eq. 4.3 in eq. 4.2, the general expression of methane evolution in
the AD process can be obtained. The constant k represents methane production
rate constant, and is assumed to be the hydrolysis constant [180].

G(t) = G0(1 − e−kt) (4.4)

Eq. 4.4 is an accurate representation of the BMP results when:

1. Hydrolysis is the rate-limiting step;

2. G0 represents the total yield of hydrolysable VS or COD at the beginning
of the tests [183].

Considering the analysed substrates, that can be modelled as complex and
heterogeneous matrices, the hypothesis of hydrolysis as the rate-limiting step
is well respected, so a data regression could be effectively made from selected
BMP tests, to obtain the hydrolysis constant of AD process; input data were
CH4 production curves and the final BMP value, that was taken as G0.

In particular, the tests made with IC granular biomass were considered, as for
CW (at I/S=3, 5, 8), sonicated CW, OFMSW ground leachate, condensate water
and slaughterhouse waste, while, as for brewery waste (trub, spent yeast and
whirlpool residue), the results reported in paragraph 4.3.5 were used. Hydrolysis
constant k was chosen in order to maximize R2 between measured and predicted
data.
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4.4.2 Modified Gompertz equation

The Gompertz model was originally developed to fit human mortality data,
and was set on an exponential relationship between specific growth rate and
population density. Gibson et al. [184] modified this model to a function that
describes cell density during bacterial growth periods, in terms of exponential
growth rates and lag phase duration.

The assumption of correspondence between methane production rate (in a
batch digester) and the specific growth rate of methanogenic bacteria led to the
following equation, where Rmax expresses the maximum methane production
rate (mL/g COD day) and λ is lag phase duration (day).

G(t) = G0exp

⎦

−exp

⎦

Rmaxe

G0
(λ − t) + 1

⎢⎢

(4.5)

The lag phase represents the minimum time taken to produce biogas, or necessary
for environmental acclimation of bacteria, while Rmax describes specific growth
rate of methanogenic bacteria. Also modified-Gompertz model was used to
simulate the selected BMP tests, and in this case Rmax was calculated from the
time series of CH4 fluxes, while λ was conveniently chosen to obtain the best
fitting with the experimental data, observing the initial progression of the curves
and maximizing R2 between predicted and measured methane yields.

4.4.3 Kinetic models application

For each of the analysed substrates, a comparison between measured and pre-
dicted BMP data by applying first-order model and Gompertz equation was
made. In particular, measured CH4 production from BMP tests was correlated
with predicted CH4 production, and the R2 value was calculated for each of
the selected matrices; in addition, hydrolysis constant, obtained from first order
model application, was calculated, as well as lag phase duration, as for Gompertz
model. The results were schematically summarized in tab. 4.4.

It could be seen that a better prediction was generally obtained applying
kinetic model, except for CW (at lower I/S) and brewery spent yeast, where the
tests were better fitted by Gompertz equation. Inferred hydrolysis constants were
in the range of 0.12-0.21 d-1 in CW, as low as 0.05 d-1 in condensate water, in the
range of 0.23-0.36 d-1 in brewery waste and as high as 0.48 d-1 in slaughterhouse
waste. Lag phase duration, instead, was in the range of 1.5-4 days in CW, 5
days in OFMSW leachate, 9 days in condensate water, 0.2 days in slaughterouse
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Table 4.4: Comparison between R2 value obtained with first-order and Gompertz models application and
obtained hydrolysis constant and lag phase duration

Matrix R2 (first-order) k (hydrolysis constant) (d-1) R2 (Gompertz) Lag phase, λ (d)

CW (I/S=3) 0.9651 0.12 0.9736 4
CW (I/S=5) 0.9742 0.21 0.9843 1.5
CW (I/S=8) 0.9585 0.14 0.9567 3
Sonic CW 0.9671 0.15 0.9617 2.7
OFMSW leach 0.9761 0.12 0.8226 5
Condensate water 0.9480 0.05 0.8807 9
Slaughter waste 0.9707 0.48 0.9603 0.2
Brewery trub 0.9956 0.23 0.9905 0.6
Brewery yeast 0.9892 0.35 0.9931 0.4
Brewery whirlpool 0.9887 0.36 0.9704 5.9
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this topic.

4.5 Conclusions

BMP tests were performed on selected substrates (CW, condensate P&P wastew-
ater, OFMSW leachate, slaughterhouse waste, brewery waste) as a useful tool,
to get reliable information about obtainable CH4 yields and biodegradability
in AD processes. This chapter was aimed at introducing the continuous UASB
tests, that will be presented in Chapter 5, and that were performed on some of
the selected substrates, namely CW, condensate P&P wastewater and OFMSW
leachate.

BMP tests were conducted, in particular, using three different biomasses,
the first (granular type) coming from existing Tolmezzo UASB plant (inactive
since 10 years), the second (highly active, again granular sludge) was withdrawn
from a full-scale IC reactor, and the third (flocculent sludge) was taken from
Udine WWTP anaerobic digester. A comparison between the obtained results
was done, and some meaningful considerations were made; in particular, it was
seen that a very high methane production was registered for condensate water,
using the highly active Castelfranco biomass, because of the fact that it was
already adapt to treat this kind of substrate.

Summarizing, some general considerations could be made on the biodegrad-
ability characteristics of the selected substrates:

• CW, at an I/S ratio of 2, produced a sudden acidification in BMP tests, both
with the more active and the low activity biomasses, so higher I/S ratios
(3, 5, 8) were tested. A substantial increase in specific CH4 production was
obtained from I/S=5 to I/S=8 (the maximum BMP of 369.7 NmL CH4/g
CODadded was registered at I/S=8); this suggested to properly dilute this
matrix in continuous tests, verifying not to overload the reactor, given also
the extremely high COD concentration of this matrix;

• Sonication pre-treatment was tested on CW, and it led to a moderate
increase in CH4 yield (around 15%); in particular, a higher methane
production kinetics (up to 43% increase after three days of digestion)
was registered in the first digestion days. A strong non-linear correlation
between applied US energy and increase in BMP yield was found: the
tests executed with a US treatment time of 5 min gave significantly better
results than that performed using US treatment time of 10 min, where no
effect was visible in methane yield;
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• Condensate water, in the case of low activity granular biomass, required
long digestion time, to achieve final BMP value, while, using the highly
active granular biomass, it was readily digested, giving the highest methane
yield from the analysed substrates (687 NmL CH4/g CODadded), so it could
be suggested to forecast a proper acclimation period, before starting the
operations, when using a non-adapted biomass;

• OFMSW leachate produced moderate methane yields (final BMP of 216.5
NmL CH4/g CODadded), with relatively fast kinetics, even with the low
activity biomass; however, from successive experimental trials (that will
be reported in Chapter 5) it was highlighted that the physicochemical
characteristics of the obtained leachate strongly depended on the geomet-
rical characteristics of leaching bed and on the main operating parameters,
such as waste characteristics and origin, waste-to-water ratio, contact time,
particle dimensions, so it is not very convenient to scale-up such percolation
systems;

• Slaughterhouse waste produced low methane values, particularly when
the low activity granular biomass was employed; however, also the use
of the more active biomass did not give a high final BMP value (162.8
NmL CH4/g CODadded), indicating a general low biodegradability of this
matrix. Indeed, it was decided not to further investigate this matrix, in
the successive continuous phase;

• Brewery waste, that was tested with Udine anaerobic sludge, showed
different biodegradability behaviour: spent yeast gave consistent CH4

yields (BMP up to 486.9 NmL CH4/g VSadded), while trub (BMP of
356.1 NmL CH4/g VSadded), whirlpool residue (BMP of 290.3 NmL CH4/g
VSadded) and, mostly, end-of-fermentation beer (BMP of 126.0 NmL CH4/g
VSadded), produced less methane;

• GAC and biochar addition in spent yeast and whirlpool BMP tests led
to a significant increase in methane production, in the range of 32-40%,
thus a synergistic effect with local biomass should be deepened, to follow
circular economy pattern. In addition, a possible improvement of the
single digestion process could be co-digestion of all these brewery matrices,
given also the complementary characteristics, that were observed in the
characterization phase.

Finally, a simplified kinetic analysis was carried out on BMP tests results, using
first-order kinetic model and modified Gompertz equation, and, in particular,
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simplified hydrolysis constants and lag-phase durations were obtained.
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Chapter 5

Continuous UASB tests

Continuous tests were performed on a pilot-UASB reactor, that was realized
and run in Tolmezzo WWTP, and were aimed at verifying the feasibility of
UASB treatment of the most suitable substrates, among the analysed ones; in
particular, UASB tests were conducted on CW, condensate water and OFMSW
leachate.

5.1 Materials and methods

The general scheme of the installed reactor was reported in fig. 5.1, while a
photograph of the realized pilot unit was shown in fig. 5.2. It consisted of:

• Influent storage tank (V=1,000 L), that allowed the influent storage for a
period of at least 2 weeks, depending on the HRT used in UASB reactor;

• Pre-acidificator (V=40 L), fed by a first peristaltic pump, which had the
function to heat the influent to the proper mesophilic temperature (35 °C)
and correct pH to the set-point value (6.7);

• UASB column (V=65 L), fed by a second peristaltic pump, where highly
active granular sludge, taken from Castelfranco IC reactor (also used in
the BMP tests, reported in Chapter 4), was introduced. As described in
Chapter 2, where UASB reactors configuration was introduced, the influent
was fed at the base and flew upwards, while the effluent was separated
from biogas in the three-phase separator;
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Figure 5.1: Pilot UASB reactor process scheme

120



• Biogas line, composed of an accumulation headspace and a biogas registra-
tion unit (µ-Flow, Bioprocess);

• Water heating bath and recirculation pump, with T set-point (fixed at 35
°C, coherently with the temperature used in BMP tests), which heated
both the pre-acidificator and the UASB column to the desired mesophilic
T;

• 2 mixers, one for influent storage tank and one for pre-acidificator homo-
geneization;

• Leaching bed (fig. 5.3) and waste shredder, for the tests executed on
OFMSW.

The tests were executed on CW, condensate water and OFMSW leachate, and
the operating conditions were properly set for each substrate, considering the
results obtained from physicochemical characterization (Chapter 3) and BMP
tests (Chapter 4). Moreover, effluent recirculation was introduced, in particular
for the tests on condensate water (to simulate full-scale operations, and reduce
soda consumption for pH correction) and OFMSW leachate (because of the
limited amount of available leachate). Given the fact that biogas separation in
its constituting components (mainly CH4 and CO2) was not possible, according
to a preliminary literature evaluation, it was estimated a CH4 percentage in
biogas of 70%.

In the following paragraphs, the main results from each substrate tests will
be highlighted, together with some considerations for eventual successive studies.

5.2 CW tests

The tests were conducted on a mixture of first (50%) and second (50%) CW, in
order to have a significant mixture, representative of the real stream produced
by local dairies; following the results of laboratory physicochemical analysis
(Chapter 3) and BMP tests (Chapter 4), whey was properly diluted with tap
water, in a proportion of 1:50 v/v, to obtain a COD concentration that could
be easily treated in the start-up phase of the pilot-reactor. Whey dilution was
basically intended not to overload the reactor, and to allow granular biomass to
adapt to this substrate. It could be forecast, in longer pilot-tests, to progressively
reduce this dilution, in order to increase influent COD, OLR and, consequently,
also methane production.
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Figure 5.2: Pilot UASB reactor, located in Tolmezzo WWTP

As for the main operating parameters, influent flowrate was fixed to 36 L/day,
corresponding to a mean OLR of 0.81 kg COD/m3day. Up-flow velocity, vup,
was calculated as 0.055 m/h; HRT was set at 40 h.

The results from a period of 1 month tests were reported in fig. 5.4: it
was observed a good adaptation of granular sludge to diluted whey, with high
COD removal (mean 84.6%), despite of the natural fluctuations in influent
load, that occurred due to the high heterogeneity of the substrate. Mean COD
concentration in the influent was 1.31±0.49 g/L, while mean effluent COD was
0.18±0.09 g/L. Mean biogas production was 148.5 L CH4/kg CODremoved. It
should be pointed out that, due to some operational problems, actually only
punctual biogas production data were available, so a defined trend in biogas
production could not be obtained.

A comparison of the obtained results with literature evidences can be fruitful:
Rico et al. [185] studied co-digestion of CW with manure, with a HRT of 2.2 days
and a high OLR (up to 19.4 kg COD/m3d), and they reported a stable operation
until a CW fraction in the feed of 75%; in this conditions, they claimed a methane
production up to 6.4 m3 CH4/m3d. Moreover, using a lower CW fraction of 60%,
OLR could be increased up to 28.7 kg COD/m3d, with a reduced HRT of 1.3
days. Erguder et al. [150], instead, treated undiluted CW in a two-stage UASB
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Figure 5.3: OFMSW leaching bed
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bagasse wash WW, coming from a P&P industry. This WW was characterized
from acidic pH (4.5-5.5) and high sCOD concentration (in the range of 2-7 g/L),
so it could be somewhat comparable with the actual condensate water stream. In
their work, a high COD removal of 80-85%, similar to what reported in Tolmezzo
WWTP project, was obtained, coupled with HRT of 20 h and biogas production
of 520 L/kg CODremoved.

Some respirometric tests were planned and executed, to investigate the effec-
tive biodegradable fraction of the COD in condensate water: it was supposed that
a portion of the total COD was recalcitrant, and so not easily degradable, even
in anaerobic environment. This tests were carried out in University laboratories,
following the procedure described in [187] using aerobic activated sludge, taken
from activated sludge tanks of Tolmezzo WWTP.

A first calibration phase with sodium acetate (NaAc) was performed, to
study biomass behaviour in degrading a easily degradable substrate, such as
NaAc; in particular, 5 different concentrations of acetate were tested, to calculate
calibration curve. The main operations that were performed in this first phase
can be summarized as follows:

1. Biomass withdrawal and aeration at ambient T for 1 day, to consume
residual substrate and establish endogenous conditions;

2. Thermostatic bath T set at 18 °C and insertion of 0.8 L of sludge in each
reactor;

3. DO probe installation, data logging start and sludge oxygenation, until
establishing saturation conditions;

4. Aeration maintenance at saturation conditions for 10 min;

5. Aeration stop, after 5 min sodium acetate dosage;

6. After 60 min, test stop.

The second phase, then, consisted in testing the actual substrate (condensate
water) with the biomass, using a discontinuous aeration regime, in order to eval-
uate the capacity of oxygen consumption and re-aeration. The main operations,
in this case, were the following:

1. Biomass withdrawal and aeration at ambient T for 1 day, to consume
residual substrate and establish endogenous conditions;

2. Thermostatic bath T set at 18 °C and insertion of 0.8 L of sludge in each
reactor;
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and inorganic sulphur fractions. In the following, the mean data from these
analysis were reported and discussed.

From the results on influent fractioning, reported in fig. 5.6, it could be
seen that actually organic sulphur accounted for more than 50% (53.0 mg/L,
out of 98.1 mg/L) of total sulphur in condensate water. Moreover, sulphite was
moderately present in the influent (7.9 mg/L), while sulphate was the main
inorganic form (37.2 mg/L); however, it must be remembered that sulphite
quickly oxidises to sulphate, so its concentration was probably underestimated.
No sulphide was found in the influent.

As for sulphur fractioning in UASB effluent, shown in fig. 5.7, it was evident
that sulphur was present mainly in its inorganic forms; this result could be
explained with organic compounds degradation, that happened in anaerobic
environment. Mean residual organic sulphur concentration was evaluated as 4.5
mg/L (91% reduction). Moreover, a higher sulphite concentration (23.3 mg/L)
was detected, if compared to the influent, indicating some reduction of the other
sulphur forms. However, the most concentrated compound was again sulphate
(41.6 mg/L); total sulphur in the effluent was 70.4 mg/L, with a mean 28%
sulphur reduction (that was probably transferred to the gaseous phase, as H2S).

Finally, to complete this research phase, a punctual detailed analysis campaign
was conducted, to measure some meaningful parameters, both in the influent
and in the effluent of pilot-UASB unit; the analysed parameters were greases and
oils, TKN, formic acid, acetic acid, propionic acid, butanoic acid, iso-butanoic
acid, valeric acid, iso-valeric acid. The results from this campaign were shown in
tab. 5.1. As could be expected, TKN concentration was very low both in the
influent and in the effluent, given the low nutrient concentration present in this
matrix; this result, however, was already highlighted in Chapter 3.

A high concentration of acetic acid was measured in the influent, and it
increased even more in the effluent: this indicated that an intense acidification
occurred, even if it was not completed (as highlighted also from obtained COD
removal), to fully degrade the wastewater and complete the AD process. Finally,
little concentration of formic acid appeared in the effluent, that probably came
from degradation of more complex organic acids (such as propionic and iso-
butanoic acid).

5.4 OFMSW leachate tests

OFMSW was obtained from Tolmezzo canteen (differently from characterization
phase, where organic waste coming from Udine university canteen waste was

127









Table 5.2: Results from odour analysis on selected matrices samples

Matrix Influent (ou/m3) Effluent (ou/m3) Biogas (ou/m3)

CW 59 500±170 5,533±1,893
Condensate water 4,900 23,000±5,354 84,333±43,438
OFMSW leachate 4,200 11,700±5,749 93,000±21,276

5.5 Odour test results

Odour tests were conducted to analyse the relative impact of the anaerobic
treatment of each matrix (CW, condensate water, OFMSW leachate) in smell
nuisance contribution; to this purpose, air samples were withdrawn from influent
tank, biogas headspace and effluent surnatant during each different set of test.
The samples were withdrawn and analysed in an external dedicated laboratory,
that operated in standardized conditions, in compliance with international
standard UNI EN 13725:2004.

Odour measurements were performed through dynamic olfactometry tech-
nique: the dilutions number, necessary to reduce odour concentration to the
detection threshold, was expressed as the odour concentration index, and its
measurement units were odourimetric units per meter cube of air (ouE/m3).

The results from these tests were reported in tab. 5.2. It could be observed
that low odour concentration was registered in CW tests, both in storage tank, in
effluent and biogas line, probably due to its high dilution, that was actually used
for the tests; thus, higher odour concentration is expected to appear, when using
lower water-whey ratios. On the other hand, significant odour concentration (up
to 93,000 ou/m3) was present both in condensate water and OFMSW leachate
tests; furthermore, odour concentration was very similar between these two
matrices, both in the influent tank (4,200-4,900 ou/m3) and in biogas (84,300-
93,000 ou/m3).

In full-scale operations, an efficient odour removal should be planned, to
prevent any smell nuisance to workers, as well as to people living near the plant;
actually, in Tolmezzo WWTP high-efficiency chemical scrubbers are operating,
able to clean all exhaust air coming from the covered WWTP basins.
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5.6 Conclusions

In this chapter, the main findings from pilot-scale continuous UASB tests,
executed on selected substrates (CW, condensate P& P WW, OFMSW leachate)
were presented. In particular, it was highlighted that:

• CW could be successfully treated, with high removal efficiency, using UASB
technology; however, a high dilution should be used, in particular in start-
up phase, to avoid operational problems. When the system reaches stable
conditions, COD concentration, and consequently OLR, can be increased,
so higher methane yields can be obtained, as well. This is coherent with
other literature studies, that showed the feasibility of CW treatment in
UASB reactors, even using high OLR;

• OFMSW leachate was easily obtainable through waste percolation at
laboratory-scale, while at pilot-scale this process appeared less competitive,
if compared to mechanical separation (for example, through screw pressing).
High volumes for the leaching bed, in fact, were required, together with
elevated contact times, not compatible with operational times and amount
of available organic waste in the analysed WWTP. Thus, low influent COD
was observed in the leachate, that consequently led to a low COD removal
in UASB column;

• Condensate water, even if substantially biodegradable, as highlighted from
respirometric tests, was digested with a moderate COD removal; nonethe-
less, once stable conditions are achieved for optimum operation of granular
sludge, anaerobic pre-treatment of this matrix appears advantageous, be-
cause of its high T and COD concentration, as well as in order to reduce
the organic load to activated sludge line in Tolmezzo WWTP.

The work will be completed in Chapter 6, where some energetic data will be
discussed, given the results from the previous chapters, also considering, if
available, electric and thermal energy consumption of real plants. In particular,
local dairies and breweries will be considered, together with an in depth-analysis
of the actual production of OFMSW in the analysed territory.
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Chapter 6

Energetic considerations

In this chapter, some energetic considerations will be made, in particular on
CW, where a high potential for energy and material recovery, as well as real
possibility for waste management improvement, is present. In the first section,
energy recovery will be analysed, and some energetic data from local dairies
will be discussed, in light of the obtained results, while in the successive section
material recovery (as proteins) will be described, as an outstanding process for
obtaining valuable compounds, that have both an economic and environmental
value.

Energy recovery from OFMSW liquid fraction will be quantified as well,
by considering the actual amounts of produced waste in the mountain area of
Friuli-Venezia Giulia region, and some suggestions to improve its valorisation
will be drawn.

Finally, energy consumption from a selected brewery in the analysed territory
will be analysed, together with an estimation of possible energy recovery from
the different organic wastes (BSG, yeast, whirlpool residue, end-of-fermentation
beer), compared to actual electricity and heat consumption.

6.1 Energy recovery from CW

6.1.1 General considerations

The dairy industry plays an economically important role in the agricultural
sector; CW, that represents approximately 90% of the employed milk (from
a massive point of view), is challenging to dispose, in particular for Small to
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Medium Enterprises (SMEs), because typically they do not possess the economic
resources required for a proper treatment and valorisation [86]. In fact, these
companies usually prefer to give away this residue for farm animal feeding (this
is actually done also by the analysed dairies, located in Friuli-Venezia Giulia
mountain area), and, sometimes, untreated CW is directly discharged into the
municipal sewage system, causing serious environmental hazards, as well as
significant problems to municipal WWTPs [81].

Anaerobic digestion (AD) can be a triple action process for CW treatment:
pollution discharge reduction, energy obtainment, and nutrient recovery [87]. The
successful application of AD to CW depends on the physicochemical composition
of CW, in terms of organic matter, reduced alkalinity, rapid acidification tendency,
as well as on the inoculum source (that needs to provide high buffer capacity)
and reactor configuration [188].

In fact, inhibition by acidification is a common problem encountered during
AD of acidic substrates, such as CW. This was actually experienced also in this
work, in particular in BMP tests, executed at I/S=2 (Chapter 4), where methane
production stopped just after a few digestion days. However, by increasing I/S
ratios, high CH4 production was obtained from selected CW samples. For SMEs,
in literature it was suggested to use low-cost tubular digesters, that improve
process stability, through separation of acidogenic and methanogenic phases; this
solution can be particularly interesting for little facilities, that are not typically
able to sustain high investment costs [189].

AD is known for its effect on organic matter stabilisation and removal; how-
ever, tipically most of the nutrients remain in the digestate, that is characterized
by N/P ratios between 2 and 4 [190]. Although this digestate has good fertilizing
properties, its direct application to crops has disadvantages, such as ammonium
emissions during irrigation [191] and introduction of pathogens to the fields [192].

To solve this issue, in recent years practical solutions have been proposed, to
recover nutrients from the digestate, such as struvite (magnesium ammonium
phosphate hexahydrate, MgNH4PO4

.6H2O) [193]. Struvite is formed as crystals
(fig. 6.1), that naturally precipitate when the molar ratio Mg:NH4:PO4 is
above 1:1:1 [194], and is characterized by a lower water solubility, in comparison
with commercial fertilisers, improving its yield and inhibiting the uncontrolled
dispersion of nutrients in the environment [195]. It should be observed that only
20% of the N consumed by cows is present in milk and meat, while the other 80%
is disposed of as manure and urine; so, an inappropriate digestate application
allows NH3 and NOx emissions.

Struvite, instead, is considered a high quality fertilizer, a fire retardant, and
an absorbent for removing pollutants from the soil [197]. Transformation of
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Figure 6.1: Struvite granules, recovered from liquid hog manure [198]

digestate nutrients into struvite is an environmentally friendly and sustainable
method, that can remove residual pollutants, and yield profits for waste treatment
in rural and mountain areas.

As for UASB process, that was the main focus of this research, the high
concentration of phosphates found in raw cheese whey (Chapter 3), and the
limited nutrients removal, that was typically observed in UASB processes, boost
for nutrients recovery from the effluent, even if it must be underlined that Mg
content in dairy effluents is not sufficient, and must be integrated. In general,
phosphate content (high concentrations of PO4

3-, > 500 mg/L, were found in
the analysed whey) determines the maximum amount of struvite that can be
obtained after precipitation [86].

It is therefore possible to recover both energy (through biogas) and nutrients
(through struvite precipitation) from CW. As for general technical considerations,
it must be considered that CW production varies during the year, because of
climatological conditions, and CW storage (that can be performed in tanks, such
as the one shown in fig. 6.2) could be a solution, to compensate for the lack
of substrate during the dry season. CW storage involves a decrease in organic
matter content and pH, but it has been shown that this does not significantly
influence methane production [196].

Given the fact that all the analysed dairies were SMEs, however, it appears
advantageous to choose simple technologies for valorising this substrate, rather
than UASB processes, that could be tricky to design and operate: choosing
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Figure 6.2: CW storage tank [199]

a simple configuration, such as low-maintenance tubular digesters, each dairy
could operate its own reactor, and the obtained biogas could be used locally,
reducing energy consumption.

In addition, a synergistic effect would be obtained if AD technology ben-
eficiaries were the milk producing farms, that furnish raw milk to the dairy
companies, because cattle farms have access to manure, that can be used as
inoculum for AD reactors start-up, and CW could be transported by unifying
milk collection route from the farms with the transport of whey back from the
dairy companies. Payback period for the installation of a simple plastic tubular
digester, coupled with struvite precipitation, was calculated as one year in [189],
so the feasibility of whey AD was confirmed also at little scale, and a synergism
between SMEs and dairy farms should be encouraged, for energy production
and nutrients recovery purposes.

6.1.2 Energy recovery potential from selected diaries

Some starting data regarding dairies production can be reported from the
analysed plants: a first local dairy reported a raw milk consumption of 60
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t/week, together with a CW production equal to 86.5% of raw milk consumption
(51.9 t/week), meaning a yield in final products of 13.5%. Considering 5 working
days per week, and taking into account whey density (1.03 t/m3), daily CW
volumetric production was calculated as 10.1 m3/d. A second dairy reported a
daily whey production of 11 t/d; again, considering CW density, a volumetric
CW production of 10.7 m3/d was obtained. From these data, it could be seen,
indeed, that the amount of produced CW from these two dairies was very similar.
Moreover, the yield in final products was consistent with other dairies, located in
Friuli-Venezia Giulia, where a yield range of 10.5-13.0% was claimed; generally
speaking, the yield of these plants appears to increase if a higher spectrum of
products (including, for example, mozzarella and soft cheeses) is made.

Globally, in the analysed territory (Carnia, Val Canale and Canal del Ferro)
5 dairies are present; because a couple of them have higher dimensions than the
two reported dairies, total CW production in the area was estimated considering
a multiplying factor, that, following some preliminary evaluations, was set at 1.3:
consequently, total daily CW production was calculated to be 69.4 m3/d. As
for the transport and disposal costs, that was actually born by the facilities, a
standard cost, equal to 90 e/m3, was considered for the economical evaluations:
a global weekly cost of 31,240 e/week was thus obtained.

According to the results of physicochemical characterization, a mean COD
concentration of 93.4 g/L (considering a mixture of 50% first CW and 50%
second CW) was considered, and the corresponding daily COD production was
evaluated as 6,484 kg COD/d. According to BMP tests results, reported in
Chapter 4, CW methane potential, at the optimal operating conditions, was 360.4
NL CH4/kg CODadded. Global methane production, considering a complete
anaerobic valorisation of the produced whey, was indeed calculated as 2,337
Nm3/d.

Methane energetic potential is known to be 35.16 MJ/Nm3: consequently,
theoretical energy, available for electricity and heat production (for example
through CHP systems), could be estimated as 82,158 MJ/d. In order to make
a good estimation of the real electric and thermal energy, effective yields from
full-scale CHP systems were considered in the following. Theoretical available
energy from CW, if expressed in kW, was as high as 951 kW; a CHP unit system
[202], which had a gas consumption of 1,073 kW, was thus considered: the
CHP-producing company claimed, from this equipment, an electrical yield of
37.5%, together with a thermal yield of 52.5%. Thus, obtainable electric and
thermal energy were calculated, respectively, as 8,558 kWhel/day (corresponding
to 357 kWel) and 11,981 kWht/day (corresponding to 499 kWt).

Furthermore, considering a mean yield of 13.5% in final cheese product,
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globally raw milk consumption in the area could be evaluated as 80.2 m3/d.
Indeed, considering a mean EE consumption of 0.054 kWh/kg milk (obtained from
a broader energy analysis, reported in [200]), daily electric energy consumption
from local dairies can be estimated as 4,331 kWhel/day. As a consequence, AD
from all the produced CW in the area could produce approximately twice the
total EE need: excess EE production could be valorised and sold to the gas
grid; also, significant incentives are available nowadays for renewable energy
production, that could further augment economic income.

As for thermal energy, instead, using a mean specific thermal consumption
of 0.410 MJt/kg milk [200], corresponding to 0.114 kWht/kg milk, total thermal
energy consumption from local dairies could be estimated as 9,143 kWht/day.
Consequently, the heat recoverable from biogas could be sufficient to cover also
heat demand from the local dairies.

Finally, to conclude this analysis, it should be pointed out that significant
distances occur between local dairies, so the feasibility of adopting diffused AD
reactors, localized in each dairy, would probably be the best option, rather
then a centralised plant (as was supposed in this paragraph); thus, each plant
should consider investment costs for simple AD reactors, together with the
availability of specialized personnel, to conduct the plant, as well as the economic
income, that could be obtained from EE, in order to choose the best solution to
valorise the produced CW. A pay-back time of 3-4 years could be enough low to
encourage the diffusion of this technology; however, a further study is required,
in collaboration with local dairies, to establish the ideal solution for each dairy,
taking into account the specificities, obviously encountered in each process.

6.1.3 Energy consumption in selected dairies

An in depth analysis was made, to analyse the total energetic consumption
in local dairies: electric energy, thermal energy and water consumption were
considered to this purpose. Selected dairies were analysed, and some meaningful
data were reported in tab. 6.1; for thermal calculations, the boiler, used for heat
production, and fuelled with natural gas, was assumed to have an efficiency of
85%, while the calorific value of natural gas was estimated as 10.77 kWh/Sm3

[201].
It could be observed from tab. 6.1 that Dairy 2 had a raw milk consumption

more than double than Dairy 1. Specific water and energy (both electric and
thermal) consumption appeared to be higher in Dairy 2, if compared to Dairy 1.
In addition, cheese yield from selected dairies was coherent with typical reported
literature values.
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Table 6.1: Water and energy consumption in selected dairies

Parameter Dairy 1 Dairy 2

Raw milk consumption (t/year) 1,943 5,136
Total cheese production (t/year) 209.8 667.0
Cheese yield (%) 10.8 13.0
CW production (t/year) 1,733 4,720
EE spec consump (kWh/kg milk) 0.027 0.044
Heat spec consump (MJ/kg milk) 0.317 0.557
Water spec consump (L/kg milk) 1.02 3.03

In [203], specific energy consumption from a traditional cheese factory, that
produced 1,620 kg mozzarella/day, was reported: they claimed a yield of 0.123
kg mozzarella/L milk (coherent with the values shown in tab. 6.1), an electricity
consumption of 0.025 kWh/L milk, a heat consumption of 0.014 MJ/L milk
and a water consumption of 2.23 L/L milk. Considering 5 working days per
week, a total production of 421.2 t/year was estimated, that was similar to
cheese production from selected dairies. It could be interesting to observe that
electricity consumption in [203] was practically the same as Dairy 1, while heat
consumption was significantly lower (by one order of magnitude), if compared to
the analysed dairies. Finally, water consumption was well comparable to that of
the actual plants.

A meaningful study, reported in [204], analysed energy mix profile and energy
efficiency of the Brazilian dairy industry. A broad range of dairies was taken into
account, and some benchmarks, as for EE and heat consumption, were indicated.
In particular, as for electricity, a benchmark specific cost of 0.1417 R$/L milk
(corresponding to 0.0318 e/L milk) was reported, while, as for thermal energy,
a benchmark specific cost of 0.0120 R$/L milk (corresponding to 0.0027 e/L
milk) was claimed. A comparison with the actual energy costs for local dairies
could be made: as for EE, a standard cost of 0.20 e/kWh was considered, and,
starting from the data reported in tab. 6.1, a specific cost of 0.0054 e/L milk
and 0.0088 e/L milk was obtained, respectively, for Dairy 1 and Dairy 2. Thus,
it could be seen that this cost was significantly lower than that reported in [204],
and could be explained with a higher general efficiency of the process.

As for thermal energy, instead, a mean gas cost of 0.25 e/Sm3 [205] was
considered for the successive calculations; a specific cost of 0.0258 e/L milk and
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0.0042 e/L milk, respectively, was obtained for Dairy 1 and Dairy 2. It could
be seen that actual costs were generally higher than benchmark value. It could
be concluded, indeed, that some efficiency increase can be still achieved, as for
thermal energy, in the local dairies.

However, it should be taken into account that total energy consumption data,
furnished by processing plants, could be referred only to processing equipment,
but also, in some cases, to complementary auxiliary units (such as refrigerators),
so they were not standardized at all.

6.2 Protein recovery from CW

Over the past few decades, there had been an increasing interest in CW utilisation
for the production of highly valuable products, such as whey proteins. Whey
processing into these products helps to reduce environmental pollution, and
provides the dairy industry with an added economic incentive [206].

Proteins, that are present in whey, are a mixture of globular proteins, and
have excellent nutritional properties. Generally, there exist two kinds of recovered
proteins, namely whey protein and casein. The latter is a phosphoprotein and is
used as a food additive, a binder and as source of carbohydrates, amino acids,
calcium and phosphorous. Whey protein, instead, is a great source of amino
acids, and is available in various forms; its quantity in CW typically ranges from
6 to 10 g/L [207]. Whey protein chemically consists mainly of β-lactoglobulin
(β-Lg) and α-lactalbumin (α-La).

Recovered whey proteins can be made commercially available in various
forms, such as highlighted in the general scheme of fig. 6.3:

• Whey Protein Concentrate (WPC) (fig. 6.4): processed form of whey pro-
tein, which has the lowest level of fats and cholesterol, and is characterized
by a high level of bioactive compounds. Its protein content is in the range
of 65-70% ([208]), and it contains, as well, carbohydrates, in the form of
lactose [206];

• Whey Protein Isolate (WPI): WPI is a whey protein that has been further
processed, to remove fats and lactose. It has lower quantities of bioactive
compounds, but a higher protein content (>90%) [206];

• Whey Partial Hydrolisate (WPH): WPH are pre-digested and partially
hydrolysed whey proteins, with an easier metabolism. Protein content is
70-80% [206];
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Figure 6.3: Added value products that can be obtained from whey [207]

• Native Whey: it is extracted from skimmed milk and can be produced as
concentrate or isolate, even if it has limited uses [206].

Whey protein separation process essentially consists of three stages [206]:

1. Pre-treatment, aimed at avoiding problems in the following phases;

2. Separation: several methods have been used to separate CW into its
various components. These techniques are mainly based on membrane
separation processes, with ultrafiltration being the highest contributor.
The major operating problem, commonly encountered in daily operations,
is membranes fouling, that leads to a reduction in flux and efficiency in
whey protein separation;

3. Drying, which as the purpose to reduce transportation costs and increase
the product shelf life. The most common drying method is spray drying;
optimization of heat application to separated whey proteins is crucial,
because protein denaturation should be prevented, in order to guarantee
shelf life of the final product [206].

Given the outstanding interest of this process, in the following sections a
brief description of the three phases for whey protein separation will be made; as
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Figure 6.4: Whey protein concentrate [209]

for general considerations, these processes require significantly higher investment
costs, if compared to energy recovery, as described in the previous paragraphs.
Indeed, given also the strong technical complexity, SMEs cannot typically afford
to implement resource recovery plants; nonetheless, in the future this solution
appears to be very competitive, because of the broad spectrum of high-value
products that could be obtained. Successive studies are required, anyway, to
evaluate the possible application of this technology in a particular territory, such
as the mountain area of Friuli-Venezia Giulia region.

6.2.1 Pre-treatment

As already stated, CW pre-treatment is needed, in order to induce selective
changes, to limit the negative effects of fouling in the successive membrane
separation stage. Nowadays, the most popular pre-treatment methods, used in
the dairy industry, are [206]:

• Chemical pre-treatment: it involves the addition of chemicals to whey,
with the aim of removing the components that contribute to membrane
fouling [206];
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• Thermal pre-treatment: controlled application of heat, to improve the shelf
life and stability of protein solutions and beverages. It is typically used to
reduce proteins aggregation, that may cause the solution to become turbid
[206];

• Ultrasound (US), that helps to breakdown protein aggregates and improve
the heat stability. Often US pre-treatment is combined with heat pre-
treatment, giving higher efficacy. In membrane systems, US application
can increase flux, as well as improving cleaning efficiency [206];

• Turbulence promoters, that enhance turbulence and shear near the mem-
brane surface [206].

Despite of the chosen pre-treatment, membranes often need to be cleaned, to
remove the detrimental deposits and restore the initial permeation properties.
Conventionally, cleaning is performed using an alkali cleaning step, followed
by an acid cleaning step. Also, non-conventional cleaning methods have been
developed, such as US cleaning, use of saline solutions, use of electric fields [206].

6.2.2 Membrane filtration

In ultrafiltration (fig. 6.5), hydrostatic pressure forces the liquid against a
semi-permeable membrane, which leads to the retention of suspended solids
and solutes having high Molecular Weights (MW); water and lower MW solids,
instead, can pass through the membrane. Ultrafiltration offers a unique method
for whey protein recovery in their native form. The typical MW cut-off for
this process is 10 kDa; the process is normally operated at T<55 °C and inlet
pressure of 300 kPa, while membrane pore size is in the range of 200-250 nm.
Ultrafiltration can increase protein content of whey up to 85% [206].

An evolution of the single-step process consists of the cascaded ultrafiltration,
where either the retentate or the permeate from one membrane stage is transferred
to the next or previous stage as feed; there can be also some recycling. This
configuration can lead to an additional enrichment of whey proteins. Moreover, it
has been showed in literature that, through cascaded ultlrafiltration, separation
efficiency can be significantly enhanced, if compared to single stage operations
[206].

Another process improvement can be bio-catalysts addition: it has been
demonstrated that large sized proteins have less influence on membrane fouling
and are also easier to clean, if compared to small-sized proteins. Bio-catalysts
are enzymes capable of cross-linking proteins, resulting in the formation of high
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Figure 6.5: Ultrafiltration module for whey processing [212]

molecular polymers, that can be easily retained on the exterior surface of the
membrane [210].

Summarizing, the main advantages of membrane separation process are the
following [206]:

• It is a non-thermal and environmentally friendly technology;

• Various methods can be used to increase membrane selectivity; also con-
struction materials can be chosen in order to give a higher affinity for
certain proteins, according to the specific purpose;

• Membrane configuration is suitable for easy industrial application, due to
the compact design and low required maintenance;

• Specialised knowledge base is not necessary, to operate membrane modules.

Undoubtedly, as already specified, the major process limitation is fouling, that
is caused by a combination of different phenomena, such as concentration polari-
sation, pore blocking or cake formation; fouling limits mass transfer, because of
deposits formation. Reversible fouling happens when the deposits can be easily
removed, by rinsing water through the ultrafiltration membrane, while, on the
other hand, irreversible fouling refers to a layer that can only be removed using
chemical cleaning [206].
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Some new methods have been recently developed, to enhance protein recovery
potential; among them, the following are worth mentioning [206]:

• Membrane distillation, that is a thermally driven process. Water vapour
is allowed to pass through the membrane, and the flux is driven by the
vapour pressure gradient;

• Anion exchange membranes, where the separation is driven by electrostatic
interactions between the surface charges on biomolecules and clusters of
charged groups on membranes;

• Precipitation, achieved by heat introduction or specific chemicals addition.
Heat introduction leads to aggregates formation, that settle down and can
be easily removed. However, the selection of chemicals should be very
accurate, because they may lead to chemical properties alteration.

6.2.3 Drying

Once the proteins have been isolated, they need to be dried, to eliminate
moisture and respect commercial requirements for final products. This process
also increases physical and microbiological stability of whey proteins, allowing
for a reduction of transport and storage costs. The main processes, industrially
applied, are spray drying and freeze drying [206].

Spray drying (fig. 6.6) is an effective process, because it removes water at
the lowest T and in the shortest time. It is based on the generation of very fine
droplets, using a nozzle or a rotary atomizer, into a hot dry air system, typically
at T of 180-220 °C [211]. The concentrated whey protein enters the spray dryer
chamber and exits, as powder, at the bottom; several cyclones are placed outside
the dryer, in order to remove dry products from humid air. Finally, drying and
cooling occur in a fluidized bed, where the powder from the end of the chamber
and from the cyclones mix together.

The advantages of this method include rapid drying, large throughput and
continuity of operations, but, on the other hand, high operation costs are
encountered, together with some unavoidable protein denaturation. Recent
advancements in this technology include the replacement of conventional nozzles
with ultrasonic nozzles, that are more precise, reliable and give controlled
distribution [206].

Freeze drying, instead, is used to produce high-quality dried products, which
are sensitive to heat [214], and is based on the use of T below liquid freezing
point. The process is operated under vacuum; the component to be dried is
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Figure 6.6: Process scheme of CW spray drying [213]

first frozen, and then exposed to heat under vacuum, with causes sublimation
of the frozen liquid. When choosing this process, most deterioration reactions
are retarded to a great extent; in fact, freeze drying is considered to be the
best method for the production of high quality dried products. However, freeze
drying is expensive from an energetic point of view, and the throughputs are
limited, if compared to spray drying [206].

An evolution of these processes is spray-freeze-drying (a combination of
the two methods), where the solution is sprayed into a cold medium, and the
resultant frozen particles are then freeze-dried, by putting them in contact with
a cold, dry gas stream in a fluidized bed. This process enables a much faster
drying than it is usually possible by conventional freeze-drying [215].

6.3 Energy recovery from OFMSW liquid frac-
tion

AD process for OFMSW treatment is nowadays a mature technology, with over
560 plants for power generation reported worldwide, having a combined capacity
of over 7.3 TWh/year [216]. The use of energy derived from biogas, instead of
fossil fuels, helps to reduce CO2 emissions at levels of 200-300 kg CO2/t waste;
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moreover, the use of digestate, in place of mineral fertilizers, provides a further
reduction in CO2 emissions by 30-40 kg CO2/t waste [217].

As for OFMSW separation into a liquid and a solid fraction, a meaningful
example is that of Treviso municipality, where a strong collaboration exists
between the waste managing company (Contarina) and IWS local authority
(ATS): high purity organic waste is collected, and it is mechanically pressed,
to obtain a highly biodegradable liquid fraction, that is then used in the local
WWTP in co-digestion with sewage sludge, significantly increasing biogas yields.

The successive calculations for the actual quantities of available organic waste
in the analysed area were made considering the municipalities of the Mountain
Communities of Carnia and Gemonese, Val Canale, Canal del Ferro: globally, 43
municipalities were present, for a total population of 67,820 inhabitants (year
2017). Organic waste production, corresponding to the European Waste Code
(EWC) 200208, globally was, in 2017, as high as 4,141.5 t/year, and the specific
OFMSW production was thus evaluated as 67.8 kg OFMSW/inhab year.

As already mentioned, in [105], a simplified mass balance for solid-liquid
separation of OFMSW was reported: the liquid fraction corresponded to 30%
(on mass basis) of the OFMSW total mass. So, considering the actual amount of
waste produced in the analysed territory, it could be possible to extract 1,242.5
t/year of high-loaded liquid fraction, while the residual solid fraction, to be
composted, would be 2,899 t/year. Assuming BMP of OFMSW liquid fraction
as equal to that reported in [105] (0.49 m3 CH4/kg VS, with 118 g VS/L and
a density of 1,020 kg/m3), the volume of CH4 that could be obtained yearly
through AD would be 70,431 m3 CH4/year; then, considering a mean ambient T
of 20 °C, the corresponding normalised daily volume was calculated as 180 Nm3

CH4/day.
Again, considering methane energetic potential (35.16 MJ/Nm3), theoret-

ical energy, available for AD processes, could be estimated as 6,329 MJ/day.
Considering a micro-CHP unit of 68.4 kW, having electric and thermal yields
respectively equal to 32.2% and 73.1% [202], real electric and thermal energy
production would be 566 kWh/day and 1,285 kWh/day.

If compared to the obtainable CH4 and energy yields that could be obtained
from CW (reported in section 6.2), a difference of one order of magnitude
comes out: actually, given the low population density of this territory, an
implementation of an AD plant for liquid fraction, coming from OFMSW,
appears competitive only in the case of using an existing WWTP (for example
Udine WWTP) for a co-digestion process.

In this case, co-digestion of OFMSW liquid fraction and sewage sludge
would appear significantly advantageous. Sewage sludge characteristics play
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Table 6.2: Energy consumption in a selected brewery

Year Beer (hL) EE (MJ/hL) TE (MJ/hL) Energy cost (e/year)

2016 2,940 136.4 98.9 24,581
2017 3,190 130.6 112.2 25,969
2018* 2,700 148.9 124.9 25,005

*: January-July

a crucial role in this process: N content in secondary sludge can alleviate the
possible lack of nutrients in OFMSW, while primary sludge (rich in lipids) can
increase methane production in AD process [218]. This solution, applied to
untreated OFMSW (instead of a pre-separated liquid fraction) was already deeply
investigated in [179]; nonetheless, a specific focus on co-digestion of press water
and sewage sludge could be a suggestion for a possible future work.

6.4 Energy recovery from brewery waste

There are various factors that influence energy consumption pattern in a partic-
ular brewery, such as local climate conditions, production technology, product
mix, use of different bottling technologies, capacity utilization [219]. Moreover,
even if similar technologies are applied for brewing in different breweries, even
small differences can influence the energy management to a large extent [220].

Energy and water consumption from a local brewery was analysed in the
following; to this purpose, energy costs were evaluated considering a standard
electricity cost of 0.20 e/kWh and a conversion coefficient (from m3 to Sm3)
of 1.0034 for natural gas, while calorific value of natural gas was approximated
to 10.77 kWh/Sm3 and boiler thermal efficiency for heat production was taken
as 0.85. The main results from energetic analysis were reported in tab. 6.2,
and highlight a moderate increase of energy cost through the years, due to an
increase in the amount of produced beer. Limited variations in specific electricity
(in the range of 130.6-148.9 MJ/hL) and thermal consumption (in the range of
98.9-124.9 MJ/hL) arise from one year to another.

In [219] an energetic analysis was carried out on a Latvian brewery (having
a production of 15,000-17,000 hL/year, so significantly higher than the reported
brewery): in particular, a specific thermal consumption of 220-230 MJ/hL was
claimed, that was significantly higher than the actual brewery consumption. As
for electricity, they underlined a specific EE consumption of 82-92 MJ/hL, that,
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instead, was lower, if compared to the EE need of the analysed plant.

The results from BMP tests (Chapter 4) were used to estimate total methane
yield, that could be obtained by anaerobically digesting all the brewery waste.
Yearly production of each waste was considered, and the contribution of biogas
to electric and thermal energy consumption was evaluated, by considering an
electric yield of 35% and a thermal yields of 55%. The results were summarized
in tab. 6.3.

It could be noticed, as highlighted also from literature references, that BSG
(trub) and spent yeast were the main residues, from a volumetric and also a
massive point of view; moreover, a higher methane production could probably be
obtained by spent beer and also whirlpool residue, when working in co-digestion
process, or optimizing operating variables, in order to enhance biogas yields. As
an example, the addition of biochar (as shown in Chapter 4) would increase in a
significant manner the obtained values.

From this basic results, however, it could be estimated that AD from all the
brewery wastes could produce up to 18.4% of the total electric need and 27.7% of
the total thermal requirement; if biochar could be added, as for spent yeast and
whirlpool residue, these percentages would increase up to 21.4%, as for EE, and
32.3%, as for TE. It should be underlined, finally, that the interaction between
these matrices in a co-digestion process needs to be further investigated, in order
to evaluate eventual synergistic effects (for example between spent yeast and
AD sludge), as well as to prevent any possible operating problem.

Finally, as underlined for local dairies, choosing simple digesters, with low
moving parts and sustainable investment cost, managed by the personnel em-
ployed in the brewery, could be an interesting solution, to increase sustainability,
reduce environmental impact, lower energy costs and shift to a circular economy
perspective.

6.5 Conclusions

In this chapter, in light of the results of the whole research work, some final
considerations on energy and material recovery were made on the substrates
where the highest potential for improvement in waste valorisation strategy was
found: CW, OFMSW and brewery waste.

In particular, it could be remarked that:

• CW is the substrate whose valorisation appears most feasible and competi-
tive: one possible solution includes a centralized AD plant, that receives
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Table 6.3: Energy analysis from brewery waste

Substrate V (m3/year) Mass (kg VS/year) BMP (NL CH4/kg VS) EE (kWh/year) Therm (kWh/year)

Trub 100 6,990 356 9,911 15,574
Yeast 36 5,027 487 9,744 15,311
Whirl 12 756 290 874 1,373
End beer 12 428 126 214 337
Total 160 13,201 - 20,743 32,596

15
0



all the whey generated by the local dairies, able to produce electric energy
(for injection into the grid) and heat (to sustain the process and, eventually,
for district heating). As previously highlighted, high I/S ratio should be
adopted, to obtain high methane yields and prevent inhibition by VFA
accumulation. However, given the long distance between the analysed
plants, a decentralised solution, with small distributed AD reactors, ap-
pears more feasible: simple reactor configuration should be privileged, to
allow easy operation and low investment cost. This solution could provide
most of the electricity and heat needed by the plant, as was shown in 6.1.3,
together with a short pay-back period and ease of operations. In larger
plants, instead, where a higher investment cost is typically sustainable,
resource recovery processes, as described in 6.2, could be applied, given
the high economic value of proteins;

• OFMSW production in the geographic area is quite low: it could be
interesting to evaluate a co-digestion of the liquid fraction, obtained after
mechanical pressing, with sewage sludge, that have already been proved
to be sustainable, and is actually applied also in some Italian full-scale
plants (such as Treviso WWTP). The solid fraction, anyway, needs to be
recovered through composting, as it is already done nowadays in most
cases;

• Brewery waste is a highly biodegradable substrate, and consists of an
heterogeneous mixture of substrates (trub, spent yeast, whirlpool residue,
end-of-fermentation beer). A good solution for valorising this substrates
could be the implementation of little AD plants, managed by brewery
owners, in order to get a significant share of the electric and thermal
energy need of the plant. However, in order to increase biogas yields,
efficient pre-treatments and/or proper co-digestion mixtures should be
further studied and evaluated. As an example, the meaningful increase in
biogas yields, that was observed when adding biochar or GAC, should be
deepened, to improve the obtainable yields.
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Chapter 7

Conclusions

This Ph.D. research was focused on energy and material recovery from high-
loaded liquid substrates, present in the mountain area of Friuli-Venezia Giulia
region. UASB anaerobic treatment was studied, as a possible target for energy
recovery, given the presence of a UASB reactor in Tolmezzo WWTP; this reactor
was actually designed for pre-treating condensate P&P WW.

First and second cheese whey (CW), condensate P&P WW, OFMSW leachate,
brewery waste (spent grain, yeast, whirlpool, end-of-fermentation beer) and
slaughterhouse liquid waste were the selected substrates, due to the presence
of specific plants in the area, and given the possibility to valorise this matrices,
whose transport, treatment and disposal is actually cumbersome. The aim of
the research study was to select the best treatment and valorisation strategy
for each substrate, taking into account environmental, energetic and economic
aspects. A percolation bed was assembled for the extraction of a soluble liquid
fraction from solid organic waste.

It was showed, through laboratory physicochemical characterization, that
CW, condensate water, OFMSW leachate, brewery waste and slaughterhouse
liquid waste were strongly polluted streams, and it was highlighted that each
substrate had peculiar characteristics, that needed to be taken into consideration,
when choosing the best valorising strategy. Moreover, BMP tests and continuous-
UASB tests demonstrated that it is possible to anaerobically treat all of these
matrices, even if CW has a strong acidification tendency, if not properly diluted,
so a high I/S ratio has to be adopted, while condensate water is strongly acidic
and poor of nutrients, so proper nutrient addition and pH correction should be
planned; in addition, slaughterhouse waste is characterized by a slow hydrolysis,
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that affects final methane yields in BMP tests.
Ultra-sound (US) pre-treatment was tested on CW, in order to evaluate a

possible increase in methane yields; a significant increase both in final BMP
yield and methane production kinetics was observed, together with the fact that
higher applied US energy did not produce a further increase in BMP value. In
fact, no difference between longer US-pretreated and untreated whey was seen,
indicating a strong non linear behaviour.

A high dilution of CW was used for continuous UASB tests, in order to allow
an easy adaptation of granular biomass, and high COD removal was obtained,
together with stable operations. A progressive increase in COD (reducing dilution
rate), and consequently OLR, can be planned in successive phases, to increase
also biogas yield.

OFMSW leachate was shown to be highly biodegradable, but it was tricky to
reproduce at pilot scale the laboratory tests, because of the numerous operating
conditions that influenced leachate characteristics, as well as for the necessity of
producing consistent volumes of leachate. In fact, low COD concentration was
obtained at pilot scale, lowering also obtainable efficiency and biogas production
of pilot-UASB system.

Finally, brewery waste gave good methane yields, as for spent grain and
yeast, while lower methane generation potential was obtained from whirlpool
residue and end-of-fermentation beer. The addition of low amounts of biochar
and granular activated carbon significantly enhanced methane production from
spent yeast and whirlpool residue, so a further deepening is wortwhile, in order
to evaluate biomass sources in the area, that could be used to produce biochar,
improving AD process, with environmental, economic and technical improvement.
Synergistic effects and proper co-digestion mixtures should be evaluated, to study
the actual feasibility of full-scale AD systems, localized at brewery level.

A simplified kinetic analysis was carried out on BMP test results, to obtain
some meaningful parameters for AD process, and, where available, energy con-
sumption from full-scale plant was analysed, comparing the results to literature
evidences.

As for CW, a strategy to improve current management of this sub-product was
suggested: given the high concentration of valuable compounds, the possibility
of applying resource recovery, rather then just energetic recovery, should be
privileged in large dairies, because of the extra economic income that could be
obtained, by selling the recovered products. However, in little facilities, such as
the ones studied in this work, due to the high investment costs that are required
for protein recovery (through ultrafiltration process), the use of simple anaerobic
digesters, with low investment and operating costs, is surely more feasible, for
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improving the energy balance of processing plants.
Through an energetic analysis it was shown, in fact, that CW AD can provide

most of the electricity and heat needed for the dairy, so the localization of AD
reactors at dairy scale appears advantageous, given also the significant distance
between the processing plants in the analysed area. Due to the fluctuations
in whey production, CW storage can be fruitful, to allow digesters to operate
continuously. Possible further studies on this matrix include nutrient recovery
application (for example in the form of struvite or proteins), as well as pilot-
studies for protein recovery, testing real obtainable yields from the selected
whey.

As for condensate water, continuous UASB tests underlined a moderate COD
abatement, lower than that expected in the technical report of Tolmezzo plant;
this was explained with the time needed for granular biomass to adapt to this
harsh substrate. Actually, UASB pre-treatment of this stream allows to improve
WWTP energetic balance, but, given the peculiar composition of the stream,
probably does not significantly affect total process efficiency of the plant, in
terms of COD removal, as well as effluent composition. Anaerobic treatment
of condensate water, on the other hand, reduces COD load on activated sludge
basins, reducing also oxygen demand, thus significantly improving the energy
balance, through reduction of oxygen supply.

As for source-sorted organic waste (OFMSW), an extreme variability in
leachate characteristics was encountered, due to the high number of variables
affecting solid-liquid separation process. It was suggested to study also alternative
separation methods, such as mechanical pressing (for example using screw
presses), that could significantly enhance COD concentration in the liquid
fraction. Liquid-solid separation from the analysed waste could lead to a highly
biodegradable liquid fraction, amenable to be co-digested with sewage sludge
(for example in an existing municipal WWTP, such as Udine plant). In addition,
the influence of waste pre-treatment (eventual grinding and liquid extraction)
on waste compostability should be further investigated, for example through
specific composting tests, given the fact that solid fraction needs to be properly
stabilised, before recovery.

As for slaughterhouse waste, a generally low kinetics in methane production
was encountered; this was due to the high presence of proteins and fats in
this matrix, revealed in the physicochemical characterization phase. Moreover,
sanitary protocols should be followed in its proper treatment and valorisation;
the possibility of anaerobically digesting this matrix could be an option, but
further research is required, to test, for example, co-digestion with substrates
having complementary characteristics.

155



As for brewery waste, significant differences were highlighted between the
analysed substrates. The possibility of anaerobically treating all these matrices,
at brewery level, should be further studied: it was shown that a significant
share of the electric and thermal energy of the plant could be covered by the
obtained biogas. In particular, spent grain and excess yeast actually represent
the most valuable streams, to produce biogas, but also whirlpool residue and
end-of-fermentation beer should be taken into account. Moreover, synergism
effects could probably come out, when co-digesting all the produced brewery
waste.

In conclusion, due to a general EU perspective of further increase in renew-
able energy utilisation, and given the high potential of biogas (and even more
biomethane) to further penetrate the market (also in transportation sector), this
work can be a good example for improving the collaboration between Universities
and research centers, water utilities and manufacturing companies, to study
and adopt innovative solution for energy and material recovery, not only from
wastewater, but also from solid waste.
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