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ABSTRACT

The primary aim of this study is to find a solution to four of the major environmental and
energy problems that currently exist in the poultry industry: (a) high water consumption, (b)
emissions from excessively contaminated wastewater, (c) intensive consumption of electric
and thermal energy, and (d) production of non-recoverable by-products and organic waste. It
was decided that a wastewater treatment plant (WWTP) would be designed, which would, in
addition to treating the water, create an effluent that meets the water quality standards, so that
the water can be reused in plant processes. As part of this, a closed water circuit was created
to reduce water consumption and the emission of wastewater. In order to address the issue of
high-energy consumption and waste production, the construction of a biomethane production
plant was proposed. Given that most of the waste is organic, the waste had to undergo
anaerobic digestion processing. This resulted in biogas production, as well as subsequent use
of the said biogas primarily as a thermal energy source, which was used to reduce external
consumption. Both the WWTP and the biomass power plant required an anaerobic digester.
The final aim of this study was to propose the implementation of a hybrid co-digestion system
for wastewater and organic waste that would allow water to be treated and, at the same time,
produce biogas, which could subsequently be used as an energy source.
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1. Introduction

The four main environmental and energy problems
in the poultry industry are: (a) high water consump-
tion, (b) emissions from excessively contaminated
wastewater, (c) intensive consumption of electric and
thermic energy, and (d) production of non-recoverable
by-products and organic waste.

*Corresponding author.

Water is the most useful, and necessary, resource
in the agrifood industry, especially in the poultry
industry, where a significant flow is used in almost all
the plant processes, such as: the scalding and pluck
stages and the washing process. Given its importance,
water consumption is exceptionally high, thus
making the agrifood industry one of the largest water
consuming industries.
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As water is a limited resource, and the need for it
increases every day, strong environmental regulations
have grown around this issue. It is for this reason that
so much attention is given to reducing drinkable
water consumption and wastewater production and
emission.

Over the course of the study, the four aforemen-
tioned environmental aspects were improved through
two key actions:

o The reduction of water consumption, as a result
of intensive water treatment that allows for the
complete reuse of all processed water;

e The energy use of all waste generated both by
the slaughtering plant’s own process (feathers,
grease, blood, etc.), and any other non-reusable
waste, which may create biomass and could be
considered valuable for energy purposes, such
as the sludges from the wastewater treatment
plant (WWTP).

In order to be compliant with European law, in
particular Directive No. 91/271/CEE [1], all industries
that generate large quantities of excessively contami-
nated wastewater must own a WWTP, in order to
release all residual effluents. Bearing this legal require-
ment in mind, a wastewater treatment process was
developed that would be capable of regenerating
water and which would meet the water quality stan-
dards. Through this process, the purified effluent
could be used in all processes of production that
require a higher quality (cleaning water, scalding,
plucking, etc.) and so would reduce the external water
consumption as much as possible.

Water reuse is an issue that has always been stud-
ied [2], given its usefulness and necessity [3], both for
society and in industry. Water reuse creates a new
resource and a new water acquisition point from a
waste product that was no longer intended for use. As
a result, water reuse increases both the water’s quality
[4] and its available quantity. The most important
advantage is that it can ensure a continuous water
supply.

Nowadays, many of the objectives relating to water
reuse have been achieved [5,7] and both current and
potential uses of regenerated water are clear evidence
to support this, for example: garden and agriculture
irrigation [3], urban uses, such as street cleaning, car
washing, firefighting and industrial, for example, its
use in refrigeration plants [8] and as processed water,
or even for recreational uses for ornamental lakes [7].
Other uses, which may be considered as potential
uses, include the complete reuse of the water as drink-
ing water. There have been instances, in California [6],
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where total drinkable quality has been achieved
through purification processes, based on reverse
0sSmosis.

Whilst it is true that there is currently a series of
technical improvements, known as best available tech-
niques (BAT), that recommend the energetic re-evalua-
tion of all generated waste, ways of putting these
improvements into practice have previously been
looked into [7,9], but have never been successfully
implemented. Taking this into consideration, the sim-
plest way to re-evaluate waste in the existing facilities,
with the aim of reducing the external energy depen-
dence as much as possible, was studied.

Initially, two separate, and totally different, solu-
tions were looked into. The first involved using a
WWTP that met water quality standards, in order to
ensure an equant drinkable quality and the water’s
complete reuse. The other solution focused on a small
biomass power plant that would be capable of con-
verting the waste into energy.

The water effluents were contaminated with a high
organic load. As a result, it was necessary to incorpo-
rate anaerobic biological processes into the WWTP.
Such processes have a key feature which is biogas
production, which can then be subsequently used, if
burnt, as a source of thermal and electrical energy
(Fig. 1).

On the other hand, the waste that was generated
(blood, skin, grease, feathers, etc.) was organic in nat-
ure and possessed a high level of humidity [10]. As
such, it was unsuitable for use as direct combustion in
biomass. Consequently, in order for it to be converted
into energy, prior treatment would be needed. The
simplest way to assess the wet residual biomass was
to subject it to a process of anaerobic digestion (AD)
(Fig. 2). This would result in biogas production and
its subsequent use as fuel.

AD is a technology that has been known, and
used, for over a century, in particular with regard to
stabilizing the sludge produced in WWTPs [11].
Recently, some other uses for this technology have
also been studied, such as its use in the conversion of
biosolids (slaughterhouse waste [10], fruit and
vegetable waste [12,13], manure [14] and food waste,
and other organic wastes [11] such as algal sludge and
waste paper [15]) into energy. Using AD is attractive
from both an economical and environmental point of
view, as it reduces organic waste disposal, as well as
soil contamination and, in addition, makes renewable
new energy available as a biogas, which has a null
final CO, balance.

As both solutions would require the use of anaero-
bic digesters, a hybrid co-digestion system that could be
used for both wastewater and organic waste (Fig. 3)
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Fig. 3. Scheme of the hybrid co-digestion system of wastewater and waste.
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was cogitated. This hybrid co-digestion system would
allow water to be treated and would, at the same time,
produce biogas from non-recoverable organic waste.

This solution, combining sludge from the WWTP
with other organic waste products, creates a synergy in
the anaerobic processes [10-15], as the nutrient balance
between both substrates, such as in the C/N ratio
[9-11], is adjusted. So, in comparison with mono-
digestions, the biogas production is increased with
co-digestion processes [16,17]. This ratio is exception-
ally low in poultry waste, due to the waste’s high nitro-
gen content. This synergy results in a higher biogas
production if compared with the individual substrates.
Also, this hybrid system involves some technical
arrangements that create advantages in both aspects
(water purification and anaerobic co-digestions) due to
a necessary and novel current distribution.

2. Methodology

The challenge in this study was to design a
purification system that would ensure that the legally
required quality standards were met, so that the water
could be reused in most plant processes. The fact that
the system would have to contain as few stages as
possible with regard toa quick and intensive water
treatment, was a serious consideration. Furthermore,
the system would need to be easy to implement in
processing plants that have an existing WWTP.
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The digestion plant was designed based on the
layout of a basic biomass power plant that is capable
of cogeneration. The rationale for this was that this
design would make use of the previously produced
biogas in thermal and electric generation, subject to
the demand for such.

All calculations used were based on the experi-
ments carried out in pilot plants or in real industrial
plants in Rheda’s (Germany) [9,10] and Schewechat’s
(Austria) [9,18] and recognize the numerous works
carried out by prestigious and experienced authors in
this field. Also, data from experiments have been
used, from example studies treating poultry waste in
upflow anaerobic sludge blanket reactors [19], and
other configurations [20,21].

In order to calculate the biomethane potential, or
the biogas production rate, experiments known as bio-
chemical methane potential tests need to be carried
out. These experiments are an easy, and affordable,
way of analyzing how much biogas could be
produced using each residue and involved creating a
scenario similar to that of the AD process with real
digesters.

All the experiments are based on the one conducted
by Owens and Chynoweth [22], but modified to adapt
them to the new technologies and purposes. At present,
normalized experiments exist thanks to the European
[23] and American [24] normalization associations, and
are the best way to conduct the test, as they ensure the
same conditions for every experiment.

Sanitary
Waste-water

Waste-water from processes

Waste-water
from bleeding

Fig. 4. Distribution of residual currents.
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Fig. 5. Design of the planned WWTP.

Table 1

Anaerobic digestion

v

A A

Dewatering Disinfection with Cl,

Comparison between the effluent contamination, discharge limits and drinkable quality standards

Maximum Minimum Medium Limit for discharge Drinkable quality
COD (mg/1) (Chemical Oxygen Demand) 1,815.7 1,255 1,509.54 125 mg/1 5mg/1
BOD (mg/1) (Biological Oxygen Demand) 1,357.74 993.45 1,161.40 25mg/1 <1 mg/l1
TSS (mg/1) (Total Suspended Solids) 653.33 443.67 538.39 35mg/l1 1NTU
VSS (mg/1) (Volatile Suspended Solids) 604.67 382.33 480.82
O&G (mg/1) (Oils and Greases) 302.3 87.9 163.01
TKN (mg/1) (Total Kjeldahl Nitrogen) 123.2 102.71 112.49 10-15 mg/1 10-15 mg/1
P (mg/1) (Phosphorus) 17.22 6.48 10.56 2mg/1 2mg/1
pH 6.48 6.3 6.39 6.5-9.5

The general procedure would consist of mixing the
substrate (organic waste to be digested) with the
anaerobic biomass and a nutrient mix in a bottle, in
order to create optimal conditions for the digestion
process to occur. The bottle is hermetically closed so
that the biogas can accumulate inside the chamber.
The production of biogas can then be measured by
transforming the pressure of the gas inside the cham-
ber into its corresponding volume (considering it an
Ideal Gas [23]).

Finally, the composition of the biogas would be
measured through gas chromatography [23,24] and it
is through this method that the percentage of each
component would be obtained. Generally, a good
biogas comprises mostly methane (CH,4), carbon
dioxide (CO,) and other gases, such as oxygen (O,),
nitrogen (N») and hydrogen sulphide (H)S) [9,25-28]

in much smaller proportions. It is important for the
latter of these gases, hydrogen sulphide (H,S), to be
the lowest, as it causes equipment to corrode.

3. Results and discussion

3.1. Designing a WWTP capable of regenerating water for
complete reuse

The WWTP’s design was based on an aggressive
tertiary system in which new stages were added in
order to improve the effluents quality. These new
stages would allow for easy implementation inside an
existing water purification plant, as it would only
require the incorporation of new processing stages
into the existing ones, without the need to modify any
existing equipment.
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In order to accomplish the aforementioned aim, it
was important that the contamination of the wastewa-
ter should be as constant as possible.

In a common processing plant, two different resid-
ual currents can be distinguished. On the one hand,
the wastewater current from the slaughtering process
and, on the other, sanitary wastewater, i.e. toilets. As
mentioned above, the purification process must be as
fast as possible, and the water supply quality must be
optimal. It is for this reason that the depuration pro-
cess would be extremely efficient. It was decided that
only the water from the slaughtering process would
be purified, as the contamination here would be con-
stant and known (i.e. always contaminated with
blood, feathers, greases, skins, etc.) as it can be
appreciated by its BOD coefficient of variance,
(CVpop =0, 8). It was also decided that the sanitary
wastewater would be sent to the sewage system
(CVgop =2, 1), as this would have a more variable
level of contamination (i.e. it is dependent on human
beings).

The biggest advantage to the hybrid system was
that it requires humidity to be added to the biodiges-
tion plant waste. As a result of this, it was decided
that the wastewater current from the bleeding stage,
which contains high quantities of organic matter
(BODs ~60% of total), would be sent to the biomass
plant (Fig. 4). From this transfer, the most heavily con-
taminated current would be eliminated from the
purification process, thus making it more efficient and,
in addition, biogas production would be increased
due to high loads of organic matter being sent to the
methanation plant.

The WWTP was designed based on a basic
purification plant [6,18,28-31] that allows wastewater
to be channelled outside. The design incorporates new
stages so that the discarded effluent would have a
quality that could be equated with drinking water and
could be reused in different plant operations. The
stages that were amalgamated into the design are
shown in Fig. 5.

In using this purification system, the discharge
contamination parameters would ensure an equant
drinkable quality of the effluent, as shown in Table 1,
given that the quality would be higher than the dis-
charge limits required by law [1], as well as those
stipulated by the corresponding drinkable quality
standards.

Taking into consideration that this WWTP would
have numerous purification stages and that water
would need to be readily available, as a final adjust-
ment, it was decided to make the process more
dynamic by treating each current separately, using the
most indispensable components.

Different residual currents and contamination levels. Source: Adapted from [2]

Table 2
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5

% of total
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69.02
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711.37
99.77
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924.61
14.10
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70.70

70.67
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Fig. 6. Design of the biomethanation plant.

Each residual current contamination was studied
separately, as shown in Table 2.

Having examined the data provided in the table, it
was deduced that all currents must go through
biological treatment, due to the high level of organic
matter and nutrients: nitrogen and phosphorus. Fur-
thermore, all currents had to endure tertiary treat-
ment, which is the form of treatment used to give the
equivalent drinkable quality to the water, as per the
aim of this project. Preliminary treatment is the only
treatment that can be divided, and so it was separated
into two wastewater flows with different levels of
contamination. To select these two currents, the sus-
pended solids (SS), oils and grease (O&G) levels had
to be analyzed. As can be seen in Table 2, there are
some currents with a low level of O&G (less than 3%).
One current involved the WW flowing from the bleed-
ing, cutting and cleaning processes that had a very
low level of O&G, so the degreasing stage could be
removed from the process, resulting in the remaining
grease being eliminated in the biological process. The
other current had to undergo all the purification
stages in order to reach the equivalent drinkable qual-
ity. Thus, some elements had been eliminated and the
elements size and energy needs of the remaining
stages had been reduced by up to 50% (Table 3).

3.2. Design of the waste digestion plant

The design of the digestion plant was based on a
simple layout of a basic biomass power plant. It com-
prised a series of pre-treatment stages that were used
to make waste more suitable for processing, milling to
reduce the substrate size, which favoured the reactions
and then pasteurized the milled substrate to sanitize
the product and make the process safer. After that, the
substrate (waste) is subjected to digestion and the
produced biogas was stored in a gasometer (Fig. 6).

Thermal energy =

It was necessary to select continuous stirred-tank
reactors without recirculation [25]. This type of reactor
was chosen, instead of a common reactor (see Fig. 7),
primarily because it was able to admit a high load of
incoming solids, due to the mixing and stirring equip-
ment included in the reactor. A continuous tank with-
out mixing equipment would be unable to intake
solids because, due to its weight, the solids would
sink to the bottom of the tank and would not be
digested. Furthermore, these kinds of reactors include
a temperature and pressure controlling device and,
due to the mixing equipment, the digestion process
took place in the reactor as a whole, resulting in the
digestion process becoming more stable and uniform.

The digesters were installed forming a two-stage
system (Fig. 8). In the first digester, the hydrolysis
reactions improved whilst in the second, the organic
matter and acids that arose from the first were
digested. Consequently, the digestion’s kinetics were

Gas
b )
-
Foam [1—>
Incomig:
Foam [—->
S—— e
Supernatant >
Digesting
sludge
{E Digesting
sludge
sted sl e

Fig. 7. Continuous stirred-tank reactor (left) and batch
reactor (right).
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Fig. 8. Two-stage system of digesters.

Table 3 Table 5

Percentage of reduction obtained with the current division

Available biogas and power produced by methanation

Percentage of reduction

Screening -
Grit removal 26.64%
Degreasing Volume 65.83%

Air needs 58.33%
Table 4
Methanation potential of by-products. Source: Adapted
from [1,2]

m?> gas/ton

Poultry waste 100-200
Viscera and entrails 55-65
Blood 65-75
Meat waste 300-350
Grease 300400

taken advantage of, in order to maximize biogas
production.

As previously stated, there is currently no record of
a technological advancement of this nature being used
in Spain. As such, there is a lack of empirical data.
However, in Rheda’s (Germany) and Schewechat’s
(Austria) (mentioned in the introduction) WWTPs,
co-digestion experiments have been conducted. These

Biogas from waste methanation 5,001.875 m>3/d

Biogas from WWTP 3,150 m®/d
Available biogas 8,151.875 m’/d
Available power 1,773.78 kW

experiments have resulted in a respective increase of
100 and 160% in biogas production.

On the basis of this empirical data, and the pro-
duction rate of a plant, the available biogas from the
waste was calculated. In addition to the biogas gener-
ated after the sludge digestion process, the available
power obtained would be very profitable, as can be
seen in Tables 4 and 5.

This biogas, formed by the digestion of this specific
waste, comprises approximately 60% methane and
40% carbon dioxide. This waste also consists of other
gases, such as hydrogen (H,), nitrogen (N,), oxygen
(Oy) and hydrogen sulphide (HS).

The biogas would be able to be used as fuel to
generate either thermal or electrical energy or a com-
bination of both through cogeneration [25,26]. Firstly,
it was decided that it would cover the thermal
requirements of the WWTP and some other plant
operations, such as the scalding stage, by using boilers
and heaters. Secondly, the remaining biogas, if any,
would be used to cover the electrical requirements as
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Table 6
Economic ratios for different biogas plants

Electric. E Thermal E. Cogeneration

NPV (M€) (Net 0.410 0.740 0.194
Present Value)
IRR (%) (Internal 9.2 14.3 6

Rate of Return)

much as possible, though the use of an internal
combustion engine (RICE) as a generator.

This decision was made based on viability surveys
[32] (Table 6) that have demonstrated that it is more
profitable to use biogases as a source of thermal
energy instead of electrical energy, fundamentally
because of their simplicity and the lower costs
involved in running the facility.

The installation was designed as shown in Fig. 6.

4. Conclusions

e A solution has been given to the four major
environmental problems through the creation of
a hybrid system that combines the wastewater
purification and revaluation functions via
biomethanation.

o This system is completely novel and, as such, is
expected to be subject of future studies.

e The purification line allows the total reuse of
water, minimizing the external consumption and
considerably  reducing the emission of
wastewater.

o It is expected to raise awareness and result in a
change in the law, as the reuse of recycled water
in the food industry is currently prohibited.
However, it has been shown that the parameters
that ensure health safety in a facility within the
same plant can be obtained.

e The system essentially recovers all of the waste
by using it as a source of energy, therefore
reducing these two key environmental aspects.

e The co-digestion system is easy to implement.
An aggressive tertiary treatment process and the
elements of the cogeneration plant are the only
modifications that need to be made to the
WWTP. By adding these new parts to the final
process, there would be no need to make any
further changes to the rest of the plant.

e The hybrid system includes advantages that
make both the line of purification and
biomethanation more efficient. If these were
installed separately, they would not be able to
be harnessed.
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e The separation of currents (Fig. 4) is necessary.
This leads to the most contaminated current
being separated from the one that is taken
advantage of during the energy production.

o In the methanation line, the treatment sludge
and the waste are digested at the same time.
Thus, the synergy that is created through the
production of biogas is exploited.

e Due to the current distribution, the purification
stages size and energy needs have been reduced
up to 50%.
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