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Abstract: The problem of slaughterhouse waste water can be resolved by mixing it with serum from
lacteal industry to produce a biogas. The effect of serum addition on the anaerobic co-digestion of
solid and liquid slaughterhouse waste has been studied. The experimental device consisted of a
continuous digester by recirculation of biogas produced in the anaerobic digestion. The input effluent
was a mixture of slaughterhouse waste from Badajoz city (Spain) and animal serum in a proportion
of 20%. The anaerobic digestion was developed in a complete mixing continuous digester with a
capacity of 6.2 L at 37 ◦C and a feed rate of 350 mL/day. From the results obtained for the co-digestion
of the feeding effluent of the slaughterhouse waste, without and with serum added, in the same
operating conditions, comparative data about the biological depuration and biogas production have
been obtained. A 10 L biogas production was obtained with the slaughterhouse waste and 18 L
with the slaughterhouse waste with serum added. In conclusion, the highest energetic yield (97.52%
higher) was obtained in the second case, due to the positive action of catalytic enzymes present in the
animal serum.
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1. Introduction

From the 1960s, the rise of industries and demographic growth have seriously affected our water
and air reserves. Since then, we have begun to contemplate our environment as something very
delicate that we have to preserve, because if we do not, irreversible alterations could result. In fact, the
European Union, for many years, has been seriously legislating in an effort to deal with this problem.

With this demographic and industrial growth and the agglomeration of the population in large
cities, the generation of agro-industrial wastes has been rising to such alarming levels that the public
has become sensitized to the problems caused by this waste if it is not properly managed. Until a few
years ago, the waste generated by the small populations and the few industries that existed posed
no great problem, since nature itself was able to recycle it into the environment. Today, however, the
generation of waste biomass is so abundant and so localized that there is insufficient capacity for its
natural degradation, and various treatment techniques have to be applied [1–4].

One of the most polluting food industries is the meat industry. In general, there are three main
points of waste production: the livestock pens, the slaughterhouse and the area where the dead animals
are handled. The most important focus of contamination occurs in the slaughterhouses, where the
slaughter, preparation of meat and some elaborations of secondary products take place. In general, the
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slaughterhouse waste is composed of solids (viscera and offal), purines, blood and cleaning water and
it contains organic matter, fats, suspended solids, phosphates, nitrates, nitrites and sodium chloride.
The average composition of their liquid effluent, once separated from the voluminous solids, is as
follows: total solids 4000 mg L−1, volatile solids 2000 mg L−1, chemical oxygen demand (COD)
2500 mg L−1, 5-day biochemical oxygen demand (BOD5) 1000 mg L−1, and nitrogen 250 mg L−1 [2,5].

Slaughterhouses use a large volume of hot water and steam to clean and sterilize the dead
carcasses. The aqueous waste from this process, along with the blood, is often downloaded untreated
into the municipal sewerage systems or, in many cases, directly over open drains or, worse, over
surface water currents. Sometimes, the solid waste is removed by burying or incineration. In the event
of burying, the final result is generally the same, because the organic components are filtered into
underground systems.

Slaughterhouse effluent has the additional problem of its great variability in composition and
concentration, not only from one day to another, but even over the course of a single day according to
the operations being carried out at any given time [2].

The meat processing industry uses 24% of the total freshwater consumed by the food and beverage
industry and up to 29% of that consumed by the agricultural sector worldwide [1,6,7].

Anaerobic digestion is the preferred biological treatment that is applied in slaughterhouse
wastewater treatment due to its effectiveness in treating high strength wastewater [1,8].

Although anaerobic treatment possesses great advantages, it hardly produces effluents that
comply with current discharge limits and standards. Generally speaking, although anaerobic treatment
is an efficient process, the slaughterhouse wastewater organic strength makes it difficult to achieve
complete stabilization of the organic compounds [1,9].

The dairy industries, which produce a derivative highly polluting whey or dairy serum, are also
among the food industries generating the highest quantity of waste. Dairy serum is defined as a milk
fraction, of any species, that does not precipitate because of the action of rennet or because of the
acids during the cheese-making process. The main contributors of organic load to these effluents are
carbohydrates, proteins and fats originating from the milk [10–12].

The polluting power of dairy serum is very high and, the previous treatment with natural and
conventional treatment plants does not fulfill its function, because of the wealth of organic materials
carried in lactic sera. The proteins and the lactose become contaminants when the liquid is discharged
into the environment without any type of treatment, because the load of organic matter that it contains
allows the reproduction of microorganisms.

The dairy wastewaters can be partly reused [13] or treated. Biological processes are usually
preferred to treat dairy wastewaters like treatment in ponds, activated sludge plants and anaerobic
treatment [12].

The most common purification methods used for the treatment of the discharge liquids produced
by the meat and dairy industries, the anaerobic treatments, are insufficient and have important
consequences that have been little studied with regard to microbial flora dragging. The problem is
when these effluents, poorly cleared and with large biological contributions, are discharged into public
waterways, due to unawareness of their impact on health.

The anaerobic digestion process is an imperative tool for the production of clean energy sources,
such as hydrogen and methane [12]. Liquids produced by the meat and dairy industries can be
processed with anaerobic digestion to produce biogas that can be used to generate heat or electricity.
The biogas can be used in a cogeneration system or used for biomethane production which in turn can
be sent to national natural gas network or used as a biocombustible fuel in the automotive sector [14,15].
There are several studies on the optimization of this process to obtain biogas from slaughterhouse
waste [16–18] to solve this problem.

In this work, the influence of the addition of animal dairy serum on the anaerobic codigestion
of solid and liquid waste from the municipal slaughterhouse of Badajoz has been studied. From the
results of the codigestion of the effluent of solids (viscera and offal), purines, blood and cleaning
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water mixed with serum and without serum, in the same conditions of operation, comparative data
of biological depuration and the production of biogas has been obtained. This would solve the
problem of whey leftovers in the milk industry and at the same time optimize the production of biogas
in slaughterhouses.

2. Serum and Waste from Dairy and Meat Industry and Their Potential Environmental Pollution

Serum is from 100 to 200 times more polluting than sewage water, and most municipal treatment
plants cannot treat it suitably. Dumping serum into rivers is impossible because it removes oxygen
from the water, preventing the life of aquatic fauna. Burying serum in wasteland or gravel pits is not
usually convenient because of its filtration into water supplies.

In 2014, cheese production in Spain, according to European Union estimates, was 387,700 tons [19]
as shown in Table 1.

Table 1. Lactic serum production [19].

Product 2012 Production
(in 1000 TM)

2013 Production
(in 1000 TM)

2014 Production
(in 1000 TM)

Cheese 322.6 361.9 387.7
Butter 36.7 35.5 39.8

Added lactic serum 1509.9 1794.8 1798.7
Total lactic serum 2903.4 3257.1 3489.3

During the cheese-making process, lactoserum is the liquid fraction of milk obtained after the
precipitation and recovery of caseine [20] (Table 2).

Table 2. Lactic serum chemical composition [20].

Parameter Sample

COD (g L−1) 68.6
BOD5 (g L−1) 37.71
SST (g L−1) 1.35

Lactose (g L−1) 45.9
Proteins (g L−1) 2.71

pH 4.9
NTK (g L−1) 1.12

FT (g L−1) 0.5 × 10−3

This subproduct is around 85–95% of the total volume of the milk used and it is estimated
to contain 55% of nutrient [21]. The production established is around 9 L/kg of the produced
cheese [21] and it is therefore considered the main subproduct of the cheese industry. Accordingly, the
quantity of serum produced in Spain could be approximately 3,489,300,000 L/year (Table 1), of which
1,798,700,000 L/year have been used in the production of different dairy products.

From the other 1,690,600,000 L/year, a dairy serum production of 4,631,780 L/day can be
produced, with a polluting power similar to a population of 15–19 million habitants per day [22,23].

The biological oxygen demand (BOD) of lactic serum varies between 20,000 and 50,000 mg of
O2/L [24]. In consequence, around 0.25–0.30 L of serum are equivalent to the black waters produced
by a person per day PE (population equivalent) [23,24].

According to the Ministry of Agriculture, Fishing and Food of Spain [19], the volume of national
serum production has increased considerably (Table 1) because of the increase of cheese and butter
production. It is interesting to note that an average cheese industry that produces 400,000 L of
unpurified serum daily is producing daily pollution similar to a population of 1,250,000 [23,24].
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On the other hand, in the meat industry the waste generated is so abundant that self-degradation
is insufficient, and different treatment techniques must be applied. According to the agriculture
macromagnitudes for 2014 of the Ministry of Agriculture, Fishing and Food of Spain [19], the census
of animals per species is summarized in Table 3.

Table 3. Animals census by species, 2014 [19].

Animal Badajoz Cáceres Extremadura Spain

Bovine 281,694 504,022 785,716 6,078,733
Ovine 1,976,013 1,065,321 3,041,334 15,431,804

Caprine 112,534 135,173 247,707 2,704,229
Porcine 809,200 119,529 928,729 26,567,578

At regional level, the number of slaughtered heads in Extremadura during the period between
2000 and 2014 is shown in Table 4, and this would lead to great environmental pollution, depending
on the waste generated. Table 5 reports the residues generated per sacrificed animal [24].

Table 4. Number of sacrificed animals in 2011, 2012, 2013 and 2014 in Extremadura (Spain) [1].

Sacrificed
Animals

Number of
Animals 2011

Number of
Animals 2012

Number of
Animals 2013

Number of
Animals 2014

Bovine 81,178 74,373 80,298 88,943
Porcine 608,496 524,838 429,295 489,281
Ovine 300,209 276,622 276,253 275,619

Caprine 34,103 22,504 23,644 22,505
Total 1,023,986 898,337 809,490 876,348

Table 5. Estimate of the quantity of offal generated per carcass [25].

Type of
Animal

Gross
Weight (kg)

Carcass
Weight (kg)

Total by-Products
(kg)

Blood
(L)

Fat
(kg)

Intestines
(kg)

Other
by-Products (kg)

Bovine 540 300 240 39.4 32.6 26.6 141.4
Porcine 160 115 45 11.2 1.7 1.3 30.8
Ovine 20 11 9 1.4 0.5 1.9 5.2

Caprine 12 6 6 0.8 0.3 1 3.9

The pollution generated by products obtained from the slaughter of the different species of
livestock can be estimated in terms of BOD (biological oxygen demand). Hence, expressing the
values of BOD in terms of population equivalent, the pollution generated by the slaughterhouses
of Extremadura Community for 2014 would be approximately 181,404 PE (population equivalent)
(Table 6). Population equivalent is the number expressing the ratio of the of the total pollution load
produced during 24 h and the individual one produced by one person in the same time. For this work
it is assumed this number equals 60 g of BOD per 24 h.

Table 6. Pollution expressed in population equivalents (PE) in 2014.

TYPE OF
ANIMAL

Animals
Butchered in 2014

BOD5
(g L−1)/Carcass

Contamination
in PE

Total Contamination
(PE) in the Region of

Extremadura

Bovine 88,943 12.42 0.2070 18,411
Porcine 489,281 12.42 0.2070 101,281
Ovine 275,619 12.42 0.2070 57,053

Caprine 22,505 12.42 0.2070 4659
Total 181,404
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3. Materials and Methods

3.1. Experimental Assembly

The experimental CSTR-type digester (Continuous Stirred Tank Reactor) consisted of a 6 L tank
mixed by means of forced convection of methane produced in the anaerobic digestion (Figures 1
and 2). The digester was primed with a suitable volume of anaerobic sludge from the Badajoz sewage
treatment plant. The components of the digester were as follows:

1. Primary digester/reactor (stirred tank)
2. Secondary digester/degasifier
3. Control system
4. Pumping equipment
5. Heating system
6. Substrate tank
7. Feed stream
8. Gas stream
9. Slurry stream
10. Product slurry stream
11. Sampling
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Three groups have been formed to describe the configuration of the experiment:

(a) Substrate tank, control system and pumping equipment
(b) Primer digester, heating system and feed and gas streams
(c) Secondary digester, slurry stream, product slurry stream and sampling

3.1.1. Substrate Tank (6), Control System (3) and Pumping Equipment (4): (a)

The substrate storage tank (6) has a capacity of 3 L. It is a hermetic glass cylinder, with a graduated
scale to monitor the flow rate. It is equipped with a mechanical stirrer to maintain the homogeneity of
the substrate before this is fed into the primary digester.

The control system (3) comprises the elements that control the influent and digester temperature
and mixing systems. It consists of a locker, a control element, and electrical elements.

The parameters controlled in the control system are:

• Primary digester temperature
• Average flow of influent by means of electronic variation of speed and possibility of acting on the

useful operating time
• Alternating timing between valves

A peristaltic pump (4) draws the gas off from the digester and, under the control of a
programmable automatic device connected to electrical valves and a collector, recirculates the gas
to mix the slurry in the tank or leads the surplus gas off to the secondary digester or to the bell jar
for storage.

3.1.2. Primary Digester (1), Heating System (5) and Feed and Gas Streams (7) (8): (b)

The primary digester (1) is of the CSTR type, heated and with complete mixing. Its volume is
6.2 L. Given the scale, and that the equipment is for indoor use, there is no problem in maintaining the
temperature by means of ceramic resistors installed at the bottom of the digester, fed with a security
current of 24 V.

The influent flow rate to the digester is controlled by a peristaltic type dosing pump at either a
constant or a programmed rate. Mixing is by means of re-compressing the biogas that is produced in
the digestion process. Two major advantages of this arrangement are the ease of cleaning the systems,
it being unnecessary to halt or unmount the components of the digester, and the scalability of the
system to digesters of different sizes.

The amount of biomass in the digester is maintained by means of an overflow. Surplus biomass
can be led off to a secondary digester or to an appropriate deposit.

The digester is heated by a novel system of PTC-type ceramic cartridges (5). These cartridges
have a very smooth and uniform heating characteristic. They also have a safety system that stops the
liquid exceeding 80 ◦C in the case of inappropriate handling (a situation that would otherwise cause
the destruction of the biomass, among other consequences).

The substrate is fed into the digester by means of a peristaltic dosing pump (7). This is under the
control of the automatic device which is programmed to dose the daily amount of influent by timing
and flow rates. The substrate enters the digester through a neoprene tube connected to the pump.

One part of the biogas produced in the digester is pumped back into the digester (8), and another
part is stored in the bell jar or secondary digester (2). All the associated plumbing is PVC.

3.1.3. Secondary Digester (2), Slurry Stream (9), Product Slurry Stream (10) and Sampling (11): (c)

The design of the secondary digester (2) as a 6 L capacity movable rigid bell jar presents the
following advantages:

Ease of monitoring—the volume of biogas produced by the movable bell which allows a visual
reading of the accumulated biogas. Safety—the liquid content forms a barrier that is impermeable to
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the biogas. Surplus biogas or biogas produced within the bell jar is completely sealed off, and can be
led off to a secure place (burner, a Tedlar gas sampling bag, or simply to the exterior). Fire risks and
bad odours are thus totally obviated.

There is the possibility of secondary digestion in which the gasometer can operate as a secondary
digester, with a second accumulation of the effluent (without temperature control). It can also operate
without secondary digestion by being filled with clean water. In the secondary digester mode, it has a
purging system for sampling the settled sludge, and an overflow system that is analogous to that of
the primary digester for control of the level.

A slurry stream (9) can be set up between the overflows of the primary and secondary digesters
using PVC tubing.

The degraded slurry from both primary and secondary digesters is led off through the installed
overflows (10).

Taps (11) on the lower part of the primary and of the secondary digesters allow samples to
be taken.

The optimal composition of the substrate that the biodigester would allow without inhibition of
the process was, according to our experimental data, 84% wastewater, 10% purines, and 6% solids [26].

3.2. Characterization of Influent

To perform the experiments of anaerobic digestion, it is essential to know, upon implementation
of the biodigester:

(i) (The optimum percentage of the composition of the feed stream which is limited in terms of the
% maximum of solids that the biodigester can admit without being inhibited, and it has been
determined experimentally:

• For experiment 1, codigestion of slaughterhouse waste [26]:

- 6% solids (viscera and offal)
- 10% purines
- 84% blood + cleaning water

• For experiment 2, codigestion of slaughterhouse waste mixed with animal serum:

- 80% Slaughterhouse waste:

- 6% solids (viscera and offal)
- 10% purines
- 84% blood + cleaning water

- 20% Dairy serum

(ii) The operating conditions selected to obtain the maximum treatment and biogas production,
which have also been determined in the laboratory:

• Feeding rate: 350 mL/day [8].
• Digester temperature: mesophilic regimen 37 ◦C.

Once the composition of each preset input current was fixed, we proceeded to its physico-chemical
characterization, determining parameters such as pH, COD, BOD5, VSS, nitrogen, phosphates, etc.
(determined according to the methodology obtained from the literature [27,28]), which are indicative
of the contamination present in the sample.

According to experiment 1 (codigestion of slaughterhouse waste, Table 7), approximately similar
values are obtained as for the input effluent of experiment 2 (codigestion of slaughterhouse waste
+ animal serum, Table 7), except for the case of chemical and biochemical oxygen demand and
volatile acidity.
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Table 7. Characterization of the influent substrate in experiments.

Experiment pH CODtotal
(mg/L)

BOD5
(mg/L)

VSS
(g/L)

Total
Nitrogen (g/L)

Volatile Acid (g
Acetic Acid/L)

Alkalinity
(gCaCO3/L)

Phosphates
(g/L)

1 6.51 41,500 12,420 8.56 1.27 0.95 1.1 0.19
2 6.64 50,000 17,450 8.25 1.1 1.9 1 0.19

This difference is explained by the addition of animal serum at a proportion of 20% in experiment 2:
the increase of the COD is due to the richness in organic matter in the whey.

Once the operating conditions and inflows are known, various codigestions are performed in the
digester (Figure 1), obtaining the final values once the steady state is reached of the main parameters
of each experiment, shown in Table 8.

Table 8. Final values of the main parameters and the characteristic parameters for the different
experiments, where Q is the flow rate (mL/day), HRT is the hydraulic residence time (day), CODf

is the chemical oxygen demand (mg/L), VBiogas is the volume of biogas (mL/h), NTotal is the total
nitrogen (g/L), TC total carbon (mg/L), BOD5 is biological oxygen demand (mg L−1), Acid is the
acidity (g L−1), Alkalinity (g L−1), SSV is volatile suspended solids (g L−1), Phosphates (g L−1).

Main
Parameters Q (mL/Day) HRT (Day) CODf

(mg L−1)
VBiogas
(mL/h)

NTotal
(g L−1)

CT
(mg L−1)

Experiment 1 350 18 10,250 450 1.03 840
Experiment 2 350 18 15,375 750 0.51 829

Characteristic
Parameters

BOD5
(mg L−1) Acid (g L−1)

Alkalinity
(g L−1)

SSV
(g L−1)

Phosphates
(g L−1)

Experiment 1 8,180 0.73 6.5 2.86 1.33
Experiment 2 13,575 3.15 8.9 2.62 1.02

For the digestion of slaughterhouse effluents in experiment 1, further refinement of the organic
load occurs for the same hydraulic residence time (HRT), which can be seen through the final
COD values reflected in Table 8. However, with respect to the performance of biogas production,
experiment 2, corresponding to the digestion of slaughterhouse waste and animal serum, generates
an average flow of 750 mL/h of biogas (Table 8), a value much higher than that for experiment 1.
Another parameter indicative of the pollutant load of the effluent outlet is the nitrogen present in
the sample, whose values are very restricted according to current regulations on waste disposal.
Comparing the results of the determination of total nitrogen in both experiments, it can be concluded
that in the treatment with lactic serum a further degradation of nitrogen is produced, in contrast to the
accumulation generated in experiment 1 (Table 8).

There are other parameters whose analysis is essential to understand the behaviour of anaerobic
digestion in both experiments. Table 8 records the final values of the characteristic parameters. Taking
into account the microbial population in the sample, through the volatile suspended solids (VSS)
(Table 8), no major difference is seen between the two experiments, which means that despite the high
pollution of the whey load, the bacteria responsible for performing digestion are unaffected, and a
higher proportion of serum in the effluent input is tolerated.

On the other hand, the volatile acidity (Table 8), a parameter indicative of process stability and
potential inhibition phenomena, reaches much higher values in experiment 2 than those obtained in
experiment 1, in accordance with specialized literature [26], reaching concentrations near inhibition.
Despite the excessive acidity of the effluent outlet (explained by the acidity of the animal serum)
(Table 7), the microbial population appears to be unaffected, as discussed in the previous section.

The collected values for the main parameters and characteristics can be compared in an attempt
to determine which of the two experiments is more profitable.
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3.3. Methods

In general, industrial wastewater lacks suitable microorganisms to perform biodigestion, so it is
necessary to have an acclimated inoculum [29]. In our case, as the starting inoculums in the biodigestor
we use a mixture of anaerobic sludge from an urban sewage treatment plant and cow manure rich in
methanogenic bacteria.

First of all, and in all experiments, it is necessary to acclimate this anaerobic population to the
degradation of the slaughterhouse residue and added serum. For this purpose, increasing volumetric
loads of residues were added, for one month, until a steady-state condition was reached, that is to say,
a constant in the production of methane. Next, the feed of liquid waste was started.

To prepare the samples for the different experiments that we carried out, account was taken of the
average number of heads from the slaughterhouse of Badajoz, as well as the species, sacrificed during
the year (Table 4). The experimentation carried out in the municipal slaughterhouse of Badajoz allows
us to know the average amount of residues which is generated by the slaughter and later processing in
the slaughterhouse, per head of each animal species. These values are shown in Table 5.

The experiments, carried out with a feeding of 350 mL day−1, were developed for different porcine,
bovine, ovine and caprine cases. The results obtained enabled a comparison of the yield achieved
in terms of degraded COD and methane production for different bloods, following the evolution
of parameters such as pH, COD, BOD5, SSV, nitrogen, phosphates, etc., through the methodology
obtained from the literature [27,28].

The parameters that we studied and controlled for each experiment were: the main parameters
of the COD, the volume of methane produced (Table 9) and the characteristic parameters of volatile
acidity, alkalinity, BOD5, VSS, nitrogen and phosphates (Table 10), for the same initial load of feed of
the porcine, ovine and bovine, and caprine types investigated in experiment 1 and with 20% serum
added in experiment 2.

Table 9. Average composition of lactic serum in powder (in 100 g of substance).

Bovine Ovine Caprine

Humidity 5 5 5
Protein 11–14 18–20 14–16
Lactose 75–80 67–69 63–66

Mineral salts 7–9 8–10 11–13
Lactic acid 1.4–2.0 1.5–2.0 1.5–2.0

Table 10. Parameters of the anaerobic codigestion yield for the different experiments, where CODf is
the chemical oxygen demand (mg/L), CH4 methane m3/kg COD, VSS is volatile solids kg/kg COD,
SMA specific methanogenic activity.

Experiment Q (mL/Day) m3CH4/kg COD kg VSS/kg COD SMA mlCH4/gvss Day

1 350 0.500 0.092 108.17
2 350 0.822 0.075 195.86

In all experiments, a 37 ◦C constant temperature was maintained, which is considered the most
accurate value within the temperature range typical of mesophilic microorganisms, and therefore the
most suitable for anaerobic digestion.

4. Results and Discussion

To study the advantages of the addition of dairy serum for the anaerobic co-digestion of
slaughterhouse waste, all the variables affecting the process should be analyzed, and a comparison
between the obtained values has been performed:
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• From the point of view of organic degradation (Table 8) it will be more cost-effective to use a
feed stream consisting exclusively of slaughterhouse waste, from which a final product with a
smaller CODf of 10,250 mg/L will be obtained. In the case of adding animal serum, a CODf of
15,375 mg/L was obtained, as can be seen in Figure 3.

- On the other hand, according to municipal ordinances, the limit values of discharge into the
sewer system for further processing in industrial water treatment [30,31] are around about
1500 mg/L. According to the experiments carried out, the residual COD complies with
current regulations, if a separation process (filtration, decantation by gravity, centrifugation
...) is then applied [26]. In the case of experiment 1, the liquid effluent would reach a
chemical oxygen demand below the values required. However, for the co-digestion of
slaughterhouse waste with serum in experiment 2, direct discharge is not possible without
using subsequent purification treatments to reduce the COD effluent output, or producing
compostage and converting it into an organic fertilizer.Energies 2017, 10, 765 10 of 14 
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• From the point of view of the biogas production yield, as shown in Figure 4, after reaching
steady state operation, 18 L for mixing and serum slaughterhouse waste, and about 10 L for
slaughterhouse waste in daily productions are obtained. For the purpose of biogas production,
experiment 2 is advantageous.

- To explain the large difference in biogas production by the simple addition of 20% of
animal serum, it is necessary to know the chemical composition of serum (Table 2), which
is summarized in Table 9 according to each animal type. The presence of lactose in
appreciable quantities in the whey enables metabolization as many microorganisms are
employed as substrate. This results in lower molecular mass compounds, as would be
the lactic acid, which would be more easily assimilated by other organisms found in the
anaerobic sludge.

- Moreover, there are signs of propionic fermentation, which is carried out by the action
of bacteria of the Propionibacterium type, fermenting lactic to propionic acid, acetic acid,
CO2 and water.
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The given reactions encompass anaerobic digestion [26]:

COD→ VFA2 + VFA3 + CO2(d) + H2(g) (1)

VFA2 → CO2(d) + CH4(g) (2)

VFA3 → CO2(d) + VFA2 + H2(g) (3)

- where COD is the chemical oxygen demand, VFA2, acetic acid and VFA3, propionic acid. These
break down the lactic acid into propionic acid and acetic acid, which generates more raw material
from which we obtain biogas.

- Therefore, the addition of animal sera in the anaerobic co-digestion of solid and liquid waste
slaughterhouse methanogenic phase promotes digestion, which is reflected in a substantial
increase in the biogas production. Thus, the whey can be defined as an inexhaustible
energy source.

• Other parameters that provide insight into the degree of profitability of each experiment are
performance parameters, which provide us with summary information of the results.

- In the literature, the following performance parameters are often used to determine the
effectiveness of anaerobic digestion:

- m3 CH4/kg COD
- kg VSS/kg COD
- SMA: specific methanogenic activity: mL CH4/gVSS day

- If we compare the values obtained for both experiments (Table 10), the logical choice would
be the mixture of whey and slaughterhouse waste of experiment 2, because higher yields
than those achieved by the exclusive digestion of slaughterhouse waste are obtained.

• Finally, at the economic level, it is interesting to perform an energy recovery from each experiment
to make a final choice.

- This evaluation determines the amount of electricity that would be obtained (kWh daily)
if we turned all the biogas produced throughout every experiment into electricity through
a cogeneration system.
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- (a) Yield parameters. Table 10 lists the yield parameters for the two experiments.
- Of the two experiments performed, a higher yield was obtained in experiment 2 than in

experiment 1 (Table 8).
- (b) Energy evaluation. In this subsection, the energy of the biogas produced by an anaerobic

digester of slaughterhouse waste with 20% serum added is evaluated. According to the
optimal data described above, for the optimal flow rate of 350 mL/day, the influent,
effluent, and degraded COD values are (Table 7):

CODinfluent = 50,000 mg L−1 (4)

CODeffluent = 15,375 mg L−1 (HRT = 18 days) (5)

CODdegraded = CODinfluent − CODeffluent = 50,000 mg L1 − 15,375 mg L−1 = 34,625 mg L−1 (6)

- The laboratory digester used has a capacity of 6.2 L. The degraded COD from this reactor
would be:

34,625 mg L−1 × 6.2 L = 214,675 mg = 0.2147 kg (7)

- In this experiment the total biogas production was 238 L. Hence,

m3CH4

kgCODdegraded
=

0.238 m3 biogas
0.2147 CODdegraded

= 1.1087 (8)

- Assuming a methane percentage of 74%,

m3CH4

kgCODdegraded
= 1.1087× 0.74 = 0.8204 (9)

- For a flow rate of 0.35 L/day, with a contaminant load of 50 g COD/L, the productivity is:

0.35 L day−1 × 50 g COD.L−1 = 0.0175 kg COD day−1 (10)

- It can be concluded that 1.1087 m3 N of biogas per kg COD can be obtained, with a
concentration of 74% methane. The daily quantity of biogas that can be generated with the
waste from this slaughterhouse is therefore:

1.1087 m3 N/kg COD × 14 kg COD day−1 = 0.1940 m3 N day−1 (11)

- Given that the LHV of methane is:

9530 kcal ×m−3 (n) = 11.0814 kWh ×m−3 N−1 (12)

- and that the biogas obtained has 74% of methane, the LHV of that biogas will be:

11.0814 × 0.74 = 8.20 kWh ×m−3 N−1 (13)

- This represents a daily energy generation of:

0.1940 m3 N/day × 8.20 kWh/m3 N = 0.15909 kWh/day (14)

- This energy can be used in a boiler to heat fluids of any type, or in an internal combustion
engine coupled to an electric generator to produce electrical power.
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- From the results shown in Table 11, it is inevitable to choose experiment 2 as the
optimum, achieving an output of 0.2116 kWh/day versus 0.0805 kWh/day obtained
for experiment 1 [26]. On the other hand, the energy increment produced in experiment 2
would allow us to perform a second anaerobic digestion. In this way, starting with a COD
of 15,375 mg L−1, the COD could be easily reduced to 10,250 mg L−1, and the final residue
could be eliminated by the public sewer system [30,31].

Table 11. Energetic evaluation.

Experiment CODDegradated
kg VBiogas m3 m3 Biogas/kg

DQO
m3 N

Biogas/Day
kWh/Day Wh/Day

Experiment 1 0.19375 0.131 0.676 0.0098 0.0805 80.5
Experiment 2 0.214675 0.238 1.1087 0.0194 0.1590 159.0

5. Conclusions

In this study, we found that it will be more cost-effective to use a feed stream consisting exclusively
of slaughterhouse waste with a final product with a smaller CODf of 10,250 mg/L than adding animal
serum, where a CODf of 15,375 mg/L is obtained. The biogas production yield has been obtained after
reaching steady state operation, with 18 L of biogas for mixing and serum slaughterhouse waste and
about 10 L of biogas for slaughterhouse waste in daily productions, and here experiment 2 is superior.
An energetic evaluation has been performed. It was found that experiment 2 is superior, achieving an
output of 0.2116 kWh/day versus the 0.0805 kW/day obtained in experiment 1.
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Nomenclature

COD Chemical oxygen demand
BOD5 Biological oxygen demand
SMA Specific methanogenic activity
E.H. Equivalent inhabitant
VS Volatile solids
WWTP Wastewater treatment plant
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