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Abstract: Usually, slaughterhouse wastewater has been considered as a single substrate whose
anaerobic digestion can lead to inhibition problems and low biodegradability. However, the bovine
slaughter process generates different wastewater streams with particular physicochemical charac-
teristics: slaughter wastewater (SWW), offal wastewater (OWW) and paunch wastewater (PWW).
Therefore, this research aims to assess the anaerobic co-digestion (AcoD) of SWW, OWW, PWW and
bovine manure (BM) through biochemical methane potential tests in order to reduce inhibition risk
and increase biodegradability. A model-based methodology was developed to assess the synergistic
effects considering CH4 yield and kinetics simultaneously. The AcoD of PWW and BM with OWW
and SWW enhanced the extent of degradation (0.64–0.77) above both PWW (0.34) and BM (0.46)
mono-digestion. SWW Mono-digestion showed inhibition risk by NH3, which was reduced by
AcoD with PWW and OWW. The combination of low CH4 potential streams (PWW and BM) with
high potential streams (OWW and SWW) presented stronger synergistic effects than BM-PWW and
SWW-OWW mixtures. Likewise, the multicomponent mixtures performed overall better than binary
mixtures. Furthermore, the methodology developed allowed to select the best mixtures, which also
demonstrated energy and economic advantages compared to mono-digestions.

Keywords: anaerobic co-digestion; slaughterhouse wastewater; synergistic effects; kinetic model-
ing; biodegradability

1. Introduction

The global meat industry consumes 24% of the total water used for food and bev-
erage production. [1]. Beef production has one of the largest water footprints among all
foods (15,400 m3 t−1 of meat) [2]. Animal slaughter and meat processing are the main
contributors to the footprint, in terms of water use and wastewater generation. Slaughter-
house wastewater volumes have been reported to be between 0.57 m3 bovine−1 [3] and
4.22 m3 bovine−1 [4]. These wastewaters are characterized by a chemical oxygen demand
(COD) between 2000 mg L−1 [5] and 20,400 mg L−1 [6].

The slaughter bovine process varies depending on the available technologies; however,
in general, it consists of four stages and generates similar wastewater streams: (i) cattle-
yard wastewater (CWW), generated from the preliminary washing of livestock and yards,
containing urine and feces; (ii) slaughter wastewater (SWW), which contains blood, rich in
protein; (iii) paunch wastewater (PWW), generated in the removal of the digestive tract
content, with structural carbohydrates in the form of lignocellulosic material; (iv) offal
wastewater (OWW) from the cleaning of the white viscera, therefore containing particles of
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meat and fat. In middle- and high-income countries, slaughterhouse wastewater streams
are generally treated before discharge into local watercourses or sewer systems. Primary
treatments are the most common; however, they are costly and sometimes insufficient [7].

Anaerobic digestion is an efficient technology for waste treatment and valorization
since compounds are degraded into a biogas (55–70% volume of CH4) and a nutrient-
rich sludge [1]. In developing countries, tubular digesters are the most widely used in
rural homes, farms and rural sector companies (agricultural and livestock) due to their
simple construction and operation [8]. Furthermore, tubular digesters have demonstrated
to be adequate for the anaerobic digestion of slaughterhouse wastewater [9]. However,
given the biochemical composition of animal slaughter waste (rich in lipids, proteins
and lignocellulosic material), anaerobic digestion of these wastes can lead to several
problems. During anaerobic digestion, proteins break down to NH3 [10] while lipids
hydrolysis produces long-chain fatty acids (LCFA) [11], which can inhibit the process and
reduce the biogas production and waste treatment rates. The tolerance of the microbial
consortia to inhibitors is characterized by an inhibition coefficient (KI50), which indicates the
concentration where the uptake rate is half the maximum [12]. Likewise, the lignocellulosic
material from ruminal content presents a low hydrolysis rate coefficient (between 0.10 and
0.12 d−1) [12,13] causing slow anaerobic degradation rates. Slow degradation kinetics
require long hydraulic retention times (HRT) [14] and, for a given organic load rate, full-
scale results in a larger reactor volume [15]. This leads to a rise in investment, since more
than 50% of the fixed costs correspond to the digester [16]. The above problems may limit
the widespread tubular digester use for slaughterhouse wastewater treatment.

Anaerobic Co-digestion (AcoD) has been used as an approach to mitigate the afore-
mentioned drawbacks, given the potential synergies between co-substrates towards the
reduction of inhibition and increase of both the extent and rate of biodegradation. In this
regard, most AD studies consider slaughterhouse wastewater as a single substrate (a mix-
ture of CWW, SWW, OWW and PWW in the proportion of its generation). However, in a
study by Jensen et al. (2014) [4], it was evidenced how each stream has particular character-
istics and can be treated as an individual substrate. Moreover, bovine manure (BM) is an
excellent base substrate (carrier) [17]. Therefore, an adequate mixture of these substrates
can enhance the performance of the anaerobic digestion process, without requiring further
external substrates. Nonetheless, to the best of authors’ knowledge, the AcoD of different
slaughter wastewater streams has not been explored in previous studies.

Usually, AcoD studies have evaluated the synergy between co-substrates focused
on CH4 yield [18,19] while the kinetics (rate of degradation) in most cases is evaluated
with mathematical models, without determining whether there is synergy in the kinetic
factors [17,20]. Thus far, three methodologies have been published to assess synergy
in kinetic parameters. Pagés-Diaz et al. (2014) [21] implemented a mixture design to
evaluate an AcoD process, then adjusted the results to statistical models and estimated the
significance of the regression coefficients. This methodology is extensive and its precision
depends on the correct selection of the statistical model to evaluate the synergy. Ebner et al.
(2016) [22] proposed a co-digestion rate index (CRI) based on the ratio of the experimental
apparent hydrolysis rate coefficient over its expected value. The authors demonstrated,
through numerical estimation, how the weighted geometric mean of the hydrolysis rates of
the single substrates is the best estimate for the expected combined co-digestion rate. The
numerical procedure added the curves of pairs of substrates, fitted the first-order model to
the experimental co-digestion data and compared the resulting hydrolysis rate coefficient
with different statistical means of the individual substrates. Thus, the application of the
above methodology to other kinetic models (with more parameters compared to the first-
order model) could be too complex. Donoso-Bravo et al. (2019) [23] presented a simpler
method that consists of the linear combination (weighted arithmetic mean) of the kinetic
parameters, which could be applied to any model. However, this methodology does not
consider the complexity of kinetic interaction and the error introduced by an approximation
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with arithmetic mean. Thus, the above approaches can be tedious or lead to uncertainties
in the evaluation of the kinetic synergy.

Based on the above review of co-digestion studies and modeling, the main contribu-
tions of this study are: (i) the evaluation of the performance of AcoD of novel mixtures of
bovine slaughterhouse wastewater streams and manure, with a focus on reducing poten-
tial inhibition and biodegradability problems; (ii) the development of a methodology to
assess the synergy between co-substrates, which considers both CH4 yield and kinetics
in a practical and accurate way, (iii) the application of the methodology to select the best
mixtures between slaughterhouse wastewater streams and BM. The methodology proposed
in the current study differs from those reported in the literature since the synergy was
evaluated directly from the expected biochemical methane potential (BMP) curves without
approximations (statistical models, arithmetic mean or geometric mean), which reduces
the errors in parameters estimation. In addition, the energy and economic feasibility of the
AcoD of synergistic mixtures was evaluated from the results of the BMP assays and the
modeling.

2. Materials and Methods

The current study employed a four-part methodology: (1) experimental evaluation of
AcoD of slaughterhouse wastewater streams and BM, (2) implementation and evaluation
of kinetic models, (3) evaluation of synergistic effects and (4) energy and economic analysis
of the implementation of AcoD in slaughterhouses. For the first part, the substrates and
inoculum were collected. Then, a statistical mixture design was applied to prepare different
combinations of wastewater streams and BM, which were tested by BMP assays to obtain
the ultimate experimental specific CH4 yield (Bo). The theoretical specific CH4 yield (Both)
was calculated from the composition of the mixtures; thereafter, the extent of degradation
(fd) was calculated from the value of Bo and Both. In the second part, both the first-order and
the modified Gompertz models were calibrated against the BMP experimental data, and
the most suitable kinetic model was selected based on fit. In the third part, the synergistic
effects of AcoD on CH4 yield and kinetics were evaluated by a comparison between the
experimental and the model-based expected values. Finally, taking as a case study a
Colombian slaughterhouse, the energy and economic feasibility of AcoD of synergistic
mixtures was evaluated by the electrical and thermal potentials, the payback period (PBP),
Net Present Value (NPV) and Internal Rate of Return (IRR).

2.1. Evaluation of Anaerobic Co-Digestion (AcoD)
2.1.1. Substrates and Inoculum Origin

Fresh bovine manure (BM) and samples of slaughter wastewater (SWW), offal wastew-
ater (OWW) and paunch wastewater (PWW) were obtained from a Colombian slaugh-
terhouse (Floridablanca-Santander: Latitude 7◦3′14.82” N and longitude 73◦7′55.82” W).
The OWW stream comes from the cleaning of white viscera (intestines and stomachs).
The wastewater from the cleaning of red viscera (liver, heart, tongue, lungs, kidney and
spleen) makes up the SWW stream. The main operational characteristics of the case study
slaughterhouse are presented in Table 1.

The substrates were characterized by measuring pH, total solids content (TS), volatile
solids content (VS), chemical oxygen demand (COD), total alkalinity (TA), total volatile fatty
acids (TVFAs) and biochemical composition (carbohydrates, lipids and proteins) (Table 2).

The reactors were inoculated with mesophilic sludge from a small biogas plant located
in an organic farm (Floridablanca-Santander, Colombia: Latitude 7◦01′0.07” N and longi-
tude 73◦08′13.3” W). The main characteristics of the inoculum used were:
33.70 ± 0.11 kg TS m−3, 19.95 ± 0.14 kg VS m−3, 8.09 ± 0.03 pH, TA of
2.57 ± 0.10 kg CaCO3 m−3, TVFAs of 1.42± 0.12 kg CH3COOH m−3, specific methanogenic
activity (SMA) of 0.035 ± 0.005 kg COD kg−1 VS d−1 and a coefficient of inhibition by NH3
(KI50-NH3) of 18.53 ± 0.34 mg L−1. The same inoculum source has been utilized in previous
studies [24].
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Table 1. Operational characteristics of the case study slaughterhouse.

Parameter a Unit Value

Average slaughter capacity Bovines d−1 327
Flow of SWW m3 d−1 45.34
Flow of OWW m3 d−1 111.60
Flow of PWW m3 d−1 139.50
Flow of BM t d−1 7.70
Thermal energy consumption kWh d−1 8594.90
Electrical energy consumption kWh d−1 4743.28

a SWW: slaughter wastewater; OWW: offal wastewater; PWW: paunch wastewater; BM: bovine manure.

Table 2. Characteristics of slaughterhouse wastewater streams and BM. Results are reported as an
average of three measurements (±95% confidence interval).

Parameter a Unit SWW b OWW b PWW b BM b

pH – 6.72 ± 0.08 6.90 ± 0.08 7.80 ± 0.08 7.38 ± 0.06
TS kg m−3 8.28 ± 0.12 12.53 ± 0.22 18.23 ± 0.93 242.14 ± 1.04
VS kg m−3 7.63 ± 0.21 10.96 ± 0.23 15.99 ± 0.98 154.22 ± 1.50

COD kg m−3 9.39 ± 0.04 9.75 ± 0.08 8.35 ± 0.14 37.06 ± 1.66
TVFAs kg CH3COOH m−3 0.72 ± 0.00 0.88 ± 0.07 1.25 ± 0.07 2.40 ± 0.00

TA Kg CaCO3 m−3 0.80 ± 0.00 1.38 ± 0.18 1.75 ± 0.05 3.25 ± 0.35
Lipids %VS 26.5 38.6 4.1 3.3

Proteins %VS 69.3 36.1 11.6 12.1
Carb %VS 4.2 12.0 8.8 21.4
Cell %VS – 2.3 21.9 24.8
Hem %VS – 6.4 32.0 22.1
Lig %VS – 4.6 21.6 16.3

a Carb: non-structural carbohydrates; Cell: cellulose; Hem: hemicellulose; Lig: lignin. b SWW: slaughter
wastewater; OWW: offal wastewater; PWW: paunch wastewater; BM: bovine manure.

2.1.2. Experimental Mixture Design

In order to eliminate the randomness of blending, the assay was based on a simplex
lattice design {4,3} augmented with the overall centroid. Mixtures were based on the organic
load expressed in VS. The mixture design was created using STATGRAPHICS Centurion
XVI (StatPoint Technologies, Inc. Warrenton, VA, USA) and represented graphically as
a tetrahedron made up of a triangular base and three triangular faces called simplex
(Figure 1). Each simplex consisted of 10 points (mixture ratios) where vertices corresponded
to ratios with 100% single substrate. The upper vertex of the tetrahedron was the pure BM
ratio. Vertices on the base of tetrahedron comprised pure ratios of 100% SWW, 100% OWW,
and 100% PWW. Points on the axis corresponded to binary mixtures. Interiors points on
each simplex corresponded to ternary mixtures. Additionally, there is a central point in the
tetrahedron, for a total of 21 mixtures (Table 3).

2.1.3. Ultimate Experimental Specific CH4 Yield (Bo)

In order to determine the ultimate experimental specific yield Bo, BMPs assays were
run according to the protocol presented by Holliger et al. (2016) [25] for organic material in
100 mL digesters (60 mL working volume). Assays were prepared with an inoculum to
substrate ratio (ISR) of 2 (based on the amount of VS). For all the assays, the initial pH was
between 7.0 and 8.0 and the buffer capacity, expressed as the ratio of total volatile fatty acid
and total alkalinity (TVFAs/TA) [26], ranged from 0.2 to 0.4; these values are within the
recommended range by the BMP protocol, and therefore, no buffers were added to adjust
them. The digesters were flushed with pure N2 and sealed using butyl rubber and an
aluminum cap. Blanks, containing inoculum and deionized water to replace the substrate,
were used to estimate the endogenous CH4 production of the inoculum. All digesters were
incubated at 37 ± 2 ◦C and mixed by manual inversion once per day. The CH4 production
was quantified by the volumetric displacement of an alkaline solution. The accumulated
volume of CH4 displaced was adjusted to standard temperature and pressure conditions
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(STP: 273 K and 1 atm) and the specific CH4 yield was expressed on the basis of VS added
(m3 CH4 kg−1 VS) [27]. A separate positive control was conducted using cellulose resulting
in a CH4 yield of 0.364 ± 0.013 m3 kg−1 VS (88% of the theoretical specific CH4 yield of
cellulose). All tests, blanks and control were performed in triplicate. The BMP assays
were terminated once the daily CH4 production for all mixtures decreased below 1% of the
accumulated volume during three consecutive days, which resulted in a duration of the
assays of 30 days.

Figure 1. Simplex-lattice mixture design tested for anaerobic co-digestion (AcoD) of slaughter-
house wastewater streams (SWW: slaughter wastewater; OWW: offal wastewater; PWW: paunch
wastewater) and bovine manure (BM).

Table 3. Mixture design applied in the evaluation of AcoD.

Mixture SWW a (% VS) OWW a (%VS) PWW a (%VS) BM a (%VS) Mixture Type
S100 100 0 0 0

Single SubstratesO100 0 100 0 0
P100 0 0 100 0
B100 0 0 0 100
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Table 3. Cont.

Mixture SWW a (% VS) OWW a (%VS) PWW a (%VS) BM a (%VS) Mixture Type
S33:P67 33 0 67 0
S33:B67 33 0 0 67
O67:P33 0 67 33 0
O67:B33 0 67 0 33
O33:P67 0 33 67 0
O33:B67 0 33 0 67
P67:B33 0 0 67 33
P33:B67 0 0 33 67

S33:O33:P34 33 33 34 0

TernaryS33:P33:B34 33 0 33 34
S33:O33:B34 33 33 0 34
O33:P33:B34 0 33 33 34

S25:O25:P25:B25 25 25 25 25 Quaternary
a SWW: slaughter wastewater; OWW: offal wastewater; PWW: paunch wastewater; BM: bovine manure.

2.1.4. Theoretical Specific CH4 Yield (Both)

The theoretical specific yield Both allows the prediction of the maximum CH4 produc-
tion from a specific waste. This can be calculated from the knowledge of the composition of
substrates and mixtures in terms of their biochemical fractions (i.e., carbohydrates, proteins,
lipids) [28], as shown in Equation (1):

Both = 0.415 x_Carbohydrates + 0.496 x_Proteins + 1.014 x_Lipids (1)

The biochemical fractions (x) are given in VS and Both in STP m3 CH4 kg−1 VS; the
carbohydrate fraction includes both non-structural and structural carbohydrates.

2.1.5. The Extent of Degradation (fd)

The level of anaerobic biodegradability of a waste can be determined by comparing
the ultimate experimental specific CH4 yield Bo with the theoretical value Both, as shown in
Equation (2) [29]:

fd =
Bo

Both
(2)

where fd is a key parameter used to indicate the fraction of the waste that may be trans-
formed into CH4.

2.1.6. Analytical Procedures

TS, VS, COD, pH, total Kjeldahl nitrogen and lipids (Soxhlet) were determined con-
forming to standard methods [30]. TA and TVFAS were measured according to the method
of Lahav and Morgan (2004) [31]. TA was quantified by titration of the sample with a
0.1 N HCl solution to a pH endpoint of 3. Then, the sample was boiled lightly for 3 min
to completely remove the dissolved CO2. Thereafter, the amount of NaOH solution 0.1 N
required to elevate the pH from 3 to 6.5 was recorded to calculate TVFAs. Cellulose,
hemicellulose and lignin were determined from fiber fractions: neutral detergent fiber
(NDF), acid detergent fiber (ADF) and lignin. The hemicellulose and cellulose contents
were calculated as the differences between NDF and ADF and between ADF and ADL,
respectively [32]. Protein composition was calculated from the ratio of 6.25 g protein per g
of organic nitrogen. Organic nitrogen was determined by the subtraction between Kjeldahl
nitrogen and ammoniacal nitrogen [33]. Non-lignocellulosic carbohydrates (e.g., sugars,
starch and pectin) were obtained by difference. SMA and KI50-NH3 of the inoculum were
determined following the procedure by Astals et al. (2015) [34]. NH4

+ concentration was
measured by a test (Spectroquant ammonium test Merck) analogous to APHA 4500-NH3
F [30]. NH3 concentration [mg NH3-N L−1] was determined by Equation (3), where TAN
[mg N L−1] is the total ammonia nitrogen in the forms of NH3 and NH4

+, Ka is the acid-base
equilibrium constant and γ1 is the activity coefficient [35]:

NH3 − N =
Ka.TAN.γ1

Ka.γ1 + 10−pH (3)
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TAN = NH3 − N + NH+
4 − N (4)

At the BMP assays temperature (37 ◦C) Ka is 1.27 × 10−. The values of γ1 were
obtained from Equations (5) and (6) [35]:

log γ1 = −0.5.z2
i .

( √
I

1 +
√

I
− 0.20.I

)
(5)

I =
1
2 ∑ z2

i .Ci (6)

where zi is the valence of the ion i, I is the ionic strength [mol L−1] and Ci is the concentration
of the ion i [mol L−1]. For the calculations, the only ion considered was NH4

+.

2.2. Kinetic Modeling

The first-order model (Equation (7)) and the modified Gompertz model (Equation (8))
were compared based on their fitting to the BMP curves from AcoD of slaughterhouse
wastewater streams and BM. The first-order model has been used in previous studies
to describe the cumulative CH4 production of various organic wastes [20,36] when the
hydrolysis step is rate-limiting:

Bs = P (1− exp(−kh.t)) (7)

where Bs [m3 CH4 kg−1 VS] is the simulated specific CH4 yield at time t [d], P [m3 CH4
kg−1 VS] is the simulated ultimate specific CH4 yield and kh is the apparent hydrolysis rate
coefficient [d−1]. In cases where biogas production is proportional to the microbial activity,
the modified Gompertz model is more suitable than the first-order model [37]:

Bs = P exp
(
− exp

(
Rmax .e

P
(λ− t) + 1

))
(8)

where λ is the lag-phase [d], Rmax is the maximum specific CH4 production rate [m3 CH4
kg−1 VS d−1] and e is exp (1) = 2.7183.

The models were fitted to curves from BMP assays in Aquasim 2.1d (Swiss Federal
Institute of Aquatic Science and Technology—Eawag). Parameters were estimated by a
weighted least square method, minimizing the cost function shown in Equation (9) [38]:

χ2 =
n

∑
i=1

(
Bm,i − Bs,i(r)

σm,i

)2

(9)

where Bm,i is the ith measured value of the accumulated CH4 volume, assumed to be a
normally distributed random variable, Bs,i(r) is the model prediction, a function of the set
of parameters r to be estimated, at the time corresponding to ith data point and σm,i is the
standard error of the measurement Bm,i, calculated from the values of the replicates, which
weights each term of the sum. The standard errors of the measurements were calculated
according to Holliger et al. (2016) [25] (Equation (10)):

σm =
2
√
(σblank)

2 + (σsubstrate)
2 (10)

As a minimization technique, the Secant Algorithm implemented in Aquasim was
used. The tolerance for convergence in the objective function was 4 × 10−3. In order to
check the convergence of the algorithm to the same optimum parameter values, differ-
ent initial guesses of target parameters were used. The confidence interval of the esti-
mated parameters was expressed as standard error, as calculated by the Secant Algorithm
in Aquasim.
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The accuracy of model predictions with respect to the experimental results was
analyzed by the regression coefficient (R2), and the normalized root mean square er-
ror (NRMSE):

NRMSE =

√
∑n

i=1(Bs,i−Bm,i)
2

n

Bm
(11)

where Bs,i, Bm,i and Bm are the simulated, measured and the mean specific CH4 yields,
respectively, and n is the number of experimental data points.

2.3. Evaluation of Synergistic Effects

The synergistic effects were evaluated for both the yield and the kinetic of the CH4
production (Table 4). The φ factors were calculated following the approach of Castro-
Molano et al. (2018) [39].

Table 4. Equations applied to evaluate the synergistic factors φ in AcoD of slaughterhouse wastewater
streams and BM.

Synergistic Factor a Equation Evaluation

φy
( Bo−Boexpected

Boexpected

)
100

φy,kh,R,λ > 0: the mixture has a synergistic effect.
φy,kh,R,λ < 0: the mixture has an antagonistic effect.
φy,kh,R,λ = 0: the mixture does not affect the
performance of the substrates.

φkh
( kh−khexpected

khexpected

)
100

φR
( Rmax−Rmax expected

Rmax expected

)
100

φλ
(

λexpected−λ

λexpected

)
100

a φy: synergy for CH4 yield; φkh: synergy for the apparent hydrolysis rate coefficient; φR: synergy for the
maximum specific CH4 production rate; φλ: synergy for the lag-phase.

The expected values of the parameters used were determined from predictive BMP
curves (BP) of co-digestion, calculated from the BMP curves (Bm) of the single substrates
and assuming that the CH4 production in co-digestion would be the weighted production
of the single substrates. For all mixtures, BP was, therefore, calculated as the summation of
the products of the experimental Bm of single substrates j by their respective VS fraction in
the mixture (αj), as shown in Equation (12):

BP =
n

∑
j=1

Bm,j·αj (12)

The expected Bo was taken as the ultimate CH4 yield of the predictive curve, whereas the
expected kinetic parameters λ, Rmax and kh were obtained from the calibration of the modified
Gompertz and first-order models against the values of the predictive BMP curves BP.

2.4. Energy and Economic Considerations

In order to evaluate the feasibility of implementing the AcoD of slaughterhouse
wastewater streams and bovine manure, an energetic and economic study was performed
based on the results of the BMP assays and modeling. Moreover, the technical and economic
advantages of synergistic mixtures were compared to a monodigestion-only scenario.
The electrical (PEE) and thermal (PTE) energy potentials [kWh m−3] were calculated by
Equations (13) and (14) [40]:

PEE = VS.Bo.Pc.ηE (13)

PTE = VS.Bo.Pc.ηT (14)

where VS is the mixtures volatile solids content [kg m−3], Bo is the ultimate specific CH4
yield [STP m3 CH4 kg−1 VS] obtained from the previous analyses, Pc is the lower heating
value of CH4 (10 kWh m−3) and ηE and ηT are the electric and thermal efficiencies, which
were assumed to be 25% (electric generator) and 80% (boiler), respectively [41]. Based on
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PEE and PTE, an economic evaluation was performed considering the design assumptions,
CAPEX (capital expenditures), OPEX (operational expenditures) and Benefits, shown
in Table 5.

Table 5. Parameters and assumptions for the economic study.

Unit Value

Design Assumptions a

Flow of SWW to be treated m3 d−1 4.5
Flow of OWW to be treated m3 d−1 11.2
Flow of PWW to be treated m3 d−1 14.0
Flow of BM to be treated t d−1 0.8
Operational volume of digester
(liquid fraction) % 75 b

CAPEX
Anaerobic digester US$ m−3 96
Electricity generator US$ 5640 c

OPEX
Labour US$ year−1 4380
Electricity generator maintenance US$ MWh−1 14.82 d

Benefits
Electricity saving US$ kWh−1 0.114
Natural gas saving US$ m−3 0.323
Wastewater treatment saving US$ m−3 1.30

a SWW: slaughter wastewater; OWW: offal wastewater; PWW: paunch wastewater; BM: bovine manure. b

Data from Escalante et al. (2017) [40]. c Corresponding to a 20-kW biomass electric generator [42]. d Data from
González-González et al. (2014) [43].

The waste flow values correspond to 10% of the total generated streams in the slaugh-
terhouse considered as a case study (Table 1). The volume of the digester (VD) [m3] for
CAPEX was calculated from waste flows (Q) [m3 d−1] and the HRT [d], considering an
operational volume of 75% of the total digester volume (Equation (15)) [8]:

VD = Q.HRT.0.75−1 (15)

HRT was estimated as the difference between the duration time of the BMP assays
and the λ obtained from the modified Gompertz Model [14]. The cost of the digester was
calculated based on the volumes and prices available on the Colombian market for plastic
tubular digesters. Slaughterhouses need steam and hot water for cleaning, so usually, they
have boilers for this purpose. Therefore, the economic analysis did not consider further
CAPEX costs for the conversion of CH4 to thermal energy. In the OPEX, the labor costs
correspond to the payment of a legal Colombian minimum wage, corresponding to the one
worker that is needed to operate the anaerobic digestion system (8 h a day, 6 days a week,
1.52 US $ h−1 including social benefits). Regarding the benefits, the electricity and natural
gas prices and cost of wastes treatment were supplied by the case study slaughterhouse.

The aforementioned data allowed to calculate the payback period (PBP), net present
value (NPV) and internal rate of return (IRR). An equipment lifetime of 10 years was
considered, with a discount rate of 10% and inflation of 3.85%.

2.5. Statistical Analysis

A one-way ANOVA (Analysis of Variance) facilitated the data analysis and detection of
significant differences between mixtures with respect to variables Bo and fd (p-values < 0.05),
and allowed to estimate the standard deviation.
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3. Results and Discussion
3.1. Ultimate Experimental Specific CH4 Yield (Bo) of Single Substrates

The results from the BMP assays of the single substrates are shown in Figure 2. De-
pending on the prevalent biochemical composition of the substrates, it is possible to divide
the results into two groups. The first group includes the substrates with lignocellulosic
nature, namely the Paunch Wastewater (PWW) and Bovine Manure (BM), which had low
CH4 production due to their high content in scarcely degradable lignocellulose (Table 2):
from the start of the BMP assay until day 12, the cumulative CH4 yields of both substrates
were almost similar (Figure 2). However, from day 12, the increase of the PWW yield
slowed down and approached its plateau, whereas the BM yield continued to rise until
reaching its stable value from approximately day 25. The above behaviors are similar
to those found in previous studies on digestion of bovine manure [44] and PWW [13],
showing a relatively higher rate of degradation of PWW compared to manure.

Figure 2. Accumulated CH4 production of wastewater streams (SWW: slaughter wastewater; OWW:
offal wastewater; PWW: paunch wastewater) and manure (BM) from a bovine slaughterhouse.

BM resulted in a Bo, at 30 days, of 0.206 ± 0.003 m3 CH4 kg−1 VS and an fd of
0.46 ± 0.00, which are in the range of Bo values reported for dairy manure (0.089–0.303 m3

CH4 kg−1 VS) [44,45] and close to the biodegradability published in previous studies
(0.54) [22]. PWW resulted in a Bo and an fd of 0.154± 0.011 m3 CH4 kg−1 VS and 0.34 ± 0.01,
respectively. These values are lower than those found for PWW in Australian slaughter-
houses (0.309 m3 CH4 kg−1 VS and 0.84) [13]. Since the composition of ruminal content
depends on how long the grass remains in the stomachs of animals [46], the above differ-
ences can be attributed to variations in the animals handling before slaughter. According
to Australian regulation, animals must stay 24 h in yards before slaughter to be checked
and to ensure that they are healthy [47]. However, in Colombian slaughterhouses, animals
can be slaughtered 6 h after arrival [48].

The second group is formed by Offal Wastewater (OWW) and Slaughter Wastewater
(SWW), which, contrary to the first group, are richer in lipids and proteins (Table 2),
resulting in a relatively higher CH4 production (Figure 2). During the first 3 days, the CH4
yield of OWW and SWW did not present significant differences (p > 0.05). However, from
day 4 to 10, the CH4 yield of OWW increased at a higher rate than SWW and then slowed
down from day 11 until it reached a steady-state at about day 25. On the other hand, in the
case of SWW, the CH4 yield presented an almost constant increase until about day 17, where
it declined and achieved a plateau on day 25. Previous studies have shown how anaerobic
digestion of wastes with high lipid concentrations result in a long lag period, due to LCFA
accumulation and inhibition. For instance, Jensen et al. (2014) [4] reported a lag period of
18 days during anaerobic digestion of lipid-rich wastewater (10 g/L). In turn, Harris et al.
(2018) [49] evidenced 7 days of lag period for anaerobic digestion of DAF (dissolved air
flotation) sludge (10.5 g lipid/L). Likewise, Andriamanohiarisoamanana et al. (2017) [17]
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found that the BMP curve of crude glycerol presented an atypical shape (constant increase
in the first 5 days followed by a slow CH4 production until day 15 and then an exponential
behavior) due to LCFA inhibition. On the contrary, in the current study, the BMP assays
of SWW and OWW started CH4 production from the first day, their curves had a typical
behavior and their lipids concentration was lower than 10 g/L. This indicates how LCFA is
unlikely to be a source of inhibition during anaerobic digestion of the tested slaughterhouse
wastewater streams.

Ammonia is another potential cause of inhibition, which results from substrates
with high protein content. In this regard, the BMP assay with SWW presented a final
NH3 concentration of 21.12 ± 0.25 mg L−1, which is higher than the measured inhibition
coefficient KI50-NH3 of the inoculum (18.53 ± 0.34 mg L−1). Various studies investigated
ammonia inhibition effects on BMP assays and reported experimental curves that were
qualitatively similar to the present study. For instance, Nielsen and Angelidaki (2008) [50]
evaluated the anaerobic digestion in BMP assays of cattle manure, with different initial total-
N concentrations. The ammonia inhibition was evidenced in the slope of the cumulative
CH4 curves, which decreased with increasing initial nitrogen. In particular, samples with
a total-N concentration of 3.0 g L−1 and 3.5 g L−1 achieved the same ultimate CH4 yield.
However, the former sample reached 80% of its ultimate CH4 yield at 13 days while the
latter reached 80% at 21 days; this result also highlights how ammonia inhibition follows
a threshold behavior [35]. Similarly, Cuetos et al. (2017) [51] investigated the effect of
active carbon addition in the anaerobic digestion of poultry blood (which is similar to the
slaughter wastewater of this study). The experiments with lower activated carbon contents
resulted in NH3 inhibition and a significantly lower rate at the beginning of the BMP curve
(specifically, during the first 13 days). The aforementioned analysis and studies confirm
the likelihood of NH3 accumulation and inhibition during the mono-digestion of SWW.

SWW and OWW BMP assays resulted in a Bo of 0.505 ± 0.008 and 0.425 ± 0.015 m3

CH4 kg−1 VS, respectively. Although OWW has the highest lipids content, it presented
lower Bo than SWW due to the concomitant presence of lignocellulosic material (Table 2).
The Bo of SWW was close to the values of 0.500 and 0.570 m3 CH4 kg−1 VS reported in the
studies of Jensen et al. (2014; 2015) [4,52], while the fd resulted in a value of 0.80 ± 0.01,
which is close to the results of a similar BMP study investigating blood biodegradability
(fd of 0.77) [12]. On the other hand, the Bo of OWW is lower when compared to studies
investigating similar substrates. For instance, Jensen et al. (2014) [4] found a Bo between
0.721 and 0.931 m3 CH4 kg−1 VS for an offal wastewater stream. Nevertheless, this
wastewater also contained the waste stream from the cleaning of red viscera, resulting
in a higher lipid concentration (up to 11.64 kg m−3) compared to the OWW stream in
the current study, thus explaining the relatively higher Bo. Regarding the fd from OWW
(0.63 ± 0.02), to the best of the author’s knowledge, there is no available comparison in
the literature.

3.2. Experimental Ultimate Specific CH4 Yield of AcoD

Figure 3 shows the composition (lipids, proteins and carbohydrates) and the ulti-
mate experimental yield Bo of the different AcoD mixtures evaluated (the BMP curves are
depicted in Supplementary Data Figure S1). On the whole, for both binary and multicom-
ponent mixtures, the Bo increased directly with the proportion of lipids and decreased
with the proportion of carbohydrates. Therefore, the highest Bo corresponds to the binary
mixtures of SWW and OWW (S33:O67 and S67:O33) and the ternary mixtures where SWW
and OWW were present simultaneously (S33:O33:B34 and S33:O33:P34).
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Figure 3. Biochemical composition of the different AcoD mixtures (left axis) and the resulting ultimate
specific CH4 yield (right axis). On the X-axis, the letter represents the waste stream (S: slaughter
wastewater; O: offal wastewater; P: paunch wastewater; B: bovine manure) and the number its %VS
in the mixture.

The ternary and quaternary mixtures had significantly higher Bo (p < 0.05) than binary
mixtures with a similar biochemical composition. For instance, the combinations with the
mixing ratio of S33:B67 and S33:P33:B34 have almost the same composition (~11%VS lipids,
~31%VS protein and ~58%VS carbohydrates); however, the latter mixture showed a Bo 40%
higher than the former. Likewise, the ternary mixture O33:P33:B34 exhibited a Bo 10%
higher than binary mixtures O33:P67 and O33:B67, despite having similar compositions
(~15%VS lipids, ~20%VS protein and ~65%VS carbohydrates). When comparing the ternary
mixtures with the highest Bo (mixtures S33:O33:B34 and S33:O33:P34) to the binary mixture
with the highest Bo (S67:O33), the ternary mixtures have similar Bo (4–14% difference),
while having 33% fewer proteins and 25% fewer lipids than the binary mixture. The above
evidence a higher synergy between macromolecules on CH4 production in multicomponent
mixtures than in binary mixtures. This result is in agreement with the study by Astals
et al. (2014) [12], who suggested that in addition to macro-composition, the structure of the
substrates also affects their interaction. In this sense, there are differences in carbohydrates
structure between PWW and BM and the kind of proteins between SWW and OWW.

The effects of AcoD on the reduction of initial lignocellulosic material composition and
final NH3 concentration (see Supplementary Data Table S1 for NH3 calculation details) are
shown in Table 6, taking biodegradability (fd) as an indicator. In the case of BM and PWW,
the co-digestion with OWW and SWW in binary or multicomponent mixtures allowed to
achieve mixtures with relatively lower lignocellulosic content; this reduced the recalcitrant
character of the mixture and as a consequence increased the biodegradability fd above the
values of both BM and PWW mono-digestion (0.46 and 0.34, respectively). On the contrary,
the binaries AcoD between BM and PWW presented a high lignocellulosic composition,
which resulted in an fd around 0.44. Previous studies have demonstrated that the AcoD
with lignocellulosic residues is an alternative to enhance the C/N ratio of animal manure;
however, this requires pretreatment [53].

In the case of OWW, all its mixtures presented higher fd than its mono-digestion (0.63),
since fatty wastes are suitable co-substrates to lignocellulosic and protein wastes [12]. In
turn, SWW showed the highest degradability of individual substrates (0.80) due to its
content of soluble proteins in the blood (e.g., albumin and globulin), which are hydrolyzed
fast and then converted to CH4 while producing NH3. In the case of SWW, AcoD offers the
opportunity to reduce the risk of ammonia inhibition, through mixtures with substrates
with lower protein content. For instance, the addition of PWW to SWW in binary mixtures
allowed to reduce the inhibition risk by NH3 and achieved an fd around 0.7. The ternary
mixture with a mixing ratio S33:O33:P34 exhibited an fd (0.83) higher than SWW mono-
digestion, which is consistent with its balanced composition of carbohydrates, lipids and
proteins (Figure 3).
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Table 6. Evaluation of AcoD of slaughterhouse wastewater streams and BM. Results are reported as
an average of three measurements (±95% confidence interval). Mono-digestions are presented as
a reference.

Mixture a
Initial

Lignocellulosic
Material (%VS)

Final NH3
(mg/L)

Reduction of
Lignocellulosic

Material
Composition b

Reduction of
Inhibition Risk

by NH3
a

fd
c

S100 0.0 21.82 ± 0.25 n/a n/a 0.80 ± 0.01
O100 13.3 10.62 ± 0.27 n/a n/a 0.63 ± 0.02
P100 75.5 7.48 ± 0.25 n/a n/a 0.34 ± 0.01
B100 63.2 7.24 ± 0.21 n/a n/a 0.46 ± 0.00

S67:O33 4.4 15.89 ± 0.37 + + 0.78 ± 0.01
S67:P33 25.2 16.73 ± 0.35 + + 0.72 ± 0.03

S67:B33 21.1 23.73 ±
0.33 + - 0.61 ± 0.01

S33:O67 8.9 15.71 ± 0.37 + + 0.71 ± 0.02
S33:P67 50.4 9.91 ± 0.25 + + 0.68 ± 0.01

S33:B67 42.1 22.01 ±
0.33 + - 0.50 ± 0.01

O67:P33 34.1 8.64 ± 0.37 + + 0.68 ± 0.01
O67:B33 29.9 6.32 ± 0.34 + + 0.77 ± 0.01
O33:P67 54.8 6.62 ± 0.37 + + 0.64 ± 0.01
O33:B67 46.6 10.22 ± 0.34 + + 0.66 ± 0.01

P67:B33 71.4 10.48 ±
0.33 - + 0.45 ± 0.01

P33:B67 67.3 8.37 ± 0.33 - + 0.43 ± 0.01
S33:O33:P34 29.6 2.30 ± 0.44 + + 0.83 ± 0.00
S33:P33:B34 46.2 5.43 ± 0.41 + + 0.70 ± 0.01
S33:O33:B34 25.5 2.16 ± 0.42 + + 0.74 ± 0.00
O33:P33:B34 50.7 1.79 ± 0.42 + + 0.71 ± 0.01

S25:O25:P25:B25 38.0 3.56 ± 0.49 + + 0.73 ± 0.01
a The letter represents the waste stream (S: slaughter wastewater; O: offal wastewater; P: paunch wastewater; B:
bovine manure) and the number its %VS in the mixture. b Positive and negative effects are indicated by + and
− signs, respectively. Mixtures in bold and italic resulted in either high lignocellulosic content or ammonia
inhibition. c fd: the extent of degradation.

On the other hand, important inhibition risk occurred during binary AcoD mixtures
between BM and SWW, as indicated by the final NH3 concentration being higher than
KI50-NH3, which led to a significantly lower fd (p < 0.05) than the other AcoD mixtures of
SWW. A similar result was presented by Andriamanohiarisoamanana et al. (2017) [17],
who investigated the AcoD of meat and bone meal and manure in BMP assays. This
study showed how the increase of meat and bone meal content from 10% to 66%VS caused
inhibition by NH3 and, as a consequence, the conversion rate of meat and bone meal to
CH4 was reduced. In the current study, the inhibitory effects between SWW and BM were
mitigated in ternary and quaternary mixtures by dilution with OWW and PWW. Similarly,
previous studies have highlighted lignocellulosic as a suitable co-substrate for anaerobic
digestion of blood. For instance, López et al. (2006) [54] evaluated the AcoD of ruminal
content and blood in batch digesters. The results showed an organic matter degradation
from 55 to 70% when ruminal content/blood ratio (on a TS basis) varied between 2 and
8; the authors highlighted how during AcoD blood generates extra buffer capacity and
brings micronutrients to the system. Cuetos et al. (2013) [55] conducted batch experiments
on AcoD of poultry blood with maize residues. When maize concentration increased from
15% to 70% (VS basis), the CH4 production raised from 0.130 to 0.188 m3 kg−1 VS. Similarly,
also in CSRT digesters, the AcoD of blood and organic fraction of municipal solid waste
has been implemented in order to achieve stable operations, with a CH4 yield between
0.200 and 0.289 m3 kg−1 VS [56].

Because of the aforementioned drawbacks, the mixtures between BM and PWW and
between BM and SWW can lead to low values of biodegradability and instabilities, respec-
tively, in the digestion process (see bold/italic values in Table 6). Hence, these mixtures
were excluded from the following sections to focus on the seemingly synergistic mixtures.
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3.3. Kinetic Model Selection

The goodness of fit of the Gompertz and first-order models, and the respective es-
timated kinetic parameters, are summarized in Table 7. The best model was selected
based on two statistical criteria: the normalized root mean square error (NRMSE) and
the regression coefficient (R2). NRMSE is the standard deviation of the prediction errors
(residuals). Thus, NRMSE is a measure of how far the experimental points are from the
simulated curves. R2 provides a further measure of how well the model can reproduce
the experimental data. For all mixtures, the Gompertz model resulted in a better fit of the
experimental data compared to the first-order model. In particular, the ranges of NRMSE
and R2 were 0.011–0.044 and 0.992–0.999, respectively, in the modified Gompertz model
and 0.037–0.134 and 0.918–0.988, respectively, in the first-order model. The confidence
interval of the estimated parameters for Gompertz (reported as standard error, and shown
in Supplementary Data Table S2), is in all cases below 3% for the simulated ultimate yield
P and below 4% for the maximum specific CH4 production rate Rmax. For the lag-phase
λ, the average error is 17%, with the highest value of 70% in the case S33:P33:B34, due to
the smallest estimated value of the lag-phase (0.152 days). Given the better goodness of fit
and the acceptable parameter identifiability, the Gompertz kinetics was selected for the
following model-based analysis of the AcoD synergy (Section 3.4).

Figure 4 shows a selection of six AcoD BMP experimental data, together with the fitted
Gompertz and first-order model; the complete set of curves is shown in Supplementary
Data Figure S2. Figure 4a–c show three experiments which resulted in the smallest differ-
ences in the goodness of fit between the two models, with all cases achieving high values of
the regression coefficient (R2 > 0.98). These experiments correspond to the AcoD mixtures
S33:P67; S33:P33:B34 and O33:P33:B34; it can be noted how they all have relevant content of
the lignocellulosic substrates manure (BM) and paunch (PWW). In these cases, hydrolysis
is significantly the rate-limiting step in the CH4 production [53]. For first-order models, the
hydrolysis rate coefficient of these mixtures resulted in the range 0.06–0.12 d−1, which is
similar to the value of 0.1 d−1 reported for paunch content by Jensen et al. (2016) [13].

On the other hand, Figure 4d–f shows the three experiments that presented the greatest
deviation from the first-order model, namely, S33:O67, O67:P33 and O67:B33. It can be
noted how these cases have a relevant content of lipid-rich offal wastewater (OWW). The
lipid content from these mixtures caused an initial low CH4 production, which is reflected
in a significant value of the lag-phase (λ) between 2 and 3 days. After the lag-phase the
CH4 production occurred at a relatively high rate (Rmax between 0.036 and 0.044 m3 CH4
kg−1 VS d−1), which is comparable to the other mixtures. Similar behavior is reported by
Astals et al. (2014) [12] in the anaerobic digestion of olive oil; the authors attributed the
behavior to an initial LCFA absorption onto the surface of the microorganisms, which is
followed rapidly by conversion to CH4.

In general, ternary and quaternary AcoD mixtures had lower λ values (range:
0.152–1.466 days; average 0.95 days) compared to binary mixtures (range: 0.281–2.982
days; average: 1.61 days) (Table 7). The λ range obtained in the current research is lower
than values reported in previous research on slaughterhouse wastewater anaerobic diges-
tions, with the work of Jensen et al. (2014) [4] reporting values of up to 18 days for lipid-rich
streams. There is limited information on Rmax in the anaerobic digestion of slaughterhouse
wastewater. Hernández-Fydrych et al. (2019) [57] analyzed the CH4 production kinetics
of pretreated combined slaughterhouse wastewater by BMP assays. The authors fitted
a Gompertz model and calculated a Rmax of 0.0125 and 0.0140 m3 CH4 kg−1 VS d−1 for
autoclaving and mechanical pretreatment, respectively. These values are lower than those
found in this study (0.022–0.044 m3 CH4 kg−1 VS d−1). Therefore, the possibility of control-
ling the mixture ratios of slaughterhouse wastewater streams in anaerobic co-digestion can
have kinetics advantages, when compared to the digestion of the wastewaters’ individual
streams or combined as a whole.
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Table 7. Kinetic parameters of the models fitted to the curves of the biochemical methane potential (BMP) assays.

Mixture
Model S67:O33 S67:P33 S33:O67 S33:P67 O67:P33 O67:B33 O33:P67 O33:B67 S33:O33:P34 S33:P33:B34 S33:O33:B34 O33:P33:B34 S25:O25:P25:B25

First Order
P 0.637 0.560 0.904 0.424 0.580 0.558 0.453 0.401 0.657 0.395 0.715 0.473 0.555
kh 0.057 0.047 0.030 0.068 0.051 0.069 0.060 0.095 0.055 0.126 0.040 0.062 0.055

NRMSE 0.075 0.072 0.134 0.047 0.113 0.102 0.115 0.068 0.082 0.037 0.097 0.058 0.086
R2 0.969 0.974 0.918 0.987 0.930 0.937 0.919 0.968 0.965 0.988 0.958 0.981 0.961

Modified
Gompertz

P 0.494 0.435 0.486 0.349 0.417 0.451 0.342 0.344 0.504 0.363 0.450 0.377 0.411
λ 1.734 0.697 2.142 0.281 2.152 2.982 1.690 1.187 1.145 0.152 1.466 1.045 0.934

Rmax 0.036 0.022 0.037 0.023 0.036 0.044 0.034 0.036 0.033 0.036 0.030 0.026 0.029
NRMSE 0.022 0.044 0.011 0.024 0.026 0.027 0.029 0.025 0.033 0.018 0.031 0.016 0.026

R2 0.998 0.992 0.999 0.998 0.997 0.997 0.995 0.996 0.995 0.997 0.996 0.999 0.997

P: Maximum specific CH4 yield [STP m3 CH4 kg−1 VS]; λ: Lag-phase [d]; Rmax: Maximum specific CH4 production rate [STP m3 CH4 kg−1 VS d−1]; kh: Apparent hydrolysis rate coefficient [d−1]; NRMSE:
Normalized root mean square error; R2: Correlation coefficient.
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Figure 4. Accumulative CH4 production from experimental data (Bm) and calibrated model (Bs) of
the mixtures with the smallest deviations (a–c) and the greatest deviations (d–f) from the first-order
model. The letter represents the waste stream (S: slaughter wastewater; O: offal wastewater; P:
paunch wastewater; B: bovine manure) and the number its %VS in the mixture.

3.4. Evaluation of Synergy Effects

Figure 5 represents the synergistic effects of AcoD based on CH4 yield (φy), lag-phase
(φλ) and CH4 production rate (φR). The predictive BMP curves along with the modified
Gompertz plots are depicted in Supplementary Data Figure S3. All mixtures resulted in
an experimental CH4 yield higher than the expected (φy > 0). This result agrees with the
evaluation presented in Table 6 and reaffirms the AcoD ability to reduce the inhibition risk
by NH3 and to improve the biodegradability of slaughterhouse wastewater and manure.
Regarding the kinetic synergy, antagonistic effects were observed in some mixtures (left
side of Figure 5). Four AcoD mixtures resulted in a negative synergy with respect to the
lag-phase (φλ < 0); these mixtures were characterized by a relatively high lipid proportion
(23–34%VS), which slowed down the production of CH4 during the first 2 or 3 days
(Table 7). This observation is in agreement with the study on AcoD of dairy manure, meat,
bone meal and crude glycerol carried out by Andriamanohiarisoamanana et al. (2017) [17],
where an increase of glycerol proportion from 13%VS to 37%VS doubled λ. Additionally,
antagonistic effects for Rmax (φR < 0) were presented in four AcoD experiments.
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Figure 5. Synergistic effects of AcoD of slaughterhouse wastewater streams and bovine manure. The
left side represents the mixtures that presented an antagonistic effect, while the right side indicates
the mixtures with synergy in all the parameters (φy > 0; φλ and φR > 0). The letter represents the
waste stream (S: slaughter wastewater; O: offal wastewater; P: paunch wastewater; B: bovine manure)
and the number its %VS in the mixture.

Comparing the binary and multicomponent AcoD, greater synergy was observed in
the latter. The binary mixtures exhibited synergistic factors between 4.2% and 38.0% for φy,
between 3.4% and 81.5% for φλ and 5.6% and 29.5% for φR. Meanwhile, the ternary and
quaternary mixtures showed synergistic factors between 14.5% and 41.9% for φy, between
31.1% and 87.9% for φλ and 2.1% and 73.9% for φR. This highlights the advantage of
multi-component AcoD over binary ones, both in the final CH4 yield and in the kinetics
of production. Similar findings were found by Ara et al. (2015) [18] during AcoD of
organic fraction of municipal solid waste, primary sludge and thickened waste activated
sludge; the ternary mixtures exhibited CH4 yields between 12 and 27% higher than binary
mixtures. Additionally, Castro-Molano et al. (2018) [39] observed higher φy factors in
ternary mixtures (25–167%) than binary mixtures (5–68%) when chicken manure was
co-digested with industrial wastes.

The results showed seven mixtures in which all three synergistic factors were positive
(φy > 0, φλ > 0 and φR > 0); these mixtures were considered fully synergistic and depicted
on the right side of Figure 5. However, the synergistic effects in the AcoD with the mixing
ratio of S67:O33 were relatively small, with values below 10%; these small values of synergy
are generally considered not significant in AcoD studies [23]. Furthermore, the binary
mixtures with significant synergy presented the BM or PWW as main substrates. This
analysis suggests that when wastes with potential high CH4 yield (e.g., SWW and OWW)
are combined with the wastes with lower potential (e.g., BM and PWW), strong positive
interactions are generated; on the other hand, weaker interactions occur when mixing
wastes with similar characteristic (e.g., SWW with OWW and BM with PWW). Similar
evidence can be found in the literature, such as in a study by Astals et al. (2014) [12], where
the AcoD of DAF sludge and blood did not present significant synergy in CH4 production;
however, when DAF sludge was blended with paunch waste, the resulting CH4 yield was
15% higher than expected. Likewise, Pagés-Diaz et al. (2014) [21] found antagonist effects
in CH4 production rate and no significant interaction in CH4 yield when manure was
co-digested with various crops (green fruit, vegetable residues and straw). Nevertheless,
the AcoD of manure with slaughterhouse wastes presented significant synergy in both the
production rate and yield of CH4.

The six mixtures with significant full synergy correspond to the combinations: S33:P67;
O33:P67; O33:B67; S33:O33:P34; S33:P33:B34 and S25:O25:P25:O25. These AcoD presented
a lipids composition relatively lower (11–23%VS) than the rest of the mixtures (19–34%VS),
while the carbohydrates and proteins did not show noticeable differences. Thus, it seems
that the lipid concentration is the one that most influences the AcoD of slaughterhouses
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wastewater streams and BM, since a high concentration can improve CH4 yield; however,
it negatively affects the kinetics. The aforementioned fully synergistic mixtures could
improve the anaerobic digestion performance of slaughterhouse wastewater streams and
manure in tubular digesters. In this sense, the current results are a starting point for
a second stage of investigation where the synergistic mixtures will be tested in semi-
continuous laboratory trials. This will allow to determine the effect of operational variables
HRT and OLR and compare the synergistic effects achieved in the batch test with the
synergy in semi-continuous processes, using the same model-based analysis described in
this paper. The semi-continuous operation may result in the adaptation of the microbial
community to inhibitors, therefore changing the absolute value of the synergistic effects
while maintaining a similar qualitative evaluation of the synergy as achieved through batch
tests [58].

3.5. Energy and Economic Feasibility

Table 8 shows a summary of the energy and economic study for the implementation of
anaerobic digestion of the slaughterhouse wastewater streams and BM in mono-digestion
and AcoD scenarios (see Supplementary Data from Tables S3–S8 for complete data). Mix-
tures present 27% more energy potential than single substrates as a consequence of the
synergistic effect on methane yield (φy). Likewise, the anaerobic digestion of the mixtures
would need almost 30 m3 less digester volume compared to anaerobic digestion of the sin-
gle substrates. This is due to the synergistic effects on kinetics, which reduce the estimated
HRT on average by 3 days.

Table 8. Results of the economic study for the implementation of anaerobic digestion of the slaugh-
terhouse wastewater streams and BM.

Scenario a Unit CH4 for Thermal
Energy Production

CH4 for Electrical
Energy Production

Mono-digestion
Potential kWh m−3 33.74 10.54
Total volume of digesters m3 888 888
PBP years 5 5
NPV US$ 50,894.00 56,962.88
IRR % 22.77 23.28

AcoD
Potential kWh m−3 42.69 13.34
Total volume of digesters m3 858 858
PBP years 4 4
NPV US$ 70,636.35 79,675.98
IRR % 27.71 28.48

a PBP: payback period; NPV: Net Present Value; IRR: Internal Rate of Return.

According to the energy potentials, the treatment of slaughterhouse wastewater
streams and BM through anaerobic digestion would allow an energy saving between
0.91 and 1.21 US$ m−3 of waste in the mono-digestion scenario and between 1.16 and
1.53 US$ m−3 of waste in the AcoD scenario. These values added with the saving related
to the avoided costs of current waste treatment (1.30 US$ m−3 of waste) result in an
economic benefit from 2.21 to 2.51 US$ m−3 of waste and from 2.46 to 2.83 US$ m−3 of
waste for mono-digestion and AcoD scenarios, respectively. The economic assessment
shows that the CH4 transformation into electric energy leads to higher NPV and IRR
compared to the transformation into thermal energy. This is due to the low price of natural
gas (0.026 US$ kWh−1) compared to electricity (0.114 US$ kWh−1). However, in both cases
(electrical and thermal generation), the PBP is lower than the equipment lifetime (10 years),
NPV is positive and IRR is higher than the discount rate (10%). These results confirm the
energetic and economic feasibility of anaerobic digestion of slaughterhouse wastewater
streams and manure. Moreover, the economic parameters (PBP, NPV and IRR) are better in
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the AcoD scenario than the mono-digestion scenario. This demonstrates that the synergistic
effects of the mixtures also translate into economic advantages.

In developing countries, most slaughterhouses are located in small towns and supply
only the local demand for meat (rural population mainly) [7]. Therefore, these slaugh-
terhouses have low income, which limits their investment capacity in technology. In this
sense, the tubular digester is a suitable alternative for waste treatment, given its low capital
cost (compared to other kind of reactors), its simplicity of operation and lack of energy
requirements for its operation [8]. Additionally, this type of waste management and renew-
able energy projects can access green financing. For instance, the Latin American banking
sector has been developing a series of green products to finance projects that mitigate
global warming [59]. Regarding Colombia, the country will issue green bonds in 2021
directed to finance sustainable and environmentally friendly projects [60].

4. Conclusions

The current results show that, except for binary mixtures between slaughter wastewa-
ter (SWW) and bovine manure (BM) and between BM and paunch wastewater (PWW), the
AcoD enhanced the biodegradability and reduced the inhibition risk by NH3 compared to
the mono-digestion of slaughterhouse wastewater streams and BM. The synergy evaluation
evidenced stronger positive effects when combining substrates with low methane potential
(BM and PWW) with substrates with high potential (SWW and offal wastewater (OWW))
compared to binary mixtures BM-PWW and SWW-OWW. Likewise, the multicomponent
mixtures performed better overall than the binary mixtures. The applied methodology
allowed to select the mixtures with the best anaerobic digestion performance based on the
CH4 yield and kinetics criteria, which also present energetic and economic advantages
over the single substrates. Therefore, the treatment of slaughterhouse wastewater streams
and manure by AcoD in tubular digesters would be feasible. For small slaughterhouses,
the implementation of the anaerobic digestion technology could be financed through green
products offered by the banking sector.
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