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Abstract: This study aims to evaluate the effects of the co-digestion of agricultural residues with manure
from camelids from the Andean zone. Different combinations of llama manure (LM) and vicunas (VM) were
made with amaranth (AS), quinoa (QS), and wheat (WS) residues. They were fermented using sewage
sludge as inoculum. The co-digestion was evaluated under mesophilic conditions for 40days. The ratios
of volatile substances of substrate / co-substrate evaluated were 0:100; 25:75; 50:50, 75:25, and 100:0.
Two substrate / inoculum ratios (SIR 1:1 and SIR1:2) were also evaluated. The results indicate that the
maximum methane accumulation rate is obtained in SIR 1:1 for a VM-AS ratio (25:75) with 540mL/g
volatile solid (VS). In general, the results did not increase with the increase in inoculum; rather, the
tendency to improve methane yield is associated with an increase in the amount of agricultural residues,
mainly AS. Regarding the kinetic modeling, the transfer model is the one that best adjusted the predicted
values to those observed with an r? between 0.991 and 0.999, and an RMSE value between 2.06 and
13.62mL/g (volatile solid) VS. Finally, all the trials presented synergistic effects in their co-digestion except
the digesters formed by LM-AS, LM-QS and LM-WS of SIR 1:2. These presented antagonistic effects

in which the addition of the co-substrate generated competition with the substrates, reducing methane
production. © 2021 Society of Chemical Industry and John Wiley & Sons, Ltd
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Introduction

depressed area where the energy supply is deficient."
Furthermore, in the past year the supply of gas and fuel

has become more expensive. This has led to the need to take
advantage of all available resources efficiently to improve
living conditions with the search for more competitive
alternatives at the environmental, energy, economic and social
level.” The native resources of the area can be taken advantage
of to produce biogas from anaerobic digestion (AD); however,
AD has been underused in this area due to ignorance of its
potential. This means that there is a need to study the energy
resources of the area to evaluate their potential and transform
them into an engine of development in rural areas.’

The Andean communities are eminently agricultural; their
development is based mainly on the livestock and production
of typical crops of the area.* Livestock in rural and peasant
areas is characterized by camelid grazing (CM) as the main
means of subsistence.” The main CM of South America
belong to the Lamini tribe and are divided into four species
of which two are domestic, the llamas (Lama glama) and the
alpacas (Vicugna pacos), and two are wild, guanacos (Lama
guanicoe) and vicufias (Vicugna vicugna).® Camelid grazing
resists the adverse environments of the Andean highlands, such
as cold and altitude, which makes the economic production
of other substitute livestock species difficult.” These adverse
circumstances have made the CM constitute an important
source of economic income for the livestock sector, as they
provide products such as fiber, meat (jerky), skin (tacllas), milk,
manure (fuel), and leather.® Furthermore, many farmers depend
on their own agricultural production as a primary source of food
and food security.” This agriculture is based on the production
of typical crops of the area such as amaranth, quinoa, wheat,
etc. According to FAOSTAT" in the Andean areas of Ecuador,
2048 and 3149ha of quinoa and wheat crops were cultivated,
respectively, which makes these crops the basis of their food diet.

Agricultural and livestock activities in the region generate large
amounts of agricultural residues that have not yet been used
effectively. This is waste that could provide energy (in the form
of biogas), avoiding the use of local biomass (deforestation).!!
The use of CM manure, mainly llama manure (LM), due to its
high content of volatile solids and its high content of nitrogen
and phosphorus, would make it an ideal raw material for the
production of methane." Similarly, vicufia manure (VM) is
complementary to other camelid manure as it is used by the local
inhabitants as a biofuel.”” In general, in rural communities it is
very common to use dried animal manure for cooking, because

T he Andean area of South America is an economically

it serves as a substitute for firewood.!* Camelid manure is
generally easy to manage. Domestic camelids defecate in stables,
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and wild camelids, despite living free, defecate in well defined
places. This makes it possible for farmers to carry manure

from anywhere to the fermenter using trucks with manual or
mechanical shovels.'*! Similarly, residues of amaranth straw
(AS), quinoa straw (QS), and wheat straw (WS) could be used as
co-substrates in the digestion of CM manure. Many agricultural
residues in rural communities are not properly managed, as
they are burned after each harvest.'® The transformation of
agricultural waste into biogas would not only provide energy
benefits; it would imply the generation of digestate as a fertilizer
for crops,” and the reduction of environmental pollution
through a more efficient management of waste.'®"?

The use of monosubstrates in AD could have problems of
insufficient nutrients such as carbon and nitrogen.’ However,
anaerobic co-digestion of different materials would improve
the efficiency of simple digestion.*! Co-digestion could be
the most cost-effective way to balance nutrients (C/N ratio,
macro- and micronutrients) and reduce the accumulation of
inhibitors / toxic compounds that prevent improved biogas
production.* In this way, with the co-digestion of LM, VM
manure with the AS, QS and WS residues, mixtures could
be obtained that correct the inhibitory effects between
agricultural and livestock residues. Many studies have
focused on the co-digestion of manure and crop residues.
However, not all types of manure and agricultural crop
residues have been addressed. This creates a scientific gap in
the study of residues from Andean agriculture and livestock.

This research assesses the energy potential of totally
new materials, becoming the starting point for future
research on either a pilot or industrial scale. In this
work a chemical characterization of the new materials is
approached. The energy potential of biogas is evaluated,
through the biochemical potential of methane (BMP)
both for the monodigestion of individual materials and
for the co-digestion of mixtures between CM manure
and agricultural residues of AS, QS and WS. In addition,
the optimal relation between the main substrate and
the co-substrate is analyzed. Finally, the kinetics, the
synergistic and antagonistic effects, and the relation
between theoretical and experimental performance are
determined.

23,24

Materials and methods

Substrates, co-substrates and inoculum
used

Pre-treatment and conservation of materials

The evaluated materials were divided into substrates and
co-substrates. Thus, llama manure (LM) and vicufia manure
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(VM) were used as substrates, and lignocellulosic residues
of Andean character, such as amaranth straw (AS), quinoa
(QS), and wheat (WS) were used as co-substrates. The LM
was collected from the rural communities of Guaranda,
Ecuador, and the VM was collected from the plains near the
Chimborazo volcano (latitude 1° S, longitude 78° W, at an
altitude of approximately 4000 m above mean sea level). The
lignocellulosic residues of AS, QS, and WS were collected
from the farms of the State University of Bolivar. The main
substrate samples were collected, and immediately stored

in a refrigerator at approximately 6 °C in polyethylene bags
for preservation purposes. The co-substrates, on the other
hand, were dried at room temperature, which varied between
10 °C (at night) and 25 °C (at day) for 7 days. Once dry they
were cut and ground, using a universal cutter mill, into small
particles less than 3 mm in size and then kept at 6 °C.

The inoculum used for all the tests was collected from the
urban wastewater treatment station (EDAR) of the city of
San Miguel de Ibarra (Ecuador). It was extracted from the
primary sludge of the anaerobic digester operating under
mesophilic conditions (temperature between 35-37 °C
approximately). Following the recommendations of Hafner
and Astals,” the inoculum was incubated at 37 °C for 5 days
before starting the experiments to reduce endogenous CH,
production.

Characteristics of materials

Substrates, co-substrates, and inoculum were characterized
according to their total and volatile solids (VS) content, and
their elemental composition. The total solid (TS) and VS
content of the substrates and co-substrates were determined
in accordance with the UNE-EN 18134 and UNE-EN

ISO 18123 standards. The VS and TS of the inoculum

were determined following the American Public Health
Association method 2540A-2540G.*® Elemental analysis of
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C,H, N, O, and S was performed using a Vario Macro Cube
elemental analyzer. Finally, the pH of all the samples tested
was measured using the Hach HQ 40D portable meter.

The characteristics of the substrates tested in this study,
including the co-substrates and inoculum, are shown in
Table 1. All parameters were determined in triplicate.

Experimental methodology
BMP assays of anaerobic digestion

In this study, biochemical methane potential (BMP) assays
were performed to evaluate the differences in methane
production from camelid residues (LM and VM) when
combined with lignocellulosic crop residues (AS, QS, WS).
The BMP tests were performed under mesophilic conditions
of 38 °C in 311 mL digesters with a working volume of

186 mL. The C/N ratios varied depending on the mixing

ratio between the substrate and co-substrate (Table 2). Two
substrate ratios were applied: substrate to inoculum ratio
(SIR) of 1:2 (g/g VS) and 1:1 (g/g VS). In the SIR (1:1) all the
digesters were started at a concentration (mixture of substrate
and co-substrate) of 9 g VS/1, while in the SIR (1:2) the
digestion started with a concentration of 12g VS/1. All batch
digesters were run in triplicate according to the suggestions of
Holliger et al.”’ As the bacterial inoculum could also contain
biodegradable material, the gas that would originate from it
was considered.”® In this way, three additional blank (control)
trials were performed, containing only inoculum.?*

Experimental design

The experimental design of the present study comprises

a five-factor mixture design based on the amount of VS
(Table 2). Each mixture (Mi and Ni) is composed of pure
fractions and binary mixtures of a substrate (LM, VM) and
a co-substrate (AS, QS, and WS). The digesters M1-M4 and

Table 1. Main characteristics of the substrates, co-substrates, and inoculum.

Parameters Units LM VM AS QS WS IN

TS % 50.6 (1.0) 57.4 (0.5) 88.2 (0.1) 87.0 (0.1) 92.6 (0.1) 3.9 (0.1)
VS (% TS) % 75.6 (0.4) 72.2 (1.6) 74.8 (0.3) 78.4 (1.5) 77.2 (0.9) 58.5 (0.5)
Ashes % 25.5 (0.3) 27.6 (1.8) 8.4 (0.1) 30.3 (1.4) 11.8 (0.1) 55.6 (0.2)
N % 2.2(0.1) 2.6 (0.4) 3.3(0.9) 2.2(0.9) 1.7 (0.7) 3.4 (0.1)
c % 40.7 (1.2) 40.3 (1.1) 42.9(1.9) 30.7 (1.7) 48.9 (1.6) 25.0 (1.2)
H % 45 (0.2) 5.1 (0.3) 6.5 (0.8) 6.4 (0.9) 6.1 (0.5) 2.1 (0.1)
0 % 27.0 (1.2) 23.9 (1.1) 38.6 (1.9) 29.8 (1.7) 31.1 (1.6) 12.9 (1.2)
S % 0.2 (0.0) 0.4 (0.0) 0.2 (0.0) 0.6 (0.1) 0.5 (0.0) 0.7 (0.0)
C/N = 17.4 (0.9) 15.4 (0.7) 12.9 (0.8) 12.0 (0.9) 29.6 (0.8) 7.5(0.7)

LM, Llama manure; VM, Vicufia manure; WS, Wheat straw; AS, Amaranth straw; QS, Quinoa straw; IN, inoculum; WWTP sludge. The data in

brackets are the standard deviations.
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Table 2. Mixing compositions and experimental setups for co-digestion assays.

SIR 1:1 SIR 1:2 C/N Mixing ratios
Mixture pH Mixture pH IM%VS VM%VS AS%VS QS%VS WS %VS
M1 7.49 N1 7.48 17.41 100 0 0 0 0
M2 7.80 N2 7.78 15.38 0 100 0 0 0
M3 8.02 N3 7.99 12.00 0 0 100 0 0
M4 7.50 N4 7.49 29.61 0 0 0 100 0
M5 7.27 N5 7.03 12.93 0 0 0 0 100
M6 7.41 N6 7.40 16.00 75 0 25 0 0
M7 7.40 N7 7.53 19.43 75 0 25 0
M8 7.36 N8 7.37 16.10 75 0 25
M9 7.46 N9 7.55 14.82 0 75 25
M10 7.58 N10 7.61 16.81 0 75 0 25
M11 7.70 N11 [l 14.91 0 75 0 0 25
M12 7.33 N12 7.33 14.63 50 0 50
M13 7.49 N13 7.55 21.95 50 0 0 50
M14 7.33 N14 7.38 14.92 50 0 0 50 50
M15 7.40 N15 7.76 14.12 0 50 50 0
M16 7.45 N16 7.59 18.96 0 50 0 50
M17 7.60 N17 7.68 14.36 0 50 0 0 50
M18 7.40 N18 7.41 13.30 25 0 75
M18 7.39 N19 7.42 25.22 25 0 0 75
M20 7.29 N20 7.31 13.86 25 0 0 0 75
M21 7.38 N21 7.40 13.21 0 25 25
M22 7.39 N22 7.62 22.52 0 25 0 25
M23 7.57 N23 7.64 13.71 0 25 0 0 25
% VS: percentage of each individual fraction within the volatile solids (VS) content of the mixture.
LM, llama manure; VM, vicufa manure; AS, amaranth straw; QS, quinoa straw; WS, wheat straw.
N1-N4 represent the individual fractions of each factor, where:
whereas the mixtures M5-M23 and N5-N23 represent the Visiocas (STP) = total volume of methane under standard
binary combinations. The design allows the synergistic or conditions;
antagonistic interactions to be evaluated according to the P, ps = absolute pressure generated by overpressure of the
individual or mixed fractions supplied in each digester. digester;
Tgrp = temperature in standard conditions (298 K);
Measurement and characterization of biogas T, = experiment test temperature (311 K);

Pgrp = pressure under standard conditions (1 atm);
Vi = digester head space volume (0.124L).
The determination of the biogas components (CH,,

Biogas production was measured daily for 40 days.
Measurements were performed manually using the
manometric method to quantify the pressure in the ) )
headspace of the biodigesters.”* The pressure was determined HZS’ ,COZ’ and O,) was carried out with the Geotecb
using the Delta OHM HD 2124.2 pressure gauge, adapted Biogas GA-5000 analyzer. The BMP tests were terminated
to a 100 bar sensor (Delta TP 704). The biogas volume of when the amount .Of metha.ne was undetectable, and the
each biodigester was calculated using Eqn (Error! Reference volume extracted in each digester was less than 5% of the
source not found.). The biogas was normalized to standard accumulated volume.

conditions (25 °C and 1 atm) and expressed as ml/g VS: . .
Theoretical methane potential

P, V- T,
Viocas (STP) = LGTSTP (1) The theoretical methane potential (yy,) of all the residues
STP-1 was determined under standard conditions (STP) - that

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2020); DOI: 10.1002/bbb.2177
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is, at a temperature and pressure of 25°C and 1 atm,
respectively. The y, was estimated through its elemental
composition and the stoichiometry of the degradation
reaction, Eqn (2), considering Buswell’s formula and Boyle’s
equation, Eqn ((3).>'™%

4a—-b—-2c+3d+2e
4

CH, +

CaHbOCNd+(
(4a+b—2c—3d—2cj

jH20—>
(4a+b+2c+3d+2ej

Co, (2)
+dNH; +eH,S

mICH, | 22400*(4a+b—2c—3d—2e)
T Tgvs | (zarbiiectiadssze) s )
Buswell’s formula does not differentiate between
degradable and non-degradable material because it
assumes that all donated electrons are used exclusively
for metabolic energy - that is, cellular synthesis is
neglected.”

Biodegradability and synergistic and
antagonistic effects of substrates

The biological efficiency (€) of the anaerobic process was
determined by Eqn (4).%

(e
=) 100% (4)

7/( teo)

The synergistic and antagonistic effects can be obtained
as the relationship between the experimental performance
(Yexp) and the weighted performance (Ypona) in Eqn (5).
The experimental performance is the result of the BMP
tests for each mixture of the co-digestion, and the
weighted performance (y,onq) is the weighting between the
experimental performance obtained by monodigestion of the

substrate and co-substrate with their respective VS.***

yex

ypand

The result of & indicates:

a>1: the mixture has a synergistic effect on the final
production;

a = 1: substrates function independently of the mixture of
substrate and co-substrate;

a <1: the mixture presents antagonistic or competitive
effects in the final production.

The (ypona) can be estimated using Eqn (6):
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Yopr Vs
Y pond = T 4B (6)

where, g, refers to the production obtained from

the digestion of the main substrate individually. On

the other hand, y is the production obtained from

the digestion of the different co-substrates separately.
Furthermore, the sum of the 4 and j values corresponds
to the VS fractions added by the main substrates and the
co-substrates.

Kinetic fit models

Methane production was modeled by fitting the data
with five kinetic models through non-linear regression,
using the statistical package Statistica 10. The feasibility
of the fit was evaluated considering both the residual sum
of squares (RMSE) and the values of the coefficient of
determination (r?).

The exponential models of two phases, logistics, transfer
(reaction curve) and modified from Gompertz’' and the Cone

38,39

and Richards models®®°” were used, which are described in

Eqn ((7)-Eqn ((11).

vmax *e
M =M, .expq—exp T(tlug —t)+1 (7)

e

\%
M=M, {1 —exp{— e (=t )}} (8)

[

M= M, 9)
4 t, —t
1+ exp M + 2
Me
Mo Me (10)
1+(k.t)_n
1
1+d.exp(l+d) d

M=M, v e 1 (11)
XeXp|:M—(1+d)(l+aj(flag —1):|

€

where M is the specific methane yield accumulated at time

t (ml CH, g_1 VS), M, is the maximum methane yield (ml
CH, .g’1 VS), t is the digestion time (d), k is the first order
decomposition constant (d "), vy, is the maximum specific
rate of methane production (ml CH, .g™' VS.d™"), is the g
dormancy or latency time (d), and n is the order of the factor.
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Results In this research the relationship obtained from VS/TS for
LM and VM was 75.60% and 72.20% respectively, which
Characterization of the raw material indicates that it is a substrate that contains a high level of

organic matter and, therefore, is suitable for the AD. Table 3

Main substrates used shows that the VS/TS ratio of the LM is greater than pig

The characterization data of the llama and vicufia manure manure by 1.1%, and greater than poultry by 17.7%; while
were analyzed with respect to the VS/TS and C/N ratio and VM is higher than poultry manure by 19.9%.
are presented in Table 3. The camelid manure (CM) had a Regarding the C/N ratio, in this study, the results were the
solids content between 50-57%, which made digestion dry. following: LM (17.40) and VM (15.40). As can be seen, the
Nasir et al.** consider that the process can be considered dry results were very promising, since a C/N ratio in a range of
digestion if the solids content is between 25% and 40%, while 15-30 is optimal for biogas production.*? Furthermore, the
a solid content below 15% makes the digestion wet. results of this study reveal that they are better than those of
The VS/TS ratio is a parameter that allows evaluating cow (14.72), pig (8.97) and poultry (10.76). The results were
the organic content in substrates.*! In general terms, even much higher than the C/N ratio of food waste (14.6-
substrates with a higher VS/TS ratio contain a high content 15.4) obtained by Han and Shin.””
of biodegradable material and are more suitable to produce
biogas.**~** Similarly, a higher C/N ratio can balance the Co-substrates used
carbon and nitrogen of the raw material efficiently for a better The organic fraction of the co-substrates presented very
optimization of methane production.® Table 3 compares favorable values for AD. The tabulated data of WS, AS, and
LM and VM residues with other types of manure residues QS presented a VS/TS ratio of 77.0%, 75.0%, and 58.0%
from the literature. Generally, the types of manure most used respectively. However, the results were lower than those in
in the production of biogas have been cow, pig, and poultry the literature, where values of 84.0%, 80.0%, and 88.0% were
manure;* this is due to the fact that their average VS/TS recorded for the WS, AS, and QS residuals respectively. "%
ratios are 80.37%, 74.75%, and 62.19%, respectively. To a Regarding the C/N ratio, the WS, AS, and QS residues

lesser extent, other authors have also considered that llama
manure has enormous potential in biogas production;'»'#*°
as its average VS/TS ratio is 68.80%.

presented values of 29.6, 12.9, 12.0, respectively. These results
are very consistent with those of other scientific articles. Korai
1% found values of 30.31 for the WS samples. Similarly,

15" registered values of 10.7 for AS materials.

eta
Minzanova et a

Generation and methane potential from

Table 3. Comparison of camelid manure with

other types of manure in the literature. camelid waste (CM)

Manure VS (%) TS (%) VS/TS (%) C/N  References Comparison of SIR from BMP tests

Cow 13.64 16.12 84.62 16.10 48
1158  14.40 80.42 9.00 49 Figures 1 and 2 show the temporal evolutions resulting from
1339 17.60 76.08  19.07 50 the accumulated methane production of the batch tests. Two

Poultty 2829 4050 69.85  10.00 51 tests are distinguished: first the influence of the inoculum is

evaluated for a SIR1:1, and then the influence of the inoculum
17.47 26.70 65.43 11.52 52
1832 3571 130 - 53 for a SIR1:2. The results demonstrated that methane
: production was higher at SIR1:2 for both monodigestion and

Fig 2480 31.80 7799 9.80 >4 co-digestion (Fig. 3). That the results have been better for a
1204 1588 582 8.13 % SIR1:2, is in accordance with the recommendations of the
1585  22.50 [l - o6 German VDI standard (Verein Deutscher Ingenieure).62 The

Liama U BT oli0d - all standard states that the use of a SIR1:2 can better balance
41.33 583 70.90 - 11 the buffer capacity (pH value) and prevent inhibition in the
4427 59.5 74.40 - 12 biodegradation process during testing.** Similarly, Holliger
3369 17.6 76.10  19.01 50 et al.”’ also consider that the use of a STR1:2 is adequate to

LM 38.25  50.60 75.60  17.40  Data from reduce the formation of acids and avoid inhibition problems

this study during the fermentation process.
VM 41.44  57.40 7220 1540 Dhata frodm The results of this study revealed that the individual fractions
this study

of the main substrates of LM and VM are influenced by
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Figure 1. Cumulative profiles of CH4 production as a function of time, for SIR1:1 assay. Note: LM = llama manure;
VM = vicufia manure; WS = wheat straw; AS = amaranth straw; QS = quinoa straw. The tests M1-M5 represent the
biodigesters of monodigestion and the tests M6-M23 represent the biodigesters of co-digestion.

the inoculum. Thus, for a SIR1:1, M1 and M2 produced a
cumulative methane accumulation of 235mL CH,/g VS and
292mL CH,/g VS, respectively. The increase in the amount

of inoculum to a SIR1:2 supposed that the digesters M1 and
M2 improved their production at N1 = 377mL CH,/g VS

and N2 = 300mL CH,/g VS, respectively. However, only N1
presented significant differences (P<0.05) when the inoculum
increased. Similarly, the individual fractions of the AS (M3),
QS (M4) and M5 (WS) co-substrates had a similar behavior to
the previous substrates. Thus, for a SIR1:1, the mixtures M3,
M4, and M5 had a production of 310.68; 291.23, and 264.10 mL

CH,/g VS respectively; while for a SIR1:2, its production
increased to N3 = 381 mL CH,/g VS, N4 = 376 mL CH,/g VS
and N5 =268 mL CH,/g VS. Even though all the co-substrate
mixtures improved their methane production with the increase
in inoculum, only N3 and N4 showed significant differences
(P<0.05). The co-digestion tests, with a SIR1:2, also increased
methane production with respect to the SIRI:1.

The methane results of the individual fractions of LM and
VM were very competitive when compared with other types
of manure reported in the literature. Thus, for example, the
methane production of LM and VM was 2 and 1.5 times

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2020); DOI: 10.1002/bbb.2177
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Figure 2. Cumulative profiles of CH4 production as a function of time, for SIR1:2 assays. Note: LM = llama manure;
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biodigesters of monodigestion and the tests N6-N23 represent the biodigesters of co-digestion.

1% who studied methane

1% carried out a digestion
study to produce methane from cow manure and obtained a
production of 270.0mL CH,/g VS; however, the LM and VM
values were 1.4 and 1.1 times more than the previous study. In
another study, Wei et al.*®®
methane from poultry manure and obtained a production
of 163.2mL CH,/g VS; however, the methane obtained by
the LM and VM residues was 2.3 and 1.8 times more than
the previous study. The data from this study have also been

contrasted with other data that have been reported in various
67-72

the value obtained by Zhang et a
production from pig manure. Li et a

conducted an investigation to obtain

scientific articles, being higher or showing similar values.
The co-digestion tests, with a SIR 1:2, also increased the
methane production with respect to the SIR 1:1. Thus,

the co-digestion of LM and VM with AS, QS and WS
co-substrates (N6-N23 mixtures) improved methane
production in a range of 1.37-9.32%, although only the N10
treatment presented significant differences (P <0.05). Even
though different SIR is recommended in the literature, these
vary depending on the characteristics of the substrate and

174 recommend

the inoculum.” For this reason, Lesteur et a
defining, for each substrate and inoculum, a proportion that

guarantees the highest methane production.

Influence of co-substrates on the
co-digestion of BMP assays

In this study, different combinations of substrates and
co-substrates were tested to assess the methane potential of

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2020); DOI: 10.1002/bbb.2177
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a wide range of mixtures and, more important, to identify
mixtures that generate synergy in terms of higher methane
yields. The co-digestion of organic waste involves the mixing
of different materials in variable proportions. If all other
factors, such as physical parameters, are kept constant,
the methane yield (ml/g VS) and the percentage of VS
degradation are functions only of the proportions used.”” As
expected, the co-digestion showed dependence on the mixing
ratio of the digested co-substrates, improving significantly
with respect to the individual substrates of LM and VM. The
tests increased the methane yield in most of their mixtures,
especially those with the highest concentration of AS and QS.
It should be noted that the highest production was obtained
in the mixtures that operated with concentrations of 50 and
75% of co-substrate (Fig. 4). The mixtures with WS, on the
other hand, generated little methane. According to Korai
et al.,** the biodegradation of some samples of agricultural
waste, especially WS, usually affects the AD of some
substrates. Certain effects are usually due to the hydrophobic
bonds between lignin and hemicellulose, limiting the access
of anaerobic microorganisms to the organic portion of the
biomass.”®

For a SIR1:1 the best methane results were obtained for
the mixtures M21 and M15 with 527 and 519 mL CH,/g VS,
respectively. These results correspond to the co-digestion
of VM with a mixture of 75% and 50% of AS. Mixtures
M19 (486 mL CH,/g VS) and M18 (477 mL CH,/g VS)
also produced high levels of methane. The above mixes
corresponded to 75% of QS and AS. Methane increases in
co-digestion represented improvements of 25% to 124% with
respect to LM and improvements of 1 to 80% with respect to

VM. All the mixtures showed significant differences, except
those with mixtures of 50% and 75% of AS and QS.

In the mixtures operated with a SIR1:2, the methane
production behavior was also more influenced by the effect
of the high concentrations of AS and QS. Thus, mixtures N21
and N16 produced 540 and 534 mL CH,/g VS, respectively.
Similarly, mixtures of N19 (504 mL CH,/g VS) and N18
(489 mL CH,/g VS) produced high methane yields for 75%
AS and QS. However, the increase in inoculum meant that
the improvements in co-digestion were not as high as in
the SIR1:1. In this case, improvements of 43% and 80%
were experienced with respect to LM and VM. Despite the
decrease in methane production, all the treatments showed
significant differences, except the mixtures with 50 and 75%
of AS and QS.

The improvements in methane production due to
co-digestion of LM and VM are due to the fact that
anaerobic co-digestion can increase the efficiency of
the process due to a healthier balance of nutrients and
carbon.”>”””® The fact that the mixtures increase the
production of methane with the increase in the co-substrate
concentration may be due to the fact that an increase in
manure leads to an eventual accumulation of Volatile Fatty
Acids (VFA), producing an acidification in the composition
of the digesters.”"

Biodegradability and synergistic effects

Figure 5 presents the results of the synergistic effects,
biodegradability and percentage of methane from the
different mixtures. In Fig. 5(a) it is observed that, for a
SIR1:1, all the mixtures show synergistic effects (@>1) on

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2020); DOI: 10.1002/bbb.2177
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co-digestion. The a values oscillate in a range of 1.01-1.82.
The highest values are recorded in the mixtures M21, M18,
M15, and M12, which correspond to the digesters that had
50% and 75% AS. Similarly, biodegradability (g) follows
the same behavior as a - that is, for higher concentrations
of AS and QS, their values are higher than those with
lower concentrations of co-substrate. The synergy has
been reflected in the increase in the CH, yield of some
co-digestion mixtures, especially with the increase in the
concentrations of the agricultural residue co-substrates.
For a SIR1:2 (Fig. 5(b)), not all mixtures exhibited
synergistic effects; specifically, mixtures of the LM
configuration that produced lower methane yield.
According to Nielfa et al.,’ the generation of less methane
in co-digestion compared to monodigestion is evidenced
due to the antagonistic effects of the mixture. Thus, for
example, the mixtures N6-N8, N12-N14, and N18-N20 did
not generate more methane than the monodigestion of the
individual substrate LM, which caused antagonistic effects
(a <1) to occur in theco-digestion of the aforementioned
mixtures. However, with or without antagonistic effects, all
the mixtures improved methane production over the SIR1:1
mixture. In contrast, mixtures of VM with AS, QS, and WS
produced synergistic effects, which ranged from 1.08 to

1.74. The increase in inoculum also caused the mixtures to
increase their €. In this case, the biodegradability ranged
between 51 and 95%.

Regarding the composition of the biogas, all the mixtures
produced had a methane concentration higher than 50% for
both SIR1:1 and SIR1:2. The mixtures with 75% and 50% AS,
QS, and WS reached amounts greater than 60%, especially
the M21 and N21 fractions whose content had 75% AS. The
treatments with the highest methane production provided
the highest methane values. However, no treatment presented
significant differences.

Kinetics
Effects on latency (tag)

All the kinetic models studied had a negative t;,g, except
the transfer model. The digesters that experienced a #,,, in
the transfer model were those that were formed by the WS
co-substrate. For example, in SIR1:1, the LM-WS mixtures
generated f},, between 0.42 days and 0.68 days, while those
of VM-WS generated #;,, between 0.123 days and 0.557 days
(Table 4). With the increase in inoculum (SIR 1:2), the

t1a4 remained negative in all models, except in the transfer
model (Table 5). However, at SIR 1:2, the Hag decreases

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2020); DOI: 10.1002/bbb.2177
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Figure 5. Evolution of methane, biodegradability and synergistic effects of co-digestion of llama and vicufia manure. Note:
g, is the biodegradability, a, is the synergistic effect of the mixture and CH, is the percentage of methane generated in the

process.
relative to SIR 1:1. The fact that the #,,, was reduced with Effects on hydrolysis and on the maximum
the increase in inoculum is due to the presence of activated rate of methane production (v, ax)

sludge, which has a high content of organic matter for
energy production.” In this sense, the introduction of
sufficient active microorganisms in the digesters led to a
direct initiation of methanogenesis without a measurable
latency period. Boulanger et al.** showed that for SIR of 1:2
and 1:4, the latency is minimal and for SIR greater than 1:4
it is no longer interesting to measure the f,,, as it would
give values close to 0 and possibly negative values. In this
case, the methane production curves with the least amount
of inoculum experienced more sigmoid behavior than the

according to Brulé et al.,*’

curves with more inoculum, which were more oval.

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2020); DOI: 10.1002/bbb.2177

The cone model was used to observe the behavior of the
hydrolysis of organic matter, through the disintegration rate
constant of the first order (k). According to Labatut et al>*
the physicochemical characteristics, such as particle size,
lignin content, or degree of crystallinity of the lignocellulosic
matrix affect the kinetics of the hydrolysis stage. Furthermore,
if there are no inhibitory effects
during digestion, the cumulative yields of methane or biogas
generation usually follow a first-order accumulation pattern.
Tables 4 and 5 show that many digesters experienced an
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improvement in the constant k with an increasing amount
of inoculum. One possible reason for the improvement

in the hydrolysis rates of some biodigesters is because

they contained a greater quantity of microorganisms, and
this accelerates the degradation of insoluble and complex
particles. However, the mixtures of M18, M12, M6, M 15,
M17, and M11 decreased k by 7.69%, 7.14%, 40.00%, 14.29%,
9.09%, and 16.28%, respectively. The differences observed in
these last biodigesters may be due to the level of destruction
of the structures of the lignocellulosic material achieved in
the physical pre-treatment, together with the increase in

the concentration of substances easily assimilated by the
microorganisms of the substrates and co-substrates.®!

The values obtained for k were quite heterogeneous in all
the trials, and ranged in SIR1:1 between 0.08 d~' (M15) and
0.21d™" (M12), and in SIR1:2 between 0.09d™" (N21) and
0.26d™" (N6). The first-order hydrolysis rates for this study
agreed with those of El-Mashad et al," who reported results
of 0.09-0.18d™". Furthermore, the results of k were superior
to the studies by Pitt et al.,”> who obtained ranges of 0.07-
0.14d™". It should be noted that hydrolysis is a surface process
and requires contact between hydrolytic microorganisms
or enzymes and the surface of substrates and co-substrates.
Thus, when the bioavailable surface of substrates and
co-substrates is completely covered by hydrolytic agents,
the hydrolysis rate cannot be increased due to the increase
in the concentration of microorganisms in the system.*” In
this context, the variability of the amount of substrate and
co-substrate in the biodigester mixtures caused the hydrolysis
constant to increase or decrease in each biodigester. Thus, the
digesters containing QS had a faster acceleration in hydrolysis
and the digesters with AS and WS experienced more delays in
the AD process.

On the other hand, in this study, only the cone model was
used to determine the influence of the first-order decay rate
constant. This is because all the first-order models raised
convergence objections in the nonlinear regression fits. In
this way, the first-order model of the cone was the only one
that provided convergence between the values of the observed
and predicted yields. In this sense, it can be inferred that
co-digestion produced high concentrations of AGVs, so the
hydrolysis rate cannot be determined precisely from methane
yields. Initial concentrations of AGV's are very common in
manure.®” In this case, the biodegradability and therefore the
biogas potential of the substrates and co-substrates is complex
and depends on the content of biodegradable carbohydrates
(including cellulose, hemicellulose, and lignin fractions),
proteins, and lipids.®®

Regarding v/,,,, its information helps to determine the
quantitative generation of methane or biogas but it was
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also used to identify the rate-limiting process in anaerobic
co-digestion. In this sense, this kinetic parameter is essential
to identify the synergistic effects of co-digestion. In this
study, the maximum methane production rate produced
higher values using the transfer model. Thus, in SIR1:1,
values of 64.34mL/g VS day were recorded in the M19
digesters, and 62.23 mL/g VS day for SIR1:2. The lowest peaks
were produced by the Richards model, while the modified
Gompertz and logistic models produced more homogeneous
and similar values to each other. On the other hand, with

the increase of VS in the agricultural waste from 25% to 50%
and 75%, the v,,,, decreased in all the digesters with all the
models tested.

Effects on maximum methane yield (M)

When the maximum methane yield is analyzed, it is observed
that the experimental values followed the same trend as the
theoretical models.

However, sometimes the cone model overestimates the
performance M.. This would be related to the high initial
concentrations of AGVs in substrate mixtures.®” As most
of the methane was generated during the first 5days of
digestion, the cone model does not correctly simulate the
later period of slower generation of methane and biogas.
For their part, the Gompertz, Logistic and Richards models
estimated M, in quantities lower than the values measured
experimentally. Similarly, the transfer model estimated the
value of M, in lower quantities than the experimental one,
except for the digesters of N14, N20, M23, N17, and N23 of
the SIR 1:2.

To evaluate the robustness of the results of the different
models, a comparison of the percentage differences between
predicted and experimental values was made. The greatest
percentage differences were observed in the cone model
for the M14 digesters of the SIR1:1 and N9 in the SIR1:2,
with percentages of 21.36% and 23.84% respectively. On
the other hand, the transfer model is the one with the
smallest percentage difference between the predicted and
experimental values. Thus, for example, the values that best
fit the SIR 1:1 are the digesters composed of M12 in which
a difference of 0.20% was obtained while, in the SIR 1:2, the
smallest differences were obtained in the M18 digesters with
differences of 0.05%.

Evaluation of the different kinetic models of
co-digestion
The r? results contribute to the validation of the different

models tested and, together with the kinetic parameters,
help to determine the model that best fits the experimental

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2020); DOI: 10.1002/bbb.2177



Original Article: Co-digestion of agricultural residues with manure

co-digestion data. According to Tables 4 and 5, the models
that fit best are the transfer model and the cone model.
For its part, in SIR1:1, the r* value in the transfer model
ranged between 0.991 and 0.999 whereas for the cone
model, the value of r* includes ranges between 0.995 and
0.999. On the other hand, for the SIR1:2, the transfer
model had a value of r* between 0.987 and 0.999. However,
for the cone model the value of r* was between 0.988 and
0.999. According to the results, the cone model has a
slight value of r* a little higher than the rest of the models
under the conditions tested. However, the cone model
overestimated the value of M,, and therefore yielded
higher percentage differences between the predicted and
experimental values.

Regarding the RMSE values, the Gompertz, logistic and
Richards models generated much higher values than the cone
and transfer models. A value of RMSE = 0 indicates a perfect
fit between the observed series and the estimated series. Thus,
for the SIR1:1, methane varied the RMSE value between 2.06
and 13.62mL/g VS for the transfer model, and for the cone
model it varied between 1.79 and 6.78 mL/g VS. Regarding
the SIR1:2, methane varied the RMSE value between 2.96 and
12.67mL/g VS for the transfer model, and between 1.49 and
7.68 for the cone model.

In general, due to their low RMSE values and the high
coefficient of determination, they demonstrated that the
transfer and cone models were capable of simulating the
cumulative biogas and methane production curve well.
However, the lower percentage difference in methane
and biogas yield between the observed and the estimated
values showed that the transfer model was better than
the cone model. There were differences between the
kinetic constants that were obtained in all the models.
The biogas production potentials (M,) in the cone model
were higher than the rest of the models. The logistic
equation model showed the lower values of M,, while the
lower values of v,,,, were obtained in the Richards model.
For their part, all models experienced a negative latency
phase, except for the transfer model, which had positive
phases of up to 13 h.

At time t = 0 days, all models exhibited positive values
for all digesters, including the transfer model, as its
latency phase was only hours. This shows that the biogas
production under test conditions is equal to the specific
growth of methanogenic bacteria. For this reason, in this
study, the digesters had a minimal or almost no period for
the recognition, adaptation, and growth of methanogenic
bacteria. In this sense, it is possible that the inoculum with
the substrates and co-substrates from co-digestion kept their
methanogenic bacterial population active.

O Meneses-Quelal et al.

Discussion

In this study, two scenarios were analyzed: the influence of
the inoculum, which was examined by comparing the two
SIRs (1:1 and 1:2), and the influence of the AS, QS and WS
co-substrates on the digestion of camelids.

In the first scenario, the two SIRs did not present significant
differences in methane production, except for the LM, AS,
and QS, which improved with the increase in inoculum by
60%, 22% and 29% respectively. Owen et al.*® have considered
that a SIR1:1 is adequate, but Chynoweth et al.*’ state that an
increase in SIR may be necessary for some types of substrates
and have suggested a SIR1:2. However, determining the
ratio of inoculum to substrate in BMP assays is not that
straightforward; each substrate has an optimal SIR.74
Anaerobic degradation processes are strongly influenced by
the inherent characteristics of substrates,” which suggests
that organic materials require specific studies on the effect of
SIRs.”! To evaluate the effect of the inoculum correctly, it is
also necessary to know the type, incubation time, and origin
of the inoculum used.’? In this study, the small influence of
the SIR on the methane yield may be due to the fact that,
theoretically, the SIR has an effect only on the kinetics, and
not on the final methane yield, which only depends on the
content of organic matter.”" In this case, only one type of
inoculum (sewage sludge) was used in all treatments and only
two SIR were performed. This suggests that, to have more
data on the influence of the inoculum on the methane yield,
treatments with more proportions between substrate and
inoculum should be carried out.

The methane production of LM and VM constantly
improved when mixed with agricultural residues, which
is corroborated by other studies of co-digestion of animal
manure.”*”* The observed improvements in methane
production can be attributed to the synergistic effects of
agricultural crop residues®, which have improved the load
of the biodegradable substrate, the hygienic stabilization
and the increase in the speed of the digestion process.” The
increase in methane from co-digestion occurred mainly
in the mixtures with AS and QS. The optimal amounts of
volatile solids mixture between LM, VM and agricultural
residues were in a 50:50 ratio. However, when the load
of agricultural residues was increased to 75%, digestion
improved slightly, although without significant figures. The
best results obtained with SA mixtures, to a great extent,
are due to the fact that some chemical characteristics (fiber,
sugars, fats, proteins) of SA straw are similar to those of corn
straw.”® Many researchers have considered that corn straw
residues constitute one of the main agricultural residues to
generate high methane yields.””*® Similarly, the contribution
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of QS also generated high methane yields due to its high
C/N ratio® and its high VS percentage (78%). However, the
proper mixing ratios of multicomponent substrates between
camelids and agricultural residues are largely unknown due
to the limited study of these raw materials. This means that
more research is needed to evaluate the synergistic effects in
detail and the mixing ratios can be optimized to obtain more
stable and robust systems that generate higher yields.

The improvements in methane production in the
co-digestion of camelids were quite competitive, as maximum
improvements of more than 120% were obtained with respect
to the digestion of monosubstrates. The improvements of
this study were superior to those of other investigations
on co-digestion of animal residues. Ma et al.*® carried out
an investigation in which they reported the improvements
in the co-digestion of pig manure, bobbin, and poultry
manure residues; they determined that the co-digestion of
these manures with other co-substrates improves methane
production by 20, 38, and 22% respectively. On the other
hand, the methane production obtained in this study for the
LM and VM residues were in a range of 260-540 mL CH,/g
VS; results that were very similar to that of other studies.
Nasir et al.** reported that the ranges for the co-digestion of
manure from cattle, pigs and poultry are around 100-370,
100-440, and 100-500mL CH,/g VS, respectively. Finally, the
methane productions generated by camelids correspond to
a medium-high range according to the literature. Veldzquez
et al." reported that methane productions of 150-300,
300-450, more than 450 mL CH,/g VS corresponds to a low,
medium, and high classification respectively.

The possibility of mixing raw materials and even obtaining
synergistic effects is useful for countries like Ecuador, where
all the raw materials used are available in much of the
country. The present findings serve as the basis for future
research, especially for continuous anaerobic digestion
processes; however, further investigation is still required
as continuous processes would be run in an industrial
environment. Ultimately, the beneficial (synergistic) effects of
small amounts of camelid manure with agricultural residues
deserve special attention due to their enormous potential.
Perhaps if mixtures of more than one co-substrate were made
(combinations of two, three or four co-substrates with a main
substrate), methane production could be further optimized.

Conclusions

In this work, methane potentials were obtained from the
co-digestion of camelid manure mixed with amaranth,
quinoa, and wheat residues from the Andean zone. The
methane results obtained ranged between 260 and 540 CH,/g
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VS. This study demonstrated that the increase from SIR1:

1 to SIR 1: 2 was not relevant, since the results showed that
the differences in methane production between SIR1.1 and
SIR1: 2 were not significant. On the other hand, increasing
the proportion of VS from agricultural residues (AS, QS, and
WS) increased the production of CH, from residues of LM
and VM. Thus, regardless of the SIR, the increase of VS in
the co-substrate (50-75%) improved methane production
up to 120%. All the trials showed synergistic effects (a> 1),
except co-digestion with LM of the SIR (1:2), which
presented antagonistic values (a <1). In most of the mixtures
composed of AS, high biodegradability values were given,
whose maximum values were 95%. All the kinetic models

fit very well the methane production values between the
experimental and predicted results, especially the transfer and
cone models (r*>99%, RMSE <2 ml/ g SV).
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