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ABSTRACT. Anaerobic Digestion (AD) has proven to be an economically viable technology
to treat the organic fraction of the municipal solid wastes (OFMSW). Research regarding
the management and application of AD byproducts in Mexico, is required to encourage the
private sector and local administrations to invest in this technology. In this study, fodder winter
triticale (x triticosecale Wittm. ex A. Camus var. Rio Nazas) was grown to demonstrate the
fertilizer effect and to evaluate the raw digestate generated from the AD under thermophilic
conditions of locally sampled OFMSW, using a batch scale digester. The digestate produced
was incorporated into a 6 m2 plot according to the recommender fertilization for this crop. At
the same time, a crop treated with inorganic fertilizer (IF) and a control were grown, each
on a plot of same dimensions, for comparison purposes. The fertilizer effect was measured
in crop yield (Mg ha−1), seed efficiency (kgTriticale kgSeed−1 ) and bromatological value.
Overall, the digestate treatment had better results in crop yield (12.54 Mg ha−1) and seed
efficiency (83.61 kgTriticale kgSeed−1 ) than those achieved with the IF (11.16 Mg ha−1 and
74.43 kgTriticale kgSeed−1 , respectively) and the control. Whereas the bromatological value,
a statistical analysis revealed that, regardless of the treatment, the mineral uptake, protein,
sugar and fiber content were not significantly different (p > 0.05). Raw digestate generated
from AD of the OFMSW under thermophilic conditions, is a valuable by product, rich enough
to fully substitute IF for growing triticale Río Nazas.
Key words: Anaerobic digestion, raw digestate, organic fertilizer, nutrient recycling, municipal
waste.

RESUMEN. La digestión anaeróbica (DA) ha probado ser una tecnología económica-
mente viable para el tratamiento de la fracción orgánica de los residuos sólidos urbanos
(FORSU). Investigación sobre el manejo y aplicación de subproductos de la DA en México,
es necesaria para alentar al sector privado y administraciones locales, a invertir en dicha
tecnología. En este estudio, se cultivó triticale forrajero de invierno (x triticosecale Wittm.
ex A. Camus var. Río Nazas) para demostrar efecto fertilizante y evaluar el digestato crudo
generado por la DA termófila de la FORSU muestreada localmente, utilizando un digestor a
escala piloto. El digestato producido se aplicó de acuerdo con la fertilización recomendada
para este cultivo, en una parcela de 6 m2. A la par, se realizó un cultivo tratado con fertilizante
inorgánico (FI) y otro como control de mismas dimensiones, con fines comparativos. El efecto
fertilizante se midió en producción de cosecha (Mg ha−1), eficiencia de semilla (kgTriticale
kgSeed−1 ) y valor bromatológico. El tratamiento con digestato obtuvo mejores resultados de
producción de cosecha (12.54 Mg ha−1) y eficiencia de semilla (83.61 kgTriticale kgSeed−1 )
con respecto al tratamiento de FI (11.16 Mg ha−1 y 74.43 kgTriticale kgSeed−1 , respectiva-
mente) y el control. En valores bromatológicos, el análisis estadístico reveló que, sin importar
el tratamiento, el contenido de minerales, proteína, azúcar y fibra no varió significativamente
(p > 0.05). El digestato crudo generado por la DA termófila de la FORSU es un subproducto
valioso, suficientemente enriquecido para substituir completamente el FI en cultivos de
triticale Río Nazas.
Palabras clave: Digestión anaerobia, digestato crudo, fertilizante orgánico, reciclado de
nutrientes, residuos municipales.
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INTRODUCTION

Inadequate management of the OFMSW can
derive in health and environmental consequences
(Hosseini et al. 2019, Iocoli et al. 2019). Anaerobic di-
gestion (AD) has proven to be a cost-effective organic
waste treatment technology (Goux et al. 2016). Apart
from the biogas, there is a second byproduct obtained
through AD called digestate, which is the remaining
sludge composed of a combination of partially de-
graded organic matter, biomass and inorganic com-
pounds, most of which, contain readily available nitro-
gen, phosphorus and potassium (NPK), compounds
that plants can absorb as nutrients (Gerardi 2003).
These characteristics have permitted digestate to be
effectively used as a soil amendment and as partial
to full substitute for commercial fertilizers (Ehman et
al. 2018, Akhiar et al. 2021, Seruga and Krzywonos
2021).

Mexico has over 24 million ha being used for
agriculture. In the year 2017, only 4.9 million tons of
the more than 23 million tons of the total inorganic
fertilizer required, were locally produced (CEDRSSA
2018). The fertilizer production gap and its trans-
portation carbon footprint (Howarth 2008, De Boer
et al. 2019) might be reduced while managing or-
ganic waste through AD if digestate is used as a
crop fertilizer. There are few anaerobic digesters
installed in Mexico, most of which are fed with cow
and pork dung, industrial organic wastes, or a mix
of them (Gutiérrez 2018). The usage of digestate
as soil amendment is already a common practice of
the few digester’s owners and it is usually applied on
livestock’s feed crops such as wheat, sorghum, oat, or
triticale (Ramírez et al. 2019). The latter (x triticose-
cale Wittm. ex A. Camus) is a hybrid of wheat and
rye, with relatively high crude protein content (Wio-
letta et al. 2020). It is known to be drought resis-
tant and capable to adapt to a broad range of tem-
peratures, pH levels, salinity concentrations in soil
and relatively high pest and disease resistant (Mon-
temayor et al. 2017, GRDC 2018, Glamočlija et al.
2018). Apart from that, little is known in Mexico about
the AD of OFMSW and the fertilizer value of its raw or
untreated digestate (Campuzano and González 2016,

Tsydenova 2019).
To the best of our knowledge, no reports have

been made in the use of raw digestate generated by
the AD of the OFMSW under thermophilic conditions,
as a N and P fertilizer substitute for triticale crops in
México. The aim of this study was to demonstrate
the fertilizer effect and evaluate the raw digestate
generated from the AD of locally sampled OFMSW
under thermophilic conditions on winter triticale (x
triticosecale Wittm. ex A. Camus var “Rio Nazas”).

MATERIALS AND METHODS

Digestion process
The digestate used in this work, was collected

from a 120 L 316 grade stainless steel digester built
for this research, to treat locally sampled OFMSW
under thermophilic and dry conditions (TS > 15%).
Three single-stage, batch mode AD of the OFMSW
where consecutively performed on a 6-month period.
The digester working volume used was 50% of to-
tal capacity, i.e., 60 L. Industrial grade N2 gas was
used to purge air out from the system. The AD batch
experiments were performed under thermophilic con-
ditions at 55 °C ± 2. The digester content was stirred
2 min day−1 to promote bacterial growth and ensure
the best performance while maintaining energy con-
sumption as low as possible (Singh et al. 2020). The
biogas production was measured every day and its
composition was analyzed every 2 days; the method
is further described. Each AD batch lasted 50 days.

OFMSW and inoculum
The OFMSW used as feedstock was sampled

from the Torreon City’s Central Market on May, July
and September 2019, respectively. These samples
were chopped in approximately 1 cm2 pieces and di-
vided in two parts; one small portion, around 2 kg
were used for physical and chemical analysis, the rest
was kept at 4 °C until the AD experiments started.

The inoculum used was collected from a
leachate generated by the mature compost piles
located inside Bordo Poniente’s Compost Plant in
Mexico City and pre-treated with a 15-day incuba-
tion at 50 °C (Gállego et al. 2019). The percolated
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leachate sample was taken on April of 2019.

Digestion set-up
For the first AD run, the feedstock was inocu-

lated with the pre-treated leachate on a 1:1 ratio in
a wet weight basis (w/w). For the two subsequent
digestions, half of the digestate generated from a pre-
vious batch was used as inoculum in 1:1 ratio w/w.

Anaerobic digestion of OFMSW. Biogas genera-
tion and composition

The composition of biogas was determined
using gas chromatography as described by Gállego
et al. (2019). The biogas was measured through wa-
ter column displacement method (Kawai et al. 2014,
Martin-Ryals et al. 2015). The biogas and methane
data were normalized (0 °C and 1 atm) and expressed
as m3 CH4 kgVSadded−1 .

The digestate generated on each batch was
stored in a sealed container, until enough was
gathered to supply the needs of the field experiment.
Residual biogas generated during digestate storage
was neither reported in this work nor taken into con-
sideration in the overall methane production.

Physical-chemical analysis
Feedstock, inoculum, digestate and soil were

characterized employing standard methods. pH and
electrical conductivity (EC) were measured with the
electrode HANNA Instruments HI99300, while the
oxidation-reduction potential was measured with an
electrode HANNA Instruments H1003. Total solids
(TS) were determined by drying the samples at 70
°C for 48 h. To measure volatile solids (VS), part
of the dried samples was calcined at 550 °C for 2
h (Sadzawka et al. 2005). Klason lignin (KL) con-
tent was measured according to the method of TAPPI
(2006). Total Kjeldahl Nitrogen (TKN) was analyzed
using fresh samples employing a Büchi equipment
(SpeedDigester K-436 and Distillation Unit K-350,
BÜCHI, Switzerland) and the results were expressed
as TKN% in dry weight basis.

Macroelements (Ca, Mg, K and P) and heavy
metals (As, Cd, Cr, Cu, Pb, Ni, Zn and Hg) were also
analyzed. To do so, the samples were dried at 70

°C for 48 h. Around 0.5 g of each sample was di-
gested in a mixture of 5 ml of hydrochloric acid 30%
Suprapur, 2 ml of nitric acid at 65% Suprapur and 5 ml
of hydrogen peroxide solution ≥30%. This was main-
tained in constant heat, at 60 °C for 4 h. Finally, the
mixture was filtered using Whatman paper 40 (Cat#
1440-150), re-suspended in 25 ml of distilled water
and evaluated through atomic emission spectrome-
try (Optima 4300 DV, Perkin Elmer, USA). The results
were expressed as percentage in dry weight basis.

The sanitary aspects consider the presence
of Salmonella ssp. (SSP) and fecal coliforms
(FC), according to the Mexican federal standard for
biosolids NOM-004-226 SEMARNAT-2002. These
were only analyzed in the digestate, which is
considered a biosolid. The SSP and FC population
was enumerated using 5-tube most probable number
(MPN) technique. For presumptive test, lactose broth
was used incubating at 35 °C for 24 h, while E. Coli
broth was employed for confirmative test incubating at
44.5 °C for 24 h. The results were expressed as MPN
g−1. The presence of SSP was determined by resus-
pending 4 g in 36 ml in both tetrathionate broth and
selenite cystine broth for an incubation period of 24 h
at 35 °C, from these cultures, aliquots were inoculated
in three different agars (XLD, SS and Bismuth sulfite)
in triplicates, employing streak plate method at 35 °C
for 24 h.

Field experiment
The experiment was settled inside the experi-

mental station of the Autonomous Agrarian University
Antonio Narro (UAAAN) located in the city of Torreon,
in the state of Coahuila in northern Mexico (25° 33
28.39 N, 103° 22 18.65 O, WGS84, 1 120 masl).

A sub plot arrangement was used to
demonstrate the fertilizer effect of digestate with
fodder winter triticale through the comparison of the
crop production rate, measured in kg of dry mater per
hectare (kg ha−1), the seed efficiency measured in
kg of triticale in dry weight produced per kg of triti-
cale seed (kgTriticale kgSeed−1 ) and the bromatological
value between the harvest produced in soil treated
with digestate against the one produced in soil treated
with inorganic fertilizer and one with neither digestate
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nor inorganic fertilizer, used as a control.
A 30 m2 plot was cleared and leveled off, after

which it was sub divided in five adjacent 6 m2 sub-
plots (SP). Three sub-plots (18 m2 in total), were used
for a particular treatment and the other two were used
as spacers, to avoid interference between treatments;
SP 1 had digestate added as organic fertilizer treat-
ment (OFT), SP 2 had no treatment and was used
as spacer, SP 3 had urea mixed with ammonium-
dihydrogen-phosphate added as inorganic fertilizer
treatment (IFT), SP 4 was a second spacer and SP
5 was used as a control (CT).

Soil samples of the experimental field were
analyzed to calculate the amount of fertilizer required
to meet the recommended fertilization for this crop
and to report the overall soil c The sampling for the
physical and chemical characterization of the soil, was
performed by randomly taking twelve-10 L samples
from within 100 m2 of the experimental station, at
around a 0.3 m depth. The area was sub divided in
equally sized quadrants i.e., 25 m2. On each quadrant
area, four samples were taken randomly then mixed
thoroughly over a flat covered area, resulting in one
compound pile. This pile was divided in quarters, two
were eliminated. The leftovers were mixed again and
divided in quarters for a second time, again two were
extracted and the rest was stored in a sealed con-
tainer and labeled as one sample. This resulted in
four compound samples, which were used for analy-
sis.

Winter fodder Triticale (x Triticosecale Wittm.
ex A. Camus) var. Rio Nazas was used for this
experiment. This seed was produced in México
in the state of Durango, it had a 97% purity and
a minimum of 85% germination guarantee. Before
shipping, the seeds were pre-treated with 1.5 L of
Carbothiram and Lorsban per Mg of triticale as fungi-
cide and pesticide, respectively. This were acquired
through “Semillas Correa Mexicana S.A. de C.V.” with
batch code TCLRNSMC 08/19. This variety was se-
lected due to its adaptability to the region’s climate
on winter, its nematode and disease resistance and
its increasing usage as feedstock for the more than
1.4 million livestock (bovine, porcine, ovine and goat)
registered in the Laguna county (SIAP 2020).

According to the seed supplier, the
recommended fertilization for fodder winter triticale
var. Río Nazas, is 160 kg ha−1, 100 kg ha−1 and 00
kg ha−1 of N, P and K respectively. The amount of
inorganic fertilizer was easily calculated for the SP3,
while considering the already available nutrients in
soil. On SP1 however, the digestate quantity was cal-
culated based solely in the N ha−1 recommendation,
since one of the objectives of this work is to use the
digestate as it is i.e., raw, with no further treatments.
This implied that the amount of P was not adjusted to
meet the recommended fertilization. It is also impor-
tant to notice that other components such as organic
matter, water, biomass and nutrients such as K, Ca,
Mg, Fe and probably trace minerals, enclosed in the
digestate were added. The amount of digestate and
inorganic fertilizer added per SP while considering the
already present nutrients in soil, is further detailed in
results.

The digestate was applied on SP1 two weeks
before sowing, in November 2019, by spreading it on
top of the soil and mixing it within an approximate 20
cm of depth, after which, a 15 cm waterlogging irriga-
tion sheet was added. All on the same day, to promote
soil absorption and to avoid N losses via volatilization
of NH3 (Alburquerque et al. 2012, Riva et al. 2016).
The inorganic fertilizer was applied one week before
sowing in November 2019, using the same application
method as with the digestate.

The sowing rate was 150 kg of triticale seed
per ha; therefore, in November 2019, 90 g of triticale
seeds were spread by hand over each 6 m2 SP and
tilted in shallow soil. After which, a 5 cm waterlogging
irrigation sheet was applied on each. Three more
auxiliary waterlogging irrigations where performed;
these were on days 26, 61 and 82 after sowing
(DAS). The triticale was harvested as soon as the
crop reached the early soft dough stage (GRDC 2018,
Gissén et al. 2014) these took between 117DAS to
123DAS. After harvest, there were no further sea-
sonal repetitions of the field experiment.

Bromatological value of triticale
For crop analysis, 10 randomly selected plants

from each SP were cut whole, just above ground, on
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the same day of harvest; crude protein (CP) content
was determined by the Kjeldahl method (6.25 factor),
neutral detergent fiber (NDF) and acid detergent fiber
(ADF) were analyzed using the method described by
Soest et al. (1991). The rest of the crop production
was also cut whole and packed in bundles, to set for
drying to estimate crop yield and seed efficiency.

Statistical analysis
The reported data regarding physical and

chemical analysis, as well as the bromatological
values, were submitted to variance analysis (ANOVA)
and the means were compared by Tukey test at P <
0.05 for significant differences.

RESULTS

ORP, VS and pH are key parameters to notice
in the AD process, in this regard the OFMSW had
positive ORP value of 242.78 ± 4.53, 187.36 ± 17.01
g kg−1 of VS, and an acidic pH of 5.10 ± 0.27, in
contrast the inoculum and the resulting digestate had
a highly negative and significantly different (P < 0.05)
ORP values of -413.00 ± 14.73 and -374.3 ± 45.01
relatively, which is known to indicate a highly reduc-
tant state of anaerobiosis. The VS and pH where
also significantly different than the OFMSW values
(P < 0.05) as expected after a complete AD process.
The content of N, P, K, in digestate samples were of
particular interest, resulting in 64.99 ± 7.43 g kg−1,
14.02 ± 9.8 g kg−1 and 129.13 ± 34.3 g kg−1 on a
dry weigh basis, respectively. Cd and Hg as well as
As were not detected in neither the feedstock, inocu-
lum nor the digestate which reflects in the absence of
these toxic metals in the digester structure. Cu, Pb
and Zn values in digestate were higher than what was
detected on the feedstock and inoculum, nonetheless
all values were below the limit of federal standard
for biosolids NOM-004-226 SEMARNAT-2002. These
and the rest of parameters are shown in Table 1.

Whereas the sanitary aspects of digestate,
none of the agar plates showed growth of typical
colonies (translucent, opaque and/or black doted at
the center) resulting in negative for SPP in 4 g of di-
gestate. The FC population was 6 MPN g−1, showing

presence of the bacteria but well below the limit value
stipulated in the Mexican standard biosolids - NOM-
004-SEMARNAT-2002 i.e., <1000 MPN g−1 on dry
weight basis.

After three 50 day-period per batch, of anaero-
bically digesting the OFMSW, the average Nm3 CH4
generated per kg of added VS (kg VSadded) was 0.19
± 0.04 Nm3 CH4 kgVSadded−1 . The CH4 content in the
biogas was 66.76% ± 10.07%. The total average pro-
duction of CH4 per AD batch was 1.07 ± 0.24 Nm3.

The soil had a Clay-Loam texture, composed of
27% sand, 29% clay and 44% silt, with an alkaline pH
of 8.21 ± 0.21 and paste extracted EC of 3.2 ± 0.5.
The CaCO3% content was 17.65% ± 5.54 which is
classified as calcareous. Approximately 33.6 kg ha−1

of the 160 kg ha−1 needed for the recommended total
N were already present in the soil as NO3-N, further-
more, 61.9 kg ha−1 of the 100 kg ha−1 needed of total
P were also available in the form P2O5. The rest of the
macro and micronutrients already present in the soil
within the experimental field are described in Table 2.

Considering what was already available in
soil (Table 2), the addition of organic and inor-
ganic fertilizers needed to meet this recommenda-
tion per SP was as follows: 32.8 kg equivalent to
54,609.49 kg ha−1 of digestate were applied on SP1,
corresponding to 126.33 - 46.71 - 371.97 kg ha−1 of
NPK respectively. For SP3, 139.6 g of urea (46-00-
00) and 96.83 g of ammonium-dihydrogen-phosphate
(16-54-00) equivalent to 232.69 kg ha−1 and 161.13
kg ha−1 respectively where applied, which added to
126.33 - 38.04 - 0 kg ha−1 of NPK accordingly.

After 117 DAS the SP1 crop reached soft
dough stage, whereas SP3 and SP5 took 123 DAS to
reach this stage. The bromatological composition of
triticale from OFT (SP1), IFT (SP3) and CT (SP5) had
few significant differences (P < 0.05) i.e., higher con-
tent of ashes, higher content of cellulose and sugars
with lower Mg uptake in CT, among others. There-
fore, regardless of the treatment, the mineral uptake,
protein, sugar and fiber content were not significantly
different (P > 0.05). The bromatological values of the
samples taken from each SP are described in Table
3.

After 135 DAS the crop was harvested, its yield
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Table 1. Characterization of OFMSW samples used for AD and first inoculum.

Parameter Feedstock Inoculum Digestate
pH 5.10 ± 0.27 8.08 ± 0.02 8.65 ± 0.55
ORP (mv) 242.78 ± 4.53 -413.00 ± 14.73 -374.3 ± 45.01
EC (mS cm−1) 8.68 ± 1.09 38.23 ± 0.31 38.45 ± 2.15
Total Solids (%) 23.63 ± 1.69 8.87 ± 0.71 6.05 ± 1.35
VS (g kg−1) 187.36 ± 17.01 38.69 ± 3.13 27.22 ± 13.75
KL (%VS) 15.27 ± 0.88 N/D 27.35 ± 0.78
TKN *g kg−1 22.76 ± 0.69 30.89 ± 3.58 64.99 ± 7.43
P* g kg−1 3.64 ± 0.54 4.47 ± 0.011 14.02 ± 9.8
K* g kg−1 19.19 ± 2.40 19.16 ± 1.24 129.13 ± 34.3
Mg* g kg−1 4.26 ± 0.25 7.55 ± 0.19 8.58 ± 0.49
Ca* g kg−1 21.21 ± 2.03 33.34 ± 0.16 24.27 ± 4.85
Cr* mg kg−1 25.01 ± 14.7 46.9 ± 28.5 21.88 ± 4.21
Cu* mg kg−1 14.80 ± 1.60 25.0 ± 6.45 53.10 ± 7.1
Pb* mg kg−1 7.60 ± 5.00 13.6 ± 1.60 19.9 ± 5.55
Ni* mg kg−1 14.00 ± 7.50 26.0 ± 13.10 13.97 ± 2.9
Zn* mg kg−1 120.7 ± 26.7 178.1 ± 4.2 223.6 ± 29.9

*Dry weight basis. ORP: Oxidation-reduction Potential. EC: Electrical Conduc-
tivity. VS: Volatile Solids. KL: Klason lignin. TKN: Total Kjeldahl Nitrogen. N/D:
Non detectable. N/A: Not analyzed.

Table 2. Physical-chemical characterization of soil, taken at the experimental station
of UAAAN.

Parameter Value Estimated kg ha−1 (0.3m depth)
pH 8.21 ± 0.21 -
EC (mS cm−1) 3.20 ± 0.50 -
Soil density (g cm3−1) 1.43 ± 0.08 4 293 387.55
CaCO3 (%) 17.65 ± 5.54 7 57 782.90
Total Solids (%) 96.70 ± 1.72 3 916 350.00
%VS * 8.10 ± 1.12 328 050.00
%Organic Matter * 3.55 ± 1.72 222 750.00
N * mg kg−1 7.84 ± 1.79 33.67
P * mg kg−1 14.43 ± 1.32 61.96
K * mg kg−1 1,576.13 ± 247.29 6 875.48
Ca * mg kg−1 3,605.44 ± 432.92 17 386.29
Mg * mg kg−1 283.18 ± 52.45 958.48
Na * mg kg−1 930.16 ± 361.38 4 229.88
Fe * mg kg−1 4.22 ± 0.42 18.35
Cu * mg kg−1 0.92 ± 0.59 3.99
Zn * mg kg−1 7.68 ± 1.97 30.78

* Dry weight basis. Estimations on kg ha−1 assume that there are ∼4 293 387 kg of
soil on 1 ha within a 30 cm depth, assuming a soil density of 1.43 g cm3−1 ± 0.08.

in dry weight, was 12.54 t ha−1, 10.63 t ha−1 and 6.39
t ha−1 for SP1, SP3 and SP5 respectively. Hence, the
seed efficiency (crop yield in kgTriticale kgSeed−1 ) was
83.61, 74.43 and 43.62 Mg ha−1 as shown in Table
4. These last results indicate that the OFT(SP1) was
better at facilitating seed germination and develop-
ment. Considering the crop yield, a total bromatologi-
cal output can be estimated, i.e., the nutrient content
of the triticale crop harvested in Mg per ha is shown
in Table 5.

DISCUSSION

Most of the analyzed parameters of the
OFMSW such as TS, VS, pH and TKN had no sig-
nificant difference (P < 0.05) with the broad range of
values reported in the literature (Tampio et al. 2016,
Ahmed et al. 2021,). This was reflected in the CH4
production by achieving quantities within the average
reported by Ahmed et al. (2021) and Sailer et al.
(2021). This allows to have some degree of certainty
of the outcomes when using the OFMSW as feed-
stock in AD.
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Table 3. Bromatological composition of triticale according to the fertilizer
tested.

Treatment OFT IFT CT
Ashes % 9.70 ± 1.64 ab 10.77 ± 0.56 a 7.66 ± 0.78 b

Cellulose % 27.99 ± 0.96 a 28.41 ± 0.87 ab 30.31 ± 0.24 b

Hemicellulose % 20.76 ± 0.78 a 20.13 ± 1.09 a 18.96 ± 0.83 a

Lignin % 1.52 ± 1.24 a 1.50 ± 0.20 a 1.01 ± 0.75 a

Starch % 9.66 ± 1.71 a 11.72 ± 2.07 a 8.58 ± 0.17 a

Protein % 11.83 ± 1.08 a 10.86 ± 0.78 a 10.38 ± 0.33 a

Sugars % 7.96 ± 0.25 ab 6.44 ± 0.36 a 9.25 ± 1.17 b

Ca % 0.16 ± 0.01 a 0.10 ± 0.01 b 0.10 ± 0.01 b

Mg % 0.09 ± 0.01 a 0.07 ± 0.01 ab 0.05 ± 0.01 b

Na % 0.19 ± 0.01 a 0.16 ± 0.05 a 0.23 ± 0.05 a

K % 0.98 ± 0.32 a 1.16 ± 0.15 a 0.63 ± 0.23 a

Cl % 0.13 ± 0.07 a 0.17 ± 0.04 a 0.16 ± 0.03 a

S % 0.12 ± 0.03 a 0.10 ± 0.01 a 0.08 ± 0.01 a

All values are expressed in dry weight basis. a,b,c, Values with different super-
scripts are significantly different (P < 0.05). OFT: Organic fertilizer treatment,
IFT: Inorganic fertilizer treatment, CT: Control treatment.

Table 4. Winter triticale yield results after each treatment.

Treatment Fertilizer Comprised of
NPK added Sowing rate Crop Yieldββ Seed efficiencyβββ

kg β ha−1 kg ha−1 t ha−1 kgTriticale kgSeed−1

Control No fertilizer Experimental station soil 00-00-00 150 6.55 43.62
Inorganic Fertilizer Urea 16-54-00 CH4N2O, (NH4)H2PO4 126-38-00 150 11.16 74.43
Organic Fertilizer Digestate OFMSW 126-46-372 150 12.54 83.61

β NPK added dose is based on triticale seed supplier recommendation of 160-100-00 fertilization. The addition was made considering the
already available nutrient in soil (Table 2). ββ Crop yield is expressed in whole triticale plant on dry weight basis. βββ Triticale seed efficiency
is expressed in kg of whole triticale plant on dry weight basis per kg of seed applied.

Table 5. Crop yield and bromatological value t ha−1.

Treatment OFT IFT CT
Crop Yield 12.54 10.63 6.39
Ashes 1.21 ± 0.20 a 1.20 ± 0.06 a 0.50 ± 0.05 b

Cellulose 3.51 ± 0.12 a 3.17 ± 0.97 b 1.98 ± 0.02 c

Hemicellulose 2.60 ± 0.10 a 2.25 ± 0.12 b 1.24 ± 0.05 c

Lignin 0.19 ± 0.15 a 0.17 ± 0.02 a 0.07 ± 0.05 a

Starch 1.21 ± 0.21 a 1.31 ± 0.23 a 0.56 ± 0.01 b

Protein 1.48 ± 0.13 a 1.21 ± 0.09 b 0.68 ± 0.02 c

Sugars 0.99 ± 0.03 a 0.72 ± 0.04 b 0.60 ± 0.08 b

Ca* 20.07 ± 1.25 a 11.54 ± 064 b 6.76 ± 1.00 c

Mg* 11.29 ± 1.25 a 7.44 ± 1.29 b 3.27 ± 0.65 c

Na* 23.41 ± 1.92 a 18.24 ± 5.73 a 15.27 ± 3.29 a

K† 122.91 ± 41.06 a 129.13 ± 17.31 a 41.00 ± 15.52 b

Cl* 15.89 ± 8.54 a 18.98 ± 4.47 a 10.47 ± 1.23 a

S* 15.05 ± 3.76 a 10.79 ± 1.71 a−b 5.02 ± 1.00 b

All values are reported on dry weight basis and expressed in t ha−1 except for
* Kg ha−1. a,b,c: Values with different superscripts are significantly different
(P < 0.05). Organic fertilizer treatment, IFT: Inorganic fertilizer treatment, CT:
Control

Whereas the digestate generated, after com-
paring the N value found with, those reported by Tam-
pio et al. (2016), Peng and Pivato (2019) and Akhiar
et al. (2021), we observe that regardless of the treat-
ment conditions, if the OFMSW is used as feedstock,
its raw digestate show similar values of N most of

which will be present as NH3 or NH4 compounds,
readily detectable via the TKN process. The same
can be said for the rest of the parameter values, most
of which, fall within the average of a broad range of
physical and chemical characterizations of digestates
generated under similar AD conditions (Peng and Pi-
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vato 2019, Akhiar et al. 2021, Seruga and Krzywonos
2021). These includes the quantity of toxic metals
except for As, which was only considered by Tampio
et al. (2016) who reported slightly higher values as
well as Zn. Surprisingly, a parameter that we couldn’t
find being used in any recent and similar studies, was
the ORP, which we found quite useful as an indicator
of the AD process while considering the pH.

Regarding the sanitary aspects of the diges-
tate, the absence of SPP must have been related to
the thermophilic digestion used for this study. It is
well known that SPP can’t survive for long periods
(> 90min) at 55 °C, this was also noted by Albur-
querque et al. (2012) while using and comparing
mesophilic digestion with thermophilic digestion and
finding SPP in the mesophilic digestate. Likewise, the
low FC population can be attributed to the constant
high temperature. These results imply an advantage
of working with thermophilic conditions, due to a safer
handling and readily applications.

Overall, these are the parameters that put di-
gestate in the fertilizer perspective. It is important to
notice that, in practical applications, the amount of wa-
ter and the pH may need some pre-treatment, quite
commonly being a solid-liquid separation (Akhiar et al.
2021). In this case, the digestate was used as such
to avoid adding post-treatment costs to the process.

The soil in which the digestate was applied,
confirmed what it’s typical of the region: calcareous
and slightly saline-alkaline soils (Cervantes et al.
2007, Chesworth 2008). This includes a high quantity
of K and Na which is probably related to the fact that
the whole region used to be a lagoon and as water
evaporated, washed salts remain in the topsoil. Con-
sidering this, adding digestate with relatively high con-
tent of K and Ca raised some concerns of possible
phytotoxicity. Triticale is known to withstand elevated
levels of salinity (GRDC 2018, Zhu 2018) but surely,
this where not the ideal conditions.

The triticale crop experiment was performed
only once with no replicate between treatments. Even
though a batch scale digester was built for this work,
it took more than 150 days (three 50-days batches)
to generate enough digestate to fertilize 6 m2 given
the digester capacity. This along with budget limita-

tions resulted in the possibility of one seasonal har-
vest. Therefore, the crop yield and seed efficiency
results should be regarded as a demonstration of the
fertilizer effect of digestate and it is expected to jus-
tify further research fundings in the matter, in Mexico.
Nonetheless, after the crops were harvested, the re-
sults were clear, the OFT achieved the best results
in crop yield and seed efficiency (Graphic evidence
shown in Online Resource DASS.pdf, Figure S3). Al-
though better results, these were not outstanding but
rather average, when compared with similar studies
with triticale (Ehmann et al. 2018, Caruso et al. 2018,
Gissén et al. 2014).

Whereas the bromatological values found in
the produced triticale, the percentage of protein and
sugar content were within the average values re-
ported in the literature regarding fodder triticale pro-
duced with conventional methods (GRDC 2018). In
terms of mineral content, this was not the case,
apparently, the triticale here produced was able to
absorb more Ca, Mg, K and S than what Gissén et
al. (2014), GRDC (2018) and Zhu (2018) reported
in similar conditions. However, according to what
Zhu (2018) found, this discrepancy could probably be
more related to the triticale variety than to the used
fertilizer and type of soil.

Further soil amendments and irrigation adjust-
ment must be made to at least, meet the average pro-
duction reported in the literature (Gissén et al. 2014,
GRDC 2018, Caruso et al. 2018), along with ah larger
multi-seasonal research. Nevertheless, these results
support the fact that a combination of digestate with
inorganic fertilizer or even a full substitution of mineral
fertilizers with digestate, is feasible, which means a
concomitant reduction of mineral fertilizer, therefore
less impact on the environment with a substantial
economic impact.

CONCLUSIONS

Digestate generated from the AD of the locally
sampled OFMSW under thermophilic conditions, is a
valuable byproduct with a high content of N, K, and
an important amount of P along with a high amount of
water, biomass, organic matter and other macro and
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micronutrients. It was demonstrated that digestate
is rich enough to fully substitute inorganic fertilizer
in fodder winter triticale (x triticosecale Wittm. ex A.
Camus var. Río Nazas) by outperforming the crop
yield and seed efficiency of the same crop in the
same conditions, treated with inorganic fertilizer and
one without treatment. The bromatological values
where not significantly affected, regardless of the
treatment. The valorization of digestate is a key com-
ponent to achieve the profitability needed to justify
any AD facility project. If municipalities like Torreon,
source separate as little as 10% of the daily MSW
generated by the population in non-biodegradable
and biodegradable fractions, using the latter for AD,
around US$ 23 000.00 could be saved each month
in management and disposal fees in local landfills.
The biogas produced would have its known economic
benefits and the digestate would represent important

savings in fertilizers for local producers which could
also replenish organic matter and biomass in local
crop fields and green urban areas. It is not clear if
the alkaline pH of digestate may damage soils and
crops on the long run. Further research with larger
multi-seasonal crops must be performed, in Mexico.
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