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ABSTRACT
The use of fossil fuels continues to represent a significant percentage of energy production in 
Mexico; this, together with the generation of considerable amounts and poor disposal of organic 
waste, has contributed greatly to the emission of greenhouse gases, exacerbating the problem 
of environmental pollution. In Mexico City’s central supply center alone, more than 500 Mg of 
organic waste is produced daily, and its disposal is not the most appropriate. An alternative for 
the correct disposal of this waste is the anaerobic digestion process, which, in addition to being 
an environmentally friendly technology, offers benefits such as the possibility of obtaining 
value-added products such as biogas, which represents a viable alternative to the use of fossil 
fuels. In this study, waste generated in Mexico City’s central supply center was collected for use 
in anaerobic co-digestion to produce biogas using crude glycerol obtained as a byproduct of the 
biodiesel plant located in the same center. Throughout the bioprocess lasting 12 weeks, with a 
hydraulic retention time of 33.3 ± 0.04 days and an organic matter removal efficiency of 77.6 %, 
it was possible to obtain perfectly flammable biogas with a methane composition between 60 
and 70 %, with an average production of 0.576 ± 0.084 m3 d-1.
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INTRODUCTION
Agriculture is a very important economic sector in Mexico, with a share in gross 
domestic product (GDP) of 2.5 %; in addition, Mexico ranks first in vegetable production 
in Latin America and second in fruit cultivation (Statista Research Department, 2023). 
In 2023, the flow of foreign direct investment exceeded USD 109 million, and agri-food 
exports exceeded USD 50 billion for the first time. Avocado exports generated the 
highest income for the national economy, with a value of USD 3.153 million in 2023. 
As for vegetables, tomato exports generated the most revenue, with a value of USD 
2.67 billion (Statista Research Department, 2023). This abundance of agricultural raw 
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materials leads to a great potential for agroindustrial development (Martínez-Prats et 
al., 2022).
Agricultural activities (sowing and harvesting) represent 5 to 18 % of Latin America’s 
GDP; however, when agro-industrial activities (transformation of farm products) 
are considered, the percentage increases to 21 %, which shows the importance of 
agro-industry (Sarandón, 2020). In Mexico, fresh products such as fruits, vegetables, 
leaves, and pods are processed, as well as other already transformed products such 
as flours, oils, juices, wines, jams, and concentrates, which generates a large amount 
of waste throughout the entire process, from harvesting, concentration, distribution, 
industrialization, marketing, and consumption (Mejías-Brizuela et al., 2016).
According to Mejías-Brizuela et al. (2016), who consider the definition given by the 
General Law for the Prevention and Integral Management of Waste in Mexico, “Agro-
industrial waste are solid, semi-solid, and liquid organic products generated from the 
direct use of primary products or their industrialization, not useful for the process 
that generated them, but susceptible to a use or transformation that generates another 
product with economic value, of commercial and/or social interest.”
In 2020, Mexico’s Ministry of the Environment and Natural Resources published the 
Basic Diagnosis for Integrated Waste Management, which addresses the state of the 
country’s waste generation and management. Composting or biodigestion can treat 
an estimated 56 427 Mg of organic waste produced per day; however, the number 
of waste treatment or utilization plants is very limited, as there are only 47 plants 
distributed in 15 states, which separate, grind, and compact. Of the 47 plants, 19 
perform composting and only five perform biodigestion (SEMARNAT, 2020).
This problem is also present worldwide, where around 500 million Mg of agro-
industrial waste is generated each year (Singh et al., 2021). Its poor disposal has resulted 
in a significant contribution to environmental pollution, causing negative impacts on 
the health of animals and humans (Herrera-Uchalin et al., 2023). Hence the importance 
of adding value to agro-industrial wastes through so-called clean technologies, which 
help reduce their environmental impact and follow the current trend of the circular 
economy (Matiacevich et al., 2023). 
The valorization of agro-industrial wastes has two aspects: biotechnological and 
energetic utilization. Biotechnological valorization is done by direct extraction or by 
chemical or microbial transformation to higher value-added commercial products such 
as pigments, polymers, antioxidants, polyphenols, antibiotics, and enzymes (Singh et 
al., 2021). Energy valorization includes the chemical or microbiological transformation 
of agro-industrial by-products and residues containing significant amounts of biomass 
rich in cellulose, hemicellulose, lignin, glycosides, and fatty acids into bioenergy such 
as bioethanol, biodiesel, and biogas (Mejías-Brizuela et al., 2016). Saccharomyces yeasts 
ferment saccharides contained in sugarcane or corn and produce bioethanol (Pérez-
Contreras et al., 2023). Biodiesel is produced through the transesterification reaction of 
fatty acids found in animal or plant oils (Singh et al., 2021).
In the case of biogas, specialized microorganisms degrade, under anaerobic conditions, 
the organic matter and produce the gaseous fuel, whose main component is methane, 
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a high-quality energy source. Consequently, it can be used to generate electricity or 
steam in high-efficiency cogeneration systems (Jameel et al., 2024). The anaerobic 
digestion process can be improved by feeding more than one organic waste. Co-
digestion is a process in which simultaneous anaerobic digestion of two or more wastes 
is carried out, improving the C/N ratio and increasing biogas production (Prasertsan 
et al., 2021). Several co-substrates have been used for biogas production, including 
sludge from wastewater treatment plants, municipal solid waste, cheese whey, grass 
(González et al., 2022), rice and banana husks (Olugbemide et al., 2023), and glycerol, 
among others (de Mello et al., 2024).
Biodiesel production generates crude glycerol as a byproduct; it is estimated that 10 
kg of glycerol are obtained for every 100 kg of biodiesel produced (Chilakamarry et 
al., 2021). The purification process of this by-product is not economically viable, so its 
use in the food, pharmaceutical, and cosmetic industries is not recommended. Due 
to this, alternatives for its disposal have been sought, one of them being its use as 
a cosubstrate for biogas production, since its high carbon content increases the C/N 
ratio, avoiding inhibition by nitrogen and increasing biogas production from 50 to 
200 % (Alves et al., 2020; Butkowska et al., 2022).
The objective of this work was to implement a bioprocess at the pilot plant level of 
anaerobic co-digestion, using agro-industrial waste and glycerol for biogas production, 
as a feasible solution to the serious pollution problem caused by the large amount of 
waste generated at Mexico City’s Central de Abastos (CEDA) and, at the same time, 
the valorization of glycerol, a by-product of the biodiesel production plant of the same 
supply central.

MATERIALS AND METHODS

Biodigestor
The anaerobic digestion process was carried out in a 300 L pilot plant level biodigester 
with a programmable logic controller (PLC) (Figure 1).
The stainless steel biodigester with jacket-type exchanger was built at the Clean 
Technologies Laboratory, located in the Environmental Systems Engineering 
Department of the National School of Biological Sciences of the National Polytechnic 
Institute in Mexico City. The PLC controller receives information from connected 
sensors and input devices, processes the data, and issues outputs based on pre-
programmed parameters (López et al., 2016). It has a home screen with a general menu 
where the user can monitor and record operating temperature information, as well as 
start and stop the heat exchanger operation automatically for temperature regulation. 
It also has programming for agitation control and dosing of the feed medium and 
acids or alkalis for pH control. The residues for anaerobic digestion were taken from 
fruit and vegetable waste from CEDA. Glycerol was provided by CEDA’s biodiesel 
plant.
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Analytical methods
The analytical methods were performed according to the official Mexican standard 
corresponding to each determination: moisture, NMX-F-083-1986 (DOF, 1986); ash, 
NMX-F-066-S-1978 (DOF, 1978a); fat, NMX-F-615-NORMEX-2018 (DOF, 2018); total 
carbohydrates, NMX-F-312-1978 (DOF, 1978b); proteins, NMX-F-068-S-1980 (DOF, 
1980); pH, NMX-F-317-S-1978 (DOF, 1978c); and total solids and volatile solids, NMX-
AA-034-SCFI-2015 (DOF, 2015). Determinations of total nitrogen, total phosphorus, 
total organic carbon, and chemical oxygen demand were performed according to 
Hach (2024).

Volumetric consumption rate and chemical oxygen 
demand (COD) removal efficiency

The volumetric rate of COD consumption (VVC) was calculated through time (t) with 
the following relationship:

𝑉𝑉𝑉𝑉𝑉𝑉 =
[𝐶𝐶𝐶𝐶𝐶𝐶]𝑓𝑓𝑓𝑓𝑓𝑓 − [𝐶𝐶𝐶𝐶𝐶𝐶]𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

∆𝑡𝑡  

The COD removal efficiency (ƞ) was calculated with the following relationship:

ƞ =
[𝐶𝐶𝐶𝐶𝐶𝐶]𝑓𝑓𝑓𝑓𝑓𝑓 − [𝐶𝐶𝐶𝐶𝐶𝐶]𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

[𝐶𝐶𝐶𝐶𝐶𝐶]𝑓𝑓𝑓𝑓𝑓𝑓 × 100 

Figure 1. Diagram of the bioreactor used for biogas production. A: blade agitator; B: bioreactor 
body; C: drain; D: burner; E: differential pressure gauge; F: gasometer; G: gas detector; H: 
temperature control; I: heat exchanger with hot water recirculation; J: sampling; K: feed tanks.
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Hydraulic retention time
The hydraulic retention time (HRT) was calculated with the ratio:

𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  

Biogas production measurement
Gas was purged from inside the biodigester through the tubing used for biogas 
measurement until a decrease in pressure was observed in both the gasometer and 
the U-shaped differential pressure gauge. After emptying the gasometer, the time it 
took to fill up to 2 L was registered. The pressure difference in the differential pressure 
gauge was calculated with the following expression (Tippens, 2011):

Differential pressure = r × g × h

where g is the acceleration of gravity, h is the height difference between the two levels 
of the “U” pipe, and ρ is the density of the glycerin contained in the tubing.

With pressure, the number of moles was calculated using the ideal gas equation 
(Tippens, 2011):

PV = nRT

where P is the pressure of the gas, V is the volume, n is the number of moles, R is the 
ideal gas constant, and T represents the temperature, with the values of T = 311.15 °K 
and R = 8.31 m3 Pa mol-1 °K-1.

Biogas composition measurement
Biogas is a mixture of different gases, mainly composed of methane and carbon dioxide, 
but it can also contain nitrogen, hydrogen sulfide, and traces of water vapor. Their 
total composition may depend on the type of material used as a substrate (Jameel et al., 
2024). Biogas composition was determined using a NOVA Plus model MRU 947010US 
portable gas multidetector (MRU Instruments, TX, USA).

Culture medium for biodigester start-up and conditioning stage
Before starting the biodigestion process with the organic waste, the aim was to adapt 
and strengthen the microbial consortia present in the inoculum and generate an 
adequate anaerobic environment inside the biodigester. For this purpose, a minimal 
mineral medium with glucose and glycerol as carbon sources (MMMC) was formulated 
using the following stoichiometric balances:

For glucose: C6H12O6 + 6 O2 ® 6 CO2 + 6 H2O
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For glycerol: C3H8O3 + 3.5 O2 ® 3 CO2 + 4 H2O

The concentration of the components for the MMMC formulation was determined, 
considering a glucose concentration of 10 g L-1 with 2.5 % glycerol. The percentage 
of glycerol was determined based on the maximum daily production of the CEDA 
biodiesel plant and considering that this production would work with 20 Mg of 
residue per day. Urea was used as a nitrogen source, considering a C/N ratio of 25:1, 
suitable for anaerobic digestion (Andlar et al., 2021), taking into account glucose and 
glycerol contained in the medium prepared for starting the bioreactor as a carbon 
source. Potassium phosphate was used as a phosphorus source, considering an N/P 
ratio of 6:1. Additionally, some nutrients were added at concentrations that stimulate 
methane production in anaerobic microorganisms (Jameel et al., 2024).
Taking all the above into account, the following composition of the culture medium 
was reached (in g L-1): glucose 9.75, glycerol 0.22, urea 0.35, potassium phosphate 0.12, 
calcium 0.1, potassium 0.2, magnesium 0.075, iron 0.04, cobalt 0.004, molybdenum 
0.0001, nickel 0.006, and one part of sodium bicarbonate was added for every 20 parts 
of glucose to regulate pH.

Microorganisms
Inoculum for the process was collected from swine manure from a pig farm located 
in the State of Mexico. Swine manure contains a wide variety of microorganisms, 
including bacteria, fungi, yeasts, and actinomycetes that coexist in a complex symbiosis 
where they perform a specific and complementary function (Ruvalcaba-Gómez et al., 
2019). When performing the physicochemical characterization of the inoculum, the 
following results were obtained: moisture 85 %, ash 0.9 %, total solids 0.14 g per gram 
of sample, volatile solids 0.11 g per gram of sample, COD 31.4 g of O2 per liter, total 
phosphorus 2.97 g L-1, and total nitrogen 3.2 g L-1.

Waste conditioning and characterization
Fruit and vegetable waste was collected from general containers at the CEDA. Three 
samples were taken in different months of the year and were physicochemically 
characterized; the percentages of moisture, ash, total solids, volatile solids, fats, 
proteins, and carbohydrates were determined for each sample. Likewise, COD, total 
phosphorus, total nitrogen, and total organic carbon were recorded (in g L-1), as well as 
pH. Conditioning consisted of size reduction by liquefying waste using a professional 
Ninja blender (Mexico). The average solids content in each sample was 15 %, and 0.5 
L of water was added to each kilogram of residue to obtain a fluid with a total solids 
content of 10 %.

Inoculum conditioning
For the anaerobic digestion process, swine manure was used as inoculum. Manure has 
a large number of microorganisms that require acclimatization (Zhang et al., 2022). For 
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this process, the biodigester was inoculated with 12 kg of pig manure (17 L in volume). 
Considering that solid excreta should enter the biodigester as a suspension in water 
with at least 3 % solids (Botero and Preston, 1987), 48 L of water and 15 L of MMMC 
were added, resulting in a proportion of 81 % inoculum and 19 % substrate in a total 
volume of 80 L.
Once the biodigester was inoculated, it was sealed, and anaerobic biodigestion 
began. To achieve a system as homogeneous as possible, the stirrer was activated, 
keeping it at a speed of 48 rpm to avoid the incorporation of air. The temperature 
was maintained in the mesophilic regime at 38 °C by means of the jacket-type heat 
exchanger, recirculating hot water. Samples of the digestate mixture were taken 
every 48 hours and analyzed for COD, total nitrogen, total phosphorus, total solids, 
and volatile solids. In addition, measurements of the biogas produced with the gas 
multidetector were performed. 
Once COD levels decreased by 25 %, the first feeding was performed, adding 12 L of 
MMMC. Feedings were performed every 48 h until a greater than 80% decrease in 
COD was observed; at that time, the feeding load was increased to 15 L of MMMC 
every 48 h until the difference between soluble COD and fed COD remained constant.

Biodigestion with agro-industrial waste
Biodigestion of agro-industrial wastes started when the soluble COD remained 
approximately constant during the inoculum conditioning process. At that time, the 
substrate was changed with a 10 L load of a mixture of 50 % MMMC and 50 % of 
previously conditioned organic residues. This feeding was maintained until a decrease 
in soluble COD and an increase in methane production were observed again, at which 
time a new substrate change was made to only organic waste with 2.5 % glycerol.

RESULTS AND DISCUSSION

Waste conditioning and characterization
The values obtained in the characterization did not have a large variation among the 
three samples collected at different times of the year, so the values obtained were 
averaged to take into account the variation of the parameters according to the type of 
fruits and vegetables available in different seasons (Table 1).
Conditioning organic waste is recommended to break down the compact structures 
of cellulose, hemicellulose, and lignin found in fruits and vegetables. These 
structures form a complex network that is difficult for microorganisms to degrade 
directly, increasing fermentation time and decreasing the efficiency and speed of 
biogas production (Zhang et al., 2022). Cellulose, hemicellulose, and lignin must be 
hydrolyzed to simpler subunits by extracellular enzymes. Hydrolysis of cellulose 
to glucose units is carried out by enzymes called cellulases. Lignin is degraded by 
a complex of enzymes, including laccases, lignin peroxidase, Mn peroxidases, and 
tyrosinases, which act synergistically (González-Rentería et al., 2011).
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Organic waste can be treated in a variety of ways, including physical, chemical, 
biological, and combined. By using physical methods, the cell wall structure of 
the raw materials can be destroyed, increasing the accessibility of enzymes and 
anaerobic bacteria to the organic matter, which facilitates its digestion. In the case 
of chemical methods, the use of acids or alkalis that break cellulose, hemicellulose, 
and lignin structures increases enzyme accessibility; however, they can be toxic to 
microorganisms, affecting anaerobic digestion (Espinosa-Negrín et al., 2021). Biological 
methods use microorganisms that can degrade cellulose, hemicellulose, and lignin, but, 
in this case, the bioprocess can be prolonged for much longer, increasing the substrate 
consumption to produce the required conditions of the degrading microorganisms, 
affecting biogas production (Zhang et al., 2022). 
In this work, the physical method used for the conditioning of organic waste allowed 
reducing the particle size and increasing the rate of the anaerobic digestion process 
and biogas production by increasing the contact surface and the substrate/inoculum 
mass transfer (Theuretzbacher et al., 2015). 

Inoculum conditioning
Adaptation of microorganisms to a new substrate is essential for good results in biogas 
production (Zhang et al., 2022; Atelge et al., 2020). Once the COD level decreased by 
25 % after one week of culture (Figure 2), the first feeding was performed, adding 12 L 
of MMMC. Immediately afterwards, a sample was taken and analyzed, obtaining the 
following values for the mixture in the biodigester: COD 13.4 g L-1, total nitrogen 1.1 
g L-1, total phosphorus 0.21 g L-1, total solids (TS) 7.7 g L-1, and volatile solids (VS) 5.45 
g L-1, at a pH of 7.

Table 1. Characterization of agro-industrial organic wastes generated in the central supply 
center (Central de Abasto) of Mexico City, Mexico, used in biogas production.

Parameter Value

Moisture (%) 85.00 ± 5.91
Ash (%) 0.54 ± 0.23

Total solids (%) 15.00 ± 2.23
Volatile solids (%) 13.00 ± 1.98
COD (g of O2 L-1) 99.00 ± 8.77

Total phosphorus (g L-1) 2.50 ± 3.76
Total nitrogen (g L-1) 2.20 ± 1.15

Total organic carbon (g L-1) 21.00 ± 1.56
Fat (%) 0.38 ± 0.09

Proteins (%) 1.00 ± 0.11
Total carbohydrates (%) 7.60 ± 3.40

pH 4.80 ± 0.20
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When COD decreased by about 80 %, the feed load was increased to 15 L of MMMC 
every 48 h until the difference between soluble COD and fed COD remained in a 
constant range. During that time, the composition of the biogas produced was measured 
(Figure 3), which initially could be increased by the addition of more organic matter 

Figure 2. Chemical oxygen demand (COD) and its average consumption during anaerobic 
digestion. A: start of feeding with minimal mineral medium with glucose and glycerol as carbon 
sources (MMMC); B: change to MMMC mixture with residue; C: total substrate change to only 
organic residue in mixture with 2.5 % glycerol. CODs: soluble COD.

Figure 3. Average composition of biogas produced in the anaerobic digestion of agro-industrial 
organic waste generated in the central supply center (Central de Abasto) of Mexico City, Mexico.
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(Jameel et al., 2024). After 30 days of processing, with 15 % of methane produced, the 
substrate was changed (Figure 2), initiating the anaerobic digestion stage of the agro-
industrial waste.

Anaerobic digestion of agro-industrial waste
Anaerobic digestion of organic waste was initiated with a 10 L load of a mixture 
of 50 % MMMC and 50 % waste. After the substrate change, a volume of 217 L was 
reached in the biodigester. This volume was considered the final operating volume 
and was kept constant by draining 5 L of sludge before each 5 L waste feed with 
MMMC. The feeding with MMMC/waste mixture was maintained for two weeks, 
during which time the COD decreased by 30 % and the methane percentage increased 
from 10 to 25 % (Figure 3), which is why the total change of substrate to only waste in 
mixture with 2.5 % glycerol (R/G) was carried out (Figure 2).
A total of 5 L of the latter substrate (R/G) were added every 48 hours due to the rapid 
consumption of COD and the high percentage of methane produced. The feeding load 
was increased until a volume of 13 L of substrate (R/G) was reached every 48 hours. 
Methane production continued to increase until it reached a biogas composition with 
a methane percentage of 72 % (Figure 3). The CO2 percentage peaked at week five 
and subsequently decreased to 30 %. Biogas production was maintained for more 
than 2 weeks with a methane percentage that ranged between 60 and 70 % and a CO2 
percentage between 40 and 30 % (Figure 3). At this point, the biogas produced was 
already fully flammable.
These results confirm that in order to increase the yield, speed, and efficiency of biogas 
production, simultaneous digestion of two or more substrates is necessary, since a 
better nutritional balance, adequate C/N ratio, buffering capacity, and stability in the 
biodigestion system are achieved (Andlar et al., 2021). Co-digestion of agro-industrial 
waste with glycerol increased biogas and methane production from 15 to 70 %, i.e., 
4.6 times more than when only glycerol was fed. This increase is greater than that 
obtained in other glycerol co-digestion processes (Alves et al., 2020; Butkowska et 
al., 2022). In addition, stability was achieved in the bioprocess, maintaining biogas 
production with a high percentage of methane for more than 2 weeks (Figure 3).

Phosphorus, nitrogen, and solids concentrations during bioprocessing
At start-up, nitrogen and phosphorus concentrations were balanced at a 6:1 ratio. 
However, throughout the process, both residual concentrations had variations, 
equalizing at some times and at others increasing the phosphorus concentration. These 
variations did not affect methane production, since neither nutrient accumulated in 
excess nor was limited during the bioprocess.
During biodigestion, ammonia may be produced as a result of the anaerobic 
degradation of proteins or amino acids present in the feedstock. Although ammonia 
nitrogen is an important nutrient for bacterial growth, if found in excess, it can limit 
bacterial growth (Jameel et al., 2024). In this case, the total nitrogen concentration 
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remained in the range of 0.3 to 1.5 g L-1, which was still lower than those reported as 
toxic. Concentrations higher than 3 g L-1 may be inhibitory (Jameel et al., 2024).
Phosphorus concentration also did not show large variations (between 0.21 and 
1.7 g L-1), which reflects that the microorganisms had an adequate proportion of 
these nutrients during the bioprocess. As for the concentration of total solids, it 
was maintained in a range of 8 to 12 g L-1; this concentration was sufficient for the 
microorganisms to utilize the organic material and transform it to biogas (Jameel et al., 
2024). Volatile solids represented more than 50 % of total solids.

Temperature and pH
A temperature of 38 °C was maintained from the beginning of the process. Temperature 
affects the reaction rate, and although anaerobic digestion can be performed at 
thermophilic temperatures (50 to 60 °C), many biodigesters are operated at mesophilic 
conditions (30 to 40 °C) because of the ease in system control and lower energy demand 
(Atelge et al., 2020). During the first three weeks, the pH was decreasing, indicating 
acidification of the medium to a value close to six due to the accumulation of volatile 
fatty acids. At this point it was necessary to add 5 L of a 5% sodium bicarbonate 
solution to avoid further acidification that could inhibit the activity of methanogenic 
bacteria (Jameel et al., 2024). After 4 weeks, when a new decrease in pH was observed, 
sodium bicarbonate was added again. Once the methane composition increased, a 
parallel increase in pH was observed, remaining between 7.1 and 7.5 during methane 
production. The high methane production implies a high consumption of organic 
acids produced, which explains the increase and stabilization of pH.

Volumetric rate of consumption and COD removal efficiency
During the first weeks of the process, the volumetric rate of COD consumption (VVC) 
increased. This can be explained by the fact that the first substrate is easily assimilated. 
Over the next 4 weeks, the VVC decreased and then increased as the feeding of the 
MMMC/residue mixture was initiated. At week 12, VVC took an average value of 
approximately 2.84 ± 0.2 g L-1 d-1.
The COD removal efficiency (h) showed a similar behavior, reaching 60 % in the first 
weeks of the process. Subsequently, it decreased in the same week as VVC did, and at 
the same time, it increased to an average value of 77.6 ± 0.3 %.

Hydraulic retention time and biogas production
The hydraulic retention time (HRT) was 28 days at week four. When the substrate 
was changed to only glycerol residue with a constant volume of 217 L, the feed was 
reduced to 5 L due to the high concentration of COD in the residue. At week 6, the 
HRT was 87 days; to reduce it, the feeding volume was doubled, and at 8 weeks, an 
HRT of 43 days was reached. Feeding was again increased to 13 L, and finally an 
HRT of 33 days was reached. The average HRT for anaerobic digestion processes was 
between 20 and 30 days (Atelge et al., 2020), so the HRT obtained in this study is in line 
with the average.
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On the other hand, biogas production was increasing, obtaining in the last week a 
volume of 0.576 ± 0.084 m3 d-1 (Table 2). This value, which corresponds to 0.681 ± 0.098 
m3 of CH4 kg-1 VS, is higher than that reported for fruit residues as substrate (Andlar et 
al., 2021), demonstrating that co-digestion of organic residues with glycerol increases 
the production and quality of biogas obtained during biodigestion.

Table 2. Biogas production at different bioprocessing stages.

Time 
(weeks)

Volume
(m3 d-1)

Pressure
(Pa)

Feeding
(L d-1)

Feeding
(kg of waste d-1)

HRT 
(days)

4 0.048 ± 0.023 469.22 ± 2.51 7.5 ± 0.3 - 28.9 ± 0.5
6 0.144 ± 0.035 617.40 ± 1.92 2.5 ± 0.4 1.6 ± 0.1 86.8 ± 0.2
8 0.360 ± 0.103 1173.06 ± 3.28 5.0 ± 0.5 3.0 ± 0.3 43.4 ± 0.3
11 0.576 ± 0.084 1111.32 ± 2.84 6.5 ± 0.2 4.5 ± 0.2 33.3 ± 0.4

HRT: Hydraulic retention time.

Alves et al. (2020) demonstrated that the process of co-digestion of sludge from a 
wastewater treatment plant and glycerol for biogas production increases methane 
production by 5.7 % compared to digestion of only sewage treatment plant sludge, 
achieving 368.8 L of CH4 kg-1 VS. Butkowska et al. (2022) were able to increase methane 
production 3.1 times by adding glycerol as a cosubstrate to the manure digestion 
process. The results obtained in this work confirm that biogas production using agro-
industrial wastes improves methane production more than four times when glycerol 
is added as a cosubstrate, obtaining up to 681 ± 0.098 L of CH4 kg-1 VS.
The co-digestion process stabilized in this research represents a good alternative for 
the disposal of organic waste generated at the CEDA, providing a solution to the 
social problem, with the option of regularizing scavengers and recyclers and, above 
all, mitigating the problem of environmental pollution caused by the disposal of waste 
in open-air deposits, producing large volumes of methane and carbon dioxide in the 
atmosphere.

CONCLUSIONS
An anaerobic digestion process was implemented at the pilot plant level, using 
organic waste generated at the central supply center of Mexico City as a substrate 
for biogas production. At the same time, value was given to the glycerol obtained as 
a by-product in the biodiesel plant of the same center, using it as a co-substrate to 
reduce the hydraulic retention time, increase the production volume, and improve 
the quality of the biogas. The organic matter removal efficiency obtained was 
77.6 ± 0.3 %, achieving a biogas production of 0.576 ± 0.084 m3 d-1, with a methane 
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composition of between 60 and 70 %, corresponding to 681 ± 0.098 L of CH4 kg-1 of 
volatile solids, with the prospect of its use in the generation of high-efficiency heating 
and electrical energy.
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