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Abstract: Anaerobic digestion (AD) is usually carried out at mesophilic temperatures (25–45 ◦C) in
most countries, whether in temperate or tropical climates, which results in the need for heat injection
and consequently increases costs. In this regard, batch AD tests were conducted at 25, 28, and 35 ◦C,
with 25 ◦C being the lowest ambient temperature in Panama, using thickened secondary sludge
(TSS) and digested secondary sludge (DSS) from the Juan Diaz wastewater treatment plant (WWTP)
to determine the Biochemical Methane Potential (BMP). The AD study generated maximum mean
BMP values of 163 mL CH4/g VS for DSS and 289.72 mL CH4/g VS for codigestion at 25 ◦C. The
BMP value of DSS at 25 ◦C showed that it can still be used for energy generation, using the lowest
ambient temperature recorded in Panama City. Likewise, trials at 25 ◦C showed a 43.48% reduction
in the electrical energy produced compared to that generated at 38 ◦C in WWTP. This results in
a reduction in energy, as the use of heat could be omitted and the energy costs required for the
process are covered. In this regard, the novelty of this work lies in its investigation of anaerobic
digestion at ambient temperatures, which represents a departure from conventional practices that
typically require higher temperatures. By exploring the feasibility of anaerobic digestion within the
temperature range of 25–35 ◦C, this study offers a novel approach to optimizing energy efficiency
and reducing costs associated with elevated temperatures.

Keywords: anaerobic digestion; biochemical methane; codigestion; kinetic model; bioenergy

1. Introduction

Wastewater treatment plants (WWTP) are responsible for purifying wastewater from
the population. They should not be seen as a burden on the government or society but
rather as an opportunity to recover resources in the form of energy, water, biosolids, and
nutrients [1]. In the case of bioenergy, particularly the use of biogas as a renewable source, it
plays a crucial role in decarbonization and improvements to climate change. The utilization
of organic waste through biogas production not only offers a sustainable energy source
but also reduces greenhouse gas emissions by capturing and utilizing methane generated
during anaerobic decomposition. Studies such as Sialve et al. [2] have highlighted the
relevance of bioenergy and biogas in the transition towards a cleaner energy system and
the mitigation of climate change. The reuse of organic sludge also reduces health care costs
as a result of proper waste treatment and reductions in energy consumption through the
use of biogas, which partially replaces fossil fuels [3].
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Worldwide, one of the most important costs in wastewater treatment is electricity,
as previous studies have shown that it accounts for 60% of operating costs. However, a
WWTP with a biogas recovery system consumes 40% less energy than a WWTP without
such a system [4]. The biogas obtained from the anaerobic digestion is often used to heat
the digesters and maintain their temperature, requiring large operating costs, mainly in
countries with four seasons [5,6]. In the Latin American region, treatment plants struggle
to be self-financing since energy costs correspond to 30–40% of operating costs, which has
direct implications for the sustainability of the service [1]. Given the need to optimize pro-
cesses and look for energy-saving alternatives, there are studies where anaerobic digestions
are tested at different temperatures and their biogas production potential is evaluated with
the objective of evaluating if an acceptable yield is possible at lower temperatures or if a
pre-treatment is necessary to compensate for the decrease in biogas production [7].

In the case of Colombia, the country has focused on digesters for rural areas where they
are operated at psychrophilic temperatures with biogas on-site [8]. Despite advances in
innovation and development, there are still deficiencies in policies that regulate the biogas
generation chain, and these improvements would help to develop an energy production
technology for the country [8]. The technology of tubular digesters has been expanded
in Costa Rica, Nicaragua, Ecuador, and Honduras. In Mexico, research in the field of
energy production through biogas began in 1990, and the study of energy recovery through
methane has been extensively studied [9]. An example of this is studied by Alcaraz
et al. [10], where a study at low temperatures (17 and 19 ◦C) records energy yields that
would supply the needs of up to 42 households in the Toluca area.

The study of anaerobic digestion in Panama is something new and has been carried
out for a few years [11–13]. This has been the product of a reorganization of sanitary sewage
with the construction of sanitary networks, collector lines, the Juan Diaz Wastewater Treat-
ment Plant (WWTP), and the implementation of the Panama Bay Sanitation Program. These
measures have been put in place with the aim of recovering sanitary and environmental
conditions, reducing pollution in the urban rivers of Panama City, and improving the
sanitation of the Bay of Panama [14]. However, it is a challenge for Panama to make
sanitation advancements since once organic sludge is generated in the Juan Díaz WWTP, it
is dehydrated and stabilized and subsequently disposed of in the landfill at a daily rate of
approximately 80 tons per day [15].

This situation of sludge disposal is in line with that mentioned by Kiselev et al. [16],
where the use of sewage sludge remains a global problem in need of an adequate solution.
In the case of Panama, prior to the disposal of the stabilized sludge, the Juan Díaz WWTP
achieves its partial use through the anaerobic digestion (AD) of the sludge, generating
biogas that allows an approximate electric cogeneration of 20% of the demand required by
the WWTP [11,17]. This AD is performed at a temperature of 38 ◦C, which is conventional
for sludge treatment. This process is a small-scale application of the circular economy
concept, where organic sludge is used as a raw material for biogas generation, which in
turn generates electricity.

In this sense, Panama has a regulatory framework that encourages electricity gener-
ation using new and clean technologies through the implementation of private electric
generation plants of up to 500 kW capacity [18]. There are also national policies, such as the
National Energy Plan 2020–2030 (PEN), in which the decarbonization of the country’s en-
ergy matrix and its diversification are included in the guidelines [19]. In addition, until 2030,
Panamá has the opportunity to implement the Sustainable Development Goals (SDGs),
where progress would be made in the SDG related to energy through the generation of
electricity in wastewater treatment plants using the biogas produced, as well as the SDG13
treating the water residuals [20]. These regulations are in addition to the Law on Integral
Management of Solid Waste, which promotes the safe use of hazardous waste, either in the
same industry or as a raw material or alternative fuel [21].

With all these regulatory frameworks and objectives in sanitation issues, a biblio-
graphic search was made about other possible uses for digested secondary sludge (DSS),
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so this waste can be reduced further and converted into a resource. Digested sludge is a
by-product of anaerobic digestion in wastewater treatment plants. These sludges, after
being digested, have high concentrations of nutrients such as C, N, P, and K [22,23]. In this
respect, they have the potential to be exploited in agriculture [23]. Also, Digested sewage
sludge can generate heat and electricity through incineration [22]. In this sense, it is known
that Anaerobic Digestion (AD) of organic sludge for energy is beneficial to reduce global
warming and even more efficient than treatments such as composting and incineration [24].

The reason there is still organic material available in the already digested anaerobic
sludge is the fact that the retention times managed in most WWTPs range from 20 days,
where shorter periods can reduce the efficiency of the digestion and result in low biogas
yields, resulting in digested sewage sludge that still has usable potential [4]. Cao and
Pawlowski [25] conclude that anaerobic digestion alone is not capable of fully recovering
energy from residual sludge; therefore, the digested sludge continues to be energetically
beneficial. The anaerobic biomass present in the digested sludge makes it suitable for use
as inoculum [25]. There are several studies where it has been used as an inoculum in the
co-digestion of substrates such as grease traps [26], wood chips [27], and organic waste [28].

The objective of this research is to evaluate and optimize biogas production through
anaerobic digestion at ambient temperature in a wastewater treatment plant, focusing on
the use of digested secondary sludge (DSS) as a valuable feedstock. The research aims to
enhance biogas production efficiency, explore innovative technologies, and contribute to
the advancement of sustainable wastewater management practices.

The novelty of this work lies in its investigation of anaerobic digestion at ambient
temperatures, which represents a departure from conventional practices that typically
require higher temperatures. By exploring the feasibility of anaerobic digestion within the
temperature range of 25–35 ◦C, this study offers a novel approach to optimizing energy
efficiency and reducing costs associated with elevated temperatures. Furthermore, the
research contributes to the promotion of cleaner energy sources by assessing the potential
of utilizing sewage sludge as a renewable energy resource. The focus on energy cost mini-
mization and the reduction of greenhouse gas emissions, specifically through the capture
and utilization of methane, presents novel insights for sustainable waste management
practices in Panama.

2. Materials and Methods
2.1. Sludge Sampling

The samples were taken at the Juan Diaz Treatment Plant, located in the township of
Juan Diaz in the district of Panama (9◦0′54.8′′ N 79◦26′43.3′′ E). The Juan Díaz WWTP treats
an average wastewater flow of 2.8 m3/s in module 1, where sampling was carried out.
Sampling was carried out monthly for a period of five months, from November to March.
There were two types of sludge used in this research: (i) thickened secondary sludge (TSS),
which was purged from the secondary sedimentator of the Juan Díaz WWTP and then
underwent a thickening process where polymers were added; and (ii) digested secondary
sludge (DSS), which underwent anaerobic digestion at a mesophilic temperature of 38 ◦C
inside the WWTP [17]. The samples were preserved at a temperature of 4 ◦C and then
transported to the laboratory following preservation criteria [29,30].

2.2. Analytical Methods

The sludge samples were tested for their physicochemical properties and their com-
pliance with the Technical Regulations for the Use and Disposal of Sludge [31]. The
methodologies followed to define the parameters were pH and conductivity (multiparame-
ter, Hach, Loveland, CO, USA), total solids and volatile solids (VS) with Standard Methods;
Chemical Oxygen Demand (COD)[32], alkalinity, and Volatile Fatty Acids were analyzed us-
ing DR6000 UV-VIS, Hach, USA. The elemental analysis of sludge was performed following
the methods detailed in AOAC (2005) [33,34].
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2.3. Anaerobic Digestivity Test

Digestibility tests were carried out in n = 3 for each temperature (25, 28, and 35 ◦C)
and for each type of sample. The reactors were glass vessels with a total volume of
500 mL. A total of 54 reactors were used in the study. Ambient conditions in the laboratory
were maintained at 21 ◦C. The digestibility test was performed at a constant controlled
temperature, although the WTW incubator model TS 608-G/2i used handled a range of
temperatures between ±0.1 ◦C.

According to Owen [35], in most cases, anaerobic digestion trial incubation is required
to last for 30 days for complete degradation. A sludge volume (TSS and DSS) of 300 mL
was used for the trials. The pH range during the assay was between 6.5 and 7.5 using
K2HPO4 (2 g/L) and KH 2PO4 (2 g/L) [36].

In this study of the anaerobic digestivity of organic sludge, the Oxitop® System was
used [37]. The System works with the manometric method and consists of recording
deltas of pressures generated internally in batch reactors by the metabolic activity of
microorganisms.

One aspect of the Oxitop® System is the ability to incorporate sodium hydroxide
(NaOH) beads internally into reactors to capture carbon dioxide generated in anaerobic
digestion, known as the CO2 trap, which allows head sensors to record the net pressures
produced by methane gas. According to Souto et al. [36], the use of sodium hydroxide
beads captures CO2 from the bottle, leaving only methane gas. The system also has a
magnetic base that shakes the contents of the batch reactors in both directions to maintain
their homogeneity. This methodology has been used successfully in similar research [36,37].

2.3.1. Codigestion

Anaerobic codigestion was carried out with DSS as inoculum and TSS as substrate,
retaining the same useful volume of 300 mL in a 500 mL reactor used in monodigestion
tests. An inoculum/substrate (I/S) ratio of 2:1 was used, as it is proven to have better
performance in anaerobic codigestion [38]. Inoculum/substrate ratios in codigestion were
based on a ratio of Volatile Solids [39]. It is recommended that the I/S ratio be greater than
2 to prevent acidification, especially in tests with rapidly biodegradable substrates [40].
In Figure 1, we present an anaerobic digestion scheme in WWTP and proposed anaerobic
co-digestions.
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2.3.2. Calculation of the Biochemical Potential of Methane

The biochemical potential of methane (BMP) is a test that gives a measure of the
biodegradability of a substrate and is determined by monitoring the production of methane
accumulated in a batch reactor operating under anaerobic conditions in a chemically
controlled environment [35]. This experimental BMP is obtained by means of a series
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of equations where the pressure values recorded by the Oxitop® System are introduced,
corresponding to the methane produced. This method has been used in research on the
anaerobic digestivity of organic sludge and other biodegradable matrices with satisfactory
results [12,41–43].

2.3.3. Kinetic Model of Methane Prediction

There are many models used in various investigations to simulate the production of
biogas resulting from biological degradation through anaerobic digestion [44]; however, the
most widely used model that best fits digestivity test data is the Modified Gompertz [45,46].
This is an experimental-type model of nonlinear regression that describes the growth of
bacteria in batch assays of anaerobic digestivity [47]. The modified Gompertz equation
(Equation (1)) was generated with the Microsoft Excel SOLVER add-in program to perform
the simulations.

BMPi = Pmax ∗ exp
[
−exp

(
Rmax ∗ Exp(1)

Pmax

)
(λ− t) + 1

]
(1)

where BMPi is the biochemical potential of accumulated methane (mL CH4/g VS); Pmax
corresponds to the maximum value of BMP recorded at the end of the test (mL CH4/g VS);
Rmax is the maximum methane production rate (mL CH4/g VS/day); λ is the lag phase
(day); and t is trial time in days.

2.3.4. Biodegradability Kinetics of Sludge

To estimate the degradability rate, a first-order model (Equation (2)) was used, where
kH is the degradability rate (days−1) and BMPmax is the methane potential of the substrate
(mL CH4/g VS).

BMPi = BMPmax

(
1− exp(−kH t)

)
(2)

With this model, the biodegradation of macromolecules was estimated, since it es-
tablishes hydrolysis as a limiting step, which has been proposed by several authors for
digestibility studies [44,47].

2.4. Energy Estimation

The Combined Heat and Power system (CHP) is a combination of technologies to
produce electricity and thermal energy from various fuels. These systems allow the use
of renewable fuels such as biogas or biomass for cogeneration [48]. The Juan Diaz WWTP
uses the biogas flow as fuel in a CHP energy system for electricity and thermal production.
For energy estimation, an adapted methodology has been used from Szaja et al. [49,50]. For
the calculation of the daily methane production (Equation (3)), QCH4 (m3 CH4 d−1) is given
by Ym (m3 CH4 kg−1 VSadd) is the methane yield, and LVS (kg VS d−1) is the volatile solids
(VS) load in the feedstock.

QCH4 = Ym × LVS (3)

The theoretical amount of thermal energy obtained from the combustion of methane is
given by Qt (MJ d−1) and Qi—the heating value of methane (35.8 MJ m−3); using Equation
(4),

Qt = QCH4 × Qi (4)

There are some variables, used for the estimation, which are described here below:
Vos —feedstock flow rate, m3 d−1; CSS —the specific heat of sewage sludge, kJ m−3 K−1

(4200 kJ m−3 K−1). The difference between the temperature of anaerobic digestion (T), the
ambient temperature (Tair), and the temperature of feedstock (Tfeed) is K; U —the heat loss
coefficient by permeation through the walls of the digester, (4.0 kJ m2 h−1 K−1); D —the
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diameter of the cylindrical part of the digester, m. The surface of the digester walls, F (m2),
was calculated with Equation (5).

F = 3.17 × D2 (5)

It is necessary to calculate the required thermal energy to heat the digester and to cover
the heat loss, where Equation (6) is the thermal energy required for heating the feedstock
Q1, kJ d−1, and Equation (7) is the thermal energy required to cover the heat loss through
the walls of the digester Q2, kJ d−1.

Q1 = Vos × (T − Tfeed) × CSS (6)

Q2 = 24 × (T − Tair) × U × F (7)

To know the thermal energy demand required for the digester (kJ d−1), we used
Equation 8 with a margin factor of 1.1.

Qc = 1.1 × (Q1 + Q2) (8)

The daily energy production Ed, kWh d−1, is given by using Equation (9); also, Equa-
tion (10), the ηt/e —the thermal/electric efficiency of the CHP engine (ηt = 0.43, ηe = 0.38).

Ed = QCH4 × Qie (9)

Nt/e = (QCH4/24) × Qie × ηt/e (10)

3. Results and Discussion
3.1. Physicochemical Characterization

The average of the results obtained during the five months of sampling the residual
sludge of the Juan Díaz WWTP are shown in Table 1.

Table 1. Characterization of the inoculum and substrate.

Parameters TSS DSS I/S = 2/1

pH 7.00 ± 0.20 7.87 ± 0.31 7.41
COD (mg/L) 2406 ± 808.84 2669.50 ± 330.07 1903 ± 110.15

Conductivity (µs/cm) 519.4 ± 240.17 1498.2 ± 239.40 -
Volatile Solids (%) 80.66 ± 0.14 76.72 ± 0.18 78.73 ± 0.42
Total Solids (% vs.) 0.66 ± 0.02 0.41 ± 0.02 0.45 ± 0.006
Alkalinity (mg/L) 716 ± 76.37 4116.66 ± 270.06 2663 ± 219.39

Volatile Fatty Acids
(mg/L) 1160 1850 1447

C (%) 2.00 1.70 38.28
N (%) 0.38 0.47 6.25
H (%) - - 5.20
O (%) - - 16.30
C/N 5.26 3.61 6.12

Notes: COD—Chemical Oxygen Demand; C—Carbon; H—Hydrogen; N—Nitrogen; O—Oxygen; C/N—
Carbon/Nitrogen Ratio.

TSS and DSS presented pH values between 7.00 and 8.18, which allow methanogenic
bacteria to survive and organic matter degradation to occur [51]. The total solids obtained
for TSS and DSS, 0.66 and 0.41, respectively, are in the range obtained by Mitraka et al. [52],
where for activated sludge, they were between 0.4 and 1.2. The inoculum, substrate, and
mixture presented values of volatile fatty acids less than 2000 mg/L CH3COOH; this
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indicates a non-toxic environment for methanogenic bacteria [53]. The C/N ratio was low
compared to the optimal range, which should be 20–30 for anaerobic digestion [54].

3.2. Digestivity Assays and Biochemical Methane Potential

The experimental results show a variation in the generation of biogas, or BMP, in the
anaerobic digestion of the sampled sludge. This test was developed in an endogenous
environment, and the results correspond to tests performed on samples collected monthly
for five months. Batch tests were carried out at 25, 28, and 35 ◦C to establish a possible
operational advantage by eliminating the use of heat to keep reactors at 38 ◦C, as is currently
the case [52]. Panama has a natural advantage due to its tropical climatic conditions, with
maximum average temperatures of 32.4 ◦C to 35.1 ◦C [55]. In the case of the present work,
the temperature of 25 ◦C was taken as a minimum reference temperature in the mesophilic
range, since throughout the day the temperature increases until it is around the maximum
average described above.

The results of the monodigestion at 25 ◦C, TSS, and DSS trials yielded maximum
values of 130.39 mL CH4/g VS and 163.09 mL CH4/g VS at a retention time of 30 days,
respectively. The methane yield obtained by DSS shows what Lanko et al. [56] indicate: the
digested sludge is the best to be used as fuel because it has organic matter that was not
transformed into biogas in the previous anaerobic digestion. Due to the values obtained
in digestion, it was decided to make a codigestion between thickened secondary sludge
and digested secondary sludge at a temperature of 25 ◦C. Figure 2 shows the biochemical
methane potential of monodigestion and codigestion at different temperatures.
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An improvement in BMP performance was observed in the codigestion test at 25 ◦C,
recording the maximum stabilization value at 289.72 mL CH4/g VS (Figure 2). The stabi-
lization occurred at day 6, where a more accelerated methane production could be verified
compared to the DSS monodigestion at 25 ◦C, where even at day 16, a noticeable stabiliza-
tion still did not occur. Also, DSS were tested at higher temperatures, such as 28 ◦C and
35 ◦C, obtaining BMP values of 246.91 mL CH4/g VS and 482.50 mL CH4/g VS, respec-
tively. With the exception of DSS at 25 ◦C, the monodigestions and codigestions began
to stabilize after 10 days; this indicates the advantage of an acclimatized sludge, where
anaerobic digestion processes are favored [57]. The results obtained for digested sludge
(DSS) motivated the use of this sludge for monodigestion at two higher temperatures, 28 ◦C
and 35 ◦C, lower than the 38 ◦C used by the Juan Díaz WWTP and still in the range of
ambient temperatures in Panama City [55].

When comparing the results obtained from the mono and codigestion trials of TSS
and DSS with data reported from recent research on anaerobic digestions under mesophilic
conditions (20–45 ◦C), it is observed that they are within the expected ranges (Table 2). In
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addition, BMP assays are commonly expressed in different units, which makes comparison
between studies difficult when making a bibliographic review, as shown in Table 2.

Table 2. Comparison of the Biochemical Methane Potential obtained in this study with respect to the
data reported in the literature.

Type of Sludge BMP (mL CH4/g VS) Temperature (◦C) Reference

LP + LS
65 20

[51]129 40

LP + LS
243 32

[58]271 34.5
274 37.5

LS 143 37.5 [59]

LP 220 37 [60]

LP 188 37
[61]

LP + LS 146 37

LS 229–233 35 [62]

LS 190 35 [28,63]

TSS 130.39 25 This Study

DSS 163.09 25 This Study

TSS + DSS 289.72 25 This Study

DSS 246.91 28 This Study

DSS 482.50 35 This Study
Notes: LS—Secondary Sludge; LP—Primary Sludge; TSS—Thickened Secondary Sludge; DSS—Digested Sec-
ondary Sludge.

There are factors that could affect the BMP values obtained between this trial and
those reported in the literature [64]; for example, in our study, the agitation was constant,
and in a similar study conducted by Julio [28], the agitation was manual. This condition
can affect mass transfer between substrates and microorganisms [65]. In addition, in the
Julio study, the VS was 67.17%, while in this study, the VS was 41.17%, which indicates that
with more organic content and bacterial biomass, its production would be higher [38].

It is important to note that, although heating the bioreactors could increase biogas
production, the continuity of digestion in smaller reactors also has its advantages. The
hydraulic retention time (HRT) of anaerobic digestion, which is generally around 16 days,
may be suitable for the use of DSS in codigestion. This means that the strength of the data
generated by continuing digestion in smaller reactors can be exploited, rather than relying
solely on a large and expensive bioreactor [66].

3.3. Digestivity Kinetics

To evaluate the kinetics of digestivity batch assays, the Modified Gompertz model
yields interesting parameters to understand how the microbiological population behaves.
There is the phase of lethargy or acclimatization (λ) and the maximum methane production
rate (Rmax). In all the digestibility tests carried out, high precision was obtained in the ad-
justment of the modified Gompertz model with respect to the experimental data (Figure 2).
All values of R2 were above 0.995 (Table 3).
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Table 3. Results of the Modified Gompertz Model of tests run at 25, 28, and 35 ◦C.

Type Temperature (◦C) Rmax (mL CH4/g VS/day) λ R2

TSS 25 4.70 1.53 0.9985
DSS 25 4.52 0.46 0.9827

DSS + TSS 25 27.70 0.13 0.9956
DSS 28 70.85 0 0.9951
DSS 35 74.74 0 0.9986

With respect to the kinetic parameters of the tests with TSS tested (Table 3), a phase of
lethargy or acclimatization of 0.46 days can be noted according to Table 3 for a test period
of 16 days.

In the case of monthly TSS digestivity assays, the Gompertz equation modified the
maximum methane production rate (Rmax), which on average is 4.52 mL CH4/g VS/day,
and the duration of the lethality or acclimatization phase (λ) was 0.46 days (Table 3). As
previously indicated, DSS was obtained from anaerobic digestion at a digestion temperature
of 38 ◦C (WWTP) and was then used in the digestivity test at a temperature of 25, 28, and
35 ◦C. The value of the lethargy or acclimatization phase (λ) was zero days. This result
allows us to infer that the previous digestion in the WWTP helped the acclimatization of
anaerobic bacteria. In addition, degradable organic material is available, and for this reason,
the lethargy phase is zero, as previously reported [42]. Meanwhile, the model showed that
the values of the parameter Rmax were in the range of 4.0 to 7.0 for TSS and DSS (Table 3).
The codigestion at a temperature of 25 ◦C obtained values of Rmax of 27.73 mL CH4/g VS
and λ of zero days. The Rmax results for DSS at 28 ◦C and 35 ◦C were 70.85 and 74.74 mL
CH4/g VS, respectively. In this sense, it is known that the higher the temperature, the
higher the rate of methane production.

The Gompertz-modified settings for the experimental results of DSS + TSS codigestion
reflect a higher performance than TSS and DSS monodigestions, in addition to having a
short acclimatization phase time. This means that codigestion at a mesophilic temperature
of 25 ◦C allows for greater biogas production with a shorter acclimatization time and
a shorter system stabilization period. These conditions would be favorable in terms of
reducing the energy costs associated with the heating of anaerobic digestion reactors, mainly
in tropical climate regions where temperatures fluctuate in mesophilic ranges. According
to the results shown by Chae et al. [67], it is essential to maintain the digesters at an optimal
temperature because the interaction of the bacteria is very sensitive to temperature changes.
However, their results showed that a correct adaptation of the mesophilic bacteria can be
achieved as long as it is conducted in a very gradual way.

Anderson et al. [58] indicate that while it is true that there is a reduction in biogas
production with decreasing temperatures, this could be offset in terms of cost savings
due to the issue of warming. Also, it was found that the proportion of methane in the
biogas generated was maintained. In addition, although it is known that by increasing the
temperature to a thermophilic range (50 ◦C), a greater volume of methane can be obtained,
this happens at a longer hydraulic retention time and acclimatization phase with a decrease
in microbial stability, and one must also consider the energy expenditure represented by
maintaining reactors at this temperature [51,68].

3.4. Biodegradability Kinetics of Sludge

For the degradability rate (kH), the first-order equation was used. Values of 0.04 d−1

and 0.02 d−1 were obtained for trials with TSS and DSS, respectively. These hydrolysis
results are consistent with those seen in the literature [69,70]. For the Codigestion of TSS
+ DSS at 25 ◦C, a degradability rate of 0.16 d−1 was obtained, which is very positive and
indicates that the substrate inoculum mixture had a rapid degradation [71]. For DSS
monodigestion at 28 ◦C and 35 ◦C, kH values of 0.47 and 0.25 were obtained.
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3.5. Energy Estimation for CHP System

It was considered prudent to estimate energy production for the DSS at 25 ◦C compared
to that produced by Juan Diaz WWTP at 38 ◦C since the DSS performs better in the
monodigestion stage. Figure 3 shows the methane productions at 25 and 38 ◦C and the
demands required by the WWTP.
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The results of the study demonstrate that the production of the Juan Diaz wastew-
ater treatment plant (WWTP) at 38 ◦C is 43.48% higher compared to the batch tests con-
ducted at 25 ◦C (Figure 3). The differences in electrical and thermal generation were
found to be 15.58% and 15.75%, respectively. At an average temperature of 38 ◦C, the
estimated electrical output from the WWTP was 21,912 kW/month, with a thermal energy
output of 18,498 kW/month. However, at a temperature of 25 ◦C, the lowest temper-
ature in the mesophilic range, the batch tests yielded an estimated electrical output of
9528 kW/month and a thermal output of 8028 kW/month. The study also revealed that
the total energy required by the digesters for heating and sludge recirculation averaged
11,376 kW/month, with approximately 4896 kW/month needed for the hot water pump.
Interestingly, even in the month with the lowest thermal energy production (December)
at 25 ◦C (5580 kW/month), it was found that the minimum thermal energy required to
maintain the digesters at an average temperature of 38 ◦C would still be met. In compari-
son, there is an average electrical power output per WWTP of 21,912 kW/month, while
the output of the 25 ◦C test was 9528 kW/month. In this case, the energy required per
month for recirculation of sludge is 6480 kW/month, so we can note that the needs of
digesters would also be met in terms of the energy necessary for their operation. In this
sense, we can infer that a production at 25 ◦C can supply the energy needs required by the
plant for heating the digesters. The electrical production given by the plant at 38 ◦C in the
month of lower production was 39.04% more than the demand for heating. According to
Moestedt [72], there is evidence that with changes in temperature, in his case from 42 ◦C to
34 ◦C, more biomass is managed and there is less methane production. Also, one of the
factors that affect the economy of the WWTP is, in part, the energy used in the heating of
digesters and the electricity necessary for aeration.

Codigestion is an option that could be tested at different temperatures, based on
results from 25 ◦C. Its methane production was stable for 16 days compared to the retention
times processed by the WWTP, which oscillate within 22 days at 38 ◦C. This case indicates
that the mixture of biomasses and the addition of SV to the DSS inoculum, through the
addition of a TSS substrate, boosted methane production, allowing a more accelerated
production that represents double that produced by a single substrate. Andersson et al. [58]
noted that lower reactor temperatures result in lower energy costs. Their study showed
that a 2.5 ◦C decrease in operating temperature represented 13% energy savings; this result
was obtained in laboratory-scale tests measuring the effect of temperature on biochemical
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methane production. Also, another study, where a comparison was made between different
mesophilic temperatures (35 ◦C and 39 ◦C), also shows that temperature modification is a
feasible option to find optimal biogas production since the additional energy needed for
the temperature increase in the reactors is balanced by the amount of extra gas produced at
a higher temperature [58].

In the literature, it has been suggested that an economical method for maintaining
the temperature in anaerobic digestion processes is by utilizing the excess thermal energy
from biogas through a combined heat and power (CHP) method. Deng [7] highlights this
approach to optimizing biogas production. However, it is important to note that the excess
thermal efficiency achievable through this method is limited, typically ranging from 40% to
45%. Kougias and Angelidaki [73] also support this limitation in their research.

Therefore, in the experimental study conducted, it became crucial to optimize biogas
production considering these parameters. The utilization of excess thermal energy from
biogas through a combined CHP approach can contribute to increasing the overall energy
efficiency of the anaerobic digestion process. By capturing and utilizing the thermal
energy generated during the biogas production, the system can minimize energy losses
and maximize the utilization of available resources.

It is essential to consider the economic feasibility and practical implementation of the
combined CHP method in the context of the specific anaerobic digestion system. Factors
such as the efficiency of energy conversion, infrastructure requirements, and operational
costs need to be thoroughly assessed to determine the viability and potential benefits of
implementing this approach.

4. Conclusions

Co-digestion of DSS offers an interesting opportunity to improve biogas production
and maximize the utilization of available resources. While DSS itself is a valuable substrate,
its use can be further enhanced by considering the addition of thickened sludge as an
additional substrate. This strategy could increase the organic and nutrient loads in the
anaerobic digestion process, resulting in increased biogas production.

It was found that DSST does not require an acclimatization stage (λ = 0 to 0.46), given
the digestion carried out in the WWTP Juan Díaz. This is because the active microbial flora
was acclimatized, active, and mature enough to quickly initiate anaerobic digestion. This
is very favorable for subsequent use in anaerobic codigestion, that is, in the generation of
biogas. The retention time in the monodigestion of DSS did not reach a stabilization phase
even at 16 days, which compares with reports of monodigestion made in similar studies;
in contrast, we can observe that in the codigestion of TSS + DSS, the stabilization phase
occurred at 14 days, after an acclimatization phase of 0.13 days following the start of the
trial.

While it is true that the ambient temperature of 25 ◦C showed a low rate of methane
production Rmax, BPM data remained in ranges such as those found in studies at 35 ◦C
and 37 ◦C. It is important to evaluate the energy savings that can occur in countries with
hot climates and the savings involved in reducing the heating of reactors and performing
codigestions that accelerate the production process to a stabilization phase. The favorable
results of BMP at a more critical ambient temperature were demonstrated in Panama
(25 ◦C), which showed a 43.48% reduction in the electrical energy produced compared to
that generated at 38 ◦C in WWTP. Although a reduction in production was observed, the
output is still sufficient for the energy requirements of the digesters.

These results allow us to infer that there is great potential for reusing DSS in a circular
economy, either internally within the WWTP or by outsourcing it to another user. The use of
digested secondary sludge for biogas has considerable additional potential. Optimization
of anaerobic digestion, improvements in biogas capture and utilization technology, the im-
plementation of efficient management systems, and continuous research and development
can increase this additional potential and promote the sustainable use of secondary sludge
as a source of renewable energy and waste management.
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56. Lanko, I.; Hejnic, J.; Říhová-Ambrožová, J.; Ferrer, I.; Jenicek, P. Digested Sludge Quality in Mesophilic, Thermophilic and
Temperature-Phased Anaerobic Digestion Systems. Water 2021, 13, 2839. [CrossRef]

57. Dhull, P.; Lohchab, R.K.; Kumar, S.; Kumari, M.; Shaloo; Bhankhar, A.K. Anaerobic Digestion: Advance Techniques for Enhanced
Biomethane/Biogas Production as a Source of Renewable Energy. BioEnergy Res. 2023, 1–22. [CrossRef]

58. Andersson, J.; Helander-Claesson, J.; Olsson, J. Study on reduced process temperature for energy optimisation in mesophilic
digestion: A lab to full-scale study. Appl. Energy 2020, 271, 115108. [CrossRef]

59. Grosser, A. Determination of methane potential of mixtures composed of sewage sludge, organic fraction of municipal waste and
grease trap sludge using biochemical methane potential assays. A comparison of BMP tests and semi-continuous trial results.
Energy 2018, 143, 488–499. [CrossRef]

60. Martinez, E.J.; Sotres, A.; Arenas, C.B.; Blanco, D.; Martinez, O.; Gomez, X. Improving Anaerobic Digestion of Sewage Sludge by
Hydrogen Addition: Analysis of Microbial Populations and Process Performance. Energies 2019, 12, 1228. [CrossRef]

61. Sakaveli, F.; Petala, M.; Tsiridis, V.; Darakas, E. Enhanced Mesophilic Anaerobic Digestion of Primary Sewage Sludge. Water 2021,
13, 348. [CrossRef]

62. Martinez, E.J.; Rosas, J.G.; Moran, A.; Gomez, X. Effect of Ultrasound Pretreatment on Sludge Digestion and Dewatering
Characteristics: Application of Particle Size Analysis. Water 2015, 7, 6483–6495. [CrossRef]

63. Julio Guerrero, I.C. Evaluación del Potencial de Biometanización de la Codigestion de Lodos Provenientes del Tratamiento de
Aguas Residuales Municipales Mezclados con Residuos de Alimentos. Master’s Thesis, Universidad de Antioquía Medellín,
Medellín, Colombia, 2016.

64. Chow, W.L.; Chong, S.; Lim, J.W.; Chan, Y.J.; Chong, M.F.; Tiong, T.J.; Chin, J.K.; Pan, G.T. Anaerobic Co-Digestion of Wastewater
Sludge: A Review of Potential Co-Substrates and Operating Factors for Improved Methane Yield. Processes 2020, 8, 39. [CrossRef]

65. Koch, K.; Hefner, S.D.; Weinrich, S.; Astals, S.; Holliger, C. Power and Limitations of Biochemical Methane Potential (BMP) Tests.
Front. Energy Res. 2020, 8, 63. [CrossRef]

66. Ding, H.H.H.; Chang, S.; Liu, Y. Biological hydrolysis pretreatment on secondary sludge: Enhancement of anaerobic digestion
and mechanism study. Bioresour. Technol. 2017, 244, 989–995. [CrossRef]

67. Chae, K.J.; Jang, A.; Yim, S.K.; Kim, I.S. The effects of digestion temperature and temperature shock on the biogas yields from the
mesophilic anaerobic digestion of swine manure. Bioresour. Technol. 2008, 99, 1–6. [CrossRef]

68. Deepanraj, B.; Sivasubramanian, V.; Jayaraj, S. Kinetic study on the effect of temperature on biogas production using a lab scale
batch reactor. Ecotoxicol. Environ. Saf. 2015, 121, 100–104. [CrossRef]

69. Paramaguru, G.; Kannan, M.; Senthilkumar, N.; Lawrence, P. Effect of temperature on biogas production from food waste through
anaerobic digestion. Desalination Water Treat. 2017, 85, 68–72. [CrossRef]

70. Zhang, W.Q.; Wei, Q.Y.; Wu, S.B.; Qi, D.D.; Li, W.; Zuo, Z.; Dong, R.J. Batch anaerobic co-digestion of pig manure with dewatered
sewage sludge under mesophilic conditions. Appl. Energy 2014, 128, 175–183. [CrossRef]

71. Vavilin, V.A.; Fernandez, B.; Palatsi, J.; Flotats, X. Hydrolisis kinetics in anaerobic degradation of particulate organic material: An
overview. Waste Manag. 2007, 28, 939–951. [CrossRef] [PubMed]

72. Moestedt, J.; Rönnberg, J.; Nordell, E. The effect of different mesophilic temperatures during anaerobic digestion of sludge on the
overall performance of a WWTP in Sweden. Water Sci. Technol. 2017, 76, 3213–3219. [CrossRef] [PubMed]

73. Kougias, P.G.; Angelidaki, I. Biogas and its opportunities—A review. Front. Environ. Sci. Eng. 2018, 12, 14. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.epa.gov/chp/chp-technologies
https://doi.org/10.3390/en14196113
https://doi.org/10.1016/j.biortech.2019.121863
https://www.ncbi.nlm.nih.gov/pubmed/31376664
https://doi.org/10.3390/pr8070822
https://doi.org/10.3390/en15186536
https://doi.org/10.1177/0734242X19871999
https://www.ncbi.nlm.nih.gov/pubmed/31495289
https://doi.org/10.1016/j.rser.2017.10.036
https://doi.org/10.3390/w13202839
https://doi.org/10.1007/s12155-023-10621-7
https://doi.org/10.1016/j.apenergy.2020.115108
https://doi.org/10.1016/j.energy.2017.11.010
https://doi.org/10.3390/en12071228
https://doi.org/10.3390/w13030348
https://doi.org/10.3390/w7116483
https://doi.org/10.3390/pr8010039
https://doi.org/10.3389/fenrg.2020.00063
https://doi.org/10.1016/j.biortech.2017.08.064
https://doi.org/10.1016/j.biortech.2006.11.063
https://doi.org/10.1016/j.ecoenv.2015.04.051
https://doi.org/10.5004/dwt.2017.21189
https://doi.org/10.1016/j.apenergy.2014.04.071
https://doi.org/10.1016/j.wasman.2007.03.028
https://www.ncbi.nlm.nih.gov/pubmed/17544638
https://doi.org/10.2166/wst.2017.367
https://www.ncbi.nlm.nih.gov/pubmed/29236000
https://doi.org/10.1007/s11783-018-1037-8

	Introduction 
	Materials and Methods 
	Sludge Sampling 
	Analytical Methods 
	Anaerobic Digestivity Test 
	Codigestion 
	Calculation of the Biochemical Potential of Methane 
	Kinetic Model of Methane Prediction 
	Biodegradability Kinetics of Sludge 

	Energy Estimation 

	Results and Discussion 
	Physicochemical Characterization 
	Digestivity Assays and Biochemical Methane Potential 
	Digestivity Kinetics 
	Biodegradability Kinetics of Sludge 
	Energy Estimation for CHP System 

	Conclusions 
	References

