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Abstract: This study evaluates the performance of different agricultural by-products to identify the
potential effect of independent variables, using as the dependent variable the biogas production. A
Box–Behnken experimental design was carried out in a pilot-scale plant of four stirred stainless-steel
digesters under mesophilic semi-continuous digestion. The results obtained support the creation of a
technical framework to scale up the process and further evaluation of the potential environmental
impacts through life cycle assessment (LCA) methodology. A stable behaviour was achieved in 12 of
the 13 experiments proposed. The highest value of daily biogas production was 2200.15 mL day−1

with a stabilization time of 14 days, an organic loading rate of 4 g VS feed daily, low C/N ratio
and a 1:1 relation of nitrogen providers. The concentrations of CH4 remained stable after the
production stabilization and an average biogas composition of 60.6% CH4, 40.1% CO2 and 0.3% O2

was obtained for the conditions mentioned above. Therefore, the real scale plant was estimated to
manage 2.67 tonnes of residual biomass per day, generating 369.69 kWh day−1 of electricity. The
LCA analysis confirms that the co-digestion process evaluated is a feasible and environmentally
sustainable option for the diversification of the Colombian energy matrix and the development of the
agro-industrial sector.

Keywords: residual biomass; Box–Behnken design; biogas production potential; anaerobic co-
digestion; life cycle assessment

1. Introduction

Energy consumption is strongly related to economic growth, and this relationship
has given electricity markets an essential place in the economy of developing countries [1].
In Colombia, the national energy demand has sustained an increase in the last decades;
equally, it was estimated that between 2016 and 2030 the electric energy demand will
rise by over 52% [2]. Moreover, the participation of renewable energy sources in its
energetic matrix is represented by hydropower, which generates 67.1% of the total electric
energy generation [3]. Consequently, previous researchers have pointed to the potential
of biomass to supply heat, combined heat and energy, as well as bio-based products such
as biofuels and building block chemicals [4,5]. Therefore, one of the main priorities for
the diversification of the Colombian energy matrix is the inclusion of renewable energy
alternatives, such as the transformation of biomass for energy production.
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Biomass for energy production involves different technologies for the valorisation of
organic waste through biochemical conversions, and within these alternatives is anaero-
bic digestion (AD) for biogas production [6]. AD is a waste valorisation technology that
has been studied and used worldwide due to its advantages over other organic waste
treatments and bioenergy processes. Likewise, the anaerobic co-digestion (AcoD) allows
the inclusion of different organic residues in order to avoid inhibitions and boost the
production; it is clear that a mixture of substrates in the organic load optimizes the car-
bon/nitrogen (C/N) ratio by the dilution of nitrogen, improves the biodegradation and
dilutes the potential inhibitory or toxic compounds, among others benefits [7]. The studies
over the optimization of the AcoD conditions and the evaluation of the process efficiency
through operational conditions analysis and reactor design will determine the potential of
AcoD technology to large-scale implementation [8].

In the AcoD process, the characterization of the physicochemical properties of sub-
strates is necessary for the process definition and for the prediction of biogas production;
the correct mixture of carbon- and nitrogen-rich by-products improves the process stability
of the nutrient contents required for the microorganisms [9]. In semi-continuous processes,
the main operational variable is the organic loading rate (OLR), which is linked to an
increase in methane production; this variable allows for the control of total solids (TS)
converted to biogas, however, overloading by carbon-rich co-substrates could inhibit the
process, causing the acidification of the system [8]. Lab-scale and pilot-scale experiments
are useful as inputs for the simulation of AD under different conditions and for the correct
transfer to the technology that represents real benefits to the different sectors [10].

In this framework, the implementation of agricultural by-products in AcoD processes
for energy production is a potential that grows vigorously and rapidly [11], increases
employment, supports ecosystems and biodiversity and reduces waste and pollution [12].
In addition, it brings many environmental benefits: the reduction of CH4 emissions from
organic matter degradation and avoids the concentration of atmospheric CO2 from fossil
fuel consumption by diversifying the energy supply. Furthermore, related to substrate
management, the hermetic storage of manure prevents the emission of N2O, enhances the
soil nitrogen absorption using the digestate as fertilizer and reduces ammonia emissions.

The evaluation of the potential environmental impacts from new renewable tech-
nologies to generate a holistic view of the technology into consideration [13] is key for
decision makers. The Life Cycle Assessment (LCA) methodology is an essential method
for environmental management and decision making, allowing researchers to evaluate,
compare and improve the production pathway of a good or service. Several studies
have used LCA methodology to assess the environmental and potential improvements on
the inclusion of biogas systems in agriculture, which guarantee the understanding and
knowledge of environmental cost and benefits related to the specific scope and boundaries
defined [14,15].

LCA, along with a detailed technical and economic evaluation, will support the imple-
mentation of new technologies with lower environmental impacts, higher energy balance
and value-added product generation [16]. Certainly, few researchers have conducted stud-
ies to evaluate the performance of the ACoD for biogas production and other value-added
products, estimating the influence of different independent parameters and specific co-
substrates (highly available residual biomass) and combined with an LCA to quantify the
potential impacts of the implementation of the technology in a real scenario in countries
such as Colombia [17,18]. Although Mendieta et al., 2021 [19] assessed the implementation
of low-cost digesters as an alternative for the mitigation of the impacts associated with non-
centrifugal cane sugar sector in Colombia, there is no study assessing the environmental
benefits over the implementation of centralized biogas production systems.

There is a high availability of crop and livestock residues in Colombia as agribusiness
GDP participation expands; a 4% growth is expected for the 2021 balance. It is recorded
that one of the largest bottled fruit drink industries uses more than 28.900 tonnes of fruits
annually for its processes. The fruits are: blackberry, mango, lulo and guayaba; 25–40%
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of these fruits are turned into residue [20]. Likewise, the cocoa industry produced more
than 59.711 tonnes of cocoa in 2019, from which 70% is turned into residue after the
transformation process [21]. On the other hand, the livestock sector registered a swine
population of more than 5.9 million, located in 6 of the wealthier regions of the country;
lifting pigs produce around 2.35 kg of manure per day [22]. In turn, wastewater treatment
systems produce great amounts of sewage sludge from purification processes [23].

For this purpose, the aim of this paper is the evaluation of the anaerobic co-digestion
of four agro-industrial by-products, pig manure (PM), sewage sludge (SS), residues from
the bottled fruit drinks industry (RBFDI) and cocoa industry residue (CIR), to identify the
potential effect of different control variables for the maximization of the biogas production
in pilot-scale reactors operated in a semi-continuous regime. Therefore, the starting point
was the definition of the constant operational conditions (pH, temperature and agitation),
and the generation of a Box–Behnken design for the evaluation of the organic loading rate
(OLR fed day−1), C/N ratio adjustment and the nitrogen provider substrate as independent
variables. In addition, the results presented in this study are useful for the development of
Colombian agro-industries and the diversification of the energy matrix when evaluated
with an LCA methodology. Specifically, these results enable the scaling-up of this kind of
process and the implementation of distributed generation facilities.

2. Materials and Methods
2.1. Substrates Characteristics

The raw materials evaluated in this work are pig manure (PM), residues from the
bottled fruit drinks industry (RBFDI), sewage sludge (SS) and cocoa industry residue (CIR);
those residues correspond to rural/agricultural processes previously studied by Mosquera
et al., 2020 [24]. Pig manure was obtained from the Agricultural Research Centre Marengo
(C.A.M) of the Universidad Nacional de Colombia located in Mosquera–Cundinamarca.
The animals are fed with commercial feeding formulas. RBFDI were simulated based on
the references related to the residual streams of this sector: mango, banana, blackberry,
lulo and passion fruit. Sewage sludge (SS) was obtained from a water treatment plant in
Madrid–Cundinamarca (Colombia). Cocoa industry residue (CIR) was simulated from
references of this industry; there were used the cocoa husks and pods obtained from a
private farm in Santander, Colombia [25]. A mechanical pre-treatment was applied to
RBFDI and CIR, which were reduced to a particle size of approximately 0.5 mm. The
residues were preserved in a freezer at −4 ◦C to avoid microbiological degradation before
the assay.

Mesophilic inoculum (35 ± 1 ◦C) was used in all the experiments to guarantee proper
start-up conditions in each reactor. The inoculum was obtained from an anaerobic digester
(dairy industry water treatment plant) from Alpina Company in Sopó–Cundinamarca. This
inoculum is considered to have the adapted bacteria for the operating conditions arranged
for the experiments. Table 1 presents the physicochemical characteristics of the inoculum
and each substrate, including moisture content, Kjeldahl total nitrogen (KTN), total solids
(TS), volatile solids (VS), C/N and chemical oxygen demand (COD).

Table 1. Physicochemical characteristics of the inoculum and substrates a.

CIR SS PM RBFDI Inoculum

pH (1:5 Extract) 5.42 ± 0.13 7.55 ± 0.15 7.16 ± 0.22 4.2 ± 0.20
Moisture b % 89.62 ± 0.07 39.56 ± 0.03 74.65 ± 0.02 70.67 ± 0.03 91.45 ± 0.02

KTN c % 0.70 ± 0.02 0.91 ± 0.07 1.38 ± 0.08 1.16 ± 0.01
TS % 10.37 ± 0.02 60.43 ± 0.18 29.32 ± 0.04 26.12 ± 0.01 20.50 ± 0.01
VS % 7.94 ± 0.01 8.49 ± 0.04 22.92 ± 0.07 22.73 ± 0.07 16.72 ± 0.08

C/N 59.57 14.88 33.18 48.01
COD b g L−1 8.17 109.5 24.6 8.62

a Average ± standard deviation, over three samples. b Sample on wet basis. c Sample on dry basis.
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2.2. Experimental Design

A Box–Behnken design was built based on the individual physicochemical characteri-
zation of the residues. The independent variables evaluated were the C/N ratio, organic
loading rate fed daily (OLR g VS fed day−1) and the percentage of the source of nitrogen.
Each variable had three different levels: C/N ratio (25, 35 and 45), OLR g VS fed day−1

(2.5, 3.25 and 4). For the percentage of the source of nitrogen, the three levels were defined
as follows: samples containing only pig manure as a nitrogen source (100%), samples con-
taining only sewage sludge as a nitrogen source (0%) and those containing both substrates
(1:1 or 50%). The experimental design contained a total of 13 combinations (Table 2). In
this case, the C/N ratio is adjusted according to the characteristics of each waste [26], and
the g VS of the substrates and inoculum (S/X) ratio was determined as three (3) based on
previous research works [24,27,28]. In all cases, the experimental design attends for the
proper quantification of the independent variable (biogas production).

Table 2. Experimental design description and composition.

Combination C/N % a OLR (g VS Fed Day−1)

C-1 25 0 3.25
C-2 45 0 3.25
C-3 25 100 3.25
C-4 45 100 3.25
C-5 25 50 2.5
C-6 45 50 2.5
C-7 25 50 4
C-8 45 50 4
C-9 35 0 2.5

C-10 35 100 2.5
C-11 35 0 4
C-12 35 100 4
C-13 35 50 3.25

A Box–Behnken experimental design is presented, where the independent variables evaluated were the C/N
ratio, organic loading rate fed daily (OLR g VS fed day−1), and the percentage of the source of nitrogen, a where
0% responds to the addition of only sewage sludge as a nitrogen source, 100% only pig manure and 50% both
substrates in equal quantities.

2.3. Experimental Setup

The AcoD processes were carried out in a pilot-scale plant of four identical semi-
continuously stirred stainless-steel digesters that handle a workload of 4 L (total volume
5 L) (see Figure 1). Reactors are provided with three automatized systems to monitor
each process: temperature system, agitation system and pH measurement system. For the
temperature system, reactors are provided with a jacket where a heating fluid (thermal oil)
is contained and a PT-100, which is used to record the internal temperature; the recorded
temperature is sent to an embedded Arduino system that allows the control of temperature
set point. The agitation system is constituted by a servomotor, palettes with four blades
each and a driver for the control of the agitation speed. The pH measurement system gives
pH values in real-time by HI 6100405 pH meters and lecture panel. Moreover, the reactors
have a side orifice for the outlet of the digested effluent and, at the top, a biogas output
tubing that conduces to the RITTER flowmeter for each of the reactors [29].

Regarding the experimental design, to guarantee the stability of the process, the
following operative conditions were established: mesophilic temperature (35 ± 1 ◦C),
agitation speed of 30 RPM, a pH between 6.5 and 7.5 and a hydraulic retention time (HRT)
between 17 and 21 days; these values are supported in previous research [30]. During the
process, samples were taken to monitor physicochemical parameters every 5 days (COD,
tVFA, Alkalinity, g VS). At the same time, within the monitoring, gas sampling was carried
out to evaluate the composition of the biogas and record the flow of production of the
biogas generated.
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2.4. Analytical Methods

Total Solids and Volatile Solids of the initial substrates and the digestate were deter-
mined by drying the samples at 105 ± 5 ◦C in a drying oven and ignition at 550 ± 10 ◦C in
a muffle furnace, this according to 2540B APHASM and D3174 of the American Society for
Testing and Materials (ASTM) respectively. Measurements of pH were determined using a
pH meter Edge model HI2002, following the standard test method D 4972–01 of the ASTM.
Total volatile fatty acids (tVFA) and Alkalinity were measured by back-titration according
to [31]. The Chemical Oxygen Demand (COD) was measured using commercial vials with
a range of 0 to 150 mg L−1 (HI 93752). Kjeldahl total nitrogen (KTN) was determined
according to the D1426 of the ASTM. The quantification of the volume of biogas produced
was performed by RITTER flowmeters (MilligasCounter-RIGAMO software), which allows
the total gas measurement in real time. In addition, the gas composition measurements
(CO2, CH4 and O2%) were determined by the gas analyzer Biogas 5000 (Geotech-Landtec).

2.5. Statistical Analysis
Second-Order Polynomial Regression

The experimental Box–Behnken design enabled the construction of second-order
polynomials associating the independent variables and its interactions with the response
variable (dependent variable) [32]. The polynomial model used was of the following type
(Equation (1)):

Z = a0 + ∑n
i=1 bixni + ∑n

i=1:j=1 dijXniXnj (i < j) (1)

where Z and Xni denote dependent and normalized independent variables, respectively, a0
is a constant and bi, ci, dij are the regression coefficients obtained from experimental data.

Following this, the model diagnostic was carried out comparing the variation ex-
plained by the model and the variation of model residuals through the analysis of variance
(ANOVA). A good overview of polynomial regression and model diagnostic is described
by Mäkelä et al., 2017 [33], who presented a tutorial review over experimental design and
response surface methodology.

The standardized effects of the independent variables and their interactions were
represented through a Pareto chart, which is calculated by the ratio between the effect value
and the standard deviation obtained during the optimization [34]. The simulation was
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performed in the Statgraphics software, version Centurion 19, Statgraphics Technologies,
Inc., The Plains, VA, USA.

2.6. Life Cycle Assessment

The potential environmental impacts of the best treatment combination were esti-
mated applying the LCA methodology established by the International Organization for
Standardization ISO 14040 [35]:

1. Goal and scope definition;
2. Process design and construction of mass and energy balances for the inventory analysis;
3. Impact assessment using SimaPro software;
4. Interpretation of the assessment and improvements suggestions.

The current work aims to evaluate an alternative for the reduction of the environ-
mental impacts associated with the actual management of the residual biomass from
agribusiness activities that take place in Cundinamarca, Colombia. Therefore, the LCA
takes into consideration the best operative conditions determined for the implementation
of a valorisation pathway, which includes the energy from biogas production and treated
digestate as products. The functional unit (FU) of this study was established as the man-
agement of the tonnes of residual biomass fed per day to produce 1 kWh of energy. Thus,
the process design will be based on this FU. Furthermore, the inventory data was taken
from the mass and energy balances proposed by the pilot-scale experiments, while the
information of substrates availability, chemicals, and energy carries associated with the
process is taken from literature and databases.

Furthermore, it was assumed that the plant would have an average operation capabil-
ity of 80%, considering a continuous process with a hydraulic retention time of 17 days. The
process boundary encompasses the delivery of the substrates, mechanical pre-treatment,
AcoD process, biogas purification, biogas combustion in a power generation engine and
digestate production. The energy demand of the real-scale plant was supplied from the
Colombian electricity market and 35% of the biogas produced to heat the reactor. For the
present study, the electrical efficiency of the considered power engine was assumed to be
0.35 [36].

3. Results and Discussion
3.1. Box–Behnken Analysis
3.1.1. Biogas Yields

The results of the biogas production obtained for the AcoD tests in a semi-continuous
regime are presented in Figure 2. It is appreciable that the combination that achieved the
highest cumulative biogas production is combination 2, which contains sewage sludge as
the primary source of nitrogen, has a C/N ratio of 45 and an OLR of 3.25 g VS fed day−1.
The reactor was fed for 21 days. During this time, the pH remained between 6.6 and
6.85 with a tVFA/Alkalinity ratio of 0.37, which responds to a low accumulation of VFAs
(an average value of 244 mg L−1) at the end of the co-digestion process. Under these
conditions, the reactor was able to stabilize its production between days 15 and 16, with a
total biogas production of 744.31 mL g VS−1 and a biogas composition of 51.3 ± 0.31% CH4,
44.8 ± 0.27% CO2 and 0.2 ± 0.06% O2.

In comparison, combination 1 performed one of the lowest biogas productions,
138.33 mL g−1 VS during 17 days of stabilization, where the values for the OLR and
the nitrogen provider were the same as combination 2 and the C/N value was 25. For all
the combinations evaluated in the experimental design, there was a stable performance of
the AcoD in terms of its biogas production.
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Figure 2. Cumulative biogas production of each combination evaluated.

3.1.2. Monitoring Results

The results associated with the monitoring of the anaerobic co-digestion process of
each combination are presented in Table 3. A stable behaviour was achieved in 10 of the
13 experiments proposed, with a tVFA/Alkalinity ratio of 0.22 to 0.57 [37]. The highest
value of daily biogas production was 2200.15 mL day−1 obtained in combination 7, with
a stabilization time of 14 days. Moreover, it had the highest daily productions with one
of the shortest stabilization times, followed by combinations 11 (2110.35 mL day−1) and
6 (17,007.29 mL day−1). Combination 11 presented one of the highest daily productions
by day 17 under similar operative conditions to combination 7, a high OLR fed daily, low
C/N ratios (25 and 35, respectively) but different percentages for the nitrogen providers.
In addition, combination 6 has contrary conditions, low OLR feeds daily, high C/N values
and a 1:1 relation between nitrogen providers, which might be associated to an equilibrium
produced by the high C/N and the low OLR values. In accordance with this, Shahbaz et al.,
2020 [38] pointed that at low OLR (near 2 g VS fed L−1 day−1), anaerobic bacteria action
led the consumption of the organic contents of the substrates.

Table 3. Follow-up parameters of the co-digested assays in a semi-continuous regime.

Combinations Stabilization Day
Daily Biogas
Production
(mL Day−1)

CH4 (%) Biogas Yield
(mL g−1 VS)

VS of Digestate
(g L−1)

COD of
Digestate (g L−1) Average pH tVFA/Alkalinity

Ratio

C-1 17 375.62 46.9–52.7 138.33 32.16 17.5 6.86 0.57
C-2 16 1400.58 50.7–51.3 744.31 22.5 16.15 6.67 0.37
C-3 17 1333.42 57.5–59.9 313.73 55.66 12.49 7.06 0.41
C-4 17 795.71 52.4–54.5 322.5 10.71 13.45 6.88 0.23
C-5 14 618.63 54.2–55.8 411.17 14.43 13.72 6.76 0.22
C-6 16 1707.29 57.9–59.5 736.7 23.63 11.5 6.27 0.64
C-7 14 2200.15 54.7–57.5 617.98 17.4 18.87 7.50 0.21
C-9 15 794.21 58.9–59.1 463.02 23.82 18 6.60 0.39
C-10 16 725.94 56.4–59 531 11.64 16 6.92 0.18
C-11 17 2110.35 54.3–55.4 446.49 14.92 10.8 6.33 0.33
C-12 11 1230.99 49.8–50.3 363.52 14.92 18 6.85 0.45
C-13 9 884.10 49.8–50.1 396.59 62.84 15.91 6.37 0.97

On the other hand, the results of the digestate analysis showed removals of VS between
57 to 84%; the removals are higher than the ones reported in the literature [39,40]. However,
the highest removal was achieved for the combinations with low OLRs (2.5 g VS fed
day−1), with a 65.1% average, and the lowest removals were for high OLR (3.25–4 feed g
VS day−1), 57.3% average, as expected. Moreover, there is a relevant importance in the
digestate characteristics for the further generation of chemical and value-added products
that may create higher economic benefits for the implementation of this technology under
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a biorefinery scope [13,41]. Typical digestate components from similar process are 4.6 kg
N, 1.8 kg P2O5 and 3.8 kg K2O (Dry mass 5.7%) per tonne [36]. In addition to the present
study focusing on the production of biogas, there are different possible products if the
process is encompassed in a biorefinery scheme.

Moreover, the results confirm that the stirring conditions have boosted the production
further from optimal estimations on batch reactors with the same residual biomass, where for
a combination evaluated under similar conditions (C/N ratio of 28–40, S/X of 3 and sewage
sludge as nitrogen provider), the biogas yield is around 320 to 380 mL g−1 VS [24]. Proper
stirring conditions are proved to promote the symbiotic relation between methanogens and
acetogens and also favours the distribution of the macro and micronutrients [42].

Figure 3 shows the behaviour of the process in terms of the tVFA/Alkalinity ratio,
which is a critical operational parameter for the recognition of inhibition processes [43].
During the initial stages of the AD process, the VFA concentration is expected to increase,
accumulating for further consumption; therefore, the acidification of the process must be
reversible. If the VFA remains high and the alkalinity in the reactor is not recovered, a slow
growing of methanogens is presented, limiting the direct or indirect VFA degradation. This
causes an imbalance for continued VFA accumulation, which lowers the alkalinity, reducing
the pH to <5.5 and restricting the AD process [44]. Indeed, combinations with high organic
loads and high C/N values presented inhibitions of the microorganism consortia during
the early stages of the process because of the accumulation of tVFA.
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Figure 3. The tVFA/Alkalinity ratio for each combination at the end of the experimentation.

The results were similar for the combinations whose presented inhibitions have
sewage sludge as the only nitrogen provider or in a 1:1 relation with pig manure. Sewage
sludge has an initial concentration of VFA (792 mg L−1), which might not be consumed
then, along with other conditions, reduces the buffer capacity of the system, and leads to
the acidification by the accumulation of VFA.

Otherwise, intermediate and high loading rates are suitable in low C/N ratios, achiev-
ing stable biogas yields, given the semi-continuous regime and the hydrodynamics that
contributes to the evolution, mass transfer, structure and metabolism of the microbial
community [45].

Along with the monitoring results, combinations 6, 8, 9 and 11 presented high pro-
ductions of VFAs (1526.4–2064 mg L−1) during the first day of the process, resulting in
recurrent pH variations (4.94 ± 0.13), generating partial inhibition of methanogenesis
during the start-up period or complete failure of the anaerobic co-digestion process [10].
These combinations were submitted to the addition of chemical agents for the stabilization
of the process, and the pH values registered were 5.1 to 6.7 during the first 6 days of the
process and 7 to 7.4 from day 10 to the end of the experiments. Similar behaviour was
seen in combination 13, even though no inhibitions were expected since the pH remained
between 6.22 and 6.65 ± 0.17, hence, a tVFA/Alkalinity ratio of 0.97 shows the process
imbalance due to VFA accumulation [46].
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As the tVFA/Alkalinity ratio (Figure 3) and pH-typical stable values for the anaerobic
co-digestion process are below 0.5 and between 6.8 to 7.2, respectively, values above 0.8
and pH under 6.6 demonstrate a significant inhibition of the methanogenesis [47–49].
For example, in combination 8 (C/N 45, 50%, 4 g VS fed day−1), after the addition of
sodium hydroxide to counteract the pH drop reached an inhibited steady-state operation
at a pH value of 5.4, the process was interrupted at day 7 due to a total inhibition of
methanogens by tVFA accumulation and the low buffer capacity of the system to counteract
the pH drop (2064 mg L−1 of tVFA). This was reflected during the monitoring, where the
biogas productions were between 47.54 and110.56 mL day−1 with a biogas composition of
20–26.3% CH4, 69.1% CO2 and 1.2–0.2% O2.

In comparison, Martínez et al., 2016 [50] reported inhibitions in the co-digestion of
sludge under mesophilic conditions, finding that an initial accumulation of VFAs produced
during the acid phase can inhibit the activity of acetoclastic methanogenesis. Similarly,
Chen et al., 2008 [51], described that the interactions between fatty acids, volatile fatty acids
and pH could lead to the process of developing in an inhibited stable state but with a low
yield in the production of biogas.

3.2. Statistical Analysis Results
3.2.1. Polynomial Model

The daily biogas production was evaluated to generate a polynomial model from
which the optimum conditions for biogas production were established (Equation (2)). The
second-order polynomial takes as its variables those presented in the Box–Behnken experi-
mental design; the interactions of the independent variables are presented as numerical
values in accordance with the dependent variable. The determination coefficient of the
resultant equation indicates that the model, as fitted, explains 94.5% of the variability in
terms of daily biogas production as follows:

Y = 1944.24 + 59.5969 ∗ α + 4877.61 ∗ β − 2754.4 ∗ γ + 2.25795 ∗ α2 − 78.1335 ∗ α ∗ β − 50.532∗
α ∗ γ − 534.25 ∗ β2 − 540.727 ∗ β ∗ γ + 826.373 ∗ γ2 (2)

where α represents the C/N ratio, β denotes the percentage of the source of nitrogen and γ

indicates the organic loading rate fed daily.
The optimal condition indicated a daily biogas production of 2267.81 mL day−1, with

a C/N of 25, an OLR of 4 and a proportion of 70% for the nitrogen provider percentage,
which indicates pig manure as the primary source of nitrogen. These conditions are similar
to those of combination 7.

On the other hand, a Pareto chart analysis determined the cumulative effect of each
independent variable. As can be seen in Figure 4, the OLR has a positive effect on biogas
production, followed by the C/N ratio. These suggested the relevance of the total organic
load, the mixture synergistic effect and the substrate’s physicochemical characteristics.
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Although, the nitrogen provider and the interactions between variables presented an
adverse effect indicating a possible inhibitory effect over the daily biogas production, by
generating a process imbalance. Specifically, the adverse effects of the C/N interactions
can be associated to high ammonia nitrogen concentrations, which can inhibit the activity
of the methanogenic stage [52]. Hence, according to the previous analysis (Section 3.1.2),
the identification of the conditions that may inhibit the production of biogas is necessary
for the implementation of this kind of system, in terms of the successful transfer of the
technology. The operative conditions which inhibit the anaerobic digestion should be
avoided, to reduce economic losses and improve the valorisation of the residual biomass in
a biogas generation system.

Regarding combination 7, one of its main characteristics is the inherent buffer capacity
given by the defined operational conditions, the pH values were increasing during the
fermentation time (7.6 of pH as final value), which favours the process stability and the mi-
crobial development community [53], enhancing biogas yields and generating conditions
during the ACoD process for biomass stabilization; with biogas yields of 617.98 mL g−1 VS
at day 14, 78% of VS removal and 17,800 mg L−1 of tVFA. The comparison of this infor-
mation and the model results allowed us to determine that C-7 is suitable for evaluation
under real scale conditions.

3.2.2. Combination 7 Biogas Composition

The biogas composition was evaluated in terms of the percentage of CH4, CO2 and
O2 produced daily. Figure 5 shows the biogas composition variation over the co-digestion
time. The maximum concentration of methane (62.5%) was reached by day 14, as well as
the stabilization in terms of biogas production for the combination selected for the reasons
mentioned above (C7). In addition, biogas production started since the first day of the
process, CH4 reached up to 50% on day 10 while CO2 decreased, which is related to the
inoculation. The concentrations of CH4 remained stable after the production stabilization,
with an average composition of 60.6% CH4, 40.1% CO2 and 0.3% O2. Previous studies for
pilot-scale systems have similar register compositions of biogas [41,54,55]. This composition
allows the use of the biofuel for the generation of electricity and heat.
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Figure 5. Biogas composition monitoring over the co-digestion process of C-7.

3.3. Life Cycle Assessment Results

As proposed, the LCA was based on detailed information from the availability of
agro-industrial residues, the definition of process stages established according to the results
obtained during the pilot-scale experiments and the corresponding assumptions.

3.3.1. Process Design and Construction of Mass and Energy Balances for the
Inventory Analysis

In accordance with the residual biomass availability for the department of Cundinamarca
(Colombia) and based on the data obtained from the previous pilot-scale experiments in
Sections 3.2 and 3.3 of the present work, a real scale scenario was developed. The mass and
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energy flow diagram is as shown in Figure 6, the biogas production through the ACoD of
the residual biomass is defined under the operative conditions evaluated in combination 7,
which for a real scale process results in 2.676 t of residues managed daily (45.488 t per year).
The ACoD process was followed by (a) biogas biofiltration system for hydrogen sulphide
(H2S) removal and dehydration to the combustion of the biogas in a suitable engine; (b) the
separation of digestate into solid and liquid fractions for further valuation as co-products.
The produced energy from the biogas transformation will be used for the internal needs of the
plant, and the balance (369.69 kWh day−1) is integrated into the energy matrix. The emissions
resulting from the combustion of the biogas are presented in Table 4.
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Table 4. Atmospheric emissions from the biogas combustion in the biogas engine.

Emissions to Air a g Day−1

Carbon Monoxide, Fossil 7.62
Hydrogen Sulfide 1.67 × 10−01

Methane, Fossil 7.08
NMVOC, Non-Methane Volatile Organic Compounds, Unspecified Origin 7.43 × 10−01

Methane, Biogenic 4.72 × 10+01

Nitrogen, Atmospheric 5.08 × 10+01

Carbon Dioxide, Biogenic 2.53 × 10+04

Carbon Disulfide 6.27 × 10−02

a The data were taken from Ecoinvent 3 database background data.

3.3.2. Impact Assessment Using SimaPro Software

The SimaPro software granted inventory data modelling. The impact was assessed
with the CML baseline method 2001, considering the following impact categories: the
abiotic depletion of fossil fuel (ADF), global warming potential (GWP), human toxicity
(HT), terrestrial ecotoxicity (TE), acidification potential (AP), photo-oxidation formation
(POF) and the eutrophication potential (EP) (see Table 5) [56,57]. For this particular system,
the impact is positive for the period evaluated (daily reactor feed), even when there was no
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quantification of the avoided impacts that are key points when looking at an integrated
waste management system; which determines the impact of the ACoD as a service that
includes the end-use of supernatant and digestate as biofertilizer [58]. This result is
consistent with previous LCA for waste to energy valorisation [59–61]. Regarding Cusenza
et al. (2021) [59], it was reported that the environmental credits emerge from avoiding the
production of mineral fertilizers, this would allow a reduction of the impact of more than
50%. Therefore, those avoided impacts can be defined as: raw material extraction, fertilizer
generation and application.

Table 5. Environmental impact categories evaluated a.

Impact Category Unit Total

Abiotic Depletion of Fossil Fuels (ADF) MJ 1.05
Global Warming Potential (GWP) kg CO2 eq 8.80 × 10−02

Ozone Layer Depletion (ODP) kg CFC-11 eq 4.58 × 10−09

Human Toxicity (HT) kg 1,4-DB eq 3.42 × 10−02

Terrestrial Ecotoxicity (TE) kg 1,4-DB eq 5.57 × 10−02

Photo-Oxidation Formation (POF) kg C2H4 eq 1.34 × 10−05

Acidification Potential (AP) kg SO2 eq 2.61 × 10−04

Eutrophication Potential (EP) kg PO4 eq 2.04 × 10−04

a The values correspond to the management of the tonnes of residual biomass fed per day to produce 1 kWh of energy.

In addition, the most relevant environmental aspects are related to energy consump-
tion for the bioreactor heating and electric energy consumption. Figure 7 shows the
behaviour of the impact categories. The largest contribution to global warming among the
LCA is associated with the electric energy consumption, emissions from biogas combustion
process contribute to 4%, while contributions from the thermal energy consumption and
transport represent less than 30%. Likewise, according to the biogas generation pathway
proposed, there is a high tap water consumption and derivate discharges that primary
contribute to the HT and TE categories. As the residual biomass used is consider a waste
stream from other industries, no impact was associated to its production [14].
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Figure 7. Contribution of the primary environmental aspects on the impact categories.

The environmental performance of the real scale plant results positive compared to the
current management of the residues [13]. ACoD, as a second-generation biofuel technology,
presents environmental benefits associated with the reduction of offensive odours, nutrient
management, reduction of GHG emissions and waste minimization, among others [14,62].
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The valorisation pathway proposed taking into account as its main products the biogas
(1.5% w/w) and a nutrient-rich digestate (98.5% w/w) and clearly showed digestate as a
larger and more profitable product, thus, the conversion of biogas to electric energy can
be considered a secondary process [62]. Digestate as organic fertiliser contributes to the
decrease in the use of synthetic fertilisers and the environmental impacts associated with
its production and usage [63,64]. Hence, different researchers have developed biorefinery
pathways to upcycle nutrient-rich digestate from ACoD processes into more profitable
biobased chemicals [13,14,41].

The implementation perspectives of a centralized ACoD system for the valorisation of
agro-industrial residual biomass is supported in law 1715 of 2014, which aims to promote
the development and use of renewable energy resources in the national energy system.
Therefore, it is important to remark that these results will allow for integrating the technical,
economical and environmental aspects to generate future studies and define through
a decision-making tool the real implementation strategy for the process, as has been
evaluated in previous research [18,19].

4. Conclusions

The present work demonstrated that the anaerobic co-digestion of pig manure (PM),
sewage sludge (SS), residues from the bottled fruit drinks industry (RBFDI) and cocoa in-
dustry residue (CIR) is favoured under low C/N ratios (values under 35) and high organic
loading rates (4 g VS); both nitrogen providers are suitable for the biogas production, al-
though high concentrations of sewage sludge may reduce the buffer capacity of the system.
As in combination 7, where the biogas yield was stable at day 14 with 617.98 mL g−1 VS, it
is expected that this production continues in scaled processes. In general terms, C/N ratios
above 35, together with high organic loads and only sewage sludge as a nitrogen source,
affects the normal development of the process, independently of the biogas production. As
shown, inhibitions can be managed through chemical agents during the initial days of the
process to avoid restrictions in the AD process.

As the scale-up of the process was made by increasing the volume of the reactors,
the best conditions prevail. Therefore, the assessment over the independent operational
parameters and co-substrates influence allowed to propose a ACoD pathway that have
significant environmental benefits. This was mainly resulting from the digestate generation,
which can be upcycling for an appropriate use in agricultural activities. Focusing on GWP as
the most relevant category for biogas production, the emissions calculated are 0.088 kg CO2
eq/kwh (0.024 kg CO2 eq/MJ), the upcycling of the digestate will result in partial or total
sequestering. For those reasons, improvements in the environmental aspects by the inclusion
of this technology, along with the potential economic benefits, permits us to assure that the
co-digestion process evaluated in this paper is a feasible option for the diversification of the
Colombian energy matrix and the development of the agro-industrial sector.
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