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Preface to ”Biogas for Rural Areas”

Bioenergy is renewable energy obtained from biomass—any organic material that has stored

sunlight in the form of chemical energy. Biogas is among the biofuels that can be obtained from

biomass resources, including biodegradable wastes like manure, sewage sludge, the organic fraction

of municipal solid wastes, slaughterhouse waste, crop residues, and more recently lignocellulosic

biomass and algae. Within the framework of the circular economy, biogas production from

biodegradable waste is particularly interesting, as it helps to save resources while reducing

environmental pollution. Besides, lignocellulosic biomass and algae do not compete for arable land

with food crops (in contrast with energy crops). Hence, they constitute a novel source of biomass for

bioenergy.

Biogas plants may involve both high-tech and low-tech digesters, ranging from industrial-scale

plants to small-scale farms and even households. They pose an alternative for decentralized

bioenergy production in rural areas. Indeed, the biogas produced can be used in heaters, engines,

combined heat and power units, and even cookstoves at the household level. Notwithstanding,

digesters are considered to be a sustainable technology that can improve the living conditions

of farmers by covering energy needs and boosting nutrient recycling. Thanks to their technical,

socio-economic, and environmental benefits, rural biogas plants have been spreading around the

world since the 1970s, with a large focus on farm-based systems and households. There are several

opportunities to introduce rural biogas plants in small and medium populations using wastewater,

agriculture wastes, and organic municipal solid wastes. However, several challenges still need to be

overcome in order to improve the technology, financial viability, and dissemination.

This Special Issue aims to gather research papers on recent developments for bioenergy supply

in rural areas; highlight new insights on bioenergy production and utilization processes; detail the

development of new efficient technologies for biogas production and utilization; present full-scale

case studies; and feature environmental, energy, or economic assessments of decentralized biogas

plants.

Ivet Ferrer, Stephanie Lansing, Jaime Martı́-Herrero

Editors
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Simultaneous Synergy in CH4 Yield and Kinetics: Criteria for
Selecting the Best Mixtures during Co-Digestion of Wastewater
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Abstract: Usually, slaughterhouse wastewater has been considered as a single substrate whose
anaerobic digestion can lead to inhibition problems and low biodegradability. However, the bovine
slaughter process generates different wastewater streams with particular physicochemical charac-
teristics: slaughter wastewater (SWW), offal wastewater (OWW) and paunch wastewater (PWW).
Therefore, this research aims to assess the anaerobic co-digestion (AcoD) of SWW, OWW, PWW and
bovine manure (BM) through biochemical methane potential tests in order to reduce inhibition risk
and increase biodegradability. A model-based methodology was developed to assess the synergistic
effects considering CH4 yield and kinetics simultaneously. The AcoD of PWW and BM with OWW
and SWW enhanced the extent of degradation (0.64–0.77) above both PWW (0.34) and BM (0.46)
mono-digestion. SWW Mono-digestion showed inhibition risk by NH3, which was reduced by
AcoD with PWW and OWW. The combination of low CH4 potential streams (PWW and BM) with
high potential streams (OWW and SWW) presented stronger synergistic effects than BM-PWW and
SWW-OWW mixtures. Likewise, the multicomponent mixtures performed overall better than binary
mixtures. Furthermore, the methodology developed allowed to select the best mixtures, which also
demonstrated energy and economic advantages compared to mono-digestions.

Keywords: anaerobic co-digestion; slaughterhouse wastewater; synergistic effects; kinetic model-
ing; biodegradability

1. Introduction

The global meat industry consumes 24% of the total water used for food and bev-
erage production. [1]. Beef production has one of the largest water footprints among all
foods (15,400 m3 t−1 of meat) [2]. Animal slaughter and meat processing are the main
contributors to the footprint, in terms of water use and wastewater generation. Slaughter-
house wastewater volumes have been reported to be between 0.57 m3 bovine−1 [3] and
4.22 m3 bovine−1 [4]. These wastewaters are characterized by a chemical oxygen demand
(COD) between 2000 mg L−1 [5] and 20,400 mg L−1 [6].

The slaughter bovine process varies depending on the available technologies; however,
in general, it consists of four stages and generates similar wastewater streams: (i) cattle-
yard wastewater (CWW), generated from the preliminary washing of livestock and yards,
containing urine and feces; (ii) slaughter wastewater (SWW), which contains blood, rich in
protein; (iii) paunch wastewater (PWW), generated in the removal of the digestive tract
content, with structural carbohydrates in the form of lignocellulosic material; (iv) offal
wastewater (OWW) from the cleaning of the white viscera, therefore containing particles of
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meat and fat. In middle- and high-income countries, slaughterhouse wastewater streams
are generally treated before discharge into local watercourses or sewer systems. Primary
treatments are the most common; however, they are costly and sometimes insufficient [7].

Anaerobic digestion is an efficient technology for waste treatment and valorization
since compounds are degraded into a biogas (55–70% volume of CH4) and a nutrient-
rich sludge [1]. In developing countries, tubular digesters are the most widely used in
rural homes, farms and rural sector companies (agricultural and livestock) due to their
simple construction and operation [8]. Furthermore, tubular digesters have demonstrated
to be adequate for the anaerobic digestion of slaughterhouse wastewater [9]. However,
given the biochemical composition of animal slaughter waste (rich in lipids, proteins
and lignocellulosic material), anaerobic digestion of these wastes can lead to several
problems. During anaerobic digestion, proteins break down to NH3 [10] while lipids
hydrolysis produces long-chain fatty acids (LCFA) [11], which can inhibit the process and
reduce the biogas production and waste treatment rates. The tolerance of the microbial
consortia to inhibitors is characterized by an inhibition coefficient (KI50), which indicates the
concentration where the uptake rate is half the maximum [12]. Likewise, the lignocellulosic
material from ruminal content presents a low hydrolysis rate coefficient (between 0.10 and
0.12 d−1) [12,13] causing slow anaerobic degradation rates. Slow degradation kinetics
require long hydraulic retention times (HRT) [14] and, for a given organic load rate, full-
scale results in a larger reactor volume [15]. This leads to a rise in investment, since more
than 50% of the fixed costs correspond to the digester [16]. The above problems may limit
the widespread tubular digester use for slaughterhouse wastewater treatment.

Anaerobic Co-digestion (AcoD) has been used as an approach to mitigate the afore-
mentioned drawbacks, given the potential synergies between co-substrates towards the
reduction of inhibition and increase of both the extent and rate of biodegradation. In this
regard, most AD studies consider slaughterhouse wastewater as a single substrate (a mix-
ture of CWW, SWW, OWW and PWW in the proportion of its generation). However, in a
study by Jensen et al. (2014) [4], it was evidenced how each stream has particular character-
istics and can be treated as an individual substrate. Moreover, bovine manure (BM) is an
excellent base substrate (carrier) [17]. Therefore, an adequate mixture of these substrates
can enhance the performance of the anaerobic digestion process, without requiring further
external substrates. Nonetheless, to the best of authors’ knowledge, the AcoD of different
slaughter wastewater streams has not been explored in previous studies.

Usually, AcoD studies have evaluated the synergy between co-substrates focused
on CH4 yield [18,19] while the kinetics (rate of degradation) in most cases is evaluated
with mathematical models, without determining whether there is synergy in the kinetic
factors [17,20]. Thus far, three methodologies have been published to assess synergy
in kinetic parameters. Pagés-Diaz et al. (2014) [21] implemented a mixture design to
evaluate an AcoD process, then adjusted the results to statistical models and estimated the
significance of the regression coefficients. This methodology is extensive and its precision
depends on the correct selection of the statistical model to evaluate the synergy. Ebner et al.
(2016) [22] proposed a co-digestion rate index (CRI) based on the ratio of the experimental
apparent hydrolysis rate coefficient over its expected value. The authors demonstrated,
through numerical estimation, how the weighted geometric mean of the hydrolysis rates of
the single substrates is the best estimate for the expected combined co-digestion rate. The
numerical procedure added the curves of pairs of substrates, fitted the first-order model to
the experimental co-digestion data and compared the resulting hydrolysis rate coefficient
with different statistical means of the individual substrates. Thus, the application of the
above methodology to other kinetic models (with more parameters compared to the first-
order model) could be too complex. Donoso-Bravo et al. (2019) [23] presented a simpler
method that consists of the linear combination (weighted arithmetic mean) of the kinetic
parameters, which could be applied to any model. However, this methodology does not
consider the complexity of kinetic interaction and the error introduced by an approximation
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with arithmetic mean. Thus, the above approaches can be tedious or lead to uncertainties
in the evaluation of the kinetic synergy.

Based on the above review of co-digestion studies and modeling, the main contribu-
tions of this study are: (i) the evaluation of the performance of AcoD of novel mixtures of
bovine slaughterhouse wastewater streams and manure, with a focus on reducing poten-
tial inhibition and biodegradability problems; (ii) the development of a methodology to
assess the synergy between co-substrates, which considers both CH4 yield and kinetics
in a practical and accurate way, (iii) the application of the methodology to select the best
mixtures between slaughterhouse wastewater streams and BM. The methodology proposed
in the current study differs from those reported in the literature since the synergy was
evaluated directly from the expected biochemical methane potential (BMP) curves without
approximations (statistical models, arithmetic mean or geometric mean), which reduces
the errors in parameters estimation. In addition, the energy and economic feasibility of the
AcoD of synergistic mixtures was evaluated from the results of the BMP assays and the
modeling.

2. Materials and Methods

The current study employed a four-part methodology: (1) experimental evaluation of
AcoD of slaughterhouse wastewater streams and BM, (2) implementation and evaluation
of kinetic models, (3) evaluation of synergistic effects and (4) energy and economic analysis
of the implementation of AcoD in slaughterhouses. For the first part, the substrates and
inoculum were collected. Then, a statistical mixture design was applied to prepare different
combinations of wastewater streams and BM, which were tested by BMP assays to obtain
the ultimate experimental specific CH4 yield (Bo). The theoretical specific CH4 yield (Both)
was calculated from the composition of the mixtures; thereafter, the extent of degradation
(fd) was calculated from the value of Bo and Both. In the second part, both the first-order and
the modified Gompertz models were calibrated against the BMP experimental data, and
the most suitable kinetic model was selected based on fit. In the third part, the synergistic
effects of AcoD on CH4 yield and kinetics were evaluated by a comparison between the
experimental and the model-based expected values. Finally, taking as a case study a
Colombian slaughterhouse, the energy and economic feasibility of AcoD of synergistic
mixtures was evaluated by the electrical and thermal potentials, the payback period (PBP),
Net Present Value (NPV) and Internal Rate of Return (IRR).

2.1. Evaluation of Anaerobic Co-Digestion (AcoD)
2.1.1. Substrates and Inoculum Origin

Fresh bovine manure (BM) and samples of slaughter wastewater (SWW), offal wastew-
ater (OWW) and paunch wastewater (PWW) were obtained from a Colombian slaugh-
terhouse (Floridablanca-Santander: Latitude 7◦3′14.82” N and longitude 73◦7′55.82” W).
The OWW stream comes from the cleaning of white viscera (intestines and stomachs).
The wastewater from the cleaning of red viscera (liver, heart, tongue, lungs, kidney and
spleen) makes up the SWW stream. The main operational characteristics of the case study
slaughterhouse are presented in Table 1.

The substrates were characterized by measuring pH, total solids content (TS), volatile
solids content (VS), chemical oxygen demand (COD), total alkalinity (TA), total volatile fatty
acids (TVFAs) and biochemical composition (carbohydrates, lipids and proteins) (Table 2).

The reactors were inoculated with mesophilic sludge from a small biogas plant located
in an organic farm (Floridablanca-Santander, Colombia: Latitude 7◦01′0.07” N and longi-
tude 73◦08′13.3” W). The main characteristics of the inoculum used were:
33.70 ± 0.11 kg TS m−3, 19.95 ± 0.14 kg VS m−3, 8.09 ± 0.03 pH, TA of
2.57 ± 0.10 kg CaCO3 m−3, TVFAs of 1.42± 0.12 kg CH3COOH m−3, specific methanogenic
activity (SMA) of 0.035 ± 0.005 kg COD kg−1 VS d−1 and a coefficient of inhibition by NH3
(KI50-NH3) of 18.53 ± 0.34 mg L−1. The same inoculum source has been utilized in previous
studies [24].
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Table 1. Operational characteristics of the case study slaughterhouse.

Parameter a Unit Value

Average slaughter capacity Bovines d−1 327
Flow of SWW m3 d−1 45.34
Flow of OWW m3 d−1 111.60
Flow of PWW m3 d−1 139.50
Flow of BM t d−1 7.70
Thermal energy consumption kWh d−1 8594.90
Electrical energy consumption kWh d−1 4743.28

a SWW: slaughter wastewater; OWW: offal wastewater; PWW: paunch wastewater; BM: bovine manure.

Table 2. Characteristics of slaughterhouse wastewater streams and BM. Results are reported as an
average of three measurements (±95% confidence interval).

Parameter a Unit SWW b OWW b PWW b BM b

pH – 6.72 ± 0.08 6.90 ± 0.08 7.80 ± 0.08 7.38 ± 0.06
TS kg m−3 8.28 ± 0.12 12.53 ± 0.22 18.23 ± 0.93 242.14 ± 1.04
VS kg m−3 7.63 ± 0.21 10.96 ± 0.23 15.99 ± 0.98 154.22 ± 1.50

COD kg m−3 9.39 ± 0.04 9.75 ± 0.08 8.35 ± 0.14 37.06 ± 1.66
TVFAs kg CH3COOH m−3 0.72 ± 0.00 0.88 ± 0.07 1.25 ± 0.07 2.40 ± 0.00

TA Kg CaCO3 m−3 0.80 ± 0.00 1.38 ± 0.18 1.75 ± 0.05 3.25 ± 0.35
Lipids %VS 26.5 38.6 4.1 3.3

Proteins %VS 69.3 36.1 11.6 12.1
Carb %VS 4.2 12.0 8.8 21.4
Cell %VS – 2.3 21.9 24.8
Hem %VS – 6.4 32.0 22.1
Lig %VS – 4.6 21.6 16.3

a Carb: non-structural carbohydrates; Cell: cellulose; Hem: hemicellulose; Lig: lignin. b SWW: slaughter
wastewater; OWW: offal wastewater; PWW: paunch wastewater; BM: bovine manure.

2.1.2. Experimental Mixture Design

In order to eliminate the randomness of blending, the assay was based on a simplex
lattice design {4,3} augmented with the overall centroid. Mixtures were based on the organic
load expressed in VS. The mixture design was created using STATGRAPHICS Centurion
XVI (StatPoint Technologies, Inc. Warrenton, VA, USA) and represented graphically as
a tetrahedron made up of a triangular base and three triangular faces called simplex
(Figure 1). Each simplex consisted of 10 points (mixture ratios) where vertices corresponded
to ratios with 100% single substrate. The upper vertex of the tetrahedron was the pure BM
ratio. Vertices on the base of tetrahedron comprised pure ratios of 100% SWW, 100% OWW,
and 100% PWW. Points on the axis corresponded to binary mixtures. Interiors points on
each simplex corresponded to ternary mixtures. Additionally, there is a central point in the
tetrahedron, for a total of 21 mixtures (Table 3).

2.1.3. Ultimate Experimental Specific CH4 Yield (Bo)

In order to determine the ultimate experimental specific yield Bo, BMPs assays were
run according to the protocol presented by Holliger et al. (2016) [25] for organic material in
100 mL digesters (60 mL working volume). Assays were prepared with an inoculum to
substrate ratio (ISR) of 2 (based on the amount of VS). For all the assays, the initial pH was
between 7.0 and 8.0 and the buffer capacity, expressed as the ratio of total volatile fatty acid
and total alkalinity (TVFAs/TA) [26], ranged from 0.2 to 0.4; these values are within the
recommended range by the BMP protocol, and therefore, no buffers were added to adjust
them. The digesters were flushed with pure N2 and sealed using butyl rubber and an
aluminum cap. Blanks, containing inoculum and deionized water to replace the substrate,
were used to estimate the endogenous CH4 production of the inoculum. All digesters were
incubated at 37 ± 2 ◦C and mixed by manual inversion once per day. The CH4 production
was quantified by the volumetric displacement of an alkaline solution. The accumulated
volume of CH4 displaced was adjusted to standard temperature and pressure conditions
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(STP: 273 K and 1 atm) and the specific CH4 yield was expressed on the basis of VS added
(m3 CH4 kg−1 VS) [27]. A separate positive control was conducted using cellulose resulting
in a CH4 yield of 0.364 ± 0.013 m3 kg−1 VS (88% of the theoretical specific CH4 yield of
cellulose). All tests, blanks and control were performed in triplicate. The BMP assays
were terminated once the daily CH4 production for all mixtures decreased below 1% of the
accumulated volume during three consecutive days, which resulted in a duration of the
assays of 30 days.

Figure 1. Simplex-lattice mixture design tested for anaerobic co-digestion (AcoD) of slaughter-
house wastewater streams (SWW: slaughter wastewater; OWW: offal wastewater; PWW: paunch
wastewater) and bovine manure (BM).

Table 3. Mixture design applied in the evaluation of AcoD.

Mixture SWW a (% VS) OWW a (%VS) PWW a (%VS) BM a (%VS) Mixture Type
S100 100 0 0 0

Single SubstratesO100 0 100 0 0
P100 0 0 100 0
B100 0 0 0 100

5
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Table 3. Cont.

Mixture SWW a (% VS) OWW a (%VS) PWW a (%VS) BM a (%VS) Mixture Type
S33:P67 33 0 67 0
S33:B67 33 0 0 67
O67:P33 0 67 33 0
O67:B33 0 67 0 33
O33:P67 0 33 67 0
O33:B67 0 33 0 67
P67:B33 0 0 67 33
P33:B67 0 0 33 67

S33:O33:P34 33 33 34 0

TernaryS33:P33:B34 33 0 33 34
S33:O33:B34 33 33 0 34
O33:P33:B34 0 33 33 34

S25:O25:P25:B25 25 25 25 25 Quaternary
a SWW: slaughter wastewater; OWW: offal wastewater; PWW: paunch wastewater; BM: bovine manure.

2.1.4. Theoretical Specific CH4 Yield (Both)

The theoretical specific yield Both allows the prediction of the maximum CH4 produc-
tion from a specific waste. This can be calculated from the knowledge of the composition of
substrates and mixtures in terms of their biochemical fractions (i.e., carbohydrates, proteins,
lipids) [28], as shown in Equation (1):

Both = 0.415 x_Carbohydrates + 0.496 x_Proteins + 1.014 x_Lipids (1)

The biochemical fractions (x) are given in VS and Both in STP m3 CH4 kg−1 VS; the
carbohydrate fraction includes both non-structural and structural carbohydrates.

2.1.5. The Extent of Degradation (fd)

The level of anaerobic biodegradability of a waste can be determined by comparing
the ultimate experimental specific CH4 yield Bo with the theoretical value Both, as shown in
Equation (2) [29]:

fd =
Bo

Both
(2)

where fd is a key parameter used to indicate the fraction of the waste that may be trans-
formed into CH4.

2.1.6. Analytical Procedures

TS, VS, COD, pH, total Kjeldahl nitrogen and lipids (Soxhlet) were determined con-
forming to standard methods [30]. TA and TVFAS were measured according to the method
of Lahav and Morgan (2004) [31]. TA was quantified by titration of the sample with a
0.1 N HCl solution to a pH endpoint of 3. Then, the sample was boiled lightly for 3 min
to completely remove the dissolved CO2. Thereafter, the amount of NaOH solution 0.1 N
required to elevate the pH from 3 to 6.5 was recorded to calculate TVFAs. Cellulose,
hemicellulose and lignin were determined from fiber fractions: neutral detergent fiber
(NDF), acid detergent fiber (ADF) and lignin. The hemicellulose and cellulose contents
were calculated as the differences between NDF and ADF and between ADF and ADL,
respectively [32]. Protein composition was calculated from the ratio of 6.25 g protein per g
of organic nitrogen. Organic nitrogen was determined by the subtraction between Kjeldahl
nitrogen and ammoniacal nitrogen [33]. Non-lignocellulosic carbohydrates (e.g., sugars,
starch and pectin) were obtained by difference. SMA and KI50-NH3 of the inoculum were
determined following the procedure by Astals et al. (2015) [34]. NH4

+ concentration was
measured by a test (Spectroquant ammonium test Merck) analogous to APHA 4500-NH3
F [30]. NH3 concentration [mg NH3-N L−1] was determined by Equation (3), where TAN
[mg N L−1] is the total ammonia nitrogen in the forms of NH3 and NH4

+, Ka is the acid-base
equilibrium constant and γ1 is the activity coefficient [35]:

NH3 − N =
Ka.TAN.γ1

Ka.γ1 + 10−pH (3)
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TAN = NH3 − N + NH+
4 − N (4)

At the BMP assays temperature (37 ◦C) Ka is 1.27 × 10−. The values of γ1 were
obtained from Equations (5) and (6) [35]:

log γ1 = −0.5.z2
i .

( √
I

1 +
√

I
− 0.20.I

)
(5)

I =
1
2 ∑ z2

i .Ci (6)

where zi is the valence of the ion i, I is the ionic strength [mol L−1] and Ci is the concentration
of the ion i [mol L−1]. For the calculations, the only ion considered was NH4

+.

2.2. Kinetic Modeling

The first-order model (Equation (7)) and the modified Gompertz model (Equation (8))
were compared based on their fitting to the BMP curves from AcoD of slaughterhouse
wastewater streams and BM. The first-order model has been used in previous studies
to describe the cumulative CH4 production of various organic wastes [20,36] when the
hydrolysis step is rate-limiting:

Bs = P (1− exp(−kh.t)) (7)

where Bs [m3 CH4 kg−1 VS] is the simulated specific CH4 yield at time t [d], P [m3 CH4
kg−1 VS] is the simulated ultimate specific CH4 yield and kh is the apparent hydrolysis rate
coefficient [d−1]. In cases where biogas production is proportional to the microbial activity,
the modified Gompertz model is more suitable than the first-order model [37]:

Bs = P exp
(
− exp

(
Rmax .e

P
(λ− t) + 1

))
(8)

where λ is the lag-phase [d], Rmax is the maximum specific CH4 production rate [m3 CH4
kg−1 VS d−1] and e is exp (1) = 2.7183.

The models were fitted to curves from BMP assays in Aquasim 2.1d (Swiss Federal
Institute of Aquatic Science and Technology—Eawag). Parameters were estimated by a
weighted least square method, minimizing the cost function shown in Equation (9) [38]:

χ2 =
n

∑
i=1

(
Bm,i − Bs,i(r)

σm,i

)2

(9)

where Bm,i is the ith measured value of the accumulated CH4 volume, assumed to be a
normally distributed random variable, Bs,i(r) is the model prediction, a function of the set
of parameters r to be estimated, at the time corresponding to ith data point and σm,i is the
standard error of the measurement Bm,i, calculated from the values of the replicates, which
weights each term of the sum. The standard errors of the measurements were calculated
according to Holliger et al. (2016) [25] (Equation (10)):

σm =
2
√
(σblank)

2 + (σsubstrate)
2 (10)

As a minimization technique, the Secant Algorithm implemented in Aquasim was
used. The tolerance for convergence in the objective function was 4 × 10−3. In order to
check the convergence of the algorithm to the same optimum parameter values, differ-
ent initial guesses of target parameters were used. The confidence interval of the esti-
mated parameters was expressed as standard error, as calculated by the Secant Algorithm
in Aquasim.
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The accuracy of model predictions with respect to the experimental results was
analyzed by the regression coefficient (R2), and the normalized root mean square er-
ror (NRMSE):

NRMSE =

√
∑n

i=1(Bs,i−Bm,i)
2

n

Bm
(11)

where Bs,i, Bm,i and Bm are the simulated, measured and the mean specific CH4 yields,
respectively, and n is the number of experimental data points.

2.3. Evaluation of Synergistic Effects

The synergistic effects were evaluated for both the yield and the kinetic of the CH4
production (Table 4). The φ factors were calculated following the approach of Castro-
Molano et al. (2018) [39].

Table 4. Equations applied to evaluate the synergistic factors φ in AcoD of slaughterhouse wastewater
streams and BM.

Synergistic Factor a Equation Evaluation

φy
( Bo−Boexpected

Boexpected

)
100

φy,kh,R,λ > 0: the mixture has a synergistic effect.
φy,kh,R,λ < 0: the mixture has an antagonistic effect.
φy,kh,R,λ = 0: the mixture does not affect the
performance of the substrates.

φkh
( kh−khexpected

khexpected

)
100

φR
( Rmax−Rmax expected

Rmax expected

)
100

φλ
(

λexpected−λ

λexpected

)
100

a φy: synergy for CH4 yield; φkh: synergy for the apparent hydrolysis rate coefficient; φR: synergy for the
maximum specific CH4 production rate; φλ: synergy for the lag-phase.

The expected values of the parameters used were determined from predictive BMP
curves (BP) of co-digestion, calculated from the BMP curves (Bm) of the single substrates
and assuming that the CH4 production in co-digestion would be the weighted production
of the single substrates. For all mixtures, BP was, therefore, calculated as the summation of
the products of the experimental Bm of single substrates j by their respective VS fraction in
the mixture (αj), as shown in Equation (12):

BP =
n

∑
j=1

Bm,j·αj (12)

The expected Bo was taken as the ultimate CH4 yield of the predictive curve, whereas the
expected kinetic parameters λ, Rmax and kh were obtained from the calibration of the modified
Gompertz and first-order models against the values of the predictive BMP curves BP.

2.4. Energy and Economic Considerations

In order to evaluate the feasibility of implementing the AcoD of slaughterhouse
wastewater streams and bovine manure, an energetic and economic study was performed
based on the results of the BMP assays and modeling. Moreover, the technical and economic
advantages of synergistic mixtures were compared to a monodigestion-only scenario.
The electrical (PEE) and thermal (PTE) energy potentials [kWh m−3] were calculated by
Equations (13) and (14) [40]:

PEE = VS.Bo.Pc.ηE (13)

PTE = VS.Bo.Pc.ηT (14)

where VS is the mixtures volatile solids content [kg m−3], Bo is the ultimate specific CH4
yield [STP m3 CH4 kg−1 VS] obtained from the previous analyses, Pc is the lower heating
value of CH4 (10 kWh m−3) and ηE and ηT are the electric and thermal efficiencies, which
were assumed to be 25% (electric generator) and 80% (boiler), respectively [41]. Based on
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PEE and PTE, an economic evaluation was performed considering the design assumptions,
CAPEX (capital expenditures), OPEX (operational expenditures) and Benefits, shown
in Table 5.

Table 5. Parameters and assumptions for the economic study.

Unit Value

Design Assumptions a

Flow of SWW to be treated m3 d−1 4.5
Flow of OWW to be treated m3 d−1 11.2
Flow of PWW to be treated m3 d−1 14.0
Flow of BM to be treated t d−1 0.8
Operational volume of digester
(liquid fraction) % 75 b

CAPEX
Anaerobic digester US$ m−3 96
Electricity generator US$ 5640 c

OPEX
Labour US$ year−1 4380
Electricity generator maintenance US$ MWh−1 14.82 d

Benefits
Electricity saving US$ kWh−1 0.114
Natural gas saving US$ m−3 0.323
Wastewater treatment saving US$ m−3 1.30

a SWW: slaughter wastewater; OWW: offal wastewater; PWW: paunch wastewater; BM: bovine manure. b

Data from Escalante et al. (2017) [40]. c Corresponding to a 20-kW biomass electric generator [42]. d Data from
González-González et al. (2014) [43].

The waste flow values correspond to 10% of the total generated streams in the slaugh-
terhouse considered as a case study (Table 1). The volume of the digester (VD) [m3] for
CAPEX was calculated from waste flows (Q) [m3 d−1] and the HRT [d], considering an
operational volume of 75% of the total digester volume (Equation (15)) [8]:

VD = Q.HRT.0.75−1 (15)

HRT was estimated as the difference between the duration time of the BMP assays
and the λ obtained from the modified Gompertz Model [14]. The cost of the digester was
calculated based on the volumes and prices available on the Colombian market for plastic
tubular digesters. Slaughterhouses need steam and hot water for cleaning, so usually, they
have boilers for this purpose. Therefore, the economic analysis did not consider further
CAPEX costs for the conversion of CH4 to thermal energy. In the OPEX, the labor costs
correspond to the payment of a legal Colombian minimum wage, corresponding to the one
worker that is needed to operate the anaerobic digestion system (8 h a day, 6 days a week,
1.52 US $ h−1 including social benefits). Regarding the benefits, the electricity and natural
gas prices and cost of wastes treatment were supplied by the case study slaughterhouse.

The aforementioned data allowed to calculate the payback period (PBP), net present
value (NPV) and internal rate of return (IRR). An equipment lifetime of 10 years was
considered, with a discount rate of 10% and inflation of 3.85%.

2.5. Statistical Analysis

A one-way ANOVA (Analysis of Variance) facilitated the data analysis and detection of
significant differences between mixtures with respect to variables Bo and fd (p-values < 0.05),
and allowed to estimate the standard deviation.

9



Energies 2021, 14, 384

3. Results and Discussion
3.1. Ultimate Experimental Specific CH4 Yield (Bo) of Single Substrates

The results from the BMP assays of the single substrates are shown in Figure 2. De-
pending on the prevalent biochemical composition of the substrates, it is possible to divide
the results into two groups. The first group includes the substrates with lignocellulosic
nature, namely the Paunch Wastewater (PWW) and Bovine Manure (BM), which had low
CH4 production due to their high content in scarcely degradable lignocellulose (Table 2):
from the start of the BMP assay until day 12, the cumulative CH4 yields of both substrates
were almost similar (Figure 2). However, from day 12, the increase of the PWW yield
slowed down and approached its plateau, whereas the BM yield continued to rise until
reaching its stable value from approximately day 25. The above behaviors are similar
to those found in previous studies on digestion of bovine manure [44] and PWW [13],
showing a relatively higher rate of degradation of PWW compared to manure.

Figure 2. Accumulated CH4 production of wastewater streams (SWW: slaughter wastewater; OWW:
offal wastewater; PWW: paunch wastewater) and manure (BM) from a bovine slaughterhouse.

BM resulted in a Bo, at 30 days, of 0.206 ± 0.003 m3 CH4 kg−1 VS and an fd of
0.46 ± 0.00, which are in the range of Bo values reported for dairy manure (0.089–0.303 m3

CH4 kg−1 VS) [44,45] and close to the biodegradability published in previous studies
(0.54) [22]. PWW resulted in a Bo and an fd of 0.154± 0.011 m3 CH4 kg−1 VS and 0.34 ± 0.01,
respectively. These values are lower than those found for PWW in Australian slaughter-
houses (0.309 m3 CH4 kg−1 VS and 0.84) [13]. Since the composition of ruminal content
depends on how long the grass remains in the stomachs of animals [46], the above differ-
ences can be attributed to variations in the animals handling before slaughter. According
to Australian regulation, animals must stay 24 h in yards before slaughter to be checked
and to ensure that they are healthy [47]. However, in Colombian slaughterhouses, animals
can be slaughtered 6 h after arrival [48].

The second group is formed by Offal Wastewater (OWW) and Slaughter Wastewater
(SWW), which, contrary to the first group, are richer in lipids and proteins (Table 2),
resulting in a relatively higher CH4 production (Figure 2). During the first 3 days, the CH4
yield of OWW and SWW did not present significant differences (p > 0.05). However, from
day 4 to 10, the CH4 yield of OWW increased at a higher rate than SWW and then slowed
down from day 11 until it reached a steady-state at about day 25. On the other hand, in the
case of SWW, the CH4 yield presented an almost constant increase until about day 17, where
it declined and achieved a plateau on day 25. Previous studies have shown how anaerobic
digestion of wastes with high lipid concentrations result in a long lag period, due to LCFA
accumulation and inhibition. For instance, Jensen et al. (2014) [4] reported a lag period of
18 days during anaerobic digestion of lipid-rich wastewater (10 g/L). In turn, Harris et al.
(2018) [49] evidenced 7 days of lag period for anaerobic digestion of DAF (dissolved air
flotation) sludge (10.5 g lipid/L). Likewise, Andriamanohiarisoamanana et al. (2017) [17]
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found that the BMP curve of crude glycerol presented an atypical shape (constant increase
in the first 5 days followed by a slow CH4 production until day 15 and then an exponential
behavior) due to LCFA inhibition. On the contrary, in the current study, the BMP assays
of SWW and OWW started CH4 production from the first day, their curves had a typical
behavior and their lipids concentration was lower than 10 g/L. This indicates how LCFA is
unlikely to be a source of inhibition during anaerobic digestion of the tested slaughterhouse
wastewater streams.

Ammonia is another potential cause of inhibition, which results from substrates
with high protein content. In this regard, the BMP assay with SWW presented a final
NH3 concentration of 21.12 ± 0.25 mg L−1, which is higher than the measured inhibition
coefficient KI50-NH3 of the inoculum (18.53 ± 0.34 mg L−1). Various studies investigated
ammonia inhibition effects on BMP assays and reported experimental curves that were
qualitatively similar to the present study. For instance, Nielsen and Angelidaki (2008) [50]
evaluated the anaerobic digestion in BMP assays of cattle manure, with different initial total-
N concentrations. The ammonia inhibition was evidenced in the slope of the cumulative
CH4 curves, which decreased with increasing initial nitrogen. In particular, samples with
a total-N concentration of 3.0 g L−1 and 3.5 g L−1 achieved the same ultimate CH4 yield.
However, the former sample reached 80% of its ultimate CH4 yield at 13 days while the
latter reached 80% at 21 days; this result also highlights how ammonia inhibition follows
a threshold behavior [35]. Similarly, Cuetos et al. (2017) [51] investigated the effect of
active carbon addition in the anaerobic digestion of poultry blood (which is similar to the
slaughter wastewater of this study). The experiments with lower activated carbon contents
resulted in NH3 inhibition and a significantly lower rate at the beginning of the BMP curve
(specifically, during the first 13 days). The aforementioned analysis and studies confirm
the likelihood of NH3 accumulation and inhibition during the mono-digestion of SWW.

SWW and OWW BMP assays resulted in a Bo of 0.505 ± 0.008 and 0.425 ± 0.015 m3

CH4 kg−1 VS, respectively. Although OWW has the highest lipids content, it presented
lower Bo than SWW due to the concomitant presence of lignocellulosic material (Table 2).
The Bo of SWW was close to the values of 0.500 and 0.570 m3 CH4 kg−1 VS reported in the
studies of Jensen et al. (2014; 2015) [4,52], while the fd resulted in a value of 0.80 ± 0.01,
which is close to the results of a similar BMP study investigating blood biodegradability
(fd of 0.77) [12]. On the other hand, the Bo of OWW is lower when compared to studies
investigating similar substrates. For instance, Jensen et al. (2014) [4] found a Bo between
0.721 and 0.931 m3 CH4 kg−1 VS for an offal wastewater stream. Nevertheless, this
wastewater also contained the waste stream from the cleaning of red viscera, resulting
in a higher lipid concentration (up to 11.64 kg m−3) compared to the OWW stream in
the current study, thus explaining the relatively higher Bo. Regarding the fd from OWW
(0.63 ± 0.02), to the best of the author’s knowledge, there is no available comparison in
the literature.

3.2. Experimental Ultimate Specific CH4 Yield of AcoD

Figure 3 shows the composition (lipids, proteins and carbohydrates) and the ulti-
mate experimental yield Bo of the different AcoD mixtures evaluated (the BMP curves are
depicted in Supplementary Data Figure S1). On the whole, for both binary and multicom-
ponent mixtures, the Bo increased directly with the proportion of lipids and decreased
with the proportion of carbohydrates. Therefore, the highest Bo corresponds to the binary
mixtures of SWW and OWW (S33:O67 and S67:O33) and the ternary mixtures where SWW
and OWW were present simultaneously (S33:O33:B34 and S33:O33:P34).
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Figure 3. Biochemical composition of the different AcoD mixtures (left axis) and the resulting ultimate
specific CH4 yield (right axis). On the X-axis, the letter represents the waste stream (S: slaughter
wastewater; O: offal wastewater; P: paunch wastewater; B: bovine manure) and the number its %VS
in the mixture.

The ternary and quaternary mixtures had significantly higher Bo (p < 0.05) than binary
mixtures with a similar biochemical composition. For instance, the combinations with the
mixing ratio of S33:B67 and S33:P33:B34 have almost the same composition (~11%VS lipids,
~31%VS protein and ~58%VS carbohydrates); however, the latter mixture showed a Bo 40%
higher than the former. Likewise, the ternary mixture O33:P33:B34 exhibited a Bo 10%
higher than binary mixtures O33:P67 and O33:B67, despite having similar compositions
(~15%VS lipids, ~20%VS protein and ~65%VS carbohydrates). When comparing the ternary
mixtures with the highest Bo (mixtures S33:O33:B34 and S33:O33:P34) to the binary mixture
with the highest Bo (S67:O33), the ternary mixtures have similar Bo (4–14% difference),
while having 33% fewer proteins and 25% fewer lipids than the binary mixture. The above
evidence a higher synergy between macromolecules on CH4 production in multicomponent
mixtures than in binary mixtures. This result is in agreement with the study by Astals
et al. (2014) [12], who suggested that in addition to macro-composition, the structure of the
substrates also affects their interaction. In this sense, there are differences in carbohydrates
structure between PWW and BM and the kind of proteins between SWW and OWW.

The effects of AcoD on the reduction of initial lignocellulosic material composition and
final NH3 concentration (see Supplementary Data Table S1 for NH3 calculation details) are
shown in Table 6, taking biodegradability (fd) as an indicator. In the case of BM and PWW,
the co-digestion with OWW and SWW in binary or multicomponent mixtures allowed to
achieve mixtures with relatively lower lignocellulosic content; this reduced the recalcitrant
character of the mixture and as a consequence increased the biodegradability fd above the
values of both BM and PWW mono-digestion (0.46 and 0.34, respectively). On the contrary,
the binaries AcoD between BM and PWW presented a high lignocellulosic composition,
which resulted in an fd around 0.44. Previous studies have demonstrated that the AcoD
with lignocellulosic residues is an alternative to enhance the C/N ratio of animal manure;
however, this requires pretreatment [53].

In the case of OWW, all its mixtures presented higher fd than its mono-digestion (0.63),
since fatty wastes are suitable co-substrates to lignocellulosic and protein wastes [12]. In
turn, SWW showed the highest degradability of individual substrates (0.80) due to its
content of soluble proteins in the blood (e.g., albumin and globulin), which are hydrolyzed
fast and then converted to CH4 while producing NH3. In the case of SWW, AcoD offers the
opportunity to reduce the risk of ammonia inhibition, through mixtures with substrates
with lower protein content. For instance, the addition of PWW to SWW in binary mixtures
allowed to reduce the inhibition risk by NH3 and achieved an fd around 0.7. The ternary
mixture with a mixing ratio S33:O33:P34 exhibited an fd (0.83) higher than SWW mono-
digestion, which is consistent with its balanced composition of carbohydrates, lipids and
proteins (Figure 3).
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Table 6. Evaluation of AcoD of slaughterhouse wastewater streams and BM. Results are reported as
an average of three measurements (±95% confidence interval). Mono-digestions are presented as
a reference.

Mixture a
Initial

Lignocellulosic
Material (%VS)

Final NH3
(mg/L)

Reduction of
Lignocellulosic

Material
Composition b

Reduction of
Inhibition Risk

by NH3
a

fd
c

S100 0.0 21.82 ± 0.25 n/a n/a 0.80 ± 0.01
O100 13.3 10.62 ± 0.27 n/a n/a 0.63 ± 0.02
P100 75.5 7.48 ± 0.25 n/a n/a 0.34 ± 0.01
B100 63.2 7.24 ± 0.21 n/a n/a 0.46 ± 0.00

S67:O33 4.4 15.89 ± 0.37 + + 0.78 ± 0.01
S67:P33 25.2 16.73 ± 0.35 + + 0.72 ± 0.03

S67:B33 21.1 23.73 ±
0.33 + - 0.61 ± 0.01

S33:O67 8.9 15.71 ± 0.37 + + 0.71 ± 0.02
S33:P67 50.4 9.91 ± 0.25 + + 0.68 ± 0.01

S33:B67 42.1 22.01 ±
0.33 + - 0.50 ± 0.01

O67:P33 34.1 8.64 ± 0.37 + + 0.68 ± 0.01
O67:B33 29.9 6.32 ± 0.34 + + 0.77 ± 0.01
O33:P67 54.8 6.62 ± 0.37 + + 0.64 ± 0.01
O33:B67 46.6 10.22 ± 0.34 + + 0.66 ± 0.01

P67:B33 71.4 10.48 ±
0.33 - + 0.45 ± 0.01

P33:B67 67.3 8.37 ± 0.33 - + 0.43 ± 0.01
S33:O33:P34 29.6 2.30 ± 0.44 + + 0.83 ± 0.00
S33:P33:B34 46.2 5.43 ± 0.41 + + 0.70 ± 0.01
S33:O33:B34 25.5 2.16 ± 0.42 + + 0.74 ± 0.00
O33:P33:B34 50.7 1.79 ± 0.42 + + 0.71 ± 0.01

S25:O25:P25:B25 38.0 3.56 ± 0.49 + + 0.73 ± 0.01
a The letter represents the waste stream (S: slaughter wastewater; O: offal wastewater; P: paunch wastewater; B:
bovine manure) and the number its %VS in the mixture. b Positive and negative effects are indicated by + and
− signs, respectively. Mixtures in bold and italic resulted in either high lignocellulosic content or ammonia
inhibition. c fd: the extent of degradation.

On the other hand, important inhibition risk occurred during binary AcoD mixtures
between BM and SWW, as indicated by the final NH3 concentration being higher than
KI50-NH3, which led to a significantly lower fd (p < 0.05) than the other AcoD mixtures of
SWW. A similar result was presented by Andriamanohiarisoamanana et al. (2017) [17],
who investigated the AcoD of meat and bone meal and manure in BMP assays. This
study showed how the increase of meat and bone meal content from 10% to 66%VS caused
inhibition by NH3 and, as a consequence, the conversion rate of meat and bone meal to
CH4 was reduced. In the current study, the inhibitory effects between SWW and BM were
mitigated in ternary and quaternary mixtures by dilution with OWW and PWW. Similarly,
previous studies have highlighted lignocellulosic as a suitable co-substrate for anaerobic
digestion of blood. For instance, López et al. (2006) [54] evaluated the AcoD of ruminal
content and blood in batch digesters. The results showed an organic matter degradation
from 55 to 70% when ruminal content/blood ratio (on a TS basis) varied between 2 and
8; the authors highlighted how during AcoD blood generates extra buffer capacity and
brings micronutrients to the system. Cuetos et al. (2013) [55] conducted batch experiments
on AcoD of poultry blood with maize residues. When maize concentration increased from
15% to 70% (VS basis), the CH4 production raised from 0.130 to 0.188 m3 kg−1 VS. Similarly,
also in CSRT digesters, the AcoD of blood and organic fraction of municipal solid waste
has been implemented in order to achieve stable operations, with a CH4 yield between
0.200 and 0.289 m3 kg−1 VS [56].

Because of the aforementioned drawbacks, the mixtures between BM and PWW and
between BM and SWW can lead to low values of biodegradability and instabilities, respec-
tively, in the digestion process (see bold/italic values in Table 6). Hence, these mixtures
were excluded from the following sections to focus on the seemingly synergistic mixtures.
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3.3. Kinetic Model Selection

The goodness of fit of the Gompertz and first-order models, and the respective es-
timated kinetic parameters, are summarized in Table 7. The best model was selected
based on two statistical criteria: the normalized root mean square error (NRMSE) and
the regression coefficient (R2). NRMSE is the standard deviation of the prediction errors
(residuals). Thus, NRMSE is a measure of how far the experimental points are from the
simulated curves. R2 provides a further measure of how well the model can reproduce
the experimental data. For all mixtures, the Gompertz model resulted in a better fit of the
experimental data compared to the first-order model. In particular, the ranges of NRMSE
and R2 were 0.011–0.044 and 0.992–0.999, respectively, in the modified Gompertz model
and 0.037–0.134 and 0.918–0.988, respectively, in the first-order model. The confidence
interval of the estimated parameters for Gompertz (reported as standard error, and shown
in Supplementary Data Table S2), is in all cases below 3% for the simulated ultimate yield
P and below 4% for the maximum specific CH4 production rate Rmax. For the lag-phase
λ, the average error is 17%, with the highest value of 70% in the case S33:P33:B34, due to
the smallest estimated value of the lag-phase (0.152 days). Given the better goodness of fit
and the acceptable parameter identifiability, the Gompertz kinetics was selected for the
following model-based analysis of the AcoD synergy (Section 3.4).

Figure 4 shows a selection of six AcoD BMP experimental data, together with the fitted
Gompertz and first-order model; the complete set of curves is shown in Supplementary
Data Figure S2. Figure 4a–c show three experiments which resulted in the smallest differ-
ences in the goodness of fit between the two models, with all cases achieving high values of
the regression coefficient (R2 > 0.98). These experiments correspond to the AcoD mixtures
S33:P67; S33:P33:B34 and O33:P33:B34; it can be noted how they all have relevant content of
the lignocellulosic substrates manure (BM) and paunch (PWW). In these cases, hydrolysis
is significantly the rate-limiting step in the CH4 production [53]. For first-order models, the
hydrolysis rate coefficient of these mixtures resulted in the range 0.06–0.12 d−1, which is
similar to the value of 0.1 d−1 reported for paunch content by Jensen et al. (2016) [13].

On the other hand, Figure 4d–f shows the three experiments that presented the greatest
deviation from the first-order model, namely, S33:O67, O67:P33 and O67:B33. It can be
noted how these cases have a relevant content of lipid-rich offal wastewater (OWW). The
lipid content from these mixtures caused an initial low CH4 production, which is reflected
in a significant value of the lag-phase (λ) between 2 and 3 days. After the lag-phase the
CH4 production occurred at a relatively high rate (Rmax between 0.036 and 0.044 m3 CH4
kg−1 VS d−1), which is comparable to the other mixtures. Similar behavior is reported by
Astals et al. (2014) [12] in the anaerobic digestion of olive oil; the authors attributed the
behavior to an initial LCFA absorption onto the surface of the microorganisms, which is
followed rapidly by conversion to CH4.

In general, ternary and quaternary AcoD mixtures had lower λ values (range:
0.152–1.466 days; average 0.95 days) compared to binary mixtures (range: 0.281–2.982
days; average: 1.61 days) (Table 7). The λ range obtained in the current research is lower
than values reported in previous research on slaughterhouse wastewater anaerobic diges-
tions, with the work of Jensen et al. (2014) [4] reporting values of up to 18 days for lipid-rich
streams. There is limited information on Rmax in the anaerobic digestion of slaughterhouse
wastewater. Hernández-Fydrych et al. (2019) [57] analyzed the CH4 production kinetics
of pretreated combined slaughterhouse wastewater by BMP assays. The authors fitted
a Gompertz model and calculated a Rmax of 0.0125 and 0.0140 m3 CH4 kg−1 VS d−1 for
autoclaving and mechanical pretreatment, respectively. These values are lower than those
found in this study (0.022–0.044 m3 CH4 kg−1 VS d−1). Therefore, the possibility of control-
ling the mixture ratios of slaughterhouse wastewater streams in anaerobic co-digestion can
have kinetics advantages, when compared to the digestion of the wastewaters’ individual
streams or combined as a whole.
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Figure 4. Accumulative CH4 production from experimental data (Bm) and calibrated model (Bs) of
the mixtures with the smallest deviations (a–c) and the greatest deviations (d–f) from the first-order
model. The letter represents the waste stream (S: slaughter wastewater; O: offal wastewater; P:
paunch wastewater; B: bovine manure) and the number its %VS in the mixture.

3.4. Evaluation of Synergy Effects

Figure 5 represents the synergistic effects of AcoD based on CH4 yield (φy), lag-phase
(φλ) and CH4 production rate (φR). The predictive BMP curves along with the modified
Gompertz plots are depicted in Supplementary Data Figure S3. All mixtures resulted in
an experimental CH4 yield higher than the expected (φy > 0). This result agrees with the
evaluation presented in Table 6 and reaffirms the AcoD ability to reduce the inhibition risk
by NH3 and to improve the biodegradability of slaughterhouse wastewater and manure.
Regarding the kinetic synergy, antagonistic effects were observed in some mixtures (left
side of Figure 5). Four AcoD mixtures resulted in a negative synergy with respect to the
lag-phase (φλ < 0); these mixtures were characterized by a relatively high lipid proportion
(23–34%VS), which slowed down the production of CH4 during the first 2 or 3 days
(Table 7). This observation is in agreement with the study on AcoD of dairy manure, meat,
bone meal and crude glycerol carried out by Andriamanohiarisoamanana et al. (2017) [17],
where an increase of glycerol proportion from 13%VS to 37%VS doubled λ. Additionally,
antagonistic effects for Rmax (φR < 0) were presented in four AcoD experiments.
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Figure 5. Synergistic effects of AcoD of slaughterhouse wastewater streams and bovine manure. The
left side represents the mixtures that presented an antagonistic effect, while the right side indicates
the mixtures with synergy in all the parameters (φy > 0; φλ and φR > 0). The letter represents the
waste stream (S: slaughter wastewater; O: offal wastewater; P: paunch wastewater; B: bovine manure)
and the number its %VS in the mixture.

Comparing the binary and multicomponent AcoD, greater synergy was observed in
the latter. The binary mixtures exhibited synergistic factors between 4.2% and 38.0% for φy,
between 3.4% and 81.5% for φλ and 5.6% and 29.5% for φR. Meanwhile, the ternary and
quaternary mixtures showed synergistic factors between 14.5% and 41.9% for φy, between
31.1% and 87.9% for φλ and 2.1% and 73.9% for φR. This highlights the advantage of
multi-component AcoD over binary ones, both in the final CH4 yield and in the kinetics
of production. Similar findings were found by Ara et al. (2015) [18] during AcoD of
organic fraction of municipal solid waste, primary sludge and thickened waste activated
sludge; the ternary mixtures exhibited CH4 yields between 12 and 27% higher than binary
mixtures. Additionally, Castro-Molano et al. (2018) [39] observed higher φy factors in
ternary mixtures (25–167%) than binary mixtures (5–68%) when chicken manure was
co-digested with industrial wastes.

The results showed seven mixtures in which all three synergistic factors were positive
(φy > 0, φλ > 0 and φR > 0); these mixtures were considered fully synergistic and depicted
on the right side of Figure 5. However, the synergistic effects in the AcoD with the mixing
ratio of S67:O33 were relatively small, with values below 10%; these small values of synergy
are generally considered not significant in AcoD studies [23]. Furthermore, the binary
mixtures with significant synergy presented the BM or PWW as main substrates. This
analysis suggests that when wastes with potential high CH4 yield (e.g., SWW and OWW)
are combined with the wastes with lower potential (e.g., BM and PWW), strong positive
interactions are generated; on the other hand, weaker interactions occur when mixing
wastes with similar characteristic (e.g., SWW with OWW and BM with PWW). Similar
evidence can be found in the literature, such as in a study by Astals et al. (2014) [12], where
the AcoD of DAF sludge and blood did not present significant synergy in CH4 production;
however, when DAF sludge was blended with paunch waste, the resulting CH4 yield was
15% higher than expected. Likewise, Pagés-Diaz et al. (2014) [21] found antagonist effects
in CH4 production rate and no significant interaction in CH4 yield when manure was
co-digested with various crops (green fruit, vegetable residues and straw). Nevertheless,
the AcoD of manure with slaughterhouse wastes presented significant synergy in both the
production rate and yield of CH4.

The six mixtures with significant full synergy correspond to the combinations: S33:P67;
O33:P67; O33:B67; S33:O33:P34; S33:P33:B34 and S25:O25:P25:O25. These AcoD presented
a lipids composition relatively lower (11–23%VS) than the rest of the mixtures (19–34%VS),
while the carbohydrates and proteins did not show noticeable differences. Thus, it seems
that the lipid concentration is the one that most influences the AcoD of slaughterhouses
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wastewater streams and BM, since a high concentration can improve CH4 yield; however,
it negatively affects the kinetics. The aforementioned fully synergistic mixtures could
improve the anaerobic digestion performance of slaughterhouse wastewater streams and
manure in tubular digesters. In this sense, the current results are a starting point for
a second stage of investigation where the synergistic mixtures will be tested in semi-
continuous laboratory trials. This will allow to determine the effect of operational variables
HRT and OLR and compare the synergistic effects achieved in the batch test with the
synergy in semi-continuous processes, using the same model-based analysis described in
this paper. The semi-continuous operation may result in the adaptation of the microbial
community to inhibitors, therefore changing the absolute value of the synergistic effects
while maintaining a similar qualitative evaluation of the synergy as achieved through batch
tests [58].

3.5. Energy and Economic Feasibility

Table 8 shows a summary of the energy and economic study for the implementation of
anaerobic digestion of the slaughterhouse wastewater streams and BM in mono-digestion
and AcoD scenarios (see Supplementary Data from Tables S3–S8 for complete data). Mix-
tures present 27% more energy potential than single substrates as a consequence of the
synergistic effect on methane yield (φy). Likewise, the anaerobic digestion of the mixtures
would need almost 30 m3 less digester volume compared to anaerobic digestion of the sin-
gle substrates. This is due to the synergistic effects on kinetics, which reduce the estimated
HRT on average by 3 days.

Table 8. Results of the economic study for the implementation of anaerobic digestion of the slaugh-
terhouse wastewater streams and BM.

Scenario a Unit CH4 for Thermal
Energy Production

CH4 for Electrical
Energy Production

Mono-digestion
Potential kWh m−3 33.74 10.54
Total volume of digesters m3 888 888
PBP years 5 5
NPV US$ 50,894.00 56,962.88
IRR % 22.77 23.28

AcoD
Potential kWh m−3 42.69 13.34
Total volume of digesters m3 858 858
PBP years 4 4
NPV US$ 70,636.35 79,675.98
IRR % 27.71 28.48

a PBP: payback period; NPV: Net Present Value; IRR: Internal Rate of Return.

According to the energy potentials, the treatment of slaughterhouse wastewater
streams and BM through anaerobic digestion would allow an energy saving between
0.91 and 1.21 US$ m−3 of waste in the mono-digestion scenario and between 1.16 and
1.53 US$ m−3 of waste in the AcoD scenario. These values added with the saving related
to the avoided costs of current waste treatment (1.30 US$ m−3 of waste) result in an
economic benefit from 2.21 to 2.51 US$ m−3 of waste and from 2.46 to 2.83 US$ m−3 of
waste for mono-digestion and AcoD scenarios, respectively. The economic assessment
shows that the CH4 transformation into electric energy leads to higher NPV and IRR
compared to the transformation into thermal energy. This is due to the low price of natural
gas (0.026 US$ kWh−1) compared to electricity (0.114 US$ kWh−1). However, in both cases
(electrical and thermal generation), the PBP is lower than the equipment lifetime (10 years),
NPV is positive and IRR is higher than the discount rate (10%). These results confirm the
energetic and economic feasibility of anaerobic digestion of slaughterhouse wastewater
streams and manure. Moreover, the economic parameters (PBP, NPV and IRR) are better in
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the AcoD scenario than the mono-digestion scenario. This demonstrates that the synergistic
effects of the mixtures also translate into economic advantages.

In developing countries, most slaughterhouses are located in small towns and supply
only the local demand for meat (rural population mainly) [7]. Therefore, these slaugh-
terhouses have low income, which limits their investment capacity in technology. In this
sense, the tubular digester is a suitable alternative for waste treatment, given its low capital
cost (compared to other kind of reactors), its simplicity of operation and lack of energy
requirements for its operation [8]. Additionally, this type of waste management and renew-
able energy projects can access green financing. For instance, the Latin American banking
sector has been developing a series of green products to finance projects that mitigate
global warming [59]. Regarding Colombia, the country will issue green bonds in 2021
directed to finance sustainable and environmentally friendly projects [60].

4. Conclusions

The current results show that, except for binary mixtures between slaughter wastewa-
ter (SWW) and bovine manure (BM) and between BM and paunch wastewater (PWW), the
AcoD enhanced the biodegradability and reduced the inhibition risk by NH3 compared to
the mono-digestion of slaughterhouse wastewater streams and BM. The synergy evaluation
evidenced stronger positive effects when combining substrates with low methane potential
(BM and PWW) with substrates with high potential (SWW and offal wastewater (OWW))
compared to binary mixtures BM-PWW and SWW-OWW. Likewise, the multicomponent
mixtures performed better overall than the binary mixtures. The applied methodology
allowed to select the mixtures with the best anaerobic digestion performance based on the
CH4 yield and kinetics criteria, which also present energetic and economic advantages
over the single substrates. Therefore, the treatment of slaughterhouse wastewater streams
and manure by AcoD in tubular digesters would be feasible. For small slaughterhouses,
the implementation of the anaerobic digestion technology could be financed through green
products offered by the banking sector.
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wastewater streams and bovine manure with the Modified Gompertz model fit, Table S1: Summary
of NH3 calculation data, Table S2: Standard error of the estimated parameters for the first-order
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Abstract: Most biogas plants in the world run under psychrophilic conditions and are operated
by small and medium farmers. There is a gap of knowledge on the performance of these systems
after several years of operation. The aim of this research is to provide a complete evaluation of a
psychrophilic, low-cost, tubular digester operated for eight years. The thermal performance was
monitored for 50 days, and parameters such as pH, total volatile fatty acid (tVFA), chemical oxygen
demand (COD) and volatile solids (VS) were measured every week for the influent and effluent.
The digester operated at a stabilized slurry temperature of around 17.7 ◦C, with a mean organic load
rate (OLR) equal to 0.52 kg VS/m3

digester *d and an estimated hydraulic retention time (HRT) of
25 days. The VS reduction in the digester was around 77.58% and the COD reduction was 67 ± 3%,
with a mean value for the effluent of 3.31± 1.20 g COD/Lt, while the tVFA decreased by 83.6± 15.5%
and the presence of coliforms decreased 10.5%. A BioMethane potential test (BMP) for the influent
and effluent showed that the digester reached a specific methane production of 0.40 Nm3CH4/kg
VS and a 0.21 Nm3CH4/m3

digester d with 63.1% CH4 in the biogas. These results, together with
a microbiological analysis, show stabilized anaerobic digestion and a biogas production that was
higher than expected for the psychrophilic range and the short HRT; this may have been due to the
presence of an anaerobic digestion microorganism consortium which was extremely well-adapted to
psychrophilic conditions over the eight-year study period.

Keywords: low cost digester; psychrophilic anaerobic digestion; thermal behavior

1. Introduction

In Latin America, the low-cost tubular digester model (also known as the flexible,
balloon or plastic model) is the most popular digester for biogas and digestate production
from animal waste [1]. The most common livestock wastes used are cattle and pig ma-
nures [2,3]. Low cost digesters are characterized by the absence of active mixing devices
and/or active heating systems [4]. The controlled use of biodigesters is a sustainable
technology for the treatment of animal manure because it produces (i) energy: the biogas
produced is often used as fuel for cooking, heating water, and generating electricity for
on-site use; (ii) Agricultural benefit: the agronomic use of the effluent from anaerobic
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digestion, due to the presence of primary nutrients (nitrogen, phosphorous, potassium),
is used as a soil amendment to improve plant growth [5,6]; (iii) Environmental quality:
organic matter in waste manure is reduced and manure is stabilized (permanent odor and
pathogen content reduction); and (iv) Social benefit: digesters improve health (reduction of
exposure to wood smoke and volatile organic compounds) and quality of life, especially
for women and children (who are able to spend significantly less time cooking) in rural
zones [7]. Most of these benefits translate directly to energy and fertilizer cost savings for
families living in rural areas in Latin America (on average, savings of USD $600/year for
propane and around USD $50/year by using digestate as fertilizer) [8,9].

The anaerobic digestion (AD) process in low cost digesters is strongly influenced by
local conditions such as solar radiation and temperature. For example, Castro et al. [5]
reported a specific biogas production of 0.15 m3

biogas/kg VS for a 9.5 m3 (7.1 m3 operational
volume) low cost tubular digester under mesophilic conditions (25 ± 2 ◦C). In contrast,
a tubular reactor with similar characteristics (volume and amount fed) in Peru at 2800
m.a.s.l. (16–20 ◦C) reached a specific biogas yield of 0.10 m3

biogas/kg VS [10]. Therefore,
biodigesters operated under psychrophilic conditions may present limitations due to the
facts that: (i) microbial activity is slowed because the optimum growth temperature of
bacteria and archaea is 37 ◦C; (ii) the removal of organic matter decreases, as does the
concentration of methane in the biogas, and a fraction of this biogas is solubilized in
the digestate; and (iii) in view of the above, the digestate contains organic matter that is
converted to ammonia (NH3) and methane (CH4) during storage and soil usage [11]. Thus,
this can be translated into a loss of energy efficiency and a larger environmental impact
due to the aforementioned gaseous emissions [12]. Hence, the search of new strategies that
can solve these problems is still in progress.

In order to improve biogas yield under psychrophilic operation conditions, the in-
crease of HRT could be a favorable strategy, but it implies a larger biodigester size. A
diminution of around 5 ◦C in operation temperature requires an increase in HRT from
30 to 50 days in order to maintain a similar biogas production and substrate volume [13].
Another alternative to improve biodigester temperature conditions is the implementation
of a passive solar heating design (solar radiation gain, insulation and greenhouse) [14].
The greenhouse and tank insulation effect allow for the absorption and preservation of
heat, which reduce the heat losses from the digester to the environment and to the ground,
respectively [1,2]. Additionally, biogas yield can be enhanced with microorganisms which
are adapted to low temperatures (<20 ◦C). According to Feller [15], only microorganisms
adapted to psychrophilic conditions can deal with the limitations that occur with tem-
peratures below 20 ◦C. These adapted microorganisms experience good physiological
and ecological conditions in cold environments due to the unique characteristics of their
membrane proteins, lipids, and genetic responses to thermal changes. In this sense, psy-
chrotolerant microorganisms make AD possible in cold regions [16]. The AD microbiome
comprises several distinct microbial trophic groups from the two evolutionarily distinct
domains of bacteria and archaea. High throughput sequencing technology in AD microbi-
ology makes it possible to determine the extensive and complex interactions of microbial
communities within their environments and hosts. This procedure has shown that the
main microorganism families present in stabilized sludge that proliferate in psychrophilic
conditions belong to the families Pseudomonadaceae, Methylophilaceae, Sphingobacteriaceae,
Coriobacteriaceae; among others [17].

Latin America presents a diversity of geographical and meteorological conditions
which lead to a wide range of temperatures, from psychrophilic (<20 ◦C) to mesophilic
(20–45 ◦C). Biodigesters that operate in tropical and subtropical regions work in mesophilic
conditions, which enables the use of a relatively small digester size, high biogas production
and good quality sludge [5]. Mesophilic biodigesters operate mainly with cattle manure as
a substrate, obtaining biogas yields ranging from 0.15 m3

biogas/kgVS to 0.4 m3
biogas/kgVS,

with an average methane quality of 62.6% [5,18]. In those regions, household digesters
have been shown to generate the biogas required to satisfy user requirements [18].
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Also, there are biodigesters installed at more than 3800 m above sea level [19], and
in cold regions [6]. Due to the environmental conditions (mainly temperature), anaerobic
digestion performance is affected. Under such conditions, the biogas digester yields
ranged from 0.03 to 0.44 m3

biogas/KgVS d with a reduced quality (60% and 49.6% of
CH4, respectively) [10,19]. Garfi el al. [20] reported that the biogas production in high
altitude regions covers just around 60% of fuel needs for cooking; this could be improved
by enhancing the digester design and using biofilm carriers [1], despite the fact that the
use of digester effluent, known as bioslurry or biol, is, in many cases, more important
to small- and medium-scale farmers than biogas [19]. Moreover, after a long period
of biodigester operation, some operative problems such as clogging in the inputs and
outputs, stagnation in the digester, shortcomings in feeding, changes in diet and solid
accumulation may appear [21,22]. Therefore, it is necessary to accomplish a diagnosis
of household digester performance after long periods of operation. On the other hand,
understanding the microbial communities (through taxonomic analyses) in household
digesters in cold climates could help to fundamentally improve the AD process and
encourage its widespread application [23]. Unfortunately, most previous investigations
have only focused on biogas yield and general monitoring during digester start up, and
have not assessed the anaerobic digestion performance after several years of operation.
The present research attempts to fill this gap by assessing the performance of psychrophilic
rural digesters after several years of operation in continuous mode by examining the
following: (i) thermal performance, (ii) bioprocess stability, (iii) microbiological analysis,
and (iv) digestate quality. In this study, the performance of a medium-sized biogas plant in
a rural area, which had been operating continuously for eight years under psychrophilic
conditions, was diagnosed.

2. Materials and Methods
2.1. Site Description

Research was conducted at a Colombian pig farm at an altitude of 2963 m above sea
level (m.a.s.l.) and a latitude of N 6◦27′45.0′′ W 72◦24′43.0′′. According to the Colombian
Institute of Hydrology, Meteorology and Environmental Studies (IDEAM), the environ-
mental temperature varied throughout the year between 12 ± 3 ◦C [24]. This farm had 456
pigs fed with cheese whey and water. The digester was feed with the excrete produced by
255 animals. The farm is 16.5 km from the Cocuy National Natural Park. The digester had
been operated for the last 8 years, and the monitoring period was 50 days.

2.2. Description of Rural Biogas Plant

For the management of the pig manure, the farm used a double layer tubular polyethy-
lene (caliber 8 and UV protection, common greenhouse plastic) digester for over 8 years.
The digester dimensions were 30 m in length, 2.5 m in diameter and 147.3 m3 total volume
(operational volume is 103.1 m3). The digester was covered by a polyethylene greenhouse
that provided environmental protection. The daily excrete was composed of a pig manure
and urine blend which represented 0.60 m3 of total fed. This digester was fed daily with
4.16 m3/d of a mixture of excrete and free-range wash water in a 1:6 ratio. The digester
HRT was around 25 days. The biogas produced in the biodigester was used to heat an
enclosure containing about 160 piglets. The installed biodigester installed did not have a
biogas measurement system.
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2.3. Monitoring Temperature in the Biodigester

To carry out the temperature profiles analysis, four datalogger sensors were installed
with the objective of monitoring temperature (ambient, interior of the greenhouse, slurry
and ground) and luminosity. The datalogger location and specifications are reported in
Figure 1 and Table 1.

The sensors were set up to record the temperature every hour. The description of
the location and method of installation of the sensors was as follows: (a) Tamt (sensor 1)
monitored the ambient temperature around the greenhouse. (b) Tga (sensor 2) was the
device by which variations in the temperature of the air inside the greenhouse were
recorded; this device was oriented south-north to also monitor the solar luminosity which
affected the performance of digester. (c) Ts (sensor 3) recorded variations in the slurry
temperature data; this sensor was located one meter inside the biodigester bag. (d) Tgr
(sensor 4) monitored soil temperature; this device was located one meter underground.

Meteorological data included solar radiation and ambient temperature, which were
measured and collected every hour for 50 days.
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Table 1. Location and characteristics of temperature sensors.

Name Data Location Equipment Resolution Accuracy

Tamt
(sensor 1)

ambient
temperature

around the
greenhouse

HOBO UA-001-08 Pendant®

Waterproof Data Logger
0.14◦

±0.53 ◦C from 0 ◦C
to 50 ◦CTga

(sensor 2)

air
temperature/solar
luminosity

inside greenhouse
HOBO UA-002-64 Pendant®

Temperature/Light 64K Data
Logger

0.14◦/Designed for
relative light levels

Ts (sensor 3) Slurry temperature one meter into the
biodigester bag

HOBO UA-001-08 Pendant®

Waterproof Data Logger
0.14◦

Tgr
(sensor 4) Soil temperature one meter

underground
HOBO UA-001-08 Pendant®

Waterproof Data Logger
0.14◦

2.4. Diagnosis of Anaerobic Digestion in the Pig Farm Digester

A diagnosis (performance and stability) of the pig biogas plant was performed by
studying the biochemical and microbiological behavior. The biodigester was monitored
for 50 days by taking a weekly sample of the influent and effluent. Regular operational
conditions remained unaltered. The samples were stored and refrigerated before analysis.
All experiments were performed in triplicate. The CH4 biogas content was determined by
gas chromatography using a TCD detector on a GC-Agilent 7890ª brand chromatograph,
using Argon as a drag gas and a 1010 plot Carboxen capillary column (length 30 m, internal
diameter 0.32 mm, 25 µm stationary phase internal layer). The CO2 content was determined
by balance (assuming biogas to be a mixture of CH4 and CO2).
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2.4.1. Biochemical Assays

The organic matter content was measured in terms of volatile solids (VS) and total
chemical oxygen demand (COD), according to standard procedures 2540 G and 5220 D,
respectively [25]. Measuring the digester pH, total carbonate alkalinity (TA) and total
volatile fatty acids (tVFA) concentrations indicated the process stability. pH was measured
with a Metrohm 691 pH Meter. TA and tVFA were measured by pH titration to 4.3,
according to the method described by Purser et al. [26]. Individual VFAs (C2–C6) were
measured using a 7820A gas chromatograph (Agilent, Santa Clara, CA, USA) equipped
with a flame ionization detector and an Innowax column (Agilent, USA).

A biomethane potential (BMP) assay was developed following the methodology pro-
posed by Holliger et al. (2016), but under psychrophilic temperature conditions (15 ± 2 ◦C).
An experimental setup was constructed using 120 mL glass bottles with a 50% working
volume. Digestate from the pig farm digester was used as the inoculum, keeping the
digester working temperature. The substrate-to-inoculum ratio was 1:1 (VS basis). To
measure endogenous methane production, a blank assay (inoculum without substrate)
was included. Additionally, a positive control test with crystalline cellulose (97%) was
conducted. As BMP, the residual biomethane potential of the digestate was measured in
batch experiments (60 mL of inoculum working volume of at 15 ± 2 ◦C). To guarantee an
anaerobic atmosphere, the bottles were flushed with a 80/20% N2/CO2 mixture and sealed
with aluminum caps and butyl rubber stoppers. Methane production was quantified daily
by volume displacement of a sodium hydroxide solution (2 N), and normalized to standard
conditions (0 ◦C and 1 atmosphere). The BMP and residual biomethane potential tests
were concluded when the volume of methane accumulated increased by less than 1% for
three consecutive days.

2.4.2. Microbiological Analysis of Pig Farm Digester

Microbiological behavior was evaluated as a function of:
(i) Specific Methane Activity (SMA): the inoculum (digestate from pig farm biodi-

gester) specific methanogenic activity at 15± 2 ◦C (local conditions) and 35± 2 ◦C (optimal
condition). A SMA test was performed, in accordance with Astals et al. [27]. SMA exper-
iments were performed in triplicate in 120 mL serum bottles, with a working volume of
60 mL. Sodium acetate was used as model substrate. A substrate-free blank was included
to measure endogenous methane production from the inoculum. The methane produced
during the SMA assay was quantified by measuring the volumetric displacement of an
alkaline solution (2 N). The measured methane was normalized and expressed in terms of
COD equivalents.

(ii) The taxonomic classification of bacterial and archaeal communities: first, ge-
nomic DNA was extracted from the digester influent and effluent using the PowerSoil®

DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, USA), according to the pro-
ducer’s recommendations. PCR reactions were carried out in an Eppendorf Master-
cycler and PCR samples were checked for product size on a 1% agarose gel. Then,
the entire DNA extract was used for high throughput sequencing of 16S rRNA gene-
based massive libraries for eubacterial and archaeal communities. The primer set used
for the eubacterial population analysis was 27Fmod (5′-AGRGTTTGATCMTGGCTCAG-
3′)/519R modBio (5′-GTNTTACNGCGGCKGCTG-3′) [28]. For the archaeal population
analysis, the primer set was Arch 349F (5′-GYGCASCAGKCGMGAAW-3′)/Arch 806R
(5′GGACTACVSGGGTATCTAAT-3′) [29]. The obtained DNA reads were compiled in
FASTq files for further bioinformatic processing [30]. Finally, operational taxonomic
units were taxonomically classified using the Ribosomal Database Project, available at
https://rdp.cme.msu.edu/.

(iii) The quantitative analysis of Bacteria and Archaea: bacteria an archaea populations
were analyzed by means of quantitative-PCR reaction (qPCR) using PowerUp SYBR Green
Master Mix (Applied Biosystems) in a StepOne plus Real Time PCR System (Applied
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Biosstems) [31]. The primer sets were 341F and 518R for bacteria and mcrF and mcrR
for archaea.

(iv) The pathogen content: fecal and total coliform in the influent and effluent were
determined using a serial dilution, deep-plating technique in chromogenic culture media.

The global methodology of this study is presented in Figure 2.
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3. Results and Discussion
3.1. Thermal Behavior of the Digester

Figure 3a shows the typical dynamical daily performance of the temperatures in
the digester, while Figure 3b,c show the thermal performance for 5 days (as a tendency
example during the monitoring time), and 50 consecutive days, respectively. The ambient
temperature (Tamt) shows a typical daily bell shape that the green house temperature
follows with higher amplitude. The maximum ambient temperature was 27.9 ◦C and the
minimum was 9.5 ◦C, while the greenhouse temperature ranged between 35.5 ◦C and
6.8 ◦C. These data show that the greenhouse warmed up during the day but cooled during
the night due to radiative cooling. In other studies, such as those by Perrigault et al. [14]
and Martí-Herrero et al. [32], the greenhouses were built with adobe walls and were airtight,
thereby achieving thermal inertia and keeping the greenhouse warm during the night.
However, in the pig farm digester, the greenhouse was made only of plastic, without
thermal inertia and allowing more air exchange, producing lower internal temperatures
than those found outside. This night cooling effect can be avoided through the selection of
proper plastic; or adding thermal inertia and airtight to the walls of the greenhouse.

The slurry temperature (Ts) showed a flat performance with a mean temperature
17.7 ◦C, independent of daily variations (Figure 3b). The mean ground temperature (Tgr)
was 16.3 ◦C, which was very close to the mean ambient temperature of 16.6 ◦C (Figure 3c).
This means that the Ts was only 1.1 ◦C over the ambient temperature, while an improved
solar heating design in the digester led to increments of Ts over 10 ◦C with respect to
ambient temperatures [1]. Martí-Herrero et al. [16] showed the performance of a tubular
digester under similar weather conditions, where the slurry temperature followed the
values of the maximum ambient temperature using just black plastic and 1 cm insulation
in the trench, without a greenhouse. This means that a greenhouse without insulation or
black plastic is not enough for the solar heating of tubular digesters.
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3.2. Changes in Control Parameters in Pig Farm Digester

Plug flow digesters regularly operate with OLR from 0.5 kg VS/m3
digester *d to

1.0 kg VS/m3
digester *d [2]. During monitoring, the OLR ranged from 0.34 kg VS/m3

digester

*d to 0.76 kg VS/m3
digester *d (average HRT = 25 d for a slurry temperature of 17.7 ◦C).

This was because the manure was diluted during the cleaning of the pig shed with no
wash water volume regulation. To achieve an adequate functioning of the digester, a
previous dilution of the substrates was required which avoided clogging in the load and
scum formation on its surface, and ensured continuous flow operation. The operational
parameters of the digester are summarized in Table 2. Previous studies carried out with
porcine manure reported that a 1:7 dilution favors the hydrolytic and methanogenic ac-
tivities and the biomethane potential of the process [33]. Regarding the organic matter,
the average VS of the influent decreased from 12.74 ± 3.52 g VS/kg to a mean value of
2.86 g ± 1.20 g VS/kg, which means an organic matter removal around 77.58%. In compari-
son with a tubular system fed with swine manure and operating at an average temperature
range of 25–30 ◦C, VS removal was 83% [18]. This comparation allowed us to infer that
temperature affects the removal of volatile solids. A similar conclusion was reached in
recent research focused on AD in cold regions [34].

The organic matter content (g COD/L) variation with respect to OLR is presented
in Figure 4. The influent and effluent average COD were 9.94 ± 3.25 g COD/L and
3.31± 1.20 g COD/L, respectively. In the AD process, an increase in OLR caused a decrease
in COD removal efficiency. In this study, the results showed a diminution in COD from
70% to 62.5% for OLR of 0.34 kg VS/m3d and 0.76 kg VS/m3d, respectively. On average,
the COD bioconversion achieved in the present study was 67 ± 3%. Previous studies have
achieved higher organic matter removal in domestics plug-flow digester systems treating
pig manure. Digesters operating at 23 ± 2 ◦C, 24.5 ± 1.5 ◦C and 26 ± 1.5 ◦C reported
COD removal rates of around 88.5% [35], 78.5% [36] and 92% [18]. So, digesters working
at psychrophilic temperature over 20 ◦C have been shown to achieve significant organic
matter removal (around 28% more).
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Effluent tVFA concentration represents the easily biodegradable organic matter that
was not metabolized in anaerobic processed. Figure 5 shows that the effluent tVFA con-
centrations were around 0.30 ± 0.08 g COD VFA/L. On average, the tVFA decrease was
around 2.6 ± 1.4 g COD VFA/L, which represents a bioconversion of 83.6 ± 15.5%. A rural
biodigester with one year of continuous operation at 34 ◦C showed 63% of tVFA bio-
conversion [5]. Thus, with a longer operational period, it is possible to achieved higher
conversion rates of soluble organic matter, even under psychrophilic conditions. These
results demonstrated that the pig farm biodigester was operating efficiently, even after
8 years of continuous operation without maintenance.
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A diminution in temperature could affect the stability of the fermenting microorgan-
isms. This change in stability may cause pH changes and decrease methane yield [37].
In the present study, the pH value for both the influent and effluent was 6.1 ± 0.8 and
7.6 ± 0.3 at psychrophilic temperature. The pH range for a healthy and continuous AD
process is 6.8–8.2 [11]. The FOS/TAC ratio ranged between 0.72 ± 0.2–0.17 ± 0.1 mg of
acetic acid/mg of CaCO3 for the affluent and effluent, respectively. This demonstrates
the high buffer capacity of pig manure. FOS/TAC values below 0.8 mg acetic acid/mg
CaCO3 are adequate for process stability [5]. This confirmed that the pig farm digester was
operating properly without inhibition risk. As such, variations in OLR and temperature
did not affect the anaerobic processes.

Individual VFA of the affluent and effluent (Figure 6) showed that acetic acid is most
prevalent in the affluent (71% in relation to the other acids), indicating stable anaerobic
fermentation. Butyric acid showed the best conversion (98%) compared to the other acids,
and was the second most prevalent. These results can be compared with those in previous
studies, where it has been shown that butyric acid fermentation plays a significant role
during low temperature anaerobic degradation [38].
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Figure 6. Individual VFAs (C2–C6) concentration in fed (affluent -blue bars-) and digestate (effluent -orange bars-).

According to the literature, a healthy digester has ratios of Pr/Ac below 1.4 with an
acetic acid concentration under 800 mg/L. This value indicates that there is a propionate
accumulation which represents a reduction in methane content due to hydrogenogenic
bacteria inhibition. [39]. Although the VFA content varies along the digester [40], the outlet
Pr/Ac ratio was 0.11 (acetic acid concentration of 244 mg/L). Up to now, there are no
reports of individual volatile fatty acid values for low cost tubular digesters. As stated
above, it can be affirmed that after a significant period of adaptation (8 years), the low-cost
digester adapts to the temperature conditions and operates satisfactorily.

Ammonium is attributed to the mineralization of organic matter and is an indicator of
bioprocess stability. The changes of NH4-N during anaerobic fermentation in the low cost
tubular digester are shown in Figure 7.
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Operating under the local environmental conditions (Psychrophilic AD), there were
smaller variation of ammonium. Previous studies revealed an ammonium increase under
mesophilic and thermophilic conditions [41]. In this study, average NH4-N decreased from
341.1 ± 52 to 276.8 ± 36 mg/L. The ammonium concentration did not exceed 355.7 mg/L
during the whole AD process at 17 ◦C. It is well known that high concentrations of ammonia
(≥3000 mg/L) are toxic to microorganisms [42]. The toxicity of ammonia may have been
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insignificant in this study. This is because the low-cost tubular digester had low organic
loads, and operated at a low temperature, so the accumulation of inhibitors/toxins was
likely negligible. Our results agree with those of Massé et al. [43] and Wei and Guo [44],
who stated that at low temperatures, ammonium concentrations do not cause failures
in digesters.

Process Efficiency and Biogas Quality

Figure 8 presents the biomethane potential kinetic for influent (BMP) and effluent
(residual methane potential). The BMP test at 15 ◦C lasted 40 days, i.e., until methane
production was less than 1%. The BMP for the influent at a temperature of 15 ◦C was
0.49 ± 0.053 Nm3CH4/kg VS. Significant differences were not found between the BMP
values obtained with a 95% confidence level (p-value = 0.2861). The methane potential
of the affluent at 15 ◦C using the local adapted microorganism consortia was higher
than other data reported at 36.5 ◦C by Kafle and Chen [45], who observed a maximum
of 0.33 Nm3CH4/kg VS. The residual methane potential at 15 ◦C of the effluent was
0.09± 0.005 Nm3CH4/kg VS. Residual methane potential values did not present significant
differences (p-value = 0.17 with 95% of confidence level). The biogas composition generated
by the biodigester showed a favorable value of 63.1± 5.3% for the CH4 content. The quality
of the biogas produced under psychrophilic conditions demonstrated the good performance
of the biogas digester. The positive control (crystalline cellulose) test demonstrated the
ability of the inoculum to degrade a specific substrate and the quality of BMP assay. BMP
from cellulose at 15 ◦C was 0.40 ± 0.01 Nm3CH4/kg VS.
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Considering the difference of the methane potential between the affluent and effluent,
the specific methane production (SMP) of the digester was estimated to be 0.40 Nm3CH4/kg
VS, which was higher than previously reported values, e.g., Lansing et al. [36] reported
0.29 m3CH4/kg VS. The hydraulic retention time of the digester, considering a mean inflow
of 4.16 m3/d and a liquid volume of 103.1 m3, was around 25 d. This retention time was
very low for a 17.7 ◦C slurry temperature, if compared with other psychrophilic swine
manure fed digesters. Martí-Herrero et al. [19] reported the SMP of a 1.5-year old low cost
tubular digester divided into two stages, obtaining 0.119 Nm3CH4/KgS V for 68.21 d and
0.093 Nm3CH4/Kg VS for 34.11 d, and 21.6 ◦C of slurry temperature in both cases. So, the
current digester, even with a short retention time, achieved a good SMP compared with
similar digesters, despite working at higher temperatures.
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The methane production rate (MPR), considering that the mean OLR was
0.52 kg VS/m3

digester d, was 0.21 Nm3 CH4/m3
digester d, which was again higher that

the values reported by Lansing et al. [36] and Marti-Herrero et al. [19] for low cost tubular
digesters fed with swine manure.

Therefore, the digester showed a biogas yield that was higher than expected if com-
pared with similar digesters. The main difference was that in our study, the digester had
been working for 8 consecutive years (compared to 1.5 years in the study by Marti-Herrero
et al. [19]). This long working period allowed an anaerobic digestion microorganism con-
sortium to develop which was extremely well-adapted to local temperature, operation
and influent properties. This phenomenon requires further research. The performance
characterization of the digester, is shown in Table 2.

Table 2. Operational conditions, parameter measured and performance characterization of the full-scale low-cost
tubular digester.

Operational Conditions Units Value

Working years years 8
Volume m3 103.1
Daily mean load m3/d 4.16
Mean slurry temperature ◦C 17.7
Mean ambient temperature ◦C 16.6
ORL kg VS/m3

digester d 0.34 to 0.76 (mean 0.52)
HRT d 25

Parameters Units Influent value Effluent value

COD g COD/L 9.94 ± 3.25 3.31 ± 1.20
VS gVS/kg 12.74 ± 3.52 2.86 ± 1.2
pH — 6.15 ± 0.77 7.6 ± 0.3
tVFA g CODVFA/L 2.9 ± 1.3 0.3 ± 0.08
TA g CaCO3/L 3.72 ± 1.3 1.95 ± 0.25
Ammonium g NH4-N/L 0.34 ± 0.05 0.28 ± 0.03
BMP Nm3 CH4/kgVS 0.46 ± 0.017 0.13 ± 0.06
Coliforms × 106 CFU/mL 3.99 3.57

Performance characterization

CH4 % 63.1 ± 5.3
SMP Nm3 CH4/kg VS 0.40
MPR Nm3 CH4/m3

digester d 0.21
COD reduction % 66.7%
VS reduction % 77.6%
Coliforms reduction % 10.5%

3.3. Microbiological Analysis

At low temperatures, methane formation occurred mainly by the acetoclastic route. An
acetoclastic methanogenic activity test may be used to delineate the operating conditions
for anaerobic systems and a parameter to assess the system performance by giving a
better sense of the system and its stability [27]. In the present study, effluent acetoclastic
SMA (0.06 g COD CH4/gVS d) was considerably higher than in the influent (0.01 g COD
CH4/g VS d). The SMA for a three-year operating cattle manure digester was 0.01 g COD
CH4/gVS and 0.04 g COD CH4/g VS d, for influent and effluent, respectively (previous
study, data not shown). This behavior was because the tubular digester design highlighted
the separation phases in the axial direction: acid phase (at the beginning of the digester)
and methane phase (in the final digester). Therefore, the highest number of archaea was
at the end of the digester, and consequently, the SMA increased [40]. Moreover, substrate
type and temperature were the primary factors influencing microbial activity. From the
effluent SMA, it was possible to infer that the bacteria and archaea had adapted to low
temperatures after 8 years.
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Microbial relative abundances data at the family taxonomic level reflected a remark-
able differentiation between inlet and outlet samples (Figure 9).
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The bacterial populations were dominated by hydrolytic and fermentative organ-
isms which were capable of metabolizing the compounds present in the environment of
the digester, such as members of Clostridiaceae and the Clostridium genus, whose pro-
portions remained relatively stable throughout the digestion process and showed only
a slight decrease in community composition in the outlet sample. Anaerobic and fer-
mentative bacteria typically found in anaerobic digestion systems, such as members of
Bacteroidaceae, Propionibacteriaceae, Syntrophaceae, Anaerolineaceae, or Geobacteraeace
families, were present in the outlet sample. Propionibacteriaceae members are able to carry
out fermentation of sugars to propionic acid [46], present in high quantities in the digester.
Syntrophaceae can have a fermentative metabolism or grow in the exclusive presence
of H2 (specifically, genus Syntrophus is able to degrade fatty acid chains in a symbiotic
relationship with methanogens) [47], whereas Anaerolineaceae can use carbohydrates and
Geobacteraceae can oxidize acetic acid and mainly use organic acids and alcohols [48].
Anaerobic conditions also produced a marked increase of Desulfonauticus (Desulfohalo-
biaceae), Firmicutes, and Actinobacteria taxa in outlet samples in comparison to inlet
samples. In contrast, the anaerobic conditions created an unfavorable selective pressure
for those organisms that were fundamentally aerobic, and resulted in appreciable shifts of
most of the remaining bacterial populations. For example, the Alcaligenes (Alcaligenaceae)
genus was not detectable in the outlet sample. The proportions of other bacterial genera
such as Bacterioides (Bacteroidaceae), Parabacteroides (Porphyromonadaceae), Pseudomonas
(Pseudomonadaceae) and Mitsukoella (Veillonellaceae), among others, drastically reduced
between inlet and outlet samples, suggesting a poor adaptation and a displacement in
favor of other microorganisms.

Regarding archaeal populations, even though the cell abundance in the inlet sample
was not high enough to obtain a 16S rRNA amplicon sequencing dataset, the archaeal popu-
lations in the outlet sample were dominated almost exclusively by the methanogenic genus
Methanothrix (formerly Methanosaeta) [49], followed by Methanobacterium and Methano-
linea in lesser proportions. Methanothrix species are obligately anaerobic, using acetic
acid as their sole source of energy; its metabolism results in the production of CH4 and
CO2 [50]. The above suggests that the anaerobic process is ongoing, and that these ar-
chaeal populations are responsible for the methane found in the outlet sample. Overall,
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the anaerobic conditions in the reactor produced unfavorable shifts in the composition of
the microbial community, favoring taxa which are typically found in anaerobic digestion
systems, such as the hydrolytic populations of Clostridiaceae, the fermentative populations
of Bacteroidaceae, Propionibacteriaceae, Syntrophaceae, Anaerobilneacea, or Geobacter-
aeace, and the methanogenic populations of Methanotrichaceae, Methanoregulaceae and
Nitrosocaldeaceae families.

qPCR data for bacteria and archaea from the inlet and outlet reflected a clear differen-
tiation between samples (Figure 10).

Figure 10. qPCR results for bacteria and archaea from inlet and outlet samples.

The qPCR results seem to indicate that the process provided a selective environment
which was favorable to archaea communities with an approximate 15-fold increase from the
inlet, which was consistent with the development of a community specialized in methano-
genesis. In contrast, the bacteria communities experienced a decrease of approximately
48%. The low values of archaea DNA obtained from the input sample made it impossible
to study their relative abundance.

3.4. Pathogen Reduction

The digestate produced in the biodigester was characterized to evaluate its mi-
crobiological and nutritional quality. In the affluent and effluent, a concentration of
3.99× 106 CFU/mL and 3.57× 106 CFU/mL, respectively, of total coliforms was quantified.
This indicated that the digestate was Class B and needed to be stabilized before being
dumped into arable soil [51]. Pathogen reduction was 0.42 × 106 CFU/mL; this removal
was low compared to that achieved for mesophilic anaerobic processes [52]. This is because
the low temperatures did not affect the pathogenic microorganisms.
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4. Conclusions

A tubular plastic digester working under psychrophilic conditions for 8 years showed
better biogas production than expected when compared with other low-cost tubular di-
gesters A greenhouse over the tubular digester is not enough to heat the digester; therefore,
other factors (the color of the reactor and the insulation used in the trench) should be
considered for a passive solar heating design. The digester worked properly for organic
matter removal and COD reduction, but the effluent still had a large number of coliforms
in need of post-treatment (Class B). Performance during the long-term operation of these
systems in psychrophilic conditions tends to improve, an aspect not previously considered
nor evaluated. The digester had a very short retention time (25 days) for a psychrophilic
condition (17.7 ◦C), indicating that the high methane production (0.40 Nm3CH4/kg VS)
could be related to the acclimatization and adaptation of the microorganism consortium to
the local psychrophilic conditions. A microbiological analysis showed a diverse population
adapted to anaerobic digestion conditions, with an increase of methanogenic archaea and
a diminution of bacteria populations, resulting in a population that was specialized in
hydrolytic and fermentative processes.
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Abstract: Microalgae-based wastewater treatment plants are low-cost alternatives for recovering
nutrients from contaminated effluents through microalgal biomass, which may be subsequently
processed into valuable bioproducts and bioenergy. Anaerobic digestion for biogas and biomethane
production is the most straightforward and applicable technology for bioenergy recovery. However,
pretreatment techniques may be needed to enhance the anaerobic biodegradability of microalgae.
To date, very few full-scale systems have been put through, due to acknowledged bottlenecks such
as low biomass concentration after conventional harvesting and inefficient processing into valuable
products. The aim of this study was to evaluate the anaerobic digestion of pretreated microalgal
biomass in a demonstration-scale microalgae biorefinery, and to compare the results obtained with
previous research conducted at lab-scale, in order to assess the scalability of this bioprocess. In the
lab-scale experiments, real municipal wastewater was treated in high rate algal ponds (2 × 0.47 m3),
and harvested microalgal biomass was thickened and digested to produce biogas. It was observed
how the methane yield increased by 67% after implementing a thermal pretreatment step (at 75 ◦C
for 10 h), and therefore the very same pretreatment was applied in the demonstration-scale study.
In this case, agricultural runoff was treated in semi-closed tubular photobioreactors (3 × 11.7 m3),
and harvested microalgal biomass was thickened and thermally pretreated before undergoing the
anaerobic digestion to produce biogas. The results showed a VS removal of 70% in the reactor and
a methane yield up to 0.24 L CH4/g VS, which were similar to the lab-scale results. Furthermore,
photosynthetic biogas upgrading led to the production of biomethane, while the digestate was treated
in a constructed wetland to obtain a biofertilizer. In this way, the demonstration-scale plant evidenced
the feasibility of recovering resources (biomethane and biofertilizer) from agricultural runoff using
microalgae-based systems coupled with anaerobic digestion of the microalgal biomass.

Keywords: agricultural runoff; anaerobic digestion; biogas; biomethane; biorefinery; microalgae;
photobioreactor; pretreatment; wastewater

1. Introduction

The treatment of wastewater is fundamental for ensuring public health and environmental quality.
European regulations such as the Urban Waste Water Treatment Directive (91/271/EEC) [1] and the
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Water Framework Directive (2000/60/EC) [2] aim at protecting surface waters from the adverse effects
of wastewater discharges, such as organic pollution and oxygen depletion, which degrade aquatic
life. This has been partially achieved through the collection and treatment of wastewater in urban
settlements. In most of these cases, wastewater is subject to biological treatment (secondary treatment)
for the removal of organic matter and suspended solids, but in cases where the receiving water bodies
are considered sensitive to eutrophication, more stringent tertiary treatment may be required to reduce
nitrogen and phosphorus pollution. In 2015, the percentage of population connected to wastewater
treatment facilities ranged from 75% in Eastern Europe to 97% in central Europe, while the percentage
connected to wastewater treatment plants that implement tertiary treatment ranged from 21% in south
Eastern Europe to 80% in central Europe [3]. The percentage not connected to wastewater treatment
facilities mostly corresponds to population living in scattered communities outside agglomerations,
usually in rural areas.

Nature-based sanitation systems, such as constructed wetlands and microalgae-based systems,
may be the most feasible solution for rural areas, since they have lower costs and less sophisticated
operation and maintenance requirements [4,5]. Moreover, these systems can provide treatment
efficiencies similar to those of activated sludge wastewater treatment plants (WWTPs) including
tertiary treatment. The main disadvantages of natural systems are that they are susceptible to
seasonality and require larger land areas compared to conventional treatment systems [6]. The effects
of seasonality can be lessened by a proper design under the most adverse conditions. Regarding land
availability, it may not be an issue in rural areas as compared to urban agglomerations. In addition,
these systems are suitable for the treatment of agricultural runoff.

In particular, microalgae-based treatment systems have much lower energy input compared
to conventional activated sludge units, since oxygen for biological treatment is supplied through
microalgae photosynthesis. Moreover, these microorganisms are responsible for nutrient assimilation,
allowing nitrogen and phosphorus removal [7,8]. Experimental and demonstration-scale facilities of
microalgae-based systems treating municipal wastewater have shown removal efficiencies of 90% for
COD, 75–95% for N-NH4 and 37% of P-PO4 [9–11]. On the other hand, WWTPs are shifting from being
just a sanitation technology towards a bioproduct recovery industry, as biorefineries or water resources
recovery facilities (WRRFs). Microalgae-based systems fit in this approach, since the treatment of
wastewater is associated with the production of microalgal biomass that could be recovered or reused
for further purposes. Thus, microalgae have gained research interest due not only to their great
potential and impact applications on wastewater treatment, but also for resource recovery and societal
development [12,13]. Harvested microalgal biomass can be processed into protein for animal feed,
agricultural fertilizer, pigments and biopolymers, while biogas can be produced by means of anaerobic
digestion of the total or residual biomass [14–20]. Biogas production from microalgae is suitable and
of special interest for small agglomerations and rural areas, since a positive energy balance can be
achieved, producing more energy from the biogas than the energy required for the operation of the
whole plant, if environmental conditions (solar radiation, temperature) are appropriate [11,21].

For microalgae-based wastewater treatment, open ponds are normally justified as more economical
than closed photobioreactors, which seem to be only recommended for high-value by-products.
Nonetheless, closed tubular photobioreactors have interesting advantages, as more independency
on weather conditions, lower risk of microbial contamination and lower CO2 losses [22]. Systems
combining open and closed compartments aim at taking advantage of the features and avoiding the
main drawbacks of both types of systems, which may encourage the use of semi-closed photobioreactors
in microalgae-based WRRFs [23].

Regarding bioenergy production, anaerobic digestion is the most straightforward and applicable
technology to date. According to the literature, results on microalgal biomass methane yield at lab-scale
range from 0.07 to 0.56 L CH4 g VS−1, depending on microalgae species, substrate characteristics and
operating conditions, among other factors [15]. In any case, for improving biomass biodegradability,
pretreatment methods have been tested in order to disrupt the cell wall and enhance the hydrolysis
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step. Pretreatment techniques that have so far been applied to microalgae include physical, chemical
and biological methods, as well as their combinations [24]. Even if they all seem effective in terms of
methane production increase, thermal pretreatments at low temperature (<100 ◦C) seem more feasible
to scale-up, since they have led to 70% methane yield increase and positive energy balances in lab
scale reactors [25–27]. However, full-scale experience on anaerobic digestion of pretreated microalgal
biomass is limited, despite its implementation is increasing according to the number of research projects
worldwide [28].

In this context, a demonstration-scale plant including anaerobic digestion of pretreated microalgal
biomass was implemented and operated in the framework of the projects INCOVER and AL4BIO.
The projects aimed at changing the current wastewater treatment concept towards a bioproduct
recovery industry and a reclaimed water supplier. One of the main outcomes of the projects was
the evaluation at demonstration-scale processes and technologies that were previously tested only
at the lab or pilot-scale. In particular, agricultural runoff and domestic wastewater were treated in
demonstration-scale semi-closed photobioreactors, assessing the feasibility of selection of cyanobacteria
and accumulation of polyhydroxybutyrate (PHB) and carbohydrates [29,30]. The biomass was harvested
in a lamella settling tank and thickened in gravity settlers. Subsequently, the biomass was digested
anaerobically for the production of biogas, after undergoing thermal pretreatment. The biogas was
upgraded to biomethane in a photosynthetic absorption column [17], while the digestate was further
stabilised and dewatered in a sludge treatment wetland for the production of biofertilizer.

This study compiles the data from the anaerobic digestion of pretreated microalgal biomass,
with the objective of evaluating the results and comparing the production of biogas with previous
research conducted at lab-scale. The discussion regarding the performances obtained at both scales
aims at assessing the scalability of this bioprocess.

2. Materials and Methods

2.1. Demonstration-Scale Set-Up

The microalgae-based WRRF was located outdoors in the Agròpolis Campus of the Universitat
Politècnica de Catalunya (UPC) in Viladecans (Barcelona, Spain, Figure 1). It treated a mixture of
agricultural runoff (90% v/v) and domestic wastewater from a septic tank (10% v/v). The agricultural
runoff was obtained from a drainage collection channel beside the campus. The system comprised three
horizontal tubular semi-closed photobioreactors, a lamellar settler with polymer addition for biomass
harvesting, two gravity thickeners, an anaerobic digestion unit for biogas production and upgrading
to biomethane, and a constructed wetland for digestate stabilisation and dewatering. The clarified
effluent was post-treated in a solar-driven ultrafiltration-disinfection unit and in three adsorption
columns for nutrients recovery, and eventually reused for irrigation of rapeseed and sunflower crops
by means of a smart irrigation system. Further details on the start-up of the plant may be found in [31].

2.1.1. Microalgal Biomass Production and Harvesting

Agricultural runoff was pumped from the collection channel to a homogenisation tank (10 m3),
where it was mixed with the partially treated domestic wastewater pumped from a septic tank.
The influent was conveyed to the three semi-closed tubular photobioreactors. Each photobioreactor
(11.7 m3) was composed by two lateral open tanks (2.5 m3) equipped with paddle-wheels, connected
by sixteen horizontal transparent tubes (9.2 m3). The paddle-wheels in the lateral open tanks provided
a difference in the water level between the two tanks, causing the mix liquor to flow from one tank
to the other through eight tubes and returning to the first open tank through the other eight tubes.
The liquid velocity inside the tubes was 0.25 m/s, ensuring a turbulent flow and homogeneous mixing.
Moreover, the open tanks provided dissolved oxygen release and preserved temperature increase.

The system was operated in a semi-batch mode, with a discharge of 2.3 m3 of mixed liquor
from each photobioreactor, followed by feeding the same volume of influent wastewater, each and
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every day at 5 a.m. and 7 a.m., respectively. During the experimental period, the operation of the
photobioreactors was changed according to the research and innovation objectives and the goals to be
attained, e.g., wastewater treatment and biomass production optimisation or PHB accumulation by
cyanobacteria. On the whole the plant was operated for 20 months; during the first 12 months the
photobioreactors were operated in parallel with a HRT of 5 days, while during the following 8 months
they were connected in series with a total HRT of 15 days [29,30].
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Figure 1. Global view of the demonstration-scale plant.

Microalgal biomass was harvested in a lamellar settler (700 L), which comprised a flocculation
chamber (50 L), which received the influent mixed liquor and an addition of coagulant; a stilling zone
(180 L) after the flocculation chamber; a lamellar zone (350 L) which was the main settling volume;
an effluent weir and collection channel over the lamella zone; and a sludge hopper at the bottom for
collecting the settled biomass (120 L). The total daily volume of mixed liquor discharged from the
photobioreactors was pumped to the settling tank at a surface loading rate of 0.135 m/h (including
the lamellae’s surface), with a HRT of 1.75 h. Biomass coagulation and flocculation was enhanced by
dosing aluminium polychloride. The dose of coagulant was modified according to the influent mixed
liquor characteristics. The sludge was drawn off from the bottom of the settling tank by means of
an electro valve and a timer several times every day, until no more sludge remained in the hopper.
Following, harvested microalgal biomass was further thickened in two gravity settlers (200 L each)
working in series.

2.1.2. Thermal Pretreatment and Anaerobic Digestion

A diagram and an image of the thermal pretreatment and the anaerobic digestion unit are shown
in Figure 2. Thickened microalgal biomass was conveyed to a homogenisation tank (100 L) under
constant stirring. The biomass was then fed to the thermal pretreatment unit at a flow rate between 15
and 30 L per day. In order to distribute the load during the day, the microalgal biomass was pumped
at a constant flow of 0.5 L/min during one minute every 25–45 min (OEM 520FAM/R2 peristaltic pump,
Watson-Marlow®, United Kingdom). The time interval between each consecutive pumping event was
adjusted in order to feed the desired total volume of biomass. The thermal pretreatment was carried
out in a stainless steel tank (25 L), with constant stirring and an electrical resistance (1.5 kW, Electricfor
SA, Barcelona, Spain) for maintaining the temperature at 75 ◦C. The pretreatment temperature was
selected according to previous studies on the increase of microalgae anaerobic biodegradability after
evaluating several pretreatment methods and validating the thermal pretreatment in continuous
lab-scale reactors [26,27,32]. The pretreatment tank was equipped with an electronic temperature
sensor (TD2517, IFM electronic LTD, Essen, Germany), and temperature data were collected and
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recorded in a datalogger every 20 min. The tank also included an electronic liquid level sensor (PI2789,
IFM) to control filling and emptying operations.

Pretreated biomass was pumped to the anaerobic digester (Watson-Marlow OEM 520FAM/R2
peristaltic pump, United Kingdom). The anaerobic digester (1 m3) was maintained under constant
stirring by means of liquid recirculation at 2 m3/h (BN 2–6 L rotating positive-displacement pump,
Seepex, TD2517, IFM electronic LTD, Essen, Germany) and at mesophilic temperature (35 ◦C) by means
of an electrical resistance (CR212II0030 M77 LIR 589, Electricfor SA, Barcelona, Spain). Furthermore,
the digester was equipped with electronic liquid level sensors, pressure, temperature and redox
(PI2798, PI008A and TD2517—IFM Electronic LTD.—Essen, Germany) and pH (K100, Seko—Santa
Rufina, Italy). Data of these parameters were measured online and recorded in a datalogger every
20 min. Biogas production was quantified using a mechanical flowmeter (TG0.5-PVC-PVC, Ritter®

Bochum, Germany) and stored in a gasometer. The volume of biogas was recorded manually from the
mechanical flowmeter every working day. Therefore, results are expressed as weekly average values
of biogas production (L biogas/Lreactor·day) and methane yield (L CH4/g VS).

Over an experimental period of 14 months (420 days), the digester was operated with two
different HRT: 20 days (Period 1, until day 271) and 32 days (Period 2, days 272 to 420). Previous
research had shown how increasing the HRT to 28–30 days could improve the biogas production
from microalgae [27,33], and here we wanted to evaluate if it was also the case with pretreated
microalgal biomass.

2.2. Analytical Methods

The performance of the photobioreactors and harvesting unit was monitored as described
elsewhere [29]. In brief, grab samples from the influent wastewater (homogenization tank), the effluent
of each photobioreactor, and the effluent of the lamella settling tank were collected and analysed weekly.
The main operational parameters were analysed, among them the nutrients orthophosphate (PO4

3−-P)
and ammonium (NH4

+-N) in the influent and in the photobioreactors, and turbidity, total suspended
solids (TSS) and volatile suspended solids (VSS) in the photobioreactors and the harvesting unit.
Turbidity was measured using a HI-93703 turbidimeter (Hanna instrumental, Limena, Italy). TSS and
VSS were analyzed following Standard Methods for the Examination of Water and Wastewater [34].
NH4

+-N was analyzed according to the methods described in Solórzano (1969) [35] and PO4
3−-P was

measured by means of a DIONEX ICS1000 ion chromatography system (Thermo-Scientific®, Waltham,
MA, USA).

Samples of biomass were observed under a bright light microscope (Motic, Kowloon, Hong Kong)
equipped with a camera (Fi2, Nikon, Tokyo, Japan) and a fluorescence microscope (Eclipse E200,
Nikon, Tokyo, Japan) using the NIS-Element viewer® software, in order to observe the composition of
microorganisms during the experimental period. The identification of microalgae and cyanobacteria
was based on taxonomic books and databases [36,37].

The performance of the anaerobic digester was monitored as follows. The pH, redox potential,
temperature and volume of the digester were continuously monitored on-site and recorded every
20 min, as well as the temperature and volume of the pretreatment unit. The volume of produced
biogas was recorded every working day. The CH4 and CO2 content were periodically analysed from
biogas samples using a GC equipped with a thermal conductivity detector (Trace GC with Hayesep
packed column, Thermo Finnigan—Thermo-Scientific®, Waltham, MA, USA), as described by Marín
et al. [17]. Samples of the influent biomass, pretreated biomass and digestate were analysed on a
weekly basis. The concentration of Total Solids (TS), Volatile Solids (VS), total and soluble Chemical
Oxygen Demand (COD and CODs) were determined according to the Standard Methods for the
Examination of Water and Wastewater [34]. Total organic carbon (TOC) and total nitrogen (TN) were
measured using an automatic analyser (multi N/C® 2100S analyser, Analytik Jena—Jena, Germany).
TOC was analysed with an infrared detector (NDIR) according to the combustion-infrared method
of the Standard Methods for the Examination of Water and Wastewater [34], by means of catalytic
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oxidation at 800 ◦C using CeO2 as catalyst. Following, a solid-state chemical detector (ChD) was used
to quantify TN as NOx.
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Figure 2. (a) Diagram of the anaerobic digestion plant. Mixers (M), pumps (P), electrical resistances
(ER) and electrovalves (EV) are indicated in the figure, as well as the temperature (T), liquid level (LI),
pressure (PI), redox and pH sensors. (b) Image of the anaerobic digestion plant.
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2.3. Determination of Parameters

The performances of the thermal pretreatment, anaerobic digestion and biogas production were
evaluated by calculating the following parameters.

The degree of solubilisation of microalgal biomass in the thermal pretreatment was calculated
according to Equations (1) (S, percentage of solubilisation of the influent particulate COD) and (2) (SR,
solubilisation ratio), where CODsp is the soluble COD after pretreatment, CODso is the soluble COD of
the influent microalgal biomass, and CODo is the total COD of the influent microalgal biomass.

S =
CODsp −CODso

CODo −CODso
·100 (1)

SR =
CODsp

CODso
(2)

The removal of VS (VSremoved, %) in the anaerobic digester was calculated as the difference
between the VS concentration in the influent and effluent, with respect to the VS concentration in the
influent, according to Equation (3), where VSinf and VSeff are the influent and effluent concentration
of VS. VSinf has been estimated as the mobile average of the influent VS concentration during the
previous HRT period:

VSremoved =
VSinf −VSeff

VSinf
·100 (3)

The organic loading rate (OLR, kg VS/m3·d) was determined as the amount of organic matter
fed to the anaerobic digester per day, referred to the reactor working volume (Vreactor), according
to Equation (4). At this aim, the organic matter concentration in the influent was expressed as the
concentration of VS (VSfed):

OLR =
Q·VSfed

Vreactor
(4)

The methane production rate (Pmethane, L CH4/L·d) was calculated as the volume of methane
produced per day, referred to the reactor working volume, according to Equation (5), where %CH4 is
the methane content in the biogas:

Pmethane =
L of methane per day

Vreactor
=

L of biogas per day ·%CH4

Vreactor
(5)

Finally, the methane yield (YCH4, L CH4/g VS) or specific methane production, was calculated by
referring the methane production rate to the organic loading rate, according to Equation (6):

YCH4 =
Pmethane

OLR
(6)

3. Results

3.1. Microalgal Biomass Production and Harvesting

Microalgal biomass produced in the semi-closed photobioreactors varied throughout the
experimental period, as a result of the mode of operation and performance of the photobioreactors
and harvesting unit, the weather conditions of the season and the variability of influent wastewater
characteristics. Indeed, the biomass (expressed as VSS) concentration fluctuated with the solar radiation
and water temperature, attaining low microalgae production during winter (7 g/m3·day) and early
spring, and increasing in summer and early autumn (up to 43 g/m3·day) [29].

The operational conditions and performance of the harvesting unit also varied during the
experiment. The turbidity of the influent mixed liquor to the lamella settling tank ranged between 20
and 500 NTU, and the doses of coagulant ranged between 1 to 12 mg Al/L for achieving an effluent
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turbidity < 5 NTU. Harvested biomass was further thickened by gravity, reaching a concentration of
VS between 2 and 18 g VS/L (Figure 3).
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The production of microalgal biomass seemed to be limited by the concentration of nutrients in the
influent agricultural runoff, with average seasonal concentrations of N-NH4 ranging between 1.2 and
3.6 mg/L and of P-PO4 between 0.32 and 1.84 mg/L [38]. These values are quite low when compared to
primary treated domestic wastewater (24–53 mg N-NH4/L and 8–25 mg P-PO4/L) [39]. In addition,
the modification of the photobioreactors operation mode on day 330, from operation in parallel (5 days
of HRT) to operation in series (15 days of HRT), also had an influence on the biomass production.
Indeed, in spite of the favourable environmental conditions of springtime, after the modification the
biomass production decreased, which was attributed to the lower influent flowrate and nutrients
loading during the operation of the photobioreactors in series, with a total HRT of 15 days.

In general, the mixed culture was dominated throughout the whole period by cyanobacteria
belonging to a coccoid species resembling Synechococcus sp. (especially during the operation in series),
along with some filamentous cyanobacteria like Pseudanabaena sp. and green microalgae [29,30,38]
(Figure 4a–d).

3.2. Thermal Pretreatment of Microalgal Biomass

The anaerobic digestion system was operated for 18 months. For the purposes of this study,
only periods of stable operation were considered, in order to compare the anaerobic digestion of
thermally pretreated microalgal biomass under lab-scale controlled conditions [26,27] and pilot-scale
real conditions, and assess the scalability of the process. Thus, results from steady-state operation
(days 204 to 455) are shown in Table 1. The temperature of the thermal pretreatment was steadily
maintained at about 75 ◦C during the whole period, and the exposure time was around 20 h.

Table 1. Average values and standard deviation (SD) of thermal pretreatment parameters.

Average SD

HRT (h) 20.0 4.5

Influent

Soluble COD before (mg/L) 456 265
VS/TS 0.47 0.08

Effluent

Soluble COD after (mg/L) 2625 1262
VS/TS 0.45 0.08
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Figure 4. Microscopic images of the mixed liquor of the photobioreactors: (a) Coccal Cyanobacteria
resembling Synechococcus sp. and small filamentous Cyanobacteria, surrounded by green microalgae,
(b) filamentous Cyanobacteria resembling to Oscillatoria sp. and Leptolyngbya sp. and coccoid
Cyanobacteria resembling to Chroococcus sp., Synechococcus sp. and Synechocystis sp., and (c) filamentous
green microalgae, observed under bright light microscopy during the operation of the photobioreactors
in parallel; and (d) higher dominance of Synechococcus sp. with some presence of Pseudanabaena sp.,
observed under fluorescence microscopy during the operation of the photobioreactors in series.

One of the most important parameters for evaluating the pretreatment effectiveness is the
solubilisation of organic matter. Since microalgae cells are complex and resistant, in particular those
grown in wastewater, organic compounds may be retained inside the cell wall, hindering the anaerobic
biodegradability. Pretreatment methods aim at disrupting the cell wall and releasing intracellular
compounds, enhancing the bioavailability of these compounds for anaerobic bacteria, and ultimately
enhancing the anaerobic digestion rate and extent. This is commonly measured by the degree of
solubilisation achieved after applying the pretreatment. In this study, the solubilisation degree
(calculated from Equation (1)) was on average 45.7%, which means that almost half of the influent
particulate COD was converted into soluble COD. When comparing the soluble COD before and
after the pretreatment, it was increased from 456 to 2625 mg/L, representing a 5.8-fold solubilisation
(calculated from Equation (2)).

These results fall within the range reported in the literature under laboratory conditions.
For instance, the thermal pretreatment of mixed microalgal biomass at 75 ◦C for 10 h reached
a 10.6-fold solubilisation [32], while the pretreatment of Scenedesmus biomass at 90 ◦C for 3 h
increased soluble organic matter by 4.4-fold [40]. Indeed, the pretreatment effectiveness may vary
depending on the microalgae species and growth characteristics, which depend on the culture medium
composition [24]. For instance, in this study microalgal biomass was mainly composed of cyanobacteria
in the demonstrative-scale plant treating agricultural runoff (with nutrients limitation), while in our
lab-scale studies treating municipal wastewater the predominant species were green microalgae such
as Stigeoclonium sp., Monorraphidium sp., or the diatoms Nitzchia sp. and Amphora sp.; the latter ones
with an extremely resistant cell wall composed of silica [26].
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According to results obtained, it seems that there was no organic matter loss during the pretreatment
at 75 ◦C for 20 h, as the VS/TS ratio was maintained (Table 1), reproducing what was already observed
in the lab-scale [26,27]. This is a matter of concern, since organic matter should not be lost prior to its
conversion into biogas in the anaerobic digester.

3.3. Anaerobic Digestion Performance and Biogas Production

The anaerobic digestion performance is shown in Figures 5–7, where two experimental periods
are differentiated: Period 1, when the anaerobic digester was operated with a HRT of 20 days (until day
271); and Period 2, when HRT was 32 days (days 272 to 420). Both periods operated under mesophilic
conditions (35.8 ± 0.3 ◦C). The OLR ranged from 0.2 to 0.5 g VS/L·day in Period 1 and from 0.2 to
1.0 g VS/L·day in Period 2 (Figure 5). Indeed, it was more stable during the first period than during
the second one, as a result of the VS concentration in thickened microalgal biomass, which follows a
similar trend (Figure 3). Despite the variability, the average OLR was higher during the second period
(0.5 vs. 0.28 g VS/L·day), even if the HRT was increased from 20 to 32 days. The reason for this is the
increase in microalgal biomass production during summer time (Period 2), when microalgae growth
was the highest (around 40 g/m3·day). The correlation between the photosynthetic activity and the
weather conditions is widely reported in the literature. In a pilot-scale study carried out at the same
location, microalgae growth and biomass production followed the same trend as the solar radiation,
reaching the highest values in spring and summer [11].
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Figure 5. Organic loading rate in the anaerobic digester over the experimental periods 1 (HRT of
20 days) and 2 (HRT of 32 days).

The biogas production rate showed a similar trend as the OLR, with the highest values during
summer (days 280–320) (Figure 6a). Indeed, the OLR was fairly low, and therefore increasing the OLR
also increased the biogas production resulting from higher organic matter biodegradation. The methane
content in biogas was around 76% in both periods, which is considered high upon the anaerobic
digestion of particulate organic matter, suggesting an appropriate methanogenic activity. In terms of
methane yield (Figure 6b), it ranged between 0.11 and 0.38 L CH4/g VS during the first period and
between 0.07 and 0.28 L CH4/g VS during the second one, with average values of 0.24 and 0.16 L
CH4/g VS, respectively. It could be speculated that increasing the HRT (from 20 to 32 days) would
concomitantly increase the anaerobic biodegradability and methane yield, as previously reported [27,33]
and especially upon the anaerobic digestion of particulate organic matter, characterised by a slow
hydrolysis step. However, microalgal biomass had already been pretreated with the aim of accelerating
the hydrolysis, and in this case no further improvement was observed by increasing the HRT from
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20 to 32 days. Most probably, all the soluble organic matter attained after the thermal pretreatment
was already digested at 20 days of HRT and no further intracellular, hardly digestible or recalcitrant
components were converted into biogas at 32 days of HRT. This indicates that the lower HRT of 20 days
was already enough for operating the anaerobic reactor under the conditions of this study.

Another strategy for improving the anaerobic digestion performance would be the co-digestion
with carbon-rich substrates, as agricultural biomass, to counter-balance the low C/N ratio of
microalgae [41]. Indeed, the C/N ratio of pretreated microalgal biomass was fairly low, ranging
from 4 to 10 (Figure 7), as a result of the high protein concentration in cells. This may jeopardize
anaerobic digestion when ammonium concentrations arrive at inhibitory or toxic levels. According to
the literature, optimal values for microbial growth are around 25–30 [42], which may lead to faster and
higher methane production, while promoting the stability of the anaerobic digestion process. Besides,
it is a way of increasing the OLR and biogas production potential.
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Figure 7. C/N ratio of the anaerobic digester influent (pretreated microalgal biomass) over the
experimental periods 1 (HRT of 20 days) and 2 (HRT of 32 days).

4. Discussion

This study was intended to evaluate the anaerobic digestion of thermally pretreated
microalgal biomass within a microalgae-based WRRF at demonstration-scale in outdoors conditions.
Microalgae-based systems and biomass valorisation technologies have mostly been investigated in
lab-scale facilities under controlled conditions. Such experiments are useful to quantify and compare
operating conditions, yet do not provide information on the scalability under real conditions, with a
strong seasonality and variations in influent wastewater characteristics, which are known to affect
the wastewater treatment effectiveness, microalgal biomass production and biomass characteristics
(predominant microalgae species and macromolecular composition). In fact, a recent study comparing
microalgae-based systems at a lab-scale (5 m2), pilot-scale (330 m2) and full-scale (1 ha) revealed that
full-scale units showed the lowest values in nutrient removal and microalgal biomass production [43].
The mentioned work indicated that the use of lab-scale data for designing and optimising full-scale
plants is still uncertain. On the other hand, literature also suggests that there is an urgent need for
more pilot and full-scale studies, since that represents a more realistic approach of the technology in
comparison with lab-scale results [44].

In our previous studies, the thermal pretreatment conditions were optimised by comparing the
effect of different temperatures (55, 75 and 95 ◦C) and exposure times (5, 10 and 15 h) on microalgal
biomass solubilisation and biochemical methane potential (BMP) [32]. Subsequently, semi-continuous
lab-scale reactors (1.5 L) were operated with microalgal biomass pretreated under the optimal conditions
(75 ◦C for 10 h) [26,27]. Both studies were carried out under mesophilic conditions (35 ◦C) with a
HRT of 20 days [26] and 30 days [27]; and in both cases two reactors were run in parallel, the first
one receiving pretreated microalgal biomass and the second one raw microalgal biomass (control).
In the present study, the same bioprocess was scaled-up in a microalgae-based WRRF, where the biogas
produced was upgraded to biomethane and the digestate was post-treated in a constructed wetland to
produce a biofertilizer. Thermal pretreatment has been described in the literature as the method to
give the best result in microalgae pretreatment [15], however still with very few results in pilot and
full-scale systems [7].

The main results obtained in the lab-scale reactors [26,27] and pilot set-up (Periods 1 and 2) are
summarised in Table 2. In all cases the anaerobic digesters operated under mesophilic conditions
(35–37 ◦C) with a HRT of 20 or 30–32 days. Microalgal biomass pretreatment was always conducted at
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75 ◦C, with an exposure time of 10 h in the lab-scale experiments and 20 h in the pilot set-up. The OLR
was considerably higher in the lab-scale reactors (around 0.7–0.8 g VS/L·day) than in the pilot ones
(around 0.3 g VS/L·day in Period 1 and 0.5 g VS/L·day in Period 2), which is attributed to different
influent wastewater characteristics, hence biomass production. In the lab-scale experiments, microalgae
were grown in high rate algal ponds (HRAPs) treating urban wastewater (without limitation of N
and P), manually harvested and thickened reaching higher concentration of VS than in the automated
demonstration-scale facility, where microalgae were grown in photobioreactors treating agricultural
runoff with some nutrients limitation [38]. In fact, a previous study using microalgae for treating
agricultural stormwater showed nutrient limitation, which hampered biomass production, mainly in
months with low rainfall events [45].

Table 2. Anaerobic digestion performance for thermally pretreated microalgal biomass in
laboratory-scale and pilot-scale reactors. Mean values (standard deviation).

Parameter Laboratory Scale * Demonstration-Scale
(Period 1)

Laboratory
Scale **

Demonstration-Scale
(Period 2)

Operational conditions

Thermal pre-treatment HRT (h) 10 21.3 (0.0) 10 21.7 (5.6)

Anaerobic digester HRT (days) 20 20 (0) 30 32 (10)

OLR (g VS/L·day) 0.68 (0.10) 0.28 (0.11) 0.81 (0.02) 0.50 (0.28)

Influent composition

VS (g/L) 11.2 (1.40) 6.4 (0.7) 23.7 (1.00) 18.1 (7.2)

TS (g/L) 21.1 (3.10) 16.6 (1.7) 34.2 (2.80) 36.1 (15.4)

COD (g/L) 11.84 (0.71) 9.04 (0.98) 25.2 (1.8) 20.92 (11.98)

N-NH4 (mg/L) 218 (9.54) 156 (120) 260 (6.00) 312 (300)

Effluent composition

VS (g/L) 9.50 (1.0) 1.8 (1.2) 14.5 (1.10) 9.9 (5.5)

TS (g/L) 19.80 (2.70) 4.6 (3.1) 26.7 (2.70) 23.4 (13.2)

COD (g/L) 10.6 (0.5) 11.3 (8.9) 25.2 (2.1) 14.7 (10.1)

N-NH4 (mg/L) 323 (17.15) 458 (250) 8.0 (1.0) 456 (310)

Anaerobic digester pH 7.6 (0.4) 7.0 (0.2) 7.55 (0.08) 7.4 (0.1)

VFA (mg COD/L) 150 (58.6) - 130 (<596 1) -

Anaerobic digestion
performance

VS removal (%) 52.3 (3.8) 70.0 (23.6) 39.5 (3.7) 45.7 (18.0)

Methane production rate (L
CH4/L·day) 0.20 (0.10) 0.072 (0.035) 0.19 (0.07) 0.064 (0.053)

Methane yield (L CH4/g VS) 0.30 (0.09) 0.24 (0.08) 0.24 (0.07) 0.16 (0.05)

Methane content in biogas (%) 68.1 (0.6) 76.7 (0.0) 69.5 (1.7) 76.8 (2.0)

Note: * Data published by Passos and Ferrer, 2014 [26]; ** Data published by Solé-Bundó et al., 2018 [27]; 1 Maximum
value achieved.

Consequently, in our study, the methane production rate was much higher in the lab-scale
experiments (Table 2), yet the methane yield was not so different. With a HRT of 20 days,
the methane yield was 25% higher in the lab-scale experiment (0.30 vs. 0.24 L CH4/g VS) but
with a HRT of 30–32 days it was 50% higher (0.24 vs. 0.16 L CH4/g VS). When comparing the results,
we should bear in mind that the anaerobic biodegradability depends on the microalgae species,
which in systems treating real wastewater keep changing over time, depending on the weather
conditions and influent characteristics [28,44]. Furthermore, these experiments were conducted with
spontaneous mixed cultures dominated by green microalgae in the HRAPs treating urban wastewater
(lab-scale experiments), and by cyanobacteria in the photobioreactors treating agricultural runoff

(demonstration-scale facility). In addition, lab-scale experiments were conducted under controlled
conditions, and manual microalgae harvesting and digester feeding ensured a constant flow rate of
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thickened microalgal biomass with a fairly stable OLR. Conversely, the demonstration-scale facility
was fully automated, meaning that the operation of a process depended on the success of the previous
one and, despite the complexity of operating a microalgae biorefinery like this, with operational issues
occurring regularly, the anaerobic digestion stage showed to be quite robust and reproduced reasonably
well lab-scale results under real conditions resembling full-scale operation. This was reinforced by the
results of stable pH, high methane content in biogas and the similar methane yield when compared
to lab-scale results. On the whole, the results suggests that even with a variable microalgal biomass
production and composition, and a lower OLR, the anaerobic digestion was a quite robust and straight
forward downstream option for microalgal biomass valorisation at demonstration-scale.

In the context of microalgae-based biorefinery or WRRF, the bioproducts obtained in the anaerobic
digester were further processed. The produced biogas was subsequently sparged into a 45 L absorption
column, fed with mixed liquor from the photobioreactors. The photosynthetic biogas upgrading
process was validated at demonstration-scale under outdoors conditions. The continuous operation
of the system resulted in the production of biomethane, reducing the content of CO2 and H2S and
obtaining a concentration of CH4 between 94.1% and 98.8%, complying with most international
regulations for methane injection into natural gas grids [17]. Moreover, the digestate was further
stabilised in a sludge treatment wetland with an effective surface area of 6 m2 and height of 1.5 m.
The wetland was planted with common reed (Phragmites australis) and the digestate was daily pumped
and fed to the wetland through a sludge distribution system consisting in a net of pipes with risers.
The digestate was mineralised and dewatered in the wetland, producing a soil like structure with
12.5–12.8% dry matter content. According to the nutrient and heavy metals content (below the limits
for reuse of sludge in arable land), the material could be used as soil amendment or biofertilizer.

5. Conclusions

This study assessed the scalability of the anaerobic digestion of pretreated microalgal biomass
by comparing the results from a demonstration-scale microalgae biorefinery with those previously
obtained at lab-scale. With the thermal pretreatment of microalgal biomass, the degree of solubilisation
was on average 45.7%, which means that almost half of the influent particulate COD was converted into
soluble COD. When comparing the soluble COD before and after the pretreatment, it was increased
from 456 to 2625 mg/L, representing a 5.8-fold solubilisation. In the anaerobic digester, the average VS
removal was 70% and the methane yield up to 0.24 L CH4/g VS, which were similar to the lab-scale
results. Overall, the anaerobic digestion step of the microalgae biorefinery showed to be quite robust
and reproduced reasonably well lab-scale results under real conditions resembling full-scale operation.
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Abstract: Rural sanitation is still a challenge in developing countries, such as Brazil, where the
majority population live with inadequate services, compromising public health and environmental
safety. In this context, this study analyzed the demographic density of these rural agglomerations
using secondary data from the Brazilian Institute of Geography and Statistics (IBGE). The goal was to
identify the possibilities associated with using small-scale upflow anaerobic sludge blanket (UASB)
reactors for sewage treatment, mainly focusing on biogas production and its conversion into energy
for cooking, water heating and sludge sanitization. Results showed that most rural agglomerations
lacking the appropriate sewage treatment were predominant from 500 to 1500 inhabitants in both
northern and southern Brazilian regions. The thermal energy available in the biogas would be enough
to sanitize the whole amount of sludge produced in the sewage treatment plants (STPs), producing
biosolids for agricultural purposes. Furthermore, the surplus of thermal energy (after sludge
sanitization) could be routed for cooking (replacing LPG) and for water heating (replacing electricity)
in the northern and southern regions, respectively. This would benefit more than 200,000 families
throughout rural areas of the country. Besides the direct social gains derived from the practice of
supplying biogas for domestic uses in the vicinity of the STPs, there would be tremendous indirect
gains related to the avoidance of greenhouse gas (GHG) emissions. Therefore, an anaerobic-based
sewage treatment may improve public health conditions, life quality and generate added value
products in Brazilian rural areas.

Keywords: anaerobic treatment; bioenergy; energy assessment; rural sanitation; sludge; wastewater

1. Introduction

Sanitation is closely related to public health, environmental safety and life quality worldwide.
Particularly in developing countries, sanitation has been debated in terms of human rights,
highlighting situations of extreme violation [1]. In Brazilian rural areas, the Federal Sanitation
Policy (Law n◦ 11,445/2007) determines social inclusion and the reduction of regional inequalities,
seeking to provide adequate conditions of environmental health to rural populations and small
isolated urban centres. In this context, sanitation plans, programs and projects in areas occupied
by low-income populations should be given priority. Moreover, solutions attending to indigenous
people and traditional populations should be compatible with their social and cultural characteristics.
Finally, the referred legislation indicates the unity and articulation of different institutional agents,
as well as the development of their organisation, technical aspects, management, and financial and
human resources capacity, considering local specificities [2].
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Nevertheless, despite the legislation, sparsely populated areas, characterized by low demographic
densities, are commonly neglected due to the principle of economy of scale. The rural invisibility to
public policies results in a precarious health situation and a wide regional inequality. In addition, rural
agglomerations and/or communities in urban areas but distant from the urban sanitation infrastructure
are examples of possibilities for developing collective small-scale sustainable sewage treatment
plants (STPs).

In this context, an anaerobic sewage treatment has been investigated and applied in developing
countries, such as Brazil. In fact, this country has the largest number of installed upflow anaerobic
sludge blanket (UASB) reactors treating sewage in the world. In a recent publication, anaerobic-based
STPs using UASB reactors accounted for 667 systems among the 1667 systems acknowledged (i.e., 40%),
comprising systems serving from 5000 to 1 million inhabitants [3]. Moreover, an investigation of
2734 STPs in six Latin American and Caribbean countries showed that, besides Brazil, UASB reactors
have been extensively used in Mexico, Colombia, Dominican Republic and Guatemala. Such anaerobic
reactors represented up to 20% of the total number of STPs for all of the assessed countries [4]. It is
worth mentioning that full-scale UASB reactors have also been successfully applied in India [5].

The advantages and potentialities of this technology are related to several aspects, noteworthy
are the low sludge production and implementation and operation costs, compared with conventional
aerobic (e.g., activated sludge) or physicochemical processes [6]. Moreover, an anaerobic sewage
treatment generates biogas, which may be converted into electric or thermal energy for use in the STP
itself or in the nearby community. The energy conversion process and its application depend on many
factors, such as the STP size, energy policies and subsides, climatic conditions and socio-economic local
characteristics. In general, biogas use in small-scale STPs in rural areas is designated to thermal energy
conversion, such as water heating, cooking and sludge sanitization. For small- and medium-scale STPs
(PE > 2000; PE < 100,000, where PE represents population equivalent), biogas use for the cogeneration
of electricity and heat is generally not feasible, due to energy costs, lack of incentive programs for
energy recovery from biogas and the poorly developed market for combined heat and power (CHP)
engines [7].

The present study aimed at characterizing the potential for biogas generation in Brazilian rural
agglomerations which are currently unattended by sanitation services. These agglomerations were
organized in three categories using secondary data from the Brazilian Institute of Geography and
Statistics (IBGE): (a) rural areas in urban area; (b) isolated rural areas with large settlements and;
(c) isolated rural areas with small settlements. The goal was to identify the possibilities associated with
using small-scale UASB reactors for sewage treatment, mainly focusing on biogas production and its
conversion into energy for cooking, water heating and sludge sanitization, considering the different
climate conditions amongst Brazilian regions. Additionally, carbon emissions were also assessed for
the proposed technological flowsheets.

2. Material and Methods

2.1. Identification of Rural Agglomerations: Secondary Data

The most recent Brazilian demographic census was used to identify and analyze sewage sanitation
infrastructure in the rural areas [8]. Secondary data collected aimed at classifying situations that lack
an appropriate treatment, such as rudimentary pit, ditch or direct discharge into rivers, lakes or the sea.
The available data of rural agglomerations were further reclassified by the National Program of Rural
Sanitation (PNSR) [9], in order to better match the demographic densities of the different Brazilian
localities/agglomerations. After the reclassification, four categories of rural households were adopted,
identifying them with each specific sanitation demand and possible biogas uses, as shown in Table 1.
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Table 1. Rural household classification and recommended sanitation solutions according to the National
Program of Rural Sanitation.

Population Category Description Recommended Sanitation Solutions

A Peripheric agglomerations in urban territory The same as those practiced in cities
(urban areas)

B Isolated agglomerations with urban
characteristics

Economy of scale justify the use of
decentralised solutions and self-sufficient

management model

C Isolated agglomerations with rural
characteristics

Individual and collective actions coexist;
the management may require

external support
D Dispersed rural settlements Individual actions prevail

Note: For this study, only “A”, “B” and “C” were considered. Isolated stands for agglomerations far from the central
core of the municipality (urban area).

As can be seen, Table 1 summarizes the description and recommended sanitation solutions
considered for each population category. Category A comprises agglomerations located in peripheric
regions of an urban area and, therefore, technological options for sewage treatment may be carried out
as in cities. In those cases, UASB reactors may be developed as a decentralized option for recovering
possible by-products for local use, such as biogas. Categories B, C and D are isolated or far from
urban areas. Agglomerations classified as category B have a more urban-like lifestyle, while C and D
have an agricultural economy and fewer services (e.g., transportation). For category B, an option for
sanitation solutions may be decentralized systems comprising UASB reactors, while STP management
may be conducted by a group of users that benefit from valued by-products. Agglomerations from
category C may also use collective STP systems with UASB reactors when settlements are nearby, while
a familiar approach would be applied for isolated houses. Individual solutions may require external
technical support from public services, although collective solutions may possibly be managed through
a local auto-organization approach. In fact, a recent study is being conducted in an urban occupation
without wastewater treatment services, showing the possible scenarios of users and residents that
manage the system and benefits from generated by-products, such as biofertilizer. Category D consists
of isolated and dispersed occupation, leading to individual sanitation solutions. Therefore, this
category was not considered for implementing UASB reactors and biogas recovery.

For this study, the surveyed agglomerations considered all populations from 500 to 3000 inhabitants
associated with categories A, B and C, as they can be potentially served by decentralized small-scale
STPs Moreover, data were analyzed according to the geographic region and, therefore, separated
in two groups: northern region (North, Northeast and Centre-West) and southern region (South and
South-East), as illustrated in Figure 1. These were chosen to discuss the different uses for the potential
biogas produced, based on the different climate conditions amongst Brazilian regions. The average
annual temperature in the southern region is around 20 ◦C, while in the northern regions it raises to
around 28 ◦C [10]. Of course, the wide variety of local geographic conditions alongside the country is
implied in the variations in such values. In any case, anaerobic digestion in UASB reactors has been
successfully carried out throughout the country [3].

A previous study developed by our group [11] identified that the highest environmental, economic
and also social gains of biogas recovery are associated with its primary use for sludge sanitization, as
this allows the production of safe biosolids that can be used for agricultural purposes. This practice,
besides contributing for closing nutrient (nitrogen and phosphorus) cycles, also plays a role for
reducing the demand on chemical fertilizers, and for avoiding sludge transportation and disposal
in landfills. Further potential uses of biogas produced in small anaerobic-based STPs are for cooking
(an attractive alternative for all Brazilian regions, North and South) and for water heating, a choice
especially appealing for the South Region, where cooler temperatures prevail. These recommended
biogas uses according to each population category are summarized in Table 2.
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Table 2. Recommended biogas end uses based on population categories and geographic regions.

Geographic Region Population Category Recommended/Potential Biogas End Uses

North A, B and C Sludge sanitization
Cooking

South A, B and C Sludge sanitization
Water heating

2.2. Energy Assessment and Carbon Emissions Evaluation

Biogas potential applications and end use depend on the amount of biogas generated, which
is primarily a direct function of the STP size. Biogas production and energy recovery options for
small-scale STPs using anaerobic reactors were estimated as follows. The equations used to perform
the calculations were adapted from Soares et al. [12] (Equations (1)–(10)) and the parameters used are
summarised in Table 3.

Table 3. Parameters used for determining the biogas production and energy recovery potential
in small-scale sewage treatment plants (STPs) (adapted from [7,8]).

Parameters Variable Name Unit Value Reference

Daily per capita sewage generation QPC L PE−1 d−1 160 [13]
Daily biogas consumption for cooking BCcooking Nm3 biogas family−1 d−1 0.25 [14]

Unitary methane yield YCH4 NL CH4 m−3 sewage 64 [15]
Methane content in biogas %CH4 % 75 [16]

Lower calorific value of methane LCVCH4 MJ Nm−3CH4
−1 35.8 [17]

Lower calorific value of LPG1 LCVLPG MJ Nm−3CH4
−1 120.4 [17]

Daily per capita sludge (as DS2) generation in UASB reactors DSPE gDS PE−1 d−1 15 [18]
Water specific heat Hw kJ kg−1 ◦K−1 4.18 [17]
Sludge specific heat Hs kJ kg−1 ◦K−1 1.05 [12]
Sludge temperature Ts

◦C 20 [19]
Sanitized sludge temperature Tss

◦C 70 [19]
Excess sludge concentration Csludge % 4 [20]

Sludge specific mass γs kg m−3 1020 [18]
Energy loss through the walls of the sanitizing tank ELsanit-tank % 15 [12]

Difference between tap water and bath temperatures ∆w ◦C 30 Assumed value

Thermal efficiency of boilers TEboilers % 90 Standard engine
reference

Emission factor for LPG burn ÈFLPG kgCO2 eq m−3 LPG 1507.1 [21]
Emission factor for the electricity generation in Brazil EFelec gCO2 eq kW−1 h−1 125 [22]

Note: 1 LPG: liquefied petroleum gas; 2 DS: dry solids.
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The energy potential of methane (ECH4-potential) was calculated in terms of unitary methane yield
(YCH4), daily per capita sewage generation (Qpc), person equivalent (PE) and the lower calorific value
of methane (LCVCH4), as in Equation (1).

ECH4-potential (MJ d−1) = YCH4 × Qpc/1000 × PE × LCVCH4 (1)

The thermal energy potential (Eth-potential) was calculated in terms of the energy potential of
methane and the thermal efficiency of boilers (Eboilers), as in Equation (2).

Eth-potential (MJ d−1) = Epotential-CH4 × Eboilers/100 (2)

Daily sludge production in UASB reactors (Psludge-UASB) was calculated in terms of the daily dry
sludge production per capita (DSPE) and the person equivalent (PE), as in Equation (3).

Psludge-UASB (kgDS d−1) = DSPE/1000 × PE (3)

The mass of water in sludge (Mwater) was assumed using the daily sludge produced in reactors
(Psludge-UASB), the sludge specific mass (γ) and the excess sludge concentration (C), as in Equation (4).

Mwater (kg) = Psludge-UASB/(γ × C/100) (4)

The daily energy demand for sludge sanitization (Eth-sludge) was calculated in terms of the daily
sludge produced in reactors (Psludge-UASB), sludge specific heat (Hs), the difference between the sludge
temperature and the sanitized sludge temperature (∆s), the mass of water in sludge (Mwater), water
specific heat (Hw) and, the energy loss through the walls of the sanitizing tank (ELsanit-tank), as
in Equation (5).

Eth-sludge (MJ d−1) = [(Psludge-UASB × Hs × ∆s) + (Mwater × Hw × ∆s)] × (1 + ELsanit-tank/100)/1000 (5)

The daily surplus of thermal energy (Eth-surplus) was calculated in terms of the daily thermal energy
potential (Eth-potential) subtracted from the daily energy demand for sludge sanitization (Eth-sludge), as
in Equation (6).

Eth-surplus (MJ d−1) = Eth-potential − Eth-sludge (6)

The daily water heating potential (Wpotential) was calculated in terms of the daily surplus of
thermal energy (Eth-surplus), the daily thermal efficiency of boilers (Eboilers), water specific heat (Hw) and
the difference between the tap water temperature and the temperature of a bath (∆w), as in Equation (7).

Wpotential (m3
water d−1) = [(Eth-surplus × Eboilers/100)/(Hw × ∆w)]/1000 (7)

The daily use of biogas for cooking (BUcooking) was calculated in terms of the daily surplus
of thermal energy (Eth-surplus), the lower calorific value of methane (LCVCH4), the daily biogas
consumption for cooking (BCcooking) and the methane content in biogas (%CH4), as in Equation (8).

BUcooking (MWh d−1) = (Eth-surplus × 1000/LCVCH4)/(BCcooking ×%CH4) (8)

The montly avoided CO2 emission due to replacement of LPG for cooking (Avoided CO2 cooking)
was calculated in terms of the surplus of thermal energy (Eth-surplus), the lower calorific value of
methane (LCVCH4), the lower calorific value of LPG (LCVLPG) and the CO2 equivalent emission factor
for LPG burn (EFLPG), as in Equation (9).

Avoided CO2 cooking (kgCO2 month−1): Eth-surplus·30 × LCVCH4/LCVLPG × EFLPG (9)
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The monthly avoided CO2 emission due to electricity replacement for water heating (Avoided
CO2 heating) was calculated in terms of the surplus of thermal energy (Eth-surplus) and the CO2 equivalent
emission factor for the electricity generation in Brazil (EFelec), as in Equation (10).

Avoided CO2 heating (kgCO2 month−1) = Eth-surplus × 30 × EFelec. (10)

For small volumes of produced biogas (1–5 Nm3 d−1), directly burning them after the hydrogen
sulphide (H2S) removal is the most traditional biogas use for domestic applications, such as for heat
production especially for cooking. In population agglomerations with agricultural practices, biogas
could also be routed for sludge sanitization. These technological arrangements are illustrated in
Figure 2. A simplified desorption column followed by a biofilter was considered in the flowsheet for
the H2S and CH4 abatement due to the presence of these gases in the anaerobic effluent, therefore, no
additional energy gains were achieved because methane is not recovered. The idea in this case is just
to avoid greenhouse gas and odorous emissions.
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These gaseous management schemes were also evaluated in terms of carbon emissions using the
tool “Sulphide and Carbon Emission Avoidance and Energy Recovery in STPs” [23]. The tool estimates
the corresponding amount of methane supposed to be emitted into the atmosphere by anaerobic-based
STPs, which is then converted to a CO2 equivalent, allowing the assessment of the carbon footprint of
the STP.

3. Results and Discussion

3.1. Rural Agglomerations in Brazil

The secondary data gathered from the demographic census [8] show that rural agglomerations
lacking an appropriate sewage treatment were predominant from 500 to 1500 inhabitants, for all
three categories analyzed (A, B and C) in both groups (northern and southern regions), as depicted
in Figure 3. This population range embraces more than 5.0 and 2.5 million inhabitants in the northern
and southern regions of Brazil, respectively, accounting for more than 92% of the Brazilian rural
population gathered in categories A, B and C. This is a clear indication of the need for appropriate
sewage treatment solutions for such small settlements.

A clearer picture of the population distribution in the whole assessed range (500 to 3000 inhabitants)
considering the three categories is shown in Figure 4. Most of the population live in “rural areas of urban
extension” (category A—Table 1), totalling almost 5.3 million inhabitants, followed by the population
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that live in “isolated rural areas where small settlements prevail” (category C—Table 1), accounting
for around 2.4 million inhabitants. It is worth mentioning that approximately 94% of the population
in category C is located in the northern region. A much lower population contingent (less than
600,000 inhabitants) lives in “isolated rural areas where large settlements prevail” (category B—Table 1).
Bearing these numbers, one can realize that the population living in all three categories of such small
settlements could potentially benefit from using the by-products generated in sustainable small-scale
anaerobic-based STPs, especially biogas (for cooking, water heating and/or sludge sanitization),
sanitized sludge and treated effluent (both for agricultural purposes), as further discussed in the
following section.Energies 2019, 12, x FOR PEER REVIEW 7 of 13 
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3.2. Proposed Flowsheet for Sewage Treatment and by-Products Recovery/Use

In order to better exemplify some of the environmental, economic and social gains associated with
the use of by-products (biogas, sludge and water) generated in small-scale anaerobic-based STPs, we
considered the treatment and by-product end uses flowsheet depicted in Figure 5. Although there are
other possibilities of destination/uses of such by-products, depending on many factors (e.g., economic
activities nearby the STP, applied process units, STP size, etc.), we carried out the study considering
only the alternatives schematically represented in Figure 5 and further summarized in Table 4, specially
focussing on potential biogas uses.

Table 4. By-products’ (biogas, sludge and water) end uses considered in this study.

Geographic Region Population Category Population Equivalent (Inhabitants)
By-Products end Uses

Biogas Sludge Effluent

North

A 3,021,261
Sludge sanitization

Cooking
Agriculture FertirrigationB 272,638

C 2,277,349
Total 5,571,248

South

A 2,259,180
Sludge sanitization

Water heating
Agriculture FertirrigationB 300,177

C 153,760
Total 2,713,117
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3.3. Potential Uses of the Biogas Produced in Small-Scale Anaerobic-Based STPs in the Northern and Southern
Regions of Brazil

3.3.1. Use of Biogas for Sludge Sanitization

Thermal sludge sanitization can be achieved by means of a boiler fed on biogas and a simple
heated concrete tank. This tank should be preferably fed once a day, in order to avoid the need of a big
biogas holder. The sludge needs to be heated to 70 ◦C for 30 min (pasteurization) by means of a heat
exchanger installed in the tank. After the sanitization process, the sludge can be routed to simple
dehydration units (e.g., drying beds) or it can be directly spread on the agricultural land to be fertilized.

The results presented in Figure 6 show that the thermal energy generated by a boiler fed on
biogas is much higher than the demand for sludge sanitization (less than 30% of the available energy),
considering the typical parameters presented in Table 3. Therefore, the surplus of thermal energy
(more than 70%) can be used for other purposes, such as for cooking (northern region) and/or for water
heating (southern region), as discussed in the following section.Energies 2019, 12, x FOR PEER REVIEW 9 of 13 
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3.3.2. Use of Biogas for Cooking and Water Heating

The results presented in Figure 7 show that the direct use of biogas (after attending the demand
for sludge sanitization) would allow more than 200,000 families to cook without the need of another
external source of heat in the northern area of Brazil. This means that an equivalent population of
approximately 800,000 inhabitants, or close to 15% of the total rural population that live in northern
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Brazil (categories A, B and C altogether), could be supplied with the generated biogas. This possibility
of biogas use is of great importance for this region, since the delivery (and costs) of liquefied petroleum
gas (LPG) is a matter of concern. In this case, biogas can be supplied at much lower costs than
LPG when considering the acquisition and transportation for delivering the fuel. In Brazilian rural
areas, there are no gas pipelines and generally road infrastructure is inadequate. In addition, biogas
is considered a clean and renewable source of energy, therefore, its use in the replacement of LPG
would represent remarkable environmental gains due to the extremely high CO2 emission factor of the
latter (a petroleum-derived gas). Finally, this study considered agglomerations with no infrastructure
in terms of sanitation. Therefore, the recovery of biogas for cooking is an added benefit of having
a sewage treatment solution, which can also foster the implementation of new decentralized STPs.
As a matter of fact, a recent study on a rural household in Costa Rica found that a family would save
the equivalent of USD 26/month with the acquisition and transportation of LPG if biogas is used
for cooking [14].

Likewise, the results depicted in Figure 7 indicate that the surplus of thermal energy (after attending
the demand for sludge sanitization) would be enough to produce almost 5000 m3 of hot water per
day (50 ◦C). Considering a family with four persons and a consumption of 30 liters of hot water per
bath/shower, the amount of produced hot water would be enough to supply almost 40,000 families
per day in the southern region of Brazil (around 160,000 persons, or approximately 6% of the total
rural population living in this region). This also has an associated positive social impact, as electricity
usually represents a large share (~50%) in the monthly bill paid by families.
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3.3.3. Avoided Emissions of GHG

According to the results presented in Figure 8, a remarkable negative carbon footprint would
be achieved if the surplus biogas (after its main use for sludge sanitization) was used for cooking
in the northern region of Brazil. In this case, approximately 6.1 Gt CO2eq·y−1 (per capita of 1100 kg
CO2eq·PE−1·y−1) would be avoided to be emitted into the atmosphere. Such a CO2eq reduction relates
to the replacement of LPG by biogas. This may be compared with the per capita GHG emission in the
Brazilian energy sector, which is approximately 60 kg CO2eq·PE−1·y−1.

Although a much lower avoidance of GHG emissions would be achieved with the use of the surplus
thermal energy from biogas for water heating, there would still be a contribution for neutralizing the
overall STP carbon footprint, avoiding the emission of approximately 8 Mt CO2eq·PE−1·y−1 (per capita
of 3 kg CO2eq·PE−1·y−1). In this case, the CO2eq reduction is associated with the replacement of
electricity by biogas, considering the emission factor of the Brazilian electric matrix and the energy
consumption of an electric shower (Table 3).
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3.4. Comparison with Biogas Use in Other Rural Contexts

Biogas has been used in rural areas in different regions worldwide and with different feedstock
supplies to the anaerobic reactors. As may be observed, in most cases, biogas use in rural areas
worldwide is applied to individual/family biodigesters treating agricultural and manure feedstock.
For instance, China has the highest number of household biogas plants in the world, with 19% of
the total population in rural areas (0.9 billion people) using biogas. However, an anaerobic digestion
application relies on biodigesters fed with animal manure and agricultural residues [25]. Similarly, rural
biodigesters developed in the Latin America region have also been used for treating animal manure,
with some applications in agricultural residue and cooking grease. However, no data were found
with biodigesters fed with sewage, not even co-digested with other substrates [26]. Nonetheless, both
reviews identified similar bottlenecks, such as the low anaerobic biodegradability of lignocellulosic
biomass, low temperatures in the winter season (~10 ◦C), low understanding of proper biogas use and
limited management and technical support. Some of them such as the interest and involvement of the
local population, as well as technical support and management, are also possible bottlenecks that rural
STPs with UASB reactors may have.

4. Final Remarks

The overall balance of biogas production and thermal energy generation that could be achieved
via the implementation of small-scale anaerobic-based STPs to attend to the Brazilian rural population
grouped in categories A, B and C (around 8.3 million inhabitants) is extremely relevant and should not
be neglected by designers and policy makers. The thermal energy available in the biogas would be
enough to sanitize the whole amount of sludge produced in the STPs, making this material (biosolid)
available to small farmers or even to encourage the practice of family farming nearby the plants.
Besides contributing for closing the nutrient (N and P) cycles and lowering the production costs of
agricultural products, there would still be a huge indirect benefit derived from the destination shift of
this material, nowadays simply transported and disposed of in landfills.

Moreover, the surplus of thermal energy (after sludge sanitization) would be sufficient to attend
to the demand of more than 200,000 families in the northern region with biogas for cooking (replacing
LPG), and around 40,000 families in the southern region with biogas for water heating (replacing
electricity). Again, besides the direct social gains derived from the practice of supplying biogas for
domestic uses in the vicinity of the STPs, there would be tremendous indirect gains related to the
avoidance of GHG emissions, especially when biogas is used to replace LPG. In this case, we estimated
negative (avoided) GHG emissions equivalent to 6.1 Gt CO2eqy−1·y−1.

Likewise, an anaerobic treatment process may benefit small communities not only due to biogas
and biosolids production but also with water reuse for agriculture. In this case, a simple post-treatment
system (e.g., polishing pond) can meet the disinfection standards for restricted irrigation purposes [27].
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Additionally, nitrogen that remains in the effluent can be considered a bonus for land irrigation.
Therefore, an anaerobic sewage treatment can be faced as a low-cost technology that generates added
value by-products and may improve public health conditions and life quality in Brazilian rural areas.
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Abstract: The aim of this study was to analyse the effect of different nitrogen increase rates in
feedstock on the process stability and conversion efficiency in anaerobic digestion (AD). The research
was conducted in continuously stirred tank reactors (CSTR), initially filled with two different inocula:
inocula #1 with low and #2 with high nitrogen (N) concentrations. Three N feeding regimes were
investigated: the “0-increase” feeding regime with a constant N amount in feeding and the regimes
“0.25-increase” and “0.5-increase” where the N concentrations in feedstock were raised by 0.25 and
0.5 g·kg−1, respectively, related to fresh matter (FM) every second week. The N concentration inside
the reactors increased according to the feeding regimes. The levels of inhibition (Inhibition) in specific
methane yields (SMY), related to the conversion efficiency of the substrates, were quantified. At the
N concentration in digestate of 10.82 ± 0.52 g·kg−1 FM measured in the reactors with inoculum #2
and “0.5-increase” feeding regime, the level of inhibition was equal to 38.99% ± 14.99%. The results
show that high nitrogen increase rates in feeding regime are negatively related to the efficiency of the
AD process, even if low volatile fatty acid (VFA) concentrations indicate a stable process.

Keywords: biogas; methane; ammonia; inhibition; acclimatization; trace elements

1. Introduction

Utilization of protein-rich substrates, such as kitchen waste, poultry manure, microalgae, green
legumes, oilseeds, etc. may lead to high concentrations of nitrogen (N) in the reactor during anaerobic
digestion (AD) [1–4]. High concentrations of N inside the reactor negatively affect process stability
and efficiency due to ammonia formation. Total ammonia nitrogen (TAN), which is generally defined
as the sum of free ammonia nitrogen (FAN, NH3-N) and ammonium nitrogen (NH4

+-N), is formed
during the hydrolysis of proteins, urea and nucleic acids [5–8]. Ammonia freely passes through the
cell membranes of methanogens and causes a proton imbalance [5,8,9]. Free ammonia changes the
intracellular pH of methanogenic bacteria and inhibits specific enzymatic reactions [10]. Therefore,
high concentrations of ammonia in anaerobic reactors lead to inhibition of methanogenesis and may
cause complete failure of AD [6,11,12]. As reported by Chen et al. [13], temperature change has a direct
impact on both microbial growth rates and free ammonia concentration: increased process temperature
affects the metabolic rate of the microorganisms in a positive way; however, it also results in higher
ammonia levels.

The chemical balance between NH3 (free ammonia) and NH4
+ (ammonium) is shown in

Equation (1) [14,15].
NH+

4 + OH− ↔ NH3 + H2O (1)
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The shift of this equilibrium depends mainly on the process conditions, i.e., temperature and
pH [7,9,14]. The concentration of free ammonia is positively correlated with temperature and pH [5,16].

Under high ammonia concentrations in the reactor, the acetoclastic methanogens (e.g.,
Methanosarcina, Methanosaeta spp.) are unable to degrade acetate, which results in its accumulation,
depletion of buffer capacity and a subsequent drop in pH [16–19].

According to the literature [9,10,12,13,20], inhibition of the AD process by ammonia is indicated
by the decrease in the specific methane yields along with the increase in volatile fatty acid (VFA)
concentrations and a pH drop due to inhibition of bacterial growth. However, the limiting concentrations
of TAN and FAN for maintaining AD without inhibition are subject to discussion (Table 1). In addition,
there is a controversy whether TAN or FAN mainly inhibits methanogenesis [20].

Most authors in previous studies tend to agree that TAN ≥ 3.00 g·L−1 and FAN ≥ 0.20 g·L−1 have
an inhibitory effect on AD (see Table 1). According to Table 1, very few studies have measured the
level of inhibition in methane production when treating N-rich substrates.

For maintaining stable and efficient biogas production under high and/or increasing TAN and
FAN concentrations, acclimatization strategies can be applied. A frequently used approach is to feed
the reactor with a specific N- or ammonia-increase rate. However, no information on the maximum
increase rates is available [1,4,12,21–24].

High nitrogen concentrations in the digestate are generally the result of a narrow carbon-to-nitrogen
(C/N) ratio of the feedstock [9,12,25,26]. To reduce the concentrations of TAN and FAN in the digestate
and thus to maximise biogas and methane yields, Shanmugam and Horan [26] recommend keeping
the C/N ratio of the feedstock in the range of 15 to 20, while according to Kayhanian [9], this ratio
should be between 27 and 32.

Currently, many operators of biogas plants suffer from AD inhibition and methane losses when
utilizing N-rich substrates. The application of the acclimatization strategy with an optimal N-increase
rate could stabilize AD and prevent or minimize methane losses. In this study, natural N-sources and
microbial communities from full-scale biogas digesters were utilized. The research was conducted
in continuously operated reactors under conditions similar to those in full-scale biogas plants. The
aim of this investigation is to determine the effect of different nitrogen increase rates on anaerobic
digestion in order to achieve an optimal process performance. The nitrogen increase in the feedstock
was carried out every two weeks at rates of 0.25 and 0.5 g·kg−1 related to fresh matter. The N content of
the digestate rose continuously in response to the two different increase rates in the feedstock. At the
same time, the C/N ratio of the feedstock consistently decreased throughout the experiment. Thus, the
influence of high nitrogen content on the stability of the fermentation process with regards to the C/N
ratio could be investigated. By comparing the values of specific methane yield (SMY) obtained from
the continuous experiment with those obtained from the batch experiment, the effect of increasing N
content in the feedstock on the conversion efficiency of the substrates was studied.
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2. Materials and Methods

2.1. Reactor Design

The experiment was conducted in 12 horizontal, stainless steel, continuously stirred tank reactors
(CSTR) of 20 L total volume (working volume 17 L) each, as described in [38], in duplicate repetition
according to the Guideline 4630 issued by the Association of German Engineers (VDI) [39]. Different
N-increase rates in the CSTR were achieved by different feeding regimes described in Section 2.2.
During the experimental period, the organic loading rate related to volatile solids (OLRVS) was kept at
3 kg·m−3·d−1 with a hydraulic retention time (HRT) of 40 days. The temperature in each reactor was
mesophilic at 37 ± 1 ◦C.

2.2. Inocula and N-Increase in Feeding Regimes

Each digester was filled with 17 L of inoculum at the beginning of the experiment. Inoculum #1
and inoculum #2 from two full-scale biogas plants were used in this trial. These inocula differed in
total Kjeldahl nitrogen (TKN) concentrations, with inoculum #2 containing twice as much nitrogen as
inoculum #1 (Table 2). Inoculum #1 was taken from a digester treating cattle manure (35–40%), maize
silage (40%), grain whole plant silage (5%) and triticale (rest). Inoculum #2 was taken from a digester
treating turkey manure (10%), cattle manure (8%), cereals (10%) and maize silage (62%).

Table 2. Characteristics of the substrates. Gas volumes are given under standard temperature and
pressure conditions (0 ◦C, 101.325 kPa). Units are given in square brackets. Values are given as mean;
the standard deviation is given in round brackets.

Parameter
Inoculum

Maize Silage Soybean Meal
#1 #2

DMFM
(a) [g·kg−1] 59.80 (2.99) 103.75 (5.18) 377.61 (18.88) 887.99 (18.46)

VSDM
(b) [g·kg−1] 738.74 (36.93) 789.74 (39.48) 907.38 (45.37) 927.19 (4.06)

TKNFM
(c) [g·kg−1] 3.34 (0.70) 7.14 (0.36) 4.00 (0.20) 67.83 (3.39)

NH4
+

FM
(d)

[g·kg−1]
1.35 (0.07) 5.00 (0.25) 0.60 (0.03) 9.50 (0.48)

pH 7.44 (0.37) 8.42 (0.42) NA NA
SMYVS

e) [L·kg−1] 25.78 (1.30) 88.43 (4.42) 330.66 (15.08) 423.16 (21.11)
(a) Dry matter (DM) related to fresh matter (FM), (b) volatile solids (VS) related to DM, (c) total Kjeldahl nitrogen
(TKN) related to FM, (d) ammonium related to FM, e) specific methane yield (SMY) related to VS.

The substrates were fed into the reactor daily are described in [38]. The daily feedstock consisted
of fresh inoculum, maize silage (low nitrogen content) and soybean meal (N-rich substrate). Tap water
was added in order to keep the HRT and OLRVS constant, thus resulting in 425 g of fresh matter daily
feedstock. Characteristics of the substrates are described in Table 2. The values of the specific methane
yield for the feeding substrates were determined by the Hohenheim biogas yield test [40,41].

For each inoculum, the different feeding regimes were separately analysed, as shown in Figure 1.
These feeding regimes represent the rate of N increase in the feeding ratio. The investigated feeding
regimes were “0-increase”, “0.25-increase” and “0.5-increase”. Under the “0-increase” feeding regime,
the nitrogen content did not change over the whole course of the experiment. For the other two
regimes, there was an increase in nitrogen content in the feedstock (see Figure 1a). The increase in
nitrogen concentration was achieved by adding soybean meal and simultaneously decreasing the share
of maize silage. In the feeding regimes “0.25-increase” and “0.5-increase”, the share of soybean meal
was increased stepwise, thus leading to N-increase rates of 0.25 and 0.5 g·kg−1 FM every two weeks,
respectively. By contrast, the C/N ratio in feedstock was decreasing as shown in Figure 1b.
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For AD process stability, the importance of micronutrients, i.e., iron, nickel, molybdenum, 
cobalt and selenium is described in literature [27,42–45]. After observing process instability for the 
reactors with inoculum #1 at the beginning of week 17, micronutrient levels were tested. In 
response to the identified deficiency in trace elements (TE) in the reactors with inoculum #1 and for 
keeping the TE in the range as recommended by Vintiloiu et al. [42], 1.23 g of BC.Pro Akut® was 
added to all the reactors (with #1 and #2) weekly, starting from the end of week 17 up to the end of 
the experimental trials. BC.Pro Akut® is a mixture of TE and other components comprising the 
following active substances in the ionic form: aluminium, boron, calcium, iron, cobalt, copper, 
magnesium, manganese, molybdenum, sodium, nickel, selenium, tungsten and zinc. 

2.4. Analytical Methods 

The produced biogas was collected in gas bags as described by Haag et al. [38]. A gas 
measuring unit automatically analysed the gas quantity (Hoentzsch FA MS40, Waiblingen, 
Germany), as well as the content of CH4 and CO2 (AGM 10, Sensors Europe, Erkrath, Germany). 
The measurements were carried out once per day before feeding. 

Samples were taken from the reactors weekly. The dry matter content related to fresh matter 
(DMFM) and volatile solids content related to dry matter (VSDM) of the collected samples were 
determined by differential weighing before and after drying at 105 °C for 24 h and by subsequent 
ashing at 550 °C for 8 h, respectively. The pH was measured in each reactor three times per week 
with a WTW 323, using a SenTix 41 pH-electrode (WTW, Weilheim, Germany). Concentrations of 

Figure 1. Experimental procedure: (a) N content in feedstock; (b) C/N ratio in feedstock. The results
are given separately for inoculum #1 and inoculum #2. Different line colours in the graphs and in
the legend correspond to the N-increase rates “0-increase”, “0.25-increase” and “0.5-increase” in the
feeding regimes. Grey and white backgrounds in the graphs are related to the starting phase and the
experimental phase, respectively.

2.3. Trace Elements Supplementation

For AD process stability, the importance of micronutrients, i.e., iron, nickel, molybdenum, cobalt
and selenium is described in literature [27,42–45]. After observing process instability for the reactors
with inoculum #1 at the beginning of week 17, micronutrient levels were tested. In response to the
identified deficiency in trace elements (TE) in the reactors with inoculum #1 and for keeping the TE in
the range as recommended by Vintiloiu et al. [42], 1.23 g of BC.Pro Akut® was added to all the reactors
(with #1 and #2) weekly, starting from the end of week 17 up to the end of the experimental trials.
BC.Pro Akut® is a mixture of TE and other components comprising the following active substances in
the ionic form: aluminium, boron, calcium, iron, cobalt, copper, magnesium, manganese, molybdenum,
sodium, nickel, selenium, tungsten and zinc.

2.4. Analytical Methods

The produced biogas was collected in gas bags as described by Haag et al. [38]. A gas measuring
unit automatically analysed the gas quantity (Hoentzsch FA MS40, Waiblingen, Germany), as well as
the content of CH4 and CO2 (AGM 10, Sensors Europe, Erkrath, Germany). The measurements were
carried out once per day before feeding.

Samples were taken from the reactors weekly. The dry matter content related to fresh matter
(DMFM) and volatile solids content related to dry matter (VSDM) of the collected samples were
determined by differential weighing before and after drying at 105 ◦C for 24 h and by subsequent
ashing at 550 ◦C for 8 h, respectively. The pH was measured in each reactor three times per week
with a WTW 323, using a SenTix 41 pH-electrode (WTW, Weilheim, Germany). Concentrations of
VFA in the samples were determined by gas chromatography. The gas chromatograph Shimadzu
GC-2010plus (Tokyo, Japan) was equipped with a FFAP 50 m × 0.32 mm column with a chemically
bonded polyethylene glycol CP-Wax 58 FFAP CB 1.2 µm film, a flame ionization detector and helium
as a carrier gas. Total ammonium concentrations in the digestate were determined by the automatic
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distillation system Gerhardt Vapodest 50s (Koenigswinter, Germany). Total Kjeldahl nitrogen (TKN)
is expressed as total nitrogen or N if not stated otherwise. The total nitrogen in the samples was
determined by Kjeldahl analysis. The potassium determination was done by means of flame atomic
absorption spectroscopy (AAS, Eppendorf, ELEX 6361, Wesseling-Berzdorf, Germany), operated with
an acetylene gas. For the determination of phosphorus, a cuvette test [46] and a spectrophotometer
UV–VIS 1240 (Shimadzu, Tokyo, Japan) were used. All the analyses were carried out according to
standard methods [46]. The analysis on trace element content in the samples was done by an external
laboratory in accordance with standard methods [47–49].

2.5. Calculation of FAN and TAN

The NH3 (free ammonia) concentration was calculated by using the equation described in [14].

NH3 = KNH4 ·
NH+

4

H+
(2)

where NH+
4 is the ammonium concentration in g·kg−1 related to FM; KNH4 is the ionization

constant of ammonium (for 37 ◦C, KNH4 = 1.14·10−9 [21]); H+ is the hydrogen ion concentration
(H+ = 10−pH [14]). NH3 was recalculated to NH3-N (FAN), and NH+

4 was recalculated to NH+
4 -N

(ammonium nitrogen) according to their molar masses. The concentration of TAN was calculated as
the sum of FAN (NH3-N) and NH+

4 -N.

2.6. Statistical Analysis

For data processing and visualization, Microsoft EXCEL 2016, SAS 9.4, R and RStudio (version
1.1.463) were used.

2.6.1. Inhibition in SMY

The inhibition in specific methane yields (Inhibition) for different N increase-rates in feeding
regimes is defined by Equation (3):

Inhibition =
1
n

n∑

i=1

SMYt − SMYm

SMYt
·100% (3)

where n is the number of observations over the experimental period taken for the analysis. The
theoretical methane yields (SMYt) were calculated based on the amounts of VSDM added to the reactors
and the SMYVS of the substrates obtained by the Hohenheim biogas yield test (Table 2). The measured
SMY (SMYm) was based on the measured value of methane yield divided by the amount of VS added
to the reactor. This inhibition can also be described as the conversion efficiency between the theoretical
SMYt values obtained from the batch experiment and the measured SMYm values obtained from the
continuous experiment.

The one-sided Tukey test was applied to identify whether the difference between the SMYt and
SMYm was statistically significant. The analysis was done in Excel and Rstudio.

2.6.2. Analysis of the effect of TAN and FAN on inhibition

Based on the experimental data for the three investigated feeding regimes along with inocula
#1 and #2, the effects of TAN and FAN concentrations in the reactor on the level of inhibition were
analysed. For this purpose, mixed modelling for repeated measurements was applied [50]. This
model was selected for serial correlation among observations on the same experimental unit. The
experimental unit, in our case, was the reactor [50]. Analyses were based on the experimental data
starting from week 17 of the trials after the TE supplementation was started. The applied data were
checked by using the normality test on the studentized residuals. For meeting the requirements of the
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mixed model, the square-root transformation of the data on inhibition in SMY (sqrt_Inhibition) was
used. Several types of models (independent, compound symmetry, autoregressive, unstructured) were
checked; on the grounds of the normally distributed residual plots and the lowest Akaike information
criterion (AIC) value, the compound symmetry type was selected as the best-fitting model.

The applied model is given in Equation (4):

yitk = µ+ αi + rt + btk + eitk (4)

where yitk is the dependent variable; i is the i-th observation, t is the weekly measurement and k is
related to the interaction between the fixed factor and the point in time (t); µ describes the general effect
of the model; αi is the i-th observation of the fixed factor; rt is the replicate of a weekly measurement;
btk is the random effect of a week and the interaction between week and the fixed factor; eitk is the
random deviation associated with yitk.

The sqrt_Inhibition was used as the dependent variable; the TAN and FAN were separately
analysed as the fixed factor. The influence of time and interaction between time ("WEEK", in our case)
and a fixed factor was analysed on a random effect in the model. The "MIXED" procedure of SAS was
used to fit the model.

3. Results and Discussion

The reactors were continuously monitored over the whole period of the trials. The measured
values for N, TAN, FAN, acetic acid (HAc), pH, SMYm and inhibition are shown in Figure 2. The trial
period included a starting phase and an experimental phase.

3.1. The Starting Phase

During the starting phase, the OLRVS was increased until the aimed values were achieved.
The starting phase was needed for the microorganisms to adapt to the operating conditions.

During this phase, all reactors were fed with a constant N feeding ratio equivalent to the “0-increase”
variant (Figure 2a) to establish stable conditions. The stable operation was determined by monitored
VFA concentrations (Figure 2d) and specific methane production (Figure 2f). In week four to six, the TE
concentrations were additionally tested, which showed sufficient nutrient levels according to Vintiloiu
et al. [42] (see Table 3). For inoculum #1, the starting phase lasted for 48 days. For inoculum #2, the
starting phase took 90 days.

The values provided in Figure 2 for the starting phase can be relevant for farmers and biogas
operators when utilizing protein-rich substrates in biogas plants. However, these values are excluded
from the statistical analysis described in Section 3.3.
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Figure 2. Measured values of the following parameters in the continuously stirred tank reactors (CSTR)
under different N-increase rates in feeding regimes: (a) total nitrogen (N); (b) total ammonia nitrogen
(TAN); (c) free ammonia nitrogen (FAN); (d) acetic acid (HAc); (e) pH; (f) the measured values of
specific methane yield (SMYm); (g) inhibition in specific methane yield (Inhibition). The results are
given separately for inoculum #1 and inoculum #2. Different line colours along with different marks
in the graphs and in the legend correspond to the N-increase rates “0-increase”, “0.25-increase” and
“0.5-increase” in the feeding regimes. Grey and white backgrounds in the graphs are related to the
starting phase and the experimental phase, respectively. The vertical line in the graphs corresponds to
the beginning of regular weekly trace elements (TE) supplementation.
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3.2. The Experimental Period

After the starting phase, the reactors were continuously operated and monitored for 26 and
20 weeks for inoculum #1 and #2, respectively.

The lack of TE in the reactors with inoculum #1, which resulted in the accumulation of acetic acid
up to 8.53 g·kg−1 FM, along with a drop in pH up to 6.40 (as described in [12,42]), was identified at
the beginning of week 17 of the trials (see Figure 2d,e and Table 3). The weekly supplementation of
the CSTR with TE was established thereafter in order to compensate for the deficiency in TE in the
reactors with inoculum #1 and to ensure a sufficient TE supply for the remainder of the experiment.
The vertical line shown at week 17 in Figure 2 marks the beginning of weekly TE supplementation.
The positive effect of TE to AD process stability can be seen in Figure 2d,e in the stabilization of pH
and HAc in the weeks following supplementation. The analysis of TE measured in week 24 showed
that the amounts of these nutrients in the reactors were well-balanced (see Table 3).

Additionally, the total phosphorus and potassium concentrations inside the reactors were
analysed. The availability of these nutrients may be of great interest when using digestate as a fertilizer.
The concentrations of these macro elements within the research period were the following: for inoculum
#1, P = 0.62 ± 0.13 g·kg−1 FM, K = 3.20 ± 0.35 g·kg−1 FM; for inoculum #2, P = 0.99 ± 0.09 g·kg−1 FM, K
= 3.73 ± 1.11 g·kg−1 FM.

Over the experimental period, the concentration of N in the digestate was accumulating, as
shown in Figure 2a. The accumulation of N in the reactors was related to the analysed N-increase
rates. The average N-increase rate in the daily feedstock under the “0.5-increase” feeding regime was
35.7 mg·kg−1·d−1 related to the fresh matter of the input substrates. At the end of the experiment, the
highest values of total nitrogen in the digestate were 10.09 ± 0.08 g·kg−1 FM and 11.49 ± 0.01 g·kg−1

FM for the reactors with inoculum #1 and #2, respectively. Accordingly, a maximum “nitrogen loading
rate” (NLR) can be given; the NLR was equal to 0.25 g·L−1·d−1 for the reactors with inoculum #1 and
0.30 g·L−1·d−1 for those with inoculum #2.

Concurrently, the TAN and FAN concentrations in the digestate increased, as shown in Figure 2b,c.
At the end of the experiment, the highest values of TAN were 7.72 ± 0.33 g·kg−1 FM (for the reactors
with inoculum #1) and 7.95 ± 1.08 g·kg−1 FM (for the reactors with inoculum #2). The highest FAN
concentration in the final samples was 0.72 ± 0.03 g·kg−1 FM and 0.74 ± 0.12 g·kg−1 FM for the reactors
with inoculum #1 and #2, respectively.

The concentration of HAc in the reactors over the period of the trials is shown in Figure 2d. The
average concentrations of acetic and propionic acids in the CSTR during the experimental period were
0.88 ± 0.46 g·kg−1 FM and 0.17 ± 0.32 g·kg−1 FM, respectively, independent of the inoculum. In the
reactors with #1, acetate accumulation caused by TE deficiency decreased to a minimum after the start
of TE supplementation, with no acetate found in weeks 31–33. In the reactors with inoculum #2, acetate
remained at a stable low concentration over the entire experimental phase with zero-values at the end
of the trials. The concentrations of other VFA, i.e., iso-butyric, n-butyric, iso-valeric, n-valeric and
caproic acids were low over the research period; the concentration of these acids was 0.04 ± 0.16 g·kg−1

FM for both inocula.
The pH-values during the experimental phase were slightly higher than those in the starting

phase. Over the entire experimental period, the pH levels in the CSTR were stable, except for the
reactors with inoculum #1 under the TE deficiency with a drop in pH up to 6.40 (see Figure 2e). The
average pH was 7.45 ± 0.21 for the experiments based on inoculum #1 and 7.77 ± 0.11 for those based
on inoculum #2.

The values of SMYm during the experimental phase are given in Figure 2f. The mean SMYm was
289.93 ± 35.13 L·kg−1 VS and 267.20 ± 19.86 L·kg−1 VS for the reactors with #1 and #2, respectively.

The values of inhibition during the experimental phase are given in Figure 2g. At the end of the
experiment, the values of inhibition for inoculum #1 were 0.57% ± 1.22% (in weeks 32–33), 18.02% ±
22.64% (in weeks 32–33) and 26.96% ± 22.88% (in weeks 29–33) for the “0-increase”, “0.25-increase”
and “0.5-increase” variants, respectively. At the final phase of the experiment (in weeks 29–33) the
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values of inhibition for inoculum #2 were 10.91% ± 4.58%, 19.38% ± 8.93%, 38.99% ± 14.99% for the
“0-increase”, “0.25-increase” and “0.5-increase” variants, respectively. The 38.99% ± 14.99% inhibition
determined in the reactors with #2 and “0.5-increase” feeding regime was related to N, TAN and FAN
concentrations of 10.82 ± 0.52 g·kg−1 FM, 7.92 ± 0.27 g·kg−1 FM and 0.69 ± 0.10 g·kg−1 FM, respectively.
As seen in Figure 2g, inhibition levels in the reactors with both inocula appear to have reached higher
levels at the higher N increase rate.

3.3. Results of Statistical Analysis

3.3.1. Results of analysis on inhibition in SMY

The results of the analysis on inhibition in SMY over the experimental phase are given in Table 4
and are shown in Figure 3. According to the results of the Tukey test, for all the analysed feeding
regimes the difference between the SMYt and SMYm was statistically significant. The large variation
in the SMYm for the reactors with inoculum #1 and the “0-increase” variant can be explained by the
instability of the AD process under the TE deficiency. The highest inhibition was determined in the
reactors with inoculum #2 and the “0.5-increase” variant.

Table 4. The results of analysis on inhibition in specific methane yield (SMY). Feeding regime expresses
the N-increase rate in a feeding ratio. Degrees of freedom (DF). SMYt and SMYm are the theoretical
and measured values of specific methane yield, respectively. Gas volumes are given under standard
temperature and pressure conditions (0 ◦C, 101.325 kPa). Units are given in square brackets. Values of
SMYt and SMYm are given as mean; the standard deviation is given in round brackets.

Inoculum Feeding Regime DF SMYt (L·kgVS−1) SMYm (L·kgVS−1) t-Value p-Value

1 0-increase 148 304.65 (11.80) 298.68 (4.44) 1.70 0.05
1 0.25-increase 182 323.71 (18.17) 302.41 (51.70) 5.42 0.00 *
1 0.5-increase 182 333.36 (21.78) 289.81 (55.09) 9.53 0.00 *
2 0-increase 141 296.65 (10.57) 264.50 (55.87) 6.55 0.00 *
2 0.25-increase 141 313.72 (16.48) 269.99 (46.99) 10.29 0.00 *
2 0.5-increase 141 325.72 (22.40) 257.87 (60.36) 11.62 0.00 *

* Significant at p-value = 0.0001.
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Figure 3. The results of analysis on inhibition in specific methane yield (SMY). The results are given 
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correspond to the N-increase variants of “0-increase”, “0.25-increase” and “0.5-increase” in feeding 
regimes. The “measured” value is the measured SMY (SMYm); the “theoretical” value is the theoretical 

Figure 3. The results of analysis on inhibition in specific methane yield (SMY). The results are given
separately for inoculum #1 and inoculum #2. Tick marks “0”, “0.25” and “0.5” on the x-axis correspond
to the N-increase variants of “0-increase”, “0.25-increase” and “0.5-increase” in feeding regimes. The
“measured” value is the measured SMY (SMYm); the “theoretical” value is the theoretical SMY (SMYt).
Letters “a” and “b” denote the significant differences between the SMYm and SMYt for the same variant
of N-increase according to the results of the one-sided Tukey test.
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According to the results of the analysis, the N-increase rate in feeding regime had a negative effect
on the AD process efficiency.

3.3.2. Results of analysis of the effect of TAN and FAN on inhibition

The results of the fitted model were the following: The increase in TAN levels resulted in an
increase of inhibition in SMY, p-value = 0.0001 (Table 5 and Figure 4). The increase in FAN concentration
in the AD reactor resulted in an increase of the inhibition level, p-value = 0.0012 (Table 5 and Figure 5).
The observed noise in Figures 4 and 5 can be associated with the fact that the inhibition does not
derive only from TAN or FAN concentrations inside the reactors; this inhibition can be also affected by
other parameters.

Table 5. The effect of total ammonia nitrogen (TAN) and free ammonia nitrogen (FAN) on the inhibition
in specific methane yield: the results of the fitted model. Degrees of freedom (DF). The square-root
transformed values of inhibition in specific methane yield (sqrt_Inhibition); the transformation was
done for meeting the requirements of the model.

Dependent Variable Effect Numerator DF Denominator DF F-Value R2 p-Value

sqrt_Inhibition TAN 1 30.7 19.08 0.20 0.0001
sqrt_Inhibition FAN 1 16.5 15.11 0.15 0.0012
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Figure 4. The correlation between the total ammonia nitrogen (TAN) and the inhibition in specific
methane yield (Inhibition). The “0”, “0.25” and “0.5” marks in the legend correspond to the N-increase
variants of “0-increase”, “0.25-increase” and “0.5-increase” in the feeding regimes. The regression line
was built based on the results obtained from the model.
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Figure 5. The correlation between the free ammonia nitrogen (FAN) and the inhibition in specific
methane yield (Inhibition). The “0”, “0.25” and “0.5” marks in the legend correspond to the N-increase
variants of “0-increase”, “0.25-increase” and “0.5-increase” in the feeding regimes. The regression line
was built based on the results obtained from the model.

The results of the data analysis show that the analysed N-increase rates can be recommended for
a stable AD process. However, the level of inhibition in SMY depends on the concentration of TAN
and FAN inside the reactors and the N-increase rate in the feeding regimes (see Figures 4 and 5).

3.4. Discussion

The inhibitory effect of urea, NH4Cl, TAN, FAN and high N concentration in feeding, as well
as the effect of elevated ammonium (NH4

+), elevated ammonium nitrogen (NH4
+-N) and elevated

TAN on biogas and methane yields, have been previously studied [1,4,15,17,22,32,51–53]. However,
no results on the effects of N concentration in inoculum and N-increase rate in feedstock on the level of
inhibition in specific methane yield were found.

Contrary to the research results reported by Siegrist et al. [18], Chen et al. [17], Meng et al. [19]
and Theuerl et al. [16], the stable AD-process was found in this study as indicated by stable pH values
and a minimal accumulation of acetate (except for the reactors with #1 under the TE deficiency) (see
Figure 2e,d). During the experimental phase, the specific methane yields were kept stable in all the
reactors, and their values were in a normal range (see Figure 2f). Based on the results obtained it
can be assumed that the analysed feeding regimes enabled the microorganisms to adapt to changing
N-conditions, which is indicated by a stable AD process. The regular supplementation of reactors
with TE positively contributed to the process stability. The proposed increase rates did not have any
negative effect on the process stability. Hereby the N-increase variants of “0.25-increase”, “0.5-increase”
and the NLR up to 0.30 g·L−1·d−1 can be recommended for maintaining a biogas plant in a stable way.

In contrast, the efficiency of AD, which in this study corresponded to the inhibition in specific
methane yield (Inhibition), was affected by N-increase rate and the level of TAN and FAN inside the
reactor. The conversion process in the reactors, which in this study is described as inhibition, became
more and more inefficient due to the closer C/N ratio in feedstock (see Figure 1b). Chen et al. [17] has
stated that the methane production was intensely inhibited when TAN increased to 5 g·L−1 and they
recommended to maintain the ammonium concentration below 2 g·L−1 in the reactors for preventing
the ammonium shock to the AD process. According to the review made by Chen et al. [15], in different
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studies there is controversial information on the level of inhibition in methane production depending
on the TAN and FAN concentrations in the AD reactor: 50% of methane inhibition was observed at
TAN of 1.44 g·L−1, 2.48 g·L−1 and 5.60 g·L−1 and FAN of 0.03 g·L−1 and 0.64 g·L−1; 100% of methane
inhibition was identified at TAN values above 5.20 g·L−1 and FAN of 0.20 g·L−1 and 0.62 g·L−1. Fotidis
et al. [32,53] specify that at the NH4

+-N in the range of 3–5 g·L−1, an ammonia induced inhibited-steady
state in the AD reactors was observed with inhibition in methane production of 30–40%, and the authors
recommend a bioaugmentation strategy for overcoming an ammonia inhibiting effect. However, in our
research, under NH4

+-N of 5.03 ± 0.06 g·kg−1 FM, our TAN and FAN concentrations in the reactors
were 5.34 ± 0.15 g·kg−1 FM and 0.31 ± 0.14 g·kg−1 FM, respectively, and the value of inhibition was
equal to 9.46% ± 5.60%. According to the results of the data analysis, both TAN and FAN had a
significant effect on the level of inhibition. As FAN levels are mostly affected by temperature and
pH fluctuations [7,9,14,21], the effect of FAN was less significant than TAN in our research, since the
reactors were operated under mesophilic conditions at stable temperature and pH (except for the pH
values in the reactors with inoculum #1 under the TE deficiency). As the OLRVS, HRT, temperature
and pH in the reactors were kept stable, the results show that the N-increase rate in the feeding regime
was negatively related to the efficiency of the AD process even if low VFA concentrations indicated a
stable process. In further studies, the influence of the increasing N concentrations in the digestate on
the microbial population should be investigated.

The results of this study can be applied by biogas operators running their systems at high nitrogen
concentrations up to 11.5 g·kg−1 FM or utilizing substrates with varying nitrogen contents.

4. Conclusions

In this study, we analysed the effect of different inocula and different N-increase rates in feeding
regimes on AD process stability and efficiency. The stepwise acclimatisation strategy used for
microorganisms to adapt to a new nitrogen concentration according to the feeding regime prevented
failure of the AD process under high and elevated ammonia levels. The research approach applied in
this study enabled us to run the CSTR in a stable way under the elevated nitrogen loading rates up
to 0.30 g·L−1·d−1. The highest N, TAN and FAN in the digestate at the end of the experiment were
equal to 11.50 g·kg−1 FM, 9.07 g·kg−1 FM and 0.85 g·kg−1 FM. However, the study indicates that the
N-increase rate was negatively related to the AD process efficiency. The level of inhibition in specific
methane yield was positively correlated to the TAN and FAN concentrations in the digestate.
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Abstract: Currently, there are challenges with proper disposal of cassava processing wastewater, and a
need for sustainable energy in the cassava industry. This study investigated the impact of co-digestion
of cassava wastewater (CW) with livestock manure (poultry litter (PL) and dairy manure (DM)), and
porous adsorbents (biochar (B-Char) and zeolite (ZEO)) on energy production and treatment efficiency.
Batch anaerobic digestion experiments were conducted, with 16 treatments of CW combined with
manure and/or porous adsorbents using triplicate reactors for 48 days. The results showed that
CW combined with ZEO (3 g/g total solids (TS)) produced the highest cumulative CH4 (653 mL
CH4/g VS), while CW:PL (1:1) produced the most CH4 on a mass basis (17.9 mL CH4/g substrate).
The largest reduction in lag phase was observed in the mixture containing CW (1:1), PL (1:1), and
B-Char (3 g/g TS), yielding 400 mL CH4/g volatile solids (VS) after 15 days of digestion, which was
84.8% of the total cumulative CH4 from the 48-day trial. Co-digesting CW with ZEO, B-Char, or PL
provided the necessary buffer needed for digestion of CW, which improved the process stability and
resulted in a significant reduction in chemical oxygen demand (COD). Co-digestion could provide a
sustainable strategy for treating and valorizing CW. Scale-up calculations showed that a CW input
of 1000–2000 L/d co-digested with PL (1:1) could produce 9403 m3 CH4/yr using a 50 m3 digester,
equivalent to 373,327 MJ/yr or 24.9 tons of firewood/year. This system would have a profit of $5642/yr
and a $47,805 net present value.

Keywords: methane; fermentation; dairy; poultry; absorbent

1. Introduction

Eutrophication and organic pollution resulting from poor management of wastes from food
processing industries, such as cassava processing industries, is a major problem in many developing
countries [1,2]. Cassava (Manihot esculenta) is a starch-containing root crop of global importance that
can be processed into food, feed, and other non-food products [3]. The cassava processing industry is a
key industry in many developing countries, especially in Africa, but also in parts of Latin America
and Asia. In 2017, the African region contributed 55% of the global production of cassava, equivalent
to 121 million tons, with 25–37% of the crop discarded as waste in the form of peels and pulp [4,5],
and approximately 60,000 L of effluent generated from each ton of cassava tubers processed [3,6].
Meanwhile, more than 70% of cassava production in sub-tropical and tropical regions of the world is
conducted by small and medium-scale farmers [7,8]. These small and medium-scale cassava industries
lack the capacity to treat the large waste streams resulting from daily cassava roots processing, which
can lead to environmental degradation and pollution of nearby water bodies [9]. Additionally, farmers
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often depend solely on firewood as a source of energy to process cassava, which has associated negative
environmental impacts.

Bioenergy from organic wastes materials through anaerobic digestion (AD) can be used to produce
renewable energy from this organic-rich wastewater, while reducing the concentrations of organic
pollutants [10]. Cassava wastewater (CW) has a high organic loading, with high concentrations of
chemical oxygen demand (COD), biochemical oxygen demand (BOD), and total solids (TS), as well
as a low pH [3,11]. In parts of Thailand, Brazil, Vietnam, and India, CW has been managed using
stabilization ponds, aerobic systems, and AD [12]. Reported concerns associated with digestion of CW
are the low nitrogen concentration and rapid acidification (low pH) of CW [13,14]. Co-digestion with a
nitrogen-rich substrate, such as manure, could decrease the carbon-to-nitrogen (C:N) ratio and provide
buffering capacity for stabilizing the pH in order to increase methane (CH4) production. Previous
studies have investigated cassava peels and pulps co-digested with livestock wastes [2,15], digestion of
cassava starch effluent with separation of the acidogenic and methanogenic phases [16], re-circulation
of methanogenic sludge [17], dolomitic limestone addition to increase alkalinity [13], and use of up
flow anaerobic sludge blanket (UASB) digestion processing [18,19].

Porous adsorbents, such as biochar, zeolite, and activated carbon, have been used to enhance
CH4 production and general AD processes [20]. Biochar is a carbonaceous material obtained from
agricultural biomass through pyrolysis and gasification. Mumme et al. reported that biochar is relatively
cheaper to manufacture than other adsorbents, which has increased interest in land application of
biochar, and more recently, inclusion in AD processing [21]. The use of biochar as an additive in AD
has not been fully investigated, and no work has been done with biochar and AD of CW. There is
potential for biochar to enhance the operational stability of the AD process and increase the quality of
the digestate produced.

Zeolite has also been reported to possess favorable characteristics for microorganism adhesion [22],
with the capacity to induce ion exchange during AD due to the presence of Na+, Ca2+, and Mg2+ cations
in its crystalline structure. These properties could be useful for improving AD of wastewaters with
high concentrations of nitrogen, such as poultry manure, as it prevents process inhibition. Application
of natural zeolites as support media in digesters treating wastewaters has been reported to increase
microbial population density and provide greater opportunity for microbial growth and attachment,
cross feeding, co-metabolism, and interspecies hydrogen and proton transfer [22].

A prior study by Montalvo et al. reported that the addition of natural zeolite at doses between
2 and 4 g/L increased CH4 production, with increasing inhibition at doses >6 g/L [23]. The use of
porous materials, such as natural zeolites, to create surface area for microbial communities and increase
retention of high biomass concentrations in the digestion of wastewater has been documented [22].
Zeolite was employed to enhance energy recovery, in the form of hydrogen (H2), from cassava-ethanol
wastewater during the dark fermentation process. [24]. To our knowledge, zeolite additions have not
been used during the digestion of CW to enhance CH4 production.

General implementation and adoption of large-scale biogas technology in most African countries
have been limited due to the high costs associated with investments and operations of AD systems [25],
especially when there is an additional cost of transporting wastes to offsite AD reactors. The availability
of agricultural biomass, which is abundant in the rural cassava industry, along with the large volume of
CW generated daily in this industry, would provide larger quantities of organic material to be treated
onsite using AD. This study focused on investigating the impact of the co-digestion of CW with selected
livestock manures and porous adsorbents on biogas production for potential implementation and
adoption in cassava industries. The objectives of the study were to: (1) characterize cassava wastewater
as a substrates for AD and identify appropriate substrates for co-digestion, (2) investigate the CH4

potential of cassava digestion, with and without co-digestion with manure, biochar, and zeolite, in
terms of cumulative production and retention time, (3) characterize the wastewater transformations
during digestion in terms of organic and nutrient transformations, and (4) analyze the economic
viability and environmental impact of employing digestion for the rural cassava industry.
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2. Materials and Methods

2.1. Substrate and Inoculum Collection and Preparation

2.1.1. Cassava Wastewater Substrate

The cassava tubers were obtained from a farmer’s market in Adelphi, Maryland, USA. The cassava
tubers were manually peeled and soaked for 5 days in the laboratory using 1 L/kg of deionized water to
replicate the rural cassava processing steps for ‘fufu’ production, a popular African dish derived from
fermented cassava paste. Fermented tubers were manually squeezed, and the cassava wastewater
(CW) was collected and used for the experiments. The substrate characteristics and the experiment
design are given in Tables 1 and 2. The CW had a COD range of 29.8–33.4 g/L, volatile solids (VS) of
17.3 g/kg, total solids (TS) of 17.8 g/kg, and a pH of 5.5.

Table 1. Experimental design showing grams (g) of substrate addition into each triplicate 250 mL reactor.

Treatment
Cassava

Wastewater
(CW) (g)

Zeolite
(ZEO)

(g)

Biochar
(B-Char)

(g)

Poultry
Litter (PL)

(g)

Dairy
Manure
(DM) (g)

Inoculum
(g) Water (g)

CW + PL + ZEO (HC) 28.9 3.4 0.0 0.8 0.0 92.1 28.2
CW + PL + B-Char (HC) 28.9 0.0 3.4 0.8 0.0 92.1 28.2

CW:PL (1:1) 28.9 0.0 0.0 0.8 0.0 92.1 28.2
CW:PL (2:1) 38.6 0.0 0.0 0.5 0.0 92.1 18.9

CW + DM + ZEO (HC) 28.9 3.4 0.0 0.0 4.4 92.1 24.7
CW:DM (1:1) 28.9 0.0 0.0 0.0 4.4 92.1 24.7
CW:DM (2:1) 38.6 0.0 0.0 0.0 2.9 92.1 16.5

CW + ZEO (HC) 57.8 0.3 0.0 0.0 0.0 92.1 0.1
CW + ZEO (HC) 57.8 1.5 0.0 0.0 0.0 92.1 0.1

CW + B-Char (LC) 57.8 0.0 0.3 0.0 0.0 92.1 0.1
CW + B-Char (HC) 57.8 0.0 1.5 0.0 0.0 92.1 0.1

CW-only 57.8 0.0 0.0 0.0 0.0 92.1 0.1
Inoculum-only 0.0 0.0 0.0 0.0 0.0 92.1 0.0

Table 2. Characterization of the substrates, cassava wastewater (CW), poultry litter (PL), and dairy
manure (DM) and the inoculum source, including total solids (TS), volatile solids (VS), chemical oxygen
demand (COD), pH, total Kjeldahl nitrogen (TKN), total phosphorus (TP), and the carbon to nitrogen
ratio (C:N).

TS (g/kg) VS (% TS) COD (g/L) pH TKN
(mg N/L)

TP
(mg P/L) C:N Ratio

CW 17.8 ± 0.7 97.2 ± 0.7 33.7 ± 0.8 5.53 375 222 27.8
PL 776 ± 1 80.0 ± 0.2 NA 8.25 3675 1245 13.0

DM 131 ± 2 87.3 ± 0.6 NA 7.33 3450 603 15.2
Inoculum 29.5 ± 0.1 73.6 ± 7.0 25.1 ± 0.3 7.55 3050 1225 3.91

2.1.2. Dairy and Poultry Manure Substrates and Inoculum Source

The dairy manure (DM) used as a co-substrate was obtained from the 100-cow dairy at the
US Department of Agriculture (USDA) Beltsville Agricultural Research Service (ARS) in Beltsville,
MD. Poultry litter (PL) was obtained from a poultry (broiler) farm at the University of Maryland
Extension—Talbot county, Easton Maryland. The poultry litter consisted of poultry droppings and
beddings from wood shavings. Both manure substrates were collected onsite and stored at 4 ◦C before
use. The inoculum used for the experiment was digestate of a complete mixed wastewater sludge
digester (Alexandria, VA, USA) and was stored at 4 ◦C prior to use.

2.1.3. Biochar and Zeolite Additives

Two porous materials, biochar (B-Char) and clinoptitolite zeolite (ZEO), were added to the CW
as co-treatments. The biochar (B-Char) substrate was derived from corn stover prepared through
pyrolysis under an O2-free atmosphere at 500 ◦C, with a holding time of 10 min (ArtiCHAR, Prairie
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City, Iowa, USA). The biochar particle size varied from 841 mm to <74 mm, with a VS and TS of 690 and
980 g/kg, respectively. The zeolite was a high purity 97% clinoptilolite zeolite produced at Amargosa
Valley (Nye county, NV, USA). The zeolite used was in the form of granules with an angular shape and
gray color. The pore diameter was between 4.0–7.0 angstroms.

2.2. Experimental Design

A batch digestion experiment was conducted based on the biochemical methane potential (BMP)
test following methods by Moody et al. [26]. The digestion tests were conducted at the University of
Maryland’s Department of Environmental Science and Technology (ENST) Water Quality Laboratory
(College Park, MD USA). Prior to starting BMP tests, the TS and VS for CW, PL, DM, and inoculum were
determined and used to combine the co-substrate ratios based on VS. The experiment was designed
for 16 treatments, with three replicates for each treatment (48 total digestion reactors). Each digestion
reactor consisted of a 250 mL serum bottle, with the substrates and inoculum loaded at a 2:1 inoculum
to substrate ratio (ISR) based on VS and operated in mesophilic conditions (35 ◦C). For all treatments,
an equal volume of inoculum (92.1 g) was added to each triplicate reactor.

The biochar (B-Char) and zeolite (ZEO) treatments were prepared using a low concentration (LC)
(0.5 g adsorbent/g TS of substrate) and a high concentration (HC) (3 g adsorbent/g TS of substrate)
added to 57.82 g CW. For the manure co-digestion treatments, 3.42 g of PL and 3.26 g of DM were
digested alone and co-digested with 28.91 g CW with and without the HC of ZEO. Additionally, PL
was co-digested with 28.91 g CW and the HC of B-Char. Inoculum-only reactors were also incubated,
and the CH4 production from the inoculum was subtracted from each treatment to account for residual
CH4 production from organics in the inoculum.

Prior to incubation, the headspace in each vessel was purged with N2 for three minutes to ensure
anaerobic conditions and immediately capped with a rubber septum, and the bottles were placed on a
shaker (120 rpm) in a controlled environmental chamber at 35 ◦C for 48 days. The daily biogas volume
was measured by volumetric displacement using a graduated, gas-tight, wet-tipped 50 mL glass syringe
inserted through the top of the rubber septum. Biogas production was quantified volumetrically at
normal temperature and pressure conditions using a glass gas-tight syringe, equilibrated to atmospheric
pressure [26]. All CH4 production values are reported in normal temperature and pressure conditions
(1 atm and 20 ◦C).

2.3. Analytical Methods

The pH of substrates and inoculum were determined with an Accumet AB 15 pH meter (Fisher
Scientific, Hampton, NH). For all samples, TS (Method 2540B) and VS (Method 2540E) concentrations
were determined using standard methods for the examination of water and wastewater [27]. Total
Kjeldahl nitrogen (TKN) and total phosphorus (TP) samples were analyzed on a Lachat autoanalyzer
(Quikchem 8500, Hach Company, Loveland, CO, USA) using QuikChem methods 13-107-06-2-D
for TKN and 13-115-01-1-B for TP. The COD concentration was measured using a Hach DR 5000
spectrophotometer (Hach Company, Loveland, CO, USA).

The carbon content of the CW, PL, DM, and inoculum were calculated using the equation from
Adams et al. [28], where % Carbon = % VS/1.8.

Biogas was analyzed for CH4 and CO2 content by injecting 0.10 mL of gas sample using a luer-lock,
gas-tight syringe into an Agilent HP 7890 A gas chromatograph (Agilent Technologies, Santa Clara,
CA, USA) equipped with a thermal conductivity detector (TCD) and single HP porous layer open
tubular (PLOT) Q column with an injection temperature of 250 ◦C, a detector temperature of 250 ◦C, an
oven temperature of 60 ◦C, and conveyed using He gas at a flow rate of 8.6 mL He/min [10].

2.4. Statistical Analysis

Cumulative CH4 production was analyzed using analysis of variance (ANOVA) to determine
significantly differences, with p-values < 0.05 considered significant. Tukey’s honestly significant
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difference (HSD) post-hoc tests were performed for multiple comparisons between variables based on
different digestion periods during the 48 days of the experiment. All results presented in the tables
and charts are average values with standard error (SE).

3. Results and Discussion

3.1. Characterization of Substrate and Inoculum

The pH of the CW substrate was between 5.5 and 6.5 (Table 2). Some studies have reported lower
pH values for CW, ranging from 3.9–4.5 [29]. The pH of mixed substrates before and after AD was
within the ideal pH range (6.5–8) for CH4 production [30]. The TS and VS of the cassava wastewater
(17.8 and 17.3 g/L, respectively) was 75.8% and 60.4% lower than PL respectively, and 11.3 and 9.7%
lower than DM, respectively. As the CW was a liquid wastewater, it was a more dilute waste stream
than the manure substrates and had comparatively less TS and VS.

The TKN and TP of the CW were 375 and 222 mg/L respectively (Table 2), whereas, the PL had
higher TKN and TP values (3675 and 1245 mg/L, respectively), which were similar to DM (3450 and
603 mg/L, respectively). The low nitrogen content of CW observed in this study was consistent with
findings from others CW studies [1,2,8]. The C:N ratio of the CW substrate was 27.8, which was
similar to the value 29.1 reported by Lin et al. [31]. The carbon to nitrogen ratio is a key factor affecting
anaerobic digestion [32], with C:N ratios between 25 and 30 reported as the most suitable for CH4

production [2,31]. The C:N ratio for PL and DM in this experiment was 13.0 and 15.2 respectively,
which were lower than the optimal conditions, while the CW was higher. When the substrates were
combined, the C:N ratio of the mixtures were 20.4 and 21.1, for PL and DM, respectively.

3.2. Effect of Livestock Manure Co-Digestion with Cassava Wastewater on Biogas Production

3.2.1. Cumulative CH4 Production Based on VS Addition into the Digestion Reactor

After 48 days of digestion, the cumulative CH4 production (on a per g VS-basis) from CW-only
(620 mL CH4/g VS) was 15.8% higher than co-digestion of CW:DM at a 2:1 ratio (522 mL CH4/g VS;
p-value < 0.001; Figure 1; Table 3). The CW-only digestion had 5.8% higher CH4 production than CW:PL
at a 2:1 ratio (590 mL CH4/g VS), but this difference was not statistically significant (p-value = 0.864).
Similarly, CW-only was 14.4% and 25.6% higher respectively, than CW co-digested at a 1:1 ratio with
DM and PL (461 and 531 mL CH4/g VS; p-values < 0.001 and 0.001, respectively).

Table 3. Reductions in volatile solids (VS) and chemical oxygen (COD) during digestion for the
substrate and inoculum in each reactor. The cumulative methane (CH4) production is given using two
normalizations: per g VS added and per g of total substrate added. Superscript letters (a through g)
indicate significant differences within each column at p-value < 0.05.

Substrate VS Reduction
(%)

Influent COD
(g/L)

COD
Reduction (%)

Cumulative CH4
(mL CH4/g VS)

Cumulative CH4
(mL CH4/g Substrate)

CW-only 65.5 ± 0.1 a 29.6 ± 0.4 ab 40.6 ± 2.9 a 620 ± 6.0 abc 10.7 ± 0.1 a

CW + B-Char (HC) 37.5 ± 0.1 b 41.9 ± 0.7 c 23.6 ± 7.5 b 611 ± 27 bc 10.6 ± 0.5 a

CW + B-Char (LC) 62.7 ± 0.3 a 34.9 ± 2.4 d 48.8 ± 5.3 a 611 ± 16 a 10.6 ± 0.3 a

CW + ZEO (HC) 66.0 ± 1.9 a 33.7 ± 0.8 de 49.2 ± 1.6 a 653 ± 4 a 11.3 ± 0.1 ab

CW + ZEO (LC) 66.2 ± 2.6 a 32.8 ± 1.0 de 46.2 ± 1.0 a 634 ± 6 ab 11.0 ± 0.1 ab

CW + PL + B-Char (HC) 6.88 ± 1.4 c 41.6 ± 0.6 c −31.1 ± 1.2 *c 471 ± 16 d 15.9 ± 0.5 dce

CW + PL + ZEO (HC) 61.4 ± 0.6 a 31.6 ± 2.1 ae 44.0 ± 3.4 a 518 ± 8 e 17.4 ± 0.3 dce

CW + DM + ZEO (HC) 57.3 ± 0.2 a 25.8 ± 0.3 f 21.9 ± 6.1 b 473 ± 5 d 14.2 ± 0.2 dbe

CW:PL (1:1) 63.5 ± 0.6 a 28.8 ± 2.0 b 42.7 ± 3.2 a 531 ± 10 e 17.9 ± 0.3 c

CW:PL (2:1) 64.8 ± 0.5 a 28.9 ± 0.3 b 39.6 ± 4.9 a 590 ± 6 c 15.1 ± 0.2 dce

CW:DM (1:1) 59.9 ± 1.0 a 29.5 ± 0.9 ab 37.4 ± 0.5 a 461 ± 17 d 13.8 ± 0.5 abe

CW:DM (2:1) 63.4 ± 0.3 a 32.5 ± 1.9 e 47.8 ± 2.7 a 522 ± 14 e 12.6 ± 0.3 abe

DM-only 48.4 ± 5.3 d 28.0 ± 0.7 bf 20.9 ± 2.9 b 100 ± 5 f 22.9 ± 1.1 f

PL-only 63.0 ± 8.4 a 28.2 ± 1.3 b 20.7 ± 0.1 b 156 ± 3 g 193 ± 4 g

* a negative value indicates a percent increase due to addition of biochar not included in pre-COD.
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Figure 1. Cumulative CH4 production based on volatile solids (VS) added to each reactor for cassava
wastewater (CW) digested alone and co-digested with poultry litter (PL) shown in (A), co-digestion
with dairy manure (DM) shown in (B), and co-digestion with zeolite (ZEO) and biochar (B-Char) at low
and high concentrations (LC and HC) shown in (C) and (D), respectively.

When CH4 production is normalized on a VS basis, the efficiency of the organic material to
CH4 conversion process is shown. These results show that CW can be co-digested or digested alone,
and co-digestion of CW with manure resulted in similar or slightly lower CH4 production efficiency
values (5.8%–25.6% decrease with co-digestion). It should be noted that the inoculum included in the
digestion reactor helped to lower the C:N ratio from 27.8 in the CW substrate to 21.7 in the digestion
reactor with the inoculum and CW mixture, with an increase in the pH value from 5.53 to 7.75 due to
inoculum inclusion. The significance of pH as a key determining factor for AD process, especially in
full-scale continuous reactors were highlighted in Calabrò et al. [33,34]. In field conditions, it would
be important to have a viable inoculum source for initiating digestion and to consider a co-digestion
material that can help to neutralize the low pH and is high in nitrogen to ensure that the microbes are
not nitrogen-limited.

3.2.2. Cumulative CH4 Production Based on the Mass of Substrate Added to the Digestion Reactor

Due to the high VS concentration of the manure substrates, the PL-only reactors had an order a
magnitude higher CH4 production on a mass basis (193 mL CH4/g substrate) than DM-only (22.9 mL
CH4/g substrate) and all CW reactors (Table 3). The DM and PL manure substrates had 84.8% to 97.2%
higher VS concentrations respectively, than the CW substrate (Table 2). Digestion of CW yielded 83.9%
and 74.8% more cumulative CH4 (on a VS-basis) than DM-only and PL-only digestion (100 and 156 mL
CH4/g VS, respectively; Table 2), as the organic matter in the CW substrate was converted into CH4

more efficiently than the manure substrates, likely due to the more recalcitrant nature of the VS in the
complex manure substrates compared to the cassava wastewater. The CW:PL (1:1) had the highest CH4

production (17.9 mL CH4/g substrate) of the CW co-digestion treatments (on a mass basis). The PL
co-substrate had higher CH4 production efficiencies than CW co-digested with DM at both the 1:1 and
2:1 ratios (p-values = 0.017 and 0.025, respectively), indicating that a continuously-fed CW digestion
system would benefit from co-digesting with PL due to the high organic loading of the PL substrate.
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3.2.3. Cumulative CH4 Production Based on Digestion Period

While the overall CH4 production efficiency from the CW-only was higher than the manure
substrates, the CW-only treatment produced 118 mL CH4/g VS (19% of the cumulative CH4) in the first
15 days of the 48-day digestion period (Table 4; Figure 2). During this first third of the digestion period
(Days 1–15), the CH4 production from the CW-only treatment was significantly lower (38.6%) than
CW:DM at 1:1 (265 mL CH4/g VS) and 32.6% lower CW:PL at 1:1 (274 mL CH4/g VS; p-values < 0.001).
When the ratio of CW to manure was doubled (2:1), the CH4 production from Days 1–15 in the CW:PL
(2:1) and CW:DM (2:1) reactors was 263 and 211 mL CH4/g VS respectively, which was 25.7 and 21.5%
higher than CW-only (p-value < 0.001 and 0.002, respectively).

Table 4. Cumulative methane (CH4) during the 48-day digestion period for designated time periods,
with the percent of the total cumulative CH4 production in parenthesis. Superscript letters (a through
g) significant differences within each column at p-value < 0.05.

Treatment
Cumulative CH4 in mL CH4/g VS and (% of Total CH4 Production)

9 Days 15 Days 20 Days 37 Days 48 Days

CW-only 26.8 (4.3%) abc 118 (19%) a 364 (58.7%) ab 598 (96.4%) abc 620 (100%) abc

CW + B-Char (HC) 39.9 (6.5%) adef 265 (43.4%) b 403 (66%) bc 589 (96.4%) bc 611 (100%) bc

CW + B-Char (LC) 37.8 (6.2%) acdef 133 (21.7%) a 363 (59.4%) a 591 (96.8%) bc 611 (100%) bc

CW + ZEO (HC) 39.3 (6%) acdef 314 (48.1%) c 425 (65.2%) c 634 (97.1%) a 653 (100%) a

CW + ZEO (LC) 31.5 (5%) ace 189 (29.8%) d 370 (58.4%) ab 614 (96.8%) ab 634 (100%) ab

CW + PL + B-Char (HC) 273 (57.9%) g 400 (84.8%) e 419 (88.9%) c 459 (97.4%) de 471 (100%) d

CW + PL + ZEO (HC) 43.2 (8.3%) def 255 (49.2%) b 370 (71.4%) ab 497 (95.9%) f 518 (100%) e

CW + DM + ZEO (HC) 17 (3.6%) b 197 (41.7%) d 323 (68.5%) d 447 (94.7%) de 473 (100%) d

CW:PL (1:1) 49.8 (9.4%) c 274 (51.6%) bc 419 (78.8%) c 513 (96.5%) f 531 (100%) e

CW:PL (2:1) 32.6 (5.5%) acde 263 (44.7%) b 366 (62%) ba 571 (96.8%) c 590 (100%) c

CW:DM (1:1) 46.5 (10.1%) df 265 (57.6%) b 353 (76.6%) da 439 (95.3%) d 461 (100%) d

CW:DM (2:1) 25.4 (4.9%) bc 211 (40.5%) d 336 (64.3%) da 484 (92.8%) ef 522 (100%) e

DM-only 34.8 (34.6%) acde 48.4 (48.2%) f 62.6 (62.3%) e 89.1 (88.8%) g 100 (100%) f

PL-only 92.3 (59%) h 114 (72.9%) a 128 (82%) f 148 (95%) h 156 (100%) g
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Figure 2. Cumulative methane (CH4) production based on volatile solids (VS) added to each reactor
for cassava wastewater (CW) digested alone and co-digested with poultry litter (PL), dairy manure
(DM), zeolite (ZEO), and biochar (B-Char) at low and high concentrations (LC and HC) at five time
points (Days 9, 15, 20, 37, and 48) in the 48-day digestion period.
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There was no significant difference in cumulative CH4 production between CW:PL at the 1:1
and 2:1 ratios (p-value = 0.087). The CW:PL (2:1) had 4.1% less CH4 in the first 15 days of digestion,
showing a slight decrease in lag phase during digestion without a significant effect on the overall CH4

production potential (Figure 2). A similar trend was observed when comparing the CW:DM at 1:1 and
2:1 ratios, with 265 and 211 mL CH4/g VS respectively, in the first 15 days of digestion, which were not
significantly different (p-value of 0.061).

Generally, co-digestion of CW with PL or DM reduced the lag phase for CH4 production.
The highest rate of CH4 production occurred within the first two weeks, which is consistent with the
results from Witarsa and Lansing [30], where a large percentage of CH4 production from digestion of
separated and unseparated dairy manure (DM) occurred in the first 16 days of a 216 day digestion
period (40% and 36%, respectively). Cassava wastewater (CW-only) generated 19% of the total
cumulative CH4 in the first 15 days of our 48-day digestion period, while DM-only generated 48.2% of
the total cumulative CH4 and CW:DM (1:1) generated 57.6% of the cumulative CH4 production in the
first 15 days.

The observed increase in CH4 production with co-digestion of CW within the first two weeks
was consistent with other findings, which emphasized the advantages of co-digestion over single
digestion of substrates [2,32,35–37]. Panichnumsin et al. [2] examined the potential of co-digestion of
cassava pulp and swine manure in a semi-continually fed stirred tank reactor in mesophilic conditions
(37 ◦C) at a constant organic loading rate of 3.5 kg VS/m3d for 15 days and reported a 41% increase in
CH4 yield compared with digestion of swine manure alone. Similar to our study, a batch experiment
conducted by Riano et al. [37] at 35 ◦C for 55 days reported that co-digestion of winery wastewater
(10–40%) and swine manure increased CH4 production by 45–75% and improved digestion stability
compared to digestion of swine manure alone.

Abouelenien et al. [35] co-digested, poultry manure (PM) with mixed agricultural wastes comprised
of coconut wastes, cassava wastes, and coffee grounds. The cassava waste used in their study was root
residue and wet cake from cassava, while our study utilized cassava wastewater. Similar to our study,
co-digestion was conducted under mesophilic conditions (35 ◦C) and saw an increase in CH4 yield
of up to 50% (506 mL CH4/g VS) compared to PM-only after 40 days of digestion. Their results were
comparable to our study, with cumulative CH4 production of 531 mL CH4/g VS for CW:PL (1:1) after
48 days, which was significantly (p-value = 0.001) higher than PL-only, which yielded only 156 mL
CH4/g VS. Contrary to our findings, Abouelenien et al. [37] reported an elongation of the lag phase due
to co-digestion, which was attributed to the complex organic matter in the mixed agricultural wastes
compared to the PM substrate. Whereas in our study, a reduction in lag phase was recorded due to the
liquid state of the CW substrate, which was more readily accessible for the rate-limiting hydrolysis
phase of digestion.

3.3. Impact of Porous Adsorbent on AD of Cassava Wastewater

3.3.1. Zeolite Addition with Cassava Wastewater Digestion

Digesting CW and a high concentration (HC) of zeolite (CW + ZEO-HC) produced the highest
cumulative CH4 (653 mL CH4/g VS) for all treatments after 48 days, followed by the treatment with
a lower concentration (LC) of zeolite (CW + ZEO-LC), which produced 634 mL CH4/g VS, with no
significant different between the two zeolite concentrations (p-value = 1.00; Figure 1; Table 2). The two
porous adsorbents used in this study at the HC were also not significantly different (p-value = 0.50),
with the cumulative CH4 produced from CW + ZEO-HC (653 mL CH4/g VS) only slightly higher than
CW + B-Char-HC (611 mL CH4/g VS).

After 9 days of digestion, a significantly higher percentage of the total CH4 production (37.8%) was
observed in CW + ZEO-HC compared to CW-only (Table 3; Figure 2). This observation is consistent
with Milan et al., where doses of zeolite between 2 and 4 g/L increased CH4 production of swine
manure and of zeolite, while doses above 6 g/L inhibited the process [38]. In our study, the effect of
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zeolite on digestion of CW, singly and co-digested with manure, the 3 g/L of zeolite (CW + ZEO-HC)
had 90.7% and 15.5% more CH4 production on Days 15 and 20 than CW-only (p-value < 0.001 and
0.045, respectively). The effect of zeolite addition was significant during the early stages of digestion
process, up to the first three weeks. At Days 37 and 48, there was no significant difference between
CW-only and CW + ZEO-HC, with the cumulative CH4 from CW + ZEO-HC only 5.1% higher than
CW-only (p-values = 0.68 and 0.82, respectively).

3.3.2. Biochar Addition with Cassava Wastewater Digestion

Similarly, an increase in CH4 production with a shortened lag phase was observed due to biochar
addition (Figure 2). The effect of biochar addition in reducing the lag phase in AD has been previously
reported [39,40]. Jang et al. showed a 24.9% increase in cumulative CH4 (467 mL CH4/g VS) with
10 g/L of biochar compared to 1 g/L of biochar (395 mL CH4/g VS) with mesophilic conditions and
40 days of digestion [40]. Our findings showed that on Day 15, CW + B-Char-HC had 76.8% more CH4

production than the CW-only treatment, which Jang et al. suggested was due to the high alkalinity of
biochar enhancing CH4 production and shortening the lag phase [40].

Comparing the concentrations of porous adsorbent added, there was a significant difference in
cumulative CH4 production between the low and high concentrations of biochar (p-value < 0.001) on
Day 15 of digestion (Figure 2). In the first two weeks of digestion, CW + B-Char-HC yielded 265 mL
CH4/g VS, while CW + B-Char-LC yielded 133 mL CH4/g VS, illustrating the decrease in lag phase
with an increase in the quantity of biochar added.

Comparing the LC and HC of zeolite showed no significant difference (p-value = 1.000) after
48 days of digestion. The ZEO-LC and ZEO-HC at Day 15 produced 8.1% and 4.7% more CH4 than
B-Char-LC and HC, respectively. Yet, by 48 days, there were no significant differences between LC
and HC of B-Char and ZEO (p-values = 0.974 and 1.000, respectively). The observed lag in digestion
in the mixtures containing CW alone or low concentrations of zeolite or biochar could be as a result
of the rapid acidification of CW and inadequate buffer to provide the necessary buffer for microbial
community and methanogens, and thus, a longer lag phase for microbial recovery.

The combined effects of manure and biochar showed that CW + PL + B-Char produced significantly
more CH4 at Days 15 and 20 (273 and 400 mL CH4/g VS, respectively; p-values < 0.001) than CW +

B-Char (39.9 and 265 mL CH4/g VS, respectively). After Day 20, the daily CH4 production of CW + PL
+ B-Char decreased, while CW + B-Char increased and resulted in higher cumulative CH4 over 44 days.
While the addition of PL or DM to CW increased CH4 production in the first 15 days of digestion, the
CW + PL + B-Char-HC treatment yielded 400 mL CH4/g VS (84.8% of total cumulative CH4) in the first
15 days, with this reduction is lag phase likely attributed to the combined presence of biochar and
poultry litter.

The ability of biochar to catalyze digestion by providing surface area for the colonization of the
microbial cell was previously reported in a review by Mumme et al. [21]. The CW substrate used in our
experiment contained a low pH and when co-digested with biochar and manure showed an improved
AD process due to the buffer provided by manure and biochar [20], as observed in the first two weeks
of our experiment.

3.4. Volatile Solids and COD Reduction during Digestion

Chemical oxygen demand (COD) and VS reduction is associated with CH4 production.
The substrate mixture containing CW + ZEO-HC showed the highest VS and COD reductions
during digestion (66% and 49%), which corresponded with the highest cumulative CH4 production
(Table 2). Similar trends were reported in previous work [18,29]. Jiraprasertwong et al. used cassava
wastewater in a three-stage up flow anaerobic sludge blanket (UASB) reactor and showed a steady
reduction in COD removal with increasing COD loading and an increasing biogas production up to 15
kg COD/m3d (one reactor) and 10 kg/m3d (two reactors) [18]. For comparison, our batch study had a
one-time COD loading for each substrate tested that ranged from 25 to 43 kg COD/m3, respectively.
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3.5. Scale-Up Model

A medium size cassava factory in Nigeria processes 3000–6000 kg of cassava tubers per day,
yielding 1000–2000 L CW/d. The size of the digester needed to co-digest CW with PL was calculated to
be 50 m3 (40 m3 liquid and 10 m3 biogas headspace), as shown in Figure 3. The quantity of PL added
to digester would vary from 56 kg/d during high cassava production (March to October) to 28 kg/d
during low cassava production (November to February) to maintain a 1:1 ratio (by VS). The hydraulic
retention time (HRT) would vary from 20 days during high cassava production to 40 days during low
cassava production, which should result in 78.8% to 96.5% of the cumulative CH4 production from
the 48-day BMP test (Table 4). Using the results from CW:PL (1:1), the daily CH4 production in the
50 m3 digester would be 28.9 m3 CH4/d (20-day HRT) to 19.2 m3 CH4/d (40-day HRT), with an annual
CH4 production of 9403 m3 CH4/yr. Using Gibbs free energy (∆GCH4 = 890.4 kJ/mol) [41], the annual
CH4 production would be equivalent to 373,327 MJ/yr and 24.9 tons of firewood/yr saved, based on
15 MJ/kg of firewood used for heating [42].
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Figure 3. Scale-up model for a cassava processing factory, with two 25 m3 digesters plumbed in series
to treat cassava wastewater and poultry manure with the utilization of the digestate for fertilizer.

The estimated cost of the digester system, including two flexible PVC bag digesters, greenhouse
enclosures, plumbing, and gas piping, was estimated to be $7500 ($150/m3 digester) (Shenzhen Puxin
Technology Co. Ltd., Shenzhen, China). This cost does not take into consideration the land value or
the cost of a heating system. A heating system would likely not be necessary in Nigeria, with average
maximum and minimum ambient temperatures of 33 and 25 ◦C respectively [43], which are within the
mesophilic temperature range. While biogas production decreases with temperature, this decrease
is more pronounced below the mesophilic range (<25 ◦C) [30]. The digester design also includes a
greenhouse covering the digester, which our previous research has shown can significantly increase
(6.8–24.5 ◦C) the digester temperature and help maintain a more consistent digestion temperature
throughout the day [44]. Assuming a 10-year lifetime and 8% discount rate, the discounted capital
investment would be $8617. Based on the expected annual CH4 production, the cost would be $0.09/m3

CH4, which does not take into account the value of the produced fertilizer from the digester effluent.
Assuming a natural gas price of $0.6/m3 ($1.2/kg natural gas) [45], the system would have a yearly
profit of $5642/yr. The net present value (NPV) is calculated as $47,805, which does not take into
consideration the value of the digestate, which can provide valuable nutrients to produce cassava
and/or other crops. The price of adding zeolite or biochar was not included, since these additives
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may not be available and did not increase the overall biogas production, only decreased the lag phase
associated with biogas production. If a higher throughput is desired or if the pH is not stabilized, the
addition zeolite or biochar could be added to the full-scale system, if available.

4. Conclusions

Anaerobic digestion of cassava wastewater was shown to be viable, with CH4 production enhanced
by additions of zeolite and biochar. Co-digestion with dairy and poultry manure decreased the lag
phase of digestion but did not increase overall CH4 production, likely due to the more recalcitrant
materials within the manure feedstock compared to CW. While CH4 production was more efficient
with CW-only (higher CH4/g VS included), more gross energy production (CH4/g substrate added)
occurred with the manure substrates due to the higher VS content of these substrates compared to the
relatively dilute CW. Poultry litter generally contributed to higher CH4 production when digested
with CW compared to the use of DM, likely due to the higher N content of the PL raising the low C:N
value of CW. All combinations of DM and PL showed that adding CW increased their overall CH4

potential compared to the mono-digestion of PL or DM-only.
Co-digesting CW with PL with or without biochar in a typical rural cassava processing industry

can significantly enhance the valorization of CW by yielding more CH4 in less time and an estimated
profit of >$5000/yr, with the creation of valuable fertilizer. The reduction in COD achieved through
the digestion of CW could contribute significantly to reducing pollution of surface water due to
indiscriminate disposal of untreated CW, as currently practiced in many rural settings. The potential
application of digestate for land treatment should be further explored as a means of adding value to
the overall cassava processing and value chain.
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Abstract: Hydrogen sulfide (H2S) is a corrosive trace gas present in biogas produced from anaerobic
digestion systems that should be removed to reduce engine-generator set maintenance costs. This study
was conducted to provide a more complete understanding of two H2S scrubbers in terms of
efficiency, operational and maintenance parameters, capital and operational costs, and the effect of
scrubber management on sustained H2S reduction potential. For this work, biogas H2S, CO2, O2,
and CH4 concentrations were quantified for two existing H2S scrubbing systems (iron-oxide scrubber,
and biological oxidation using air injection) located on two rural dairy farms. In the micro-aerated
digester, the variability in biogas H2S concentration (average: 1938 ± 65 ppm) correlated with the O2

concentration (average: 0.030± 0.004%). For the iron-oxide scrubber, there was no significant difference
in the H2S concentrations in the pre-scrubbed (450± 42 ppm) and post-scrubbed (430 ± 41 ppm) biogas
due to the use of scrap iron and steel wool instead of proprietary iron oxide-based adsorbents often
used for biogas desulfurization. Even though the capital and operating costs for the two scrubbing
systems were low (<$1500/year), the lack of dedicated operators led to inefficient performance for the
two scrubbing systems.

Keywords: micro-aeration; biogas; iron; bioenergy; H2S scrubber

1. Introduction:

Hydrogen sulfide (H2S) is a corrosive gas that can corrode and damage, even in trace quantities,
engine-generator sets (EGS) utilizing biogas from anaerobic digestion (AD) for electricity production.
The produced H2S can react with water vapor present in the biogas producing hydrosulfuric acid that
can be further oxidized to sulfuric acid, which can cause corrosion. Hydrogen sulfide is also toxic to
living organisms under certain concentrations and can result in range of adverse health effects. The US
Occupational Safety and Health Administration (OSHA) lists the acceptable ceiling concentration for
human exposure to H2S to be 20 ppm for an 8-h duration [1]. In some industrial sectors, the total
weighted average exposure limit is 10 ppm over 8 h. The acceptable peak concentration above the
ceiling concentration is 50 ppm, but for a maximum time limit of 10 min. Concentrations exceeding
500 ppm in a closed environment can lead to death within 30–60 min, while concentrations exceeding
1000 ppm is instantly fatal [2]. Combustion of H2S also leads to SOx emissions, which has harmful
environmental effects. Anaerobic digesters, used in conjunction with H2S scrubbers, are effective at
controlling odor problems, which is often perceived as an environmental issue by residents living close
to dairy farms [3]. For digestion systems with EGS to operate effectively, it is important to remove H2S
from biogas before utilization.
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Corrosion from H2S has led to interrupted operation of farm-based EGS, resulting in increased
maintenance costs and decreased revenues [4]. Biogas is a saturated (4% to 5% moisture content)
mixture of 50% to 70% methane (CH4) and 30% to 50% carbon dioxide (CO2), with traces of H2S
(100–10,000 ppm; 0.01% to 1%). The variability of H2S in biogas production and different efficiencies
of scrubbers in reducing H2S in the biogas over time can also affect EGS downtimes and overall
lifetime [5,6]. The recommended upper limits of H2S concentration for energy conversion technologies
that use biogas are outlined in Table 1.

Table 1. Recommended hydrogen sulfide (H2S) concentration limits for biogas utilization technologies [7,8].

Technology H2S Limit (ppmv)

Gas Heating Boilers <1000
Combined Heat and Power (CHP) <1000

Fuel Cells <1
Natural Gas Upgrade <4 (variations among countries)

The two H2S scrubbing techniques discussed in this study include: (1) biological desulfurization
(BDS) of H2S using sulfur-oxidizing bacteria (SOB) to oxidize H2S to elemental sulfur and sulfates,
which can occur in a separate bio-trickling filter (BTF) or with air injection into the digester headspace,
and (2) physical-chemical adsorption and oxidation using iron oxides.

Biological conversion of H2S results from microbial oxidation in an oxygenated environment.
Small concentrations of air (or oxygen) are injected into a biological scrubbing system, such as a BTF,
or into the digester headspace [9]. The oxygen is used by SOB, which use H2S, sulfur, and thiosulfate
as their primary energy sources. Schieder et al. (2003) showed 90% reduction in H2S concentrations
(up to 5000 ppm) using BTF-based biogas scrubbers (BIO-Sulfex® biofilter modules (Promis Company,
Warsaw, Poland), with inlet biogas flow rates ranging from 10 to 350 m3/h [10]. A simpler method
of BDS of biogas is the controlled addition of oxygen or air directly into the digester headspace,
which creates a micro-aerobic environment for H2S oxidation. However, air injection needs to be
carefully controlled in order to prevent accidental formation of explosive gas mixtures of CH4 and
O2 [3]. With differences based on the temperature, residence time, and the percentage of injected air,
there have been full-scale digesters with micro-aeration that have observed reductions as high as 80%
to 99%, reducing H2S in the biogas from approximately 500 ppm to 20–100 ppm [2].

Iron oxide pellets or wood chips impregnated with iron oxide (also known as ‘iron sponge’) can
also be used for biogas desulfurization [11]. The iron oxide in the media reacts with the H2S and is
converted into iron sulfide. Iron sponge is the most recognized iron oxide adsorbent in the industry
with H2S reductions >99.9% (3600 ppm to 1 ppm after scrubbing) reported in the literature [2]. The iron
sponge adsorbent can also operate in conjunction with a small air flow into the system, along with the
biogas input, to promote continuous regeneration. Sulfide removal rates up to 2.5 kg H2S/kg Fe2O3

have been observed in continuously regenerated systems with <1% oxygen input [12]. Studies have
shown that proprietary iron oxide-based scrubbing systems, such as SOXSIA® (Gastreatment Services,
Bergambacht, Netherlands), can remove up to 2000 ppm of H2S at 40 ◦C, with biogas flow rates of
1000 Nm3/h in full-scale anaerobic digestion (AD) systems, resulting in 2 Nm3 of H2S removed per
hour (2.9 kg H2S/h) [8].

A previous study investigated the performance and economic benefits of two BTF systems on
NY farms and found that the total annual cost to own and operate the scrubbers may not justify the
capital and maintenance costs of the scrubber systems compared to increasing the frequency of oil
changes [4]. It was suggested that longer monitoring periods may be necessary to understand the
benefits of H2S scrubbing on major generator overhauls. The study also highlighted the importance of
a dedicated operator for keeping the systems functioning at peak efficiency. A report published on
biomethane production in California estimated the cost of an H2S scrubbing system to be around 10%
of the total capital costs [3]. It was also suggested that the use of H2S scrubbers was dependent on the
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end-use of the biogas, as more frequent oil changes (every 300 h instead of 600 h) could be sufficient for
maintaining EGS health. Even though several H2S scrubbing technologies exist, there is only limited
field-scale data on long-term H2S removal efficiency, and the costs associated with operating and
maintaining a scrubbing system, especially on rural dairy farms in the United States [2].

The objective of this study was to quantify the efficacy and costs associated with H2S scrubber
systems using units on dairy farms with AD systems. Two different H2S scrubber systems on rural US
dairy farms were evaluated through quantification of scrubbing efficiency, capital costs, maintenance
costs, and maintenance practices to determine how scrubber management affected the performance
of these systems. The results can be used to understand the costs, maintenance requirements,
and variations over time for these two H2S scrubbing systems.

2. Methods

2.1. Farm and H2S Scrubber Information

The iron oxide scrubber (IOS) on Farm 1 (SIOS) treated biogas from an ambient temperature
anaerobic digester. The 2574 m3 AD system received a combination of food waste and the liquid
fraction of dairy manure after solid-liquid separator. The unheated digester was exposed to ambient
temperatures, which resulted in lower biogas production during winter months. In addition, there was
no mixing of the substrate inside the digester. The farm (750 cows) operated a 110-kW EGS for
electricity production, with the produced energy used on-farm.

The vessel for the H2S scrubber was a 208 L plastic drum. PVC piping was used for the connection
from the digester to the scrubber and then to the EGS. The iron oxide scrubber was filled with rusted
scrap iron and steel scrapings (approximately 50% volume of the scrubber system). Additional rusted
scrap iron (approximately 25% of the scrubber volume) was added by the farmer after 45 days of
monitoring (without cleaning out used media in the vessel) to increase the efficiency of the scrubbing
unit. After 105 days, the old media was removed and changed to fresh grade 000 steel wool (252 pads,
4.4 kg) (Homax, Bellingham, WA, USA) to determine if the increased surface area of this material
would affect scrubber performance. The scrubber media covered three-quarter of the entire volume
(156 L) of the scrubbing unit in order to enhance the contact time between the untreated biogas and the
steel wool.

Biogas flow rate from the digester was measured before the biogas passed through the scrubber.
There were no condensation traps before the scrubber to collect condensed water from water vapor
present in the produced biogas. The biogas exited the digester and entered the bottom of the scrubber,
flowing through the barrel over the scrubbing media before exiting from the top of the scrubber vessel.
A regenerative blower (Gast Regenair Model—R5325R-50, Benton Harbor, MI, USA) installed at the
outlet of the scrubber was used to pull the biogas through the scrubber and directed the biogas to the
generator. The generator was operated only during the farm operational hours, which averaged 12 h
per day.

The air injection pump for BDS (SBDS) inside the digester headspace on Farm 2 was connected to a
commercially designed, mixed anaerobic digester. Raw unseparated dairy manure (650 cows) was
mixed with solid food waste (discarded produce) and fed into 1817 m3 capacity digester. Electricity was
generated using a 140-kW generator. The digester was heated to 35 ◦C using the waste heat from
the EGS, with electricity sold to the grid. The generator was operated continuously, with breaks in
operation for maintenance and repairs only.

The H2S scrubber system consisted of an air pump that pumped air into the headspace of the
digester. The pump (SST10 Aquatic Ecosystems Inc, Pentair, Apopka, FL, USA) was rated at 223 W,
51 Nm3/h, and single phase (115/230 V). The air pump was set to inject air at a consistent rate of
2.86 m3/h. A rotameter attached to the air pump, installed by the farmer, was used to measure the
flowrate. The installed air pump did not have an automatic air flow regulator to change the airflow
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according to the amount of H2S in the biogas. The pipe from the air pump to the digester headspace
required regular maintenance to prevent clogs.

2.2. Performance Monitoring and Cost Information

The CH4, and H2S concentrations were logged for 179 and 73 days for SIOS and SBDS, respectively.
The scrubber system capital costs were confirmed, and the scrubber maintenance costs were collected
for at least one year from each farm. Untreated and treated biogas were analyzed to detect daily and
seasonal differences using two portable continuous biogas testing and monitoring systems (Siemens
Model #7MB2337-3CR13-5DR1, Siemens AG, Munich, Germany) for CH4 (0% to 100%), CO2 (0%
to 100%), O2 (0% to 100%), and H2S (0–5000 ppm), with a Campbell Scientific CR1000 data logger
and acquisition system, and gas meters (Model #9500, Thermal Instrument Co, Trevose, PA, USA;
Model #FT2, Fox Thermal, Marina, CA, USA) and assembled as described in Shelford et al. 2019 [4].
The monitoring system were moved and installed at each farm for the study period (73 and 179
days). The Ultramat 23 was capable of an auto-calibration with air every eight hours, with regular
monitoring and calibration of the units were conducted according to manufacturer’s standards to
maintain the accuracy of the H2S sensors. The monitoring systems collected data for 15 min for each
biogas stream (pre- and post-H2S scrubbing). Operation and maintenance records of the AD and
scrubbing systems was undertaken by the farmers, with records on the time and costs spent on their
AD and scrubber system, including oil change costs, generator repair costs, and electrical energy
generated over 12 months, if available.

At the end of December 2016, the gas analyzer system installed for project purposes on Farm 2
(SBDS) started malfunctioning and the system had to be removed for repairs, likely due to H2S corrosion.
The on-farm biogas was then field tested using a Landtec handheld gas meter (Biogas 5000, Landtec,
Dexter, MI, USA) during farm visits.

2.3. H2S Removal Calculations

Hydrogen sulfide percent removal (η) was calculated using the formula:

η =
(Cin − Cout)

Cin
× 100% (1)

where Cin and Cout (ppm) are the scrubber inlet and outlet H2S concentrations. The daily mass (grams/d)
of sulfur removed (w) was calculated using the formula:

w =
(Cin − Cout) × 1.43 × F

1000
(2)

where Cin and Cout (ppm) are the scrubber inlet and outlet H2S concentrations, 1.43 kg/m3 is the gas
density at NTP (20 ◦C, 1 atm), and F is the biogas flow rate (m3/d).

2.4. Statistical Analysis

Significant differences in pre- and post-scrubbed CH4 and H2S concentrations over time within each
farm was determined using t-tests using SAS® statistical analysis software (version 9.4, SAS Institute
Inc., Cary, NC, USA), with an alpha value set at 0.05. All values are presented as mean ± standard error.

3. Results and Discussion

3.1. Iron Oxide Scrubber (SIOS)

The mean H2S concentrations in the pre-scrubbed and post-scrubbed biogas of SIOS were
450 ± 42 ppm and 430 ± 41 ppm (based on 179 data points: n = 179), respectively, when averaged over
the entire study period (August 2016–January 2017) (Figure 1). Prior to the media change from scrap
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iron to steel wool (n = 85), the H2S concentrations in the pre-scrubbed biogas was 740 ± 53 ppm and
post-scrubbed biogas was 719 ± 52 ppm. After the media change, the pre-scrubbed H2S concentration
(52 ± 9 ppm) was significantly higher (p-value < 0.0001) than the post-scrubbed H2S concentration
(33 ± 6 ppm). This rapid decrease (Days 102–120) in H2S concentration is likely due to the temperature
drop in the unheated digester at that time. The temperature of the digester effluent dropped from
28.1 ◦C in August to 10.5 ◦C in December, which corresponded with the ambient temperatures, which
averaged 26.1 ◦C and 3.5 ◦C, respectively [13]. Sulfate reducing bacteria (SRB), the primary producers
of H2S in anaerobic digesters, have lowered activities at temperatures below 20 ◦C [14].Energies 2019, 12, x FOR PEER REVIEW 6 of 14 
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Figure 1. Hydrogen sulfide (H2S) concentrations in the biogas from the iron oxide scrubber (SIOS),
with scrubber media replacement to steel wool after 105 days (mid-November).

The use of scrap iron and unoxidized steel wool as scrubbing media, instead of iron sponge
or proprietary iron-oxide based adsorbents resulted in poor H2S removal efficiencies for SIOS.
Dry iron-oxide based adsorbents are the most commonly used and effective scrubbing technique but
can generate a hazardous waste stream [2]. Commercially available iron sponge media can be up to
100% effective, but the use of scrap iron and steel wool as the adsorption media resulted in low H2S
reduction efficiency (3%) for SIOS [12]. Kohl and Nielsen (1997) also reported that wetted iron-oxide
based adsorbents are not as effective as chemically hydrated oxides [15]. The steel wool media and the
scrap iron media were not allowed to oxidize before being used for H2S scrubbing, which could have
contributed to the low scrubbing efficiency.

The media replacement to steel wool and the increased residence time due to the lowered biogas
flow rates in the winter season resulted in a decrease in the biogas H2S content even though the
pre-scrubbed H2S concentration was below 100 ppm. The biogas production varied from 1202 m3/d
in the summer (June to September, with an average temperature of 28 ◦C) to 51 m3/d in the winter
(January to February, with an average temperature of 10.9 ◦C) (Figure 2). The average biogas flow
rate before the media change was 980 m3/d (n = 4), which was reduced to 51 m3/d (n = 4) due to
the temperature drop that coincided with the media change. The residence time of the biogas in the
scrubber increased from 0.25 min to 6 min, as the lower winter temperatures led to a sharp decline in
the biogas production from the unheated digester. Commercially available iron oxide media usually
require 1–15 min residence time and could have been more efficient at removing H2S for SIOS, especially
during the summer months [12]. Zicari (2003) reported that a farm digester (capacity—554 m3) with
an average biogas production of 669 m3/d could reduce H2S concentrations from 3600 to <1 ppm,
with a 4200 L iron oxide scrubber with a bed height of 240 cm [2]. The SIOS volume was 208 L with
an empty bed height of 88 cm (66 cm media height), with 4.2 kg of steel wool. The low adsorption
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efficiency seen in this study was affected by the high volume of biogas passing through the scrubber
compared to the scrubber size. The total volume of biogas passing through the scrubber from August
to November 2016 was 119,000 m3, with 3.8 kg of H2S removed from the biogas through the scrubber.
After the media replacement with steel wool, a total of 1800 m3 of biogas flowed through the scrubber
in 36 days, with 68 g of H2S removed. The low sulfur removal was likely due to the low concentrations
of H2S present in the biogas coupled with the comparatively low effectiveness of the fresh steel wool.
Iron oxide-based adsorbents have been shown to remove 0.56 kg H2S/kg adsorbent in a batch system,
with a recommended bed height of 120–300 cm [15]. Based on the results from the study, the steel wool
had an adsorption capacity of 0.016 kg H2S/kg steel wool, which is an order of magnitude lower than
the adsorption capacities of commercially available dry iron oxide-based sorbents.
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Figure 2. Average daily biogas production over two month period from June 2016 to May 2017 in the
AD system with the iron oxide scrubber (SIOS).

During the study period, the average CH4 content in the pre-scrubbed biogas was 64.1 ± 0.2%,
with 64.9 ± 0.2% CH4 in the post-scrubbed biogas (Figure 3). The average daily CH4 production rate
calculated using the biogas production data over one year (June 2016 to May 2017) was 432 m3/d or
0.58 m3/cow.day. The daily CH4 production rate from a mesophilic dairy manure AD system can vary
from 1.5 m3/cow·day to 3.9 m3/cow·day [16]. As the AD system in this study was not heated, the
average CH4 yield was below this average range.

The generator produced a total of 47,158 kWh of electrical energy from the produced biogas from
August to December 2016 (131 days), resulting in a daily average rate of 380 kWh/d. The EGS stopped
functioning in December 2016, but the exact reason for generator failure was not determined. During
daily operation, the generator did not run continuously, which could affect the EGS lifetime. The EGS
had an average run-time of 12 h/d, corresponding with day-time farm operations, but variations in the
EGS run-time were verified in the farmer’s reports. From June to December 2016, the biogas flow rate
was continuous during the EGS operational hours, with the regenerative blower suppling the biogas to
the generator. The average daily CH4 production during the monitoring period of generator activity
was 542 m3/d. The electricity generated from the biogas was 0.70 kWh/m3 CH4, but the flare was not
metered, so the actual value may be lower than estimated.
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the AD system with the iron oxide scrubber (SIOS).

3.2. In-Vessel Biological Desulfurization System Using Air Injection (SBDS)

Overall, biogas H2S concentrations (average: 1938 ± 65 ppm; n = 73) varied considerably
during the study period from 171 to 3327 ppm, but the CH4 (56.2 ± 0.1%) and O2 concentrations
(0.030 ± 0.004%) were consistent (October to December 2016). Correlations between the H2S, CH4, and
O2 were also observed, as expected (Figures 4 and 5). In mid-October (Day 7), the H2S concentration
decreased to 171 ppm, while the O2 concentration rose to 0.51%, and the CH4 concentration dropped
to 50%, likely due to nitrogen (N2) introduced into the biogas stream with air injection. It is likely
that once the oxygen was depleted, further oxidation did not take place, and the H2S concentration
increased (after Day 9). Schieder et al. (2003) reported that micro-aeration by itself may not be
sufficient to achieve complete desulfurization [10]. They collected data from biogas plants in the state
of Baden-Württemberg in Germany and found that 54% of the micro-aerated AD systems had outlet
H2S concentrations >500 ppm. They suggested the use of an external biological scrubber to achieve
outlet H2S concentrations of <100 ppm and increase the life of combined heat and power (CHP) units
and decrease the frequency of oil changes. In practice, digester manufacturing companies in the US
have recommended limits of 500 ppm H2S in the biogas [4]. The variable H2S concentrations during the
study period indicated variable treatment efficiency. The O2 concentration was not always sufficient
for adequate H2S removal (<500 ppm) throughout the period after the initial rise to 0.51% O2. The
O2 concentrations increased to 0.07% in mid-December for a short duration, which correlated with a
decrease in the H2S concentration from 2596 to 1645 ppm.

Ramos et al. (2013) showed that an outlet H2S concentration of <200 ppm can be obtained with
low O2 (0.2% to 0.3%) concentrations in the output biogas [17]. The O2 utilization efficiency for H2S
oxidation by the SOB increased with a decrease in the O2input/H2Sinitial ratio. Mulbry et al. (2017) also
showed that an outlet H2S concentration of <100 ppm can be obtained with 0.5% O2 in the output
biogas [18]. In SBDS, the average outlet O2 concentration was much lower (0.03%), as the air input was
set at 2.86 m3/h (2.75% of the average biogas flow rate), resulting in an average O2 input of 0.58%. An
increase in the air injection rate could have decreased H2S concentrations further but at the cost of
lowering CH4 concentration due to N2 dilution. The AD operator did not increase the air injection rate
due to the low CH4 concentration (50% to 55%) in the produced biogas. The EGS efficiency can be
negatively affected when operated with a CH4 concentration of <50% [15,16]. In such cases, a pure O2

input may be desirable over air injection, but a pure O2 input entails a higher operational cost.
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Figure 5. Hourly biogas CH4 concentrations from the AD system with in-vessel biological
desulfurization (SBDS).

A constant air flow rate could have reduced the desulfurization efficiency in the digester headspace.
A variable air flow rate based on the H2S production can ensure sufficient desulfurization to meet
recommended limits for heating or electricity production while minimizing N2 dilution [19]. Ramos and
Fdz-Polanco (2014) used a PID (proportional-integral-derivative) controller to vary the O2 flow rate to
meet the set output H2S concentrations. The O2 input was controlled using two methods: H2S content
in the biogas, and biogas production rate, and in both cases >99% removal of H2S was obtained [20].
The ORP (oxidation–reduction potential) of the liquid wastewater was used by Khanal and Huang
(2006) as a parameter to control the injection rate to prevent under-dosing/overdosing of O2 [21].

112



Energies 2019, 12, 4605

However, instead of adding O2 directly into the headspace, the authors injected it into the outlet of the
reactor that contained a mixture of both biogas and the digester effluent. The resulting mixture was
then sent to a separate sulfur oxidizing unit to separate the biogas, the effluent, and the elemental sulfur
produced by the SOB. The method was able to reduce >99% of the total dissolved and gaseous sulfides
for a range of initial dissolved sulfide concentrations (287 mg/L–1997 mg/L). However, using ORP as a
controlling parameter could be unreliable, as each AD system is different and a set standard for an
ORP increase may not be appropriate [19]. Addition of O2/air into the digester liquid could also lead
to degradation of organics in the digestate, and therefore, a higher dose of air/O2 may be required for
adequate H2S removal [22].

Another factor that could have affected the desulfurization efficiency is the excess formation
of sulfur mats in the digester headspace. The digester headspace was never cleaned, and therefore,
large-sized elemental sulfur particles would drop back into the digester, along with the formation
of sulfur laden biofilms on the liquid surface [18]. Sulfate reducing bacteria are also known to use
elemental sulfur as an energy source for H2S production [23]. The accumulation of oxidized sulfates
and elemental sulfur can be reduced again by SRB and can lead to increased H2S concentrations in
the biogas [24]. External vessels used by Ramos et al. (2013) and Mulbry et al. (2017) that can be
cleaned on a regular basis have been suggested as a better alternative to prevent reduction of the
accumulated sulfates and sulfur [17,18], which resulted in a steady CH4 production rate within the
range for mesophilic digesters (1.5 m3/cow·day to 3.9 m3/cow·day) [16]. The farm averaged 2003
m3/d of biogas flow through the generator (1125 m3/d or 1.73 m3/cow·day CH4 yield) and produced
689,656 kWh of electricity in 10 months at a rate of 1.95 kWh/m3 CH4 combusted. The average rate of
electricity production was 2196 kWh/d. The average biogas flow rate was affected by the generator
malfunction during the last 3 weeks of data collection (Figure 6).
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Figure 6. Daily biogas production (m3/d) through the generator, operating on the farm with SBDS, for
electricity production.

3.3. Economic Analysis

The total cost of the scrubber systems was calculated using data provided by the farm owners.
The total capital cost of the iron oxide scrubber system (SIOS) was approximately $525 based on the
reactor vessel and piping costs, as this was a homemade system. All the maintenance was conducted
by the farm owner, and the labor costs were considered negligible. Additionally, scrap iron ($25 cost)
was added by the farmer once during the study. Steel wool media cost $80 to fill the space within the
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scrubber. The replacement media for the scrubber was calculated to be $650/year with original iron
scrap based on 26 media replacements per year and $960/year with grade 000 steel wool based on 12
media replacements per year. Approximately, $450/year was required for oil changes as one liter of oil
was added to the generator every other day (183 L/yr). The total cost to own and operate the scrubber
was $1100 (with iron scrap media) and $1410 (with grade 000 steel wool). Generator maintenance and
repair can add significant costs as well, but no information was available for generator repair costs.

The total capital cost of SBDS was approximately $450 for the air pump for air injection into the
digester headspace. Scrubber maintenance was carried out by cleaning out the air injection connection
into the digester on a weekly basis. This was estimated to take 20 min per week and cost the farm
$120/year in labor costs (estimated to be $10/week at $30/h.). Oil change costs ranged from $1190 to
$1795 per month and additional costs during a month were for generator repairs. The farm owner
spent $10,798 for oil changes and repairs to the EGS engine head in April 2017. One of the primary
reasons for the lower costs of oil change for SIOS was the lower average H2S concentrations (430 ppm)
compared to SBDS (1938 ppm).

Zicari (2003) tabulated data for different proprietary iron-oxide based adsorbents, where the
capital costs ranged from $8000 to $43,600 and the operating costs ranged from $8290 to $23,840 for a
biogas stream with 4000 ppm of H2S and a gas flow rate of 1350 m3/d, which is comparable to the
average daily biogas flow rates for both farms in this study [2]. These cited costs were much lower than
the costs associated with owning and operating the BTF units in the study conducted by Shelford et al.
(2019) [4]. The operational, maintenance, and utilities costs for BTF systems in their study ranged from
$17,050 for farm 2 to $32,563 for Farm 1, which are comparable to the operational costs of iron oxide
scrubbers, but the capital costs were at least four times higher. The proprietary iron-oxide scrubbers
examined by Zicari (2003) had high H2S removal efficiencies and low H2S output concentrations (up
to 100% and less than 1 ppm) compared to the lower efficiencies (80.1% and 94.5%) and higher H2S
output concentrations (450 and 150 ppm) seen in the study by Shelford et al. (2019) [4,12]. However,
on larger farms, the operating costs associated with iron oxide scrubbers may be much higher due
to the larger volume of biogas to be treated and the higher handling and disposal costs of the spent
media [12]. When the costs were normalized on the basis of volume of biogas treated, the costs were
comparable, with iron-based adsorbents costs ranging from $0.024 to $0.046 per m3 of biogas treated
and BTF systems costs ranging from $0.012 to $0.03 per m3 of biogas treated [2,4,12].

Shelford et al. (2019) also calculated the economic benefits of having a BTF scrubbing system by
calculating the savings associated with less frequent oil changes after scrubber installation [4]. The
farms reported a net annual loss of $61,593 for BTF 1 and $30,093 for BTF 2, which may be economically
infeasible for smaller farms, especially during low milk price cycles in the US.

The results and observations from this study and Shelford et al. (2019) study showed that even
though H2S scrubbing system existed on all four farms studied, consistent performance was lacking in
the inexpensive systems analyzed in our study. Both SBDS and SIOS had significantly lower capital and
operating costs than the two BTF systems, but it is unclear if the farmers realized any economic or
social benefits from these two H2S scrubbing systems during the study period. It is also difficult to
calculate monetary benefits of having the scrubbing systems, since there was no information available
on oil changes prior to scrubber installation and the highly inefficient performance of the scrubbing
systems. Table 2 shows the cost information of the BTF units from Shelford et al. (2019) in comparison
to the scrubbing systems monitored in this study.
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Table 2. Capital and operating cost summary of different scrubbing technologies in Northeast US.

Scrubber Type Iron Oxide
Scrubber (SIOS)

In-Vessel
Biological

Desulfurization
(SBDS)

Bio-Trickling
Filter 1 *

Bio-Trickling
Filter 2 *

Farm Size 750 cows 650 cows 4200 cows 1500 cows
Generator Capacity 110 kW 140 kW 1000 kW 500 kW

Scrubber System Capital Cost $525 $450 $342,000 $185,000
Annual Labor, Cleanout Costs N/A $0 $10,323 $4340

Annual Generator Maintenance Costs $450 $28,708 N/A N/A
Annual Scrubber Maintenance Costs $960 # $120 $8900 $9400

Notes: * data obtained from [4]; # Annual scrubber maintenance costs with steel wool as the scrubbing media.

3.4. Scrubber Management

An important factor to consider for efficient scrubber operation is scrubber management by
farm or AD operators. H2S management on agricultural digesters has lagged behind municipal and
industrial digesters due to limited funding [18]. Hiring full-time operators for ensuring efficient
scrubber performance can lead to unaffordable operating and labor costs, especially for farm owners
with AD systems.

Changing the iron-oxide media after saturation is a labor-intensive process due to a need for careful
handling of the saturated media [12]. Without proper monitoring of biogas quality, it is also impossible
for farmers to know when to replace the saturated media or ascertain if biological conversion of H2S
is occurring in the digester headspace. Portable biogas quality monitoring equipment used in the
study cost $17,000 and required technical expertise for regular calibration and H2S sensor replacements
every 3–6 months for accurate data collection. The farm with in-vessel biological desulfurization (SBDS)
had previously installed an external BTF to work in conjunction with the in-vessel micro-aeration.
The BTF unit was abandoned for several years after the farmers encountered operational issues that
they could not troubleshoot. It is important for manufacturers to provide on-field assistance for the
maintenance of these systems for several years after they are purchased. In addition, one of the farms
in the Shelford et al. (2019) study had a dedicated operator, and the H2S scrubbing efficiency was
94.5%, whereas, the other farm had multiple personnel acting as temporary operators for the BTF unit,
which contributed to the H2S scrubbing efficiency dropping to 80.1% (Table 3) [4]. SIOS and SBDS, in
this study, did not have dedicated operators maintaining the scrubbing systems, and monitoring H2S
concentrations in the scrubbed biogas. As a result, the scrap iron media for SIOS was not replaced
upon saturation, and it was impossible to determine the effectiveness of the media, leading to poor
performance of the system (3% removal efficiency). In the case of SBDS, regular maintenance of the air
flow lines to prevent flow obstruction and appropriate modification of the air flow rates could have
resulted in a lower H2S concentration in the biogas.

Table 3. Performance summary of two different scrubbing technologies in Northeast US.

Scrubber Type Iron Oxide
Scrubber (SIOS)

In-Vessel
Biological

Desulfurization
(SBDS)

Bio-Trickling
Filter 1 *

Bio-Trickling
Filter 2 *

Average Untreated H2S (ppm) 450 ± 42 N/A 2640 ± 5.85 2350 ± 5.67
Average Treated H2S (ppm) 430 ± 41 1938 ± 65 150 ± 1.84 450 ± 3.42

Overall removal Efficiency (%) 3.0 N/A 94.5 80.1
Avg. Mass of H2S removed (kg/h) 0.0009 N/A 2.37 0.35

Engine-Generator Set Capacity Factor N/A 0.76 0.93 0.68

Notes: * data obtained from [4].
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In a detailed report compiled by Lusk (1998), it was shown that AD operators faced a multitude
of problems caused by high H2S content in biogas [25]. Currently, managing H2S in biogas is still an
issue, as seen from our study results. Based on interaction with the participating farmers operating the
AD systems, frequent EGS oil changes to reduce corrosion instead of managing the H2S scrubbing
system were considered to be a more practical solution. Libarle (2014) found that most AD technology
adopters encountered operational and maintenance issues due to a lack of training and scientific
understanding of the processes involved [26]. Similar issues were observed during this study, as the
farm owners of the SIOS and SBDS systems encountered several hurdles while trying to increase the H2S
scrubbing efficiencies of their underperforming systems. In addition, the rural locations of the farms
limit access to consultants and AD experts capable of aiding farmers facing challenges from elevated
H2S concentrations in the biogas. There seems to be a need for increased assistance (education and
outreach workshops, free biogas monitoring services, etc.) to impart more technical knowledge to the
farm owners and offset some of the costs involved in managing and maintaining these systems.

4. Conclusions

The studied in-vessel air injection system for biological desulfurization had a low capital and time
investment, with positive but inconsistent H2S removal efficiencies. The iron-oxide scrubber also had a
low time and labor investment but negligible H2S removal efficiencies over the study period. The use
of the appropriate scrubbing media (commercially available iron oxide or iron sponge) for increased
reactivity and contact area, instead of scrap iron and steel wool could have increased the scrubber
performance. The study also showed a substantial effect of scrubber operation and management on its
performance. H2S scrubber systems that were better managed with more time and labor investment
have shown more efficient and consistent scrubbing performance. Future studies should quantify
and incorporate long-term costs (5 or more years) associated with engine overhauls, down-times,
repairs, etc., undertaken due to H2S related damage to better understand the economic benefits of
H2S scrubbers.
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Abstract: Co-digestion of dairy manure with waste organic substrates has been shown to increase the
methane (CH4) yield of farm-scale anaerobic digestion (AD). A gummy vitamin waste (GVW) product
was evaluated as an AD co-digestion substrate using batch AD testing. The GVW product was added
at four inclusion levels (0%, 5%, 9%, and 23% on a wet mass basis) to a co-digestion substrate mixture
of dairy manure (DM), food-waste (FW), and grease-waste (GW) and compared to mono-digestion
of the GVW, DM, FW, and GW substrates. All GVW co-digestion treatments significantly increased
CH4 yield by 126–151% (336–374 mL CH4/g volatile solids (VS)) compared to DM-only treatment
(149 mL CH4/g VS). The GVW co-digestion treatments also significantly decreased the hydrogen
sulfide (H2S) content in the biogas by 66–83% (35.1–71.9 mL H2S/kg VS) compared to DM-only
(212 mL H2S/kg VS) due to the low sulfur (S) content in GVW waste. The study showed that GVW
is a potentially valuable co-digestion substrate for dairy manure. The high density of VS and low
moisture and S content of GVW resulted in higher CH4 yields and lower H2S concentrations, which
could be economically beneficial for dairy farmers.

Keywords: biochemical methane potential; biogas; anaerobic digestion

1. Introduction

Anaerobic digestion (AD) of organic substrates with dairy manure, also known as co-digestion,
can increase biogas production and result in higher return on investment for dairy farmers [1].
Biogas produced from AD is a combination of 50–75% methane (CH4) and 25–50% carbon dioxide (CO2),
with trace levels (0.01–1%) of hydrogen sulfide (H2S) that can be used as a source of renewable energy
for heat and power generation [2]. Limitations from mono-digestion of organic materials arise from
substrate properties, such as unbalanced C:N ratios, recalcitrance in the feedstock, high concentrations
of long chain fatty acids, and deficiency in trace minerals required for the growth of methanogens [1,3].
These limitations can lead to unfavorable economics for dairy farmers using AD to generate energy
on-farm [1,4]. Furthermore, positive synergy from co-digestion of a mixture of substrates can lead
to more CH4 production than the addition of CH4 produced from mono-digestion of each individual
substrate. A review by Mata-Alvarez et al. (2014) reported that co-digestion of carbon (C)-rich
organic matter with cattle and poultry manure resulted in up to 3.5 times more CH4 production than
the CH4 potential of the individual substrates [3]. Lisboa and Lansing (2013) reported a maximum
of 29.4 times more CH4 yield when dairy manure was co-digested with chicken processing waste
compared to mono-digestion of dairy manure [5]. Moody et al. (2011) determined the biomethane
potential of a wide range of food waste substrates and concluded that co-digestion of manure and
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organic waste has the potential to increase biogas production, and in turn, increase energy generation
from AD [6]. However, often studies are only applied to individual substrates due to differences
in organic waste composition and collection.

Previous research on co-digestion of food waste and dairy manure has primarily focused on the
CH4 production potential of co-substrates [7–9], with limited data on the effects of co-digestion substrate
selection on the production of H2S [10]. The production H2S in biogas occurs when sulfur-containing
compounds, such as sulfates, sulfites, and thiosulfate, in AD substrates are reduced by sulfate-reducing
bacteria (SRB) under anaerobic conditions [11]. High H2S concentrations in biogas (0.05–1% by vol.)
can become a major problem when utilizing the biogas due to health concerns and corrosion of biogas
equipment [12]. Combined heat and power (CHP) systems usually require H2S concentrations
to not exceed 500 ppm to prevent reduced performance from corrosion, and H2S concentrations
over 100 ppm can lead to severe adverse human health impacts [10]. Most dairy farms use CHP
systems to generate energy for on-farm use and lower H2S concentrations can lead to improved energy
generation efficiencies and reduced maintenance. Corro et al. (2013) observed a reduction in H2S
concentrations when coffee waste was co-digested with dairy manure compared to digestion of dairy
manure only, but there was no discussion of the cause for the observed H2S differences [13]. Research
has shown that co-digestion of organic matter with higher C:N ratios in manure-based digesters
can reduce ammonia inhibition and enhance methane production [3]. Co-digestion of carbon-rich
organic matter with a low sulfur (S) content may also reduce the H2S concentration in the biogas when
compared to the mono-digestion of dairy manure and prevent sulfide inhibition.

Industrial food waste comprises 5% of the total food waste generated globally [14]. Although the
fraction of industrial food waste is significantly less than food waste from other sources, it has logistical
and economic advantages due to its high-volume generation at specific points and homogenous
nature. Valorization of these industrial food waste streams can help mitigate disposal costs in landfills,
while providing a source of tipping fees for dairy farmers with AD systems. The waste produced
from gummy vitamin industries is high in degradable C compared to dairy manure. Production
of gummy vitamin waste (GVW) from a single manufacturing facility can be up to 10% of the total
weight of the product produced [15]. For example, one multi-national gummy vitamin manufacturing
company produces approximately 100 million gummy vitamins daily, with a daily production of
500 tons of gummy product (5 g per gummy vitamin), resulting in approximately 50 tons/day of GVW
produced [16]. Most of this waste product is landfilled, with some composting and incineration being
practiced in the EU [15,17]. The GVW material can contain up to 70% sugar and gelatin, with starch or
pectin-based gels that create the unique structure that is characteristic of gummy candies [18]. Due to
its high sugar content, GVW can be a valuable resource for AD, yet the dense jelly-like consistency
may lead to issues, such as a slow degradation rate, increased hydraulic retention time, or possible
pipe clogging within the AD system. It is also possible that GVW with a high C:S ratio could reduce
the H2S concentration in the biogas when co-digested with dairy manure.

The main goal of the project was to evaluate a GVW product as a co-digestion substrate for
AD. The specific objective was to evaluate the CH4 and H2S production and VS degradation of a
GVW substrate when co-digested with a dairy manure (DM), food waste (FW), and grease waste
(GW) mixtures (DM.FW.GW). A co-digestion mixture was used for testing, as many on-farm digesters
incorporate multiple waste streams and to highlight the benefits of testing co-substrates as both mixtures
and single substrates. Co-digestion of the tested mixtures was expected to produce a significantly
higher amount of CH4 and lower H2S compared to the mono-digestion of DM.

2. Materials and Methods

2.1. Sample Collection

Anaerobic digester effluent (inoculum source) and the GVW product were collected from
a Northeastern US farm. The farm co-digested dairy manure from heifers with gummy vitamin waste,
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food waste, and grease waste at a 64% DM, 9% GVW, 16% FW, and 11% GW ratio, by mass. The AD
effluent sample was utilized as an inoculum source, as it had been pre-acclimated to the GVW material
used at the farm. The GW and FW were collected from a local supermarket. Un-separated dairy manure
from the USDA Beltsville Agricultural Research Center (BARC) in Beltsville, MD, USA, was utilized as
the DM substrate. Field samples were collected and brought back to lab on ice. The mean total solids
(TS) and volatile solids (VS) data for the substrates used in the experiment are shown in Table 1.

Table 1. Total and volatile solids content of the individual substrates (gummy vitamin waste, food
waste, grease waste, dairy manure) and digester effluent (inoculum) used for the experiment.

Parameters Gummy
Vitamin Waste Food Waste Grease Waste Dairy Manure Inoculum

Total Solids (g/kg) 464 ± 2.0 91.0 ± 1.0 673 ± 4.5 94.5 ± 3.6 64.8 ± 0.9
Volatile Solids (g/kg) 463 ± 2.1 83.1 ± 1.1 645 ± 1.5 81.7 ± 3.6 47.5 ± 0.8

2.2. Experimental Design

The GVW product was added to individual batch digesters at four inclusion levels (0%, 5%, 9%,
and 23% on a wet mass basis) to a co-digestion substrate mixture of dairy manure (DM), food-waste
(FW), and grease-waste (GW) and compared to mono-digestion of the GVW, DM, FW, and GW
substrates, with an inoculum control. The 9% GVW treatment (64% DM, 16% FW, 11% GW by
mass) represented the mixture that was used at the farm during the time of AD effluent collection.
An inoculum-to-substrate ratio (ISR) of 1:1 (VS basis) was used for the experiment. Table 2 shows
the experimental design and the descriptions of the treatment levels for the experiment, with each
treatment conducted using triplicate AD reactors. All mass data are expressed on a wet mass basis.

Table 2. Experimental design using a 1:1 inoculum-to-substrate ratio, with the calculated initial total
solids (TS) and volatile solids (VS) of the treatment mixtures. The percent of gummy vitamin waste
(GVW) inclusion was based on mass. All treatments were conducted in triplicate.

Digestion Substrate
and Inoculum Inoculum (g) DM (g) FW (g) GW (g) GVW (g) TS (g/L) VS (g/L)

Inoculum control 31.9 - - - - 64.1 47.0
Dairy manure (DM) 31.9 18.3 - - - 71.7 59.5

Food waste (FW) 31.9 - 18.1 - - 74.2 60.0
Grease waste (GW) 31.9 - - 2.3 - 105 87.6

Gummy vitamin waste (GVW) 31.9 - - - 3.2 101 85.5
DM.FW.GW (0% GVW) 23.9 5.2 1.4 0.9 - 86.3 71.5

GVW.DM.FW.GW (5% GVW) 28.1 5.2 1.4 0.9 0.4 88.2 73.5
GVW.DM.FW.GW (9% GVW) 31.9 5.2 1.4 0.9 0.8 89.5 74.5
GVW.DM.FW.GW (23% GVW) 47.9 5.2 1.4 0.9 2.4 93.1 78.0

2.3. Biochemical Methane Potential (BMP) Test Procedures

The batch laboratory testing followed the biochemical methane potential (BMP) protocol, which
is a laboratory batch study used to characterize CH4 production potential [6]. Substrate and inoculum
were added into 300 mL serum bottles, purged with N2 gas to establish anaerobic conditions, capped,
and incubated at 35 ◦C in an environmental chamber. Biogas, CH4, and H2S concentrations were
monitored at regular intervals for 67 days, at which point the daily biogas production was less than
1% of the cumulative biogas production for the treatments, indicating biogas production had largely
ceased. The mass of substrate and inoculum in each bottle ranged from 31.4 to 58.8 g (Table 2) to keep
the ISR at 1:1 for all treatments.

The quantity of biogas produced was measured using a graduated, gas-tight, wet-tipped 50 mL
glass syringe inserted through the septa of the digestion reactors and equilibrated to atmospheric
pressure. Biogas samples were collected in 0.5 mL syringes and tested on a gas chromatograph
(Agilent 7890) using a thermal conductivity detector (TCD) at a detector temperature of 250 ◦C for CH4
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and H2S concentrations. The average CH4 and H2S production in the triplicates from the inoculum
control was subtracted from the other treatments to present the total CH4 production from the waste
substrates only.

2.4. Analytical Methods

The treatment mixtures were analyzed for pH before and after digestion using an Accumet AB15
pH meter. Triplicate samples were tested for TS and VS, according to Standard Methods for the
Examination of Water and Wastewater (APHA-AWWA-WEF, 2005) within 24 h of collection. For TS
analysis, triplicate 10.0 mL samples were pipetted into pre-weighed porcelain crucibles. The samples
were then dried at 105 ◦C until a constant mass was obtained for the TS concentration. The crucibles
were then placed in a furnace at 550 ◦C until a constant weight was obtained to determine VS
concentration. The gummy waste, dairy manure, and inoculum (digester effluent) were tested for total
metals (iron, zinc) and sulfur using ICP-MS (inductively coupled plasma mass spectrometry), and
total nitrogen using A3769 Methods for Manure Analysis at Agrolabs Inc., Harrington, DE, USA, [19].
The C:N ratio was calculated using the conversion factor from Adams et al. (1951) stating that 55%
of the VS content is carbon [20]. The calculated C value and the measured N value were used to derive
the C:N ratio.

2.5. Statistical Analysis

Collected data were reviewed in accordance with QA/QC procedures and analyzed for significant
differences in biogas quantity, CH4, H2S, TS, VS, and pH using ANOVA and Tukey-Kramer post-hoc
multiple mean comparison tests of the reviewed data using SAS ® statistical software package. Tests of
significance were conducted with an alpha value set at 0.05. Data are reported as averages with
standard errors (SE).

3. Results

3.1. Methane (CH4) Production

The co-digestion mixtures 0–23% GVW.DM.FW.GW had a significantly higher percent CH4 in the
biogas compared to the mono-DM digestion (p-value < 0.0001; Table 3). However, there were no
significant differences in the percent CH4 among the co-digestion mixtures, with a non-significant trend
in increasing percent CH4 as the percent of GVW increased (Table 3). The cumulative CH4 production
over the 67 day AD period was normalized using two methods: (1) the total mass of the substrate
added (mL CH4/g substrate), as this normalization provides an estimate of CH4 production that can be
readily used by farmers, and (2) the VS of the substrate (mL CH4/g VS added) for comparison with
other studies [5].

Table 3. Methane (CH4) and hydrogen sulfide (H2S) production data from the batch digestion testing.

Treatment CH4 (%) * mL CH4/g VS mL CH4/g
Substrate mL H2S/kg VS mL H2S/kg

Substrate

Dairy manure (DM) 53.7 ± 0.5 149 ± 11 12.2 ± 0.1 212 ± 17 17.4 ± 1.4
Food waste (FW) 14.8 ± 1.1 0 # 0 # 99.7 ± 8.8 8.3 ± 0.7

Grease waste (GW) 25.7 ± 3.0 10 ± 4.5 6.3 ± 2.9 33.1 ± 30.4 21.4 ± 19.6
Gummy vitamin waste (GVW) 6.98 ± 0.9 0 # 0 # 7.0 ± 0.1 3.2 ± 0.1

DM.FW.GW (0% GVW) 67.4 ± 0.2 373 ± 6 56.0 ± 0.8 35.1 ± 2.2 5.3 ± 0.3
GVW.DM.FW.GW (5% GVW) 66.6 ± 1.6 374 ± 12 62.5 ± 2 71.9 ± 13.7 12.0 ± 2.3
GVW.DM.FW.GW (9% GVW) 68.3 ± 1.2 355 ± 3 64.1 ± 0.5 70.4 ± 5.2 12.7 ± 0.9

GVW.DM.FW.GW (23% GVW) 71.1 ± 1.0 336 ± 12 76.3 ± 2.7 68.3 ± 16.6 15.5 ± 3.8

* The % CH4 shown is the average value from Days 53–67 of the experiment. # The CH4 production from the inoculum
was subtracted from all treatments, resulting in zero values when the inoculum outperformed the treatment.

As expected, the co-digestion treatments (with and without GVW addition) produced 359–524%
more CH4 compared to mono-DM digestion, when normalized by the mass of substrate added (Table 3).
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Normalized CH4 production in co-digestion without GVW (DM.FW.GW-only) was 11.6% lower
than the 5% GVW.DM.FW.GW mixture, 14.5% lower than 9% GVW.DM.FW.GW mixture, and 36.3%
lower than the 23% GVW.DM.FW.GW mixture (Table 3; Figure 1). The CH4 production in the 23%
GVW.DM.FW.GW mixture was the highest among all treatments, as expected. The total normalized
volume of CH4 increased linearly with the mass percent of GVW added (r2 = 0.9866) (Figure 2).
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Figure 1. Methane (CH4) production normalized by gram of substrate (mL CH4/g substrate) ((A), top)
and by gram of volatile solids (mL CH4/g VS) ((B), bottom) in the batch digestion testing of gummy
vitamin waste (GVW), grease waste (GW), food waste (FW), and dairy manure (DM) digested singularly
and as a mixture (DM.FW.GW), with the percent inclusion of GVW shown for the co-digestion mixtures.

When the total CH4 produced was normalized by the quantity of organic material added (mL CH4/g
VS), the 23% GVW.DM.FW.GW mixture was significantly lower than the DM.FW.GW mixture with
0% GVW (p-value = 0.0156) and 5% GVW.DM.FW.GW mixtures (p-value = 0.0122) (Table 3), with no
significant differences between the other co-digestion treatment groups. Mono-GVW digestion resulted
in negligible CH4 production (0 mL CH4/g VS) over 67 days of digestion due to subtraction of inoculum
CH4 production from each treatment, and higher CH4 production values in the triplicate inoculum reactors
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compared to the triplicate GVW-only AD reactors. Both treatments with negligible CH4 production
(mono-GVW and mono-FW) had low final pH levels in the digestion vessels (under pH 7) (Table 4).Energies 2019, 12, x FOR PEER REVIEW 6 of 12 
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Figure 2. Linear regression of normalized methane (CH4) production per gram of added substrate and
percent gummy vitamin waste (GVW) within the co-digestion mixture.

Table 4. Average pH and volatile solids (VS) in all treatment mixtures pre-digestion (initial)
and post-digestion (final). Initial VS data was calculated theoretically, and final VS data was
determined experimentally.

Treatment Initial VS (g/L) Final VS (g/L) Decrease in VS (%) Initial pH Final pH

Dairy manure (DM) 59.5 48.0 ± 1.8 19.3% 7.64 7.75
Food waste (FW) 60.0 42.0 ± 2.5 30.0% 7.11 6.24

Grease Waste (GW) 87.5 79.5 ± 1.1 9.1% 7.79 7.21
Gummy vitamin waste (GVW) 85.5 53.0 ± 0.5 38.0% 7.75 6.24

DM.FW.GW (0% GVW) 71.5 49.4 ± 0.8 30.9% 7.92 7.97
GVW.DM.FW.GW (5% GVW) 73.5 47.6 ± 3.0 35.2% 7.84 7.95
GVW.DM.FW.GW (9% GVW) 74.5 49.2 ± 1.3 34.0% 7.87 7.95

GVW.DM.FW.GW (23% GVW) 78.0 51.0 ± 2.6 34.6% 7.77 7.88

3.2. Hydrogen Sulfide (H2S) Production

The DM treatment produced biogas with a peak concentration of 2145 ppm H2S after 3 days
of digestion (Figure 3). After this time, H2S levels decreased and no H2S was detected in the biogas
by the 60th day of the experiment. The treatment with the next highest peak H2S concentration
in the biogas was the 9% GVW.DM.FW.GW mixture (804 ppm H2S), which was 63% less than the
DM treatment and 23% greater than the next highest treatment (DM.FW.GW-only mixture with 0%
GVW) at 576 ppm H2S. The peak H2S concentrations for all treatments were observed within the
first 2–3 days before peak CH4 production. The 23% GVW.DM.FW.GW treatment, DM and FW had
detectable H2S concentrations in the biogas for the longest period (51 days). The mono-GVW treatment
did not produce a measurable amount of CH4, but it had the shortest period of detectable levels of H2S
(5 days). This is likely due to lowered microbiological activity within the digester due to the low pH
levels, which led to low biogas production.
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Figure 3. Hydrogen sulfide (H2S) concentration (ppm) in the biogas over time in the batch digestion
testing of gummy vitamin waste (GVW), grease waste (GW), food waste (FW), and dairy manure
(DM) digested singularly and as a mixture, with the GVW inclusion shown for each co-digestion
mixture tested.

The quantity of H2S produced showed an increasing trend with increases in the percent of GVW
inclusion (0–23%) when normalized by kilograms of substrate addition (5.3–15.5 mL H2S/kg substrate;
Table 3, Figure 4). The H2S production in the DM treatment (17.4 mL H2S/kg substrate) was significantly
higher than the treatments co-digested with GVW (p-value = 0.0046). However, in the DM.FW.GW
treatment (0% GVW), the normalized H2S production was the lowest among the co-digested treatments
(5.3 mL H2S/kg substrate), and significantly lower than 23% GVW.DM.FW.GW (p-value = 0.0106) and
DM (p-value = 0.0023) treatments. However, there were no significant differences for normalized H2S
production between the 5–23% GVW inclusion (p-value = 0.633) treatments.
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When the total H2S was normalized by the amount of VS added, the DM treatment (212 mL
H2S/kg VS) produced a significantly larger amount of H2S compared to all co-digestion treatments
(p-value < 0.0001) (Table 3). The addition of GVW (68–72 mL H2S/kg VS) showed a significant
increase in H2S production compared to the DM.FW.GW (0% GVW) treatment (35 mL H2S/kg VS;
p-value = 0.0003). However, there were no significant differences within the 5–23% GVW.DM.FW.GW
treatments (p-value = 1.000).

3.3. Effect of Retention Time and Solids Degradation

The percentage of CH4 in the biogas of the DM treatments rose above 25% on the 11th day
of digestion, while the treatments containing additional substrates (FW, GW, and GVW) had a longer
lag phase and started producing higher quantities of CH4 after 20 days of digestion (Figure 1), which is
a relatively long lag-time for BMP analyses. The DM treatment produced 43% of its total cumulative
CH4 within the first 20 days, while all other treatments had less than 10% of the total cumulative CH4

production during this time (Table 5). By the 41st day of the experiment, 89% of the total cumulative
CH4 from the mono-DM treatment had been produced, but the percent of total cumulative CH4 from
the GVW.DM.FW.GW and DM.FW.GW treatments by Day 41 varied from 57–80% of the cumulative
CH4 after 67 days of digestion. The effect of the longer retention times on GVW degradation was seen,
as the CH4 production rate for co-digestion was highest when no GVW was added (DM.FW.GW),
with a maximum CH4 production rate of 16.8 mL CH4/VS.day). The maximum CH4 production rate
decreased with increasing GVW inclusion (10.6–11.6 mL CH4/VS.day). The maximum CH4 production
rate was the lowest for DM (6.0 mL CH4/VS.day) for the treatments with CH4 generation.

Table 5. Normalized methane production (mL CH4/g VS) after 20, 46, and 67 days, with the percentage
of the cumulative CH4 (Day 67) by Days 20 and 46 shown in parentheses.

Treatment Day 20
(mL CH4/g VS)

Day 46
(mL CH4/g VS)

Day 67
(mL CH4/g VS)

Dairy manure (DM) 64 (43%) 133 (89%) 149
DM.FW.GW (0% GVW) 7 (2%) 299 (80%) 373

GVW.DM.FW.GW (5% GVW) 30 (8%) 268 (72%) 374
GVW.DM.FW.GW (9% GVW) 29 (8%) 245 (69%) 355
GVW.DM.FW.GW (23% GVW) 10 (3%) 193 (57%) 336

The C:N ratios of the GVW (196:1) was high due to the high C (255 g C/kg GVW) and low N
content (1.3 g N/kg GVW), which was much higher than the dairy manure (7.7:1) and inoculum (8.0:1)
utilized. The TS and VS concentrations of the GVW showed that the VS comprised 99.7% of the total
solids content (46.4% of the wet GVW). While a high percentage of the GVW was degradable, there
was only a 34–35.2% degradation of VS during digestion (Table 4). While there was no CH4 production
from the mono-FW and mono-GW treatments, there was a decrease of >30% of the initial VS content,
which can be attributed to the initial breakdown of the organic matter, resulting in CO2-enriched biogas
production. Biogas volume for these treatments was over 200 mL during the first two days, with less
than 0.5% CH4 and over 35% CO2 for mono-FW and over 50% CO2 for mono-GVW treatments.

4. Discussion

Increasing the amount of GVW during digestion did increase CH4 production, as expected.
The GVW appeared to completely hydrolyze during digestion, with no visible trace of solid GVW
in the post-BMP samples after 67 days of digestion. The GVW accounted for 5–23% of the total mass
of substrate added, corresponding to 15–50% of the VS inclusion. The GVW product could be beneficial
for farmers interested in co-digestion waste substrates that increase CH4 production, but the longer
retention time of the GVW compared to DM digestion should be taken into consideration.
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The negligible CH4 production and low pH values in the mono-GVW, FW, and GW treatments
compared to the higher CH4 production (336–374 mL CH4/g VS) and pH range (7.88–7.95) in treatments
that co-digested GVW, FW, GW, and DM showed that the buffering capacity of the added co-substrates
is important to mitigate accumulation of volatile fatty acids (VFA) and lowered pH [3,21]. Carbon-rich
substrates can have a poor buffering capability, leading to an increased rate of VFA production and
methanogenesis inhibition [3]. The mono-GW treatment had an initial pH of 7.79 but did not produce
significant amounts of CH4, possibly due to the slow degradation rate of lipids in the grease waste.
Previous studies have also shown that digestion of lipids without co-digestion required the use of lime
as a pH stabilizer [22]. The use of a buffer for pH control in the experiment was avoided since the
study was originally conducted to emulate the source farm conditions. The AD system on farm did
not use any pH stabilizers, as the manure provided sufficient buffering capacity for the digestion
process. Generally, the high alkalinity of manure increases digester resistance to acidification for
high-fat and sugar content wastes and adds a nitrogen source for micro-organisms [23]. Another
important parameter that likely resulted in negligible CH4 production in the mono-GVW treatment
was the high C:N ratio of GVW (196:1). High C:N ratios have been shown to result in low pH values
during the digestion process and high VFA production [24]. As DM had a C:N ratio of 7.7:1 in this
study, which is typical for DM, the resulting mixture in the co-digestion treatments likely increased
the C:N ratio within the ideal range of 20–30 for AD, resulting in large increases in CH4 yield for the
co-digestion mixtures compared to the mono-digestion treatments [25].

All treatments produced large amounts of biogas during the first two days of digestion (ranging
from 39 mL for DM to 379 mL for 23% GVW.DM.FW.GW), mostly composed of CO2. The biogas
volume dropped sharply for all treatments (<10 mL per day) after Day 2, and the mono-DM treatment
recovered the earliest (Day 11) and started producing > 50 mL biogas per day. The reduction in VS
in the treatments with negligible CH4 production for FW, GVW, and GW (Table 4) can be attributed
to this initial burst of CO2 enriched biogas production due to the initial breakdown of complex organic
molecules. Bujoczek et al. (2000) showed that high organic loading rates may initially lead to large
amounts of biogas, composed mainly of CO2, after which biogas production slows down [26]. In their
study, the biogas production recovered after 30 days of digestion with CH4 as the main component,
similar to the results seen in this experiment. The authors also reported that the highest TS content for
feasibility of digestion was 10%, while the shortest lag phase was obtained for 2.7% TS. The TS content
in our experiment varied from 7.1% for DM to 11.6% for FW and showed similar CH4 production
trends to their study. The longer lag phase associated with a high TS content could be due to either high
VFA concentrations or high ammonia concentrations or a combination of the two factors [26]. The CH4

production in this study recovered after the lag phase, indicating acclimatization of the methanogenic
bacteria to the initial inhibitory conditions, but the quantity of CH4 generated from the DM treatment
(149 ± 11 mL CH4/g VS) was 38–44% lower than the results obtained by Moody et al. (2011) for dairy
manure (239–264 mL CH4/g VS) [6]. Witarsa and Lansing (2015) showed that the normalized CH4

production on a VS basis is often lower for unseparated dairy manure due to the recalcitrant nature
of the manure solids, leading to lower VS conversion efficiency [27].

It was expected that CH4 production normalized by VS in the GVW co-digested treatments would
be similar, but a decreasing trend with increasing percent GVW was observed. Normalization by VS
illustrates the efficiency of organic material conversion to CH4. As GVW is a dense substrate in terms
of grams of VS per gram of substrate, the increase in GVW inclusion decreased the efficiency and rate
of converting the VS to CH4. The longer lag phase and the larger CH4 production rates in the GVW
treatments compared to DM.FW.GW and DM-only, from Days 41 to 67, suggests that long retention
times would be needed to receive the full increase in expected CH4 production. This effect was also
seen by Kaparaju et al. (2002) when black candy, chocolate, and confectionary by-products were
digested with dairy manure for 160 days in order to obtain a complete cumulative CH4 value, with
similar normalized CH4 production for the confectionary waste (320–390 mL CH4/g VS) compared
to the GVW.DM.FW.GW treatments (336–374 mL CH4/g VS) [28].
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In all treatments, the VS degradation was low compared to studies conducted by Lisboa and
Lansing (2013) and Li et al. (2013), where the VS degradation rates ranged from 48–93% [5,29].
Only 19.3% of the initial VS content of the mono-DM treatment was degraded at the end of the
experiment, illustrating recalcitrance in the manure feed. The VS degradation was consistent with
co-digestion studies of forage radish and dairy manure by Belle et al. (2015b), which used the same
manure source as this study with a 21.3% reduction in VS concentration in the mono-DM treatment [30].
The VS degradation of our study (30.9–35.2%) was also comparable to the aforementioned study
(30.8–39.7%), with 50–80% co-digestion substrate with dairy manure.

In a review conducted by Xie et al. (2018), it was reported that addition of a carbon-rich substrate
to sewage sludge digestion may lower the H2S concentration due to a dilution effect [31]. This dilution
effect can be attributed to a proportionally higher biogas yield compared to the additional H2S
produced from the co-digested substrates. The S concentration for GVW (212 ppm S) was lower than
the inoculum source (368 ppm S), and unseparated dairy manure slurries with a TS content of 7%
(average 400 ppm S) [32]. The low sulfur concentrations combined with the high VS content (46.3%)
of GVW, in comparison to DM (8.2 % VS), provide more evidence to the dilution effect observed in the
study, as previously hypothesized. Since more biogas was produced in the GVW treatments compared
to the DM treatments, the relative percent of the biogas attributed to manure in the mixed substrate
treatments was lowered, and thus, the relative contribution of H2S from the manure substrate also
decreased. Furthermore, the contribution of H2S from GVW was comparatively lower due to its low
sulfur content, leading to the overall decrease in H2S concentrations in the biogas. However, it should
be noted that the GVW addition as a co-digestion substrate increased total normalized H2S production
when compared to co-digestion with 0% GVW addition (DM.FW.GW). A co-digestion substrate with
negligible S content could have led to further decreases in H2S concentrations and total yield. Some
gummy vitamins are fortified with Fe, but the concentrations seen in this study (4.3 ppm Fe) was lower
than the Fe concentrations in food waste (4800 ppm) and unlikely to have affected H2S production
in our study [33].

The sulfurous compounds in the feedstock were primarily utilized during the initial phase
of digestion as most of the H2S was produced within the first 20 days, after which the CH4 percentage
started rising for all treatments. Similar results were also observed by Belle et al. (2015b) when
co-digesting different mass fractions of forage radish with dairy manure in BMP experiments [30].
Forage radish has a high sulfur content and increasing the forage radish percentage led to an expected
increase in H2S production initially, but all the treatments had lowered and similar H2S production
by the end of the study. Belle et al. (2015a) also conducted a pilot-scale study on the same substrates
and showed an increased rate of H2S production during the first two weeks of digestion, after which,
the concentration decreased by >75% of the maximum H2S concentration for the remainder of the
digestion period (33 days total) [10]. These observations can be attributed to increased SRB activity
during the initial digestion phase, as SRBs can outcompete methanogens when the availability
of biodegradable sulfur is higher.

5. Conclusions

Results from the BMP study suggested that gummy waste is a potentially valuable co-digestion
substrate with dairy manure. The mixture of substrates containing gummy waste, food waste, grease
waste, and dairy manure enhanced CH4 yields compared to digestion of dairy manure alone. The high
density of VS and low moisture content of the gummy waste results in high CH4 yields per gram of the
substrate, but due to the slower degradation rate of the GVW, higher retention times may be needed
to yield these higher CH4 potentials. Co-digestion of GVW with dairy manure lowered the H2S yield
and maximum H2S concentration compared to mono-digestion of dairy manure due to its low sulfur
content. The research highlighted the significance of testing co-digestion mixtures in conjunction with
single substrates for both CH4 and H2S to provide beneficial information for researchers and AD
practitioners. Co-digestion of industrial byproducts and food waste mixtures in farm-scale biogas
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digesters could provide economic incentives for farmers through tipping fees and increased biogas
production while redirecting valuable waste products from the landfills.
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Abstract: Anaerobic digestion (AD) is the most adopted biotechnology for the valorization of
agricultural biomass into valuable products like biogas and digestate, a renewable fertilizer. This paper
illustrates in the first part the actual situation of the anaerobic digestion sector in Italy, including the
number of plants, their geographical distribution, the installed power and the typical feedstock used.
In the second part, a future perspective, independent of the actual incentive scheme, is presented.
It emerged that Italy is the second European country for the number of anaerobic digestion plants
with more than 1500 units for a total electricity production of about 1400 MWel. More than 60%
of them are in the range of 200 kW–1 MW installed power. Almost 70% of the plants are located
in the northern part of the Country where intensive agriculture and husbandry are applied. Most
of the plants are now using energy crops in the feedstock. The future perspectives of the biogas
sector in Italy will necessarily consider a shift from power generation to biomethane production,
and an enlargement of the portfolio of possible feedstocks, the recovery of nutrients from digestate
in a concentrated form, and the expansion of the AD sector to southern regions. Power to gas and
biobased products will complete the future scenario.

Keywords: anaerobic digestion; biomethane potential tests; Italy; biogas; manure; energy crops;
agriculture residues; digestate

1. Introduction

Anaerobic digestion (AD) technology is widely present in the European rural context as it enables
the bioconversion of organic matter present in manure and other agro-waste (residual crops or residual
streams of food processing) while recovering biogas for electricity or biomethane production [1,2] and
a renewable fertilizer, digestate [3]. Recent studies showed how biogas from agro-waste allows for the
production of biofuels with a relatively low environmental impact because of their reduced emission
in terms of greenhouse gases (GHG) [4].

Because of its intrinsic benefits and a generous program of incentives in several countries, AD is
largely diffused in Europe [5,6]. The European Biogas Association reports that the anaerobic digestors
in operation in Europe numbered more than 17,200 units, with installed electrical capacity of 8000
MWel, while biomethane upgrade units number more than 400 (data from the Annual Report of the
European Biogas Association [7]).

These anaerobic plants are mainly farm-based (around 80%) and are fed with agricultural
biomasses like energy crops, livestock effluents, and other agro-waste [8]. Sometimes, the necessity to
maximize the energy production (i.e., incomes), and an erroneous designing and business planning
approach, determined a distorted situation where energy crops, and maize silage in particular, are
massively used as feedstock, determining a strong local impact [9]. Corn (Zea mays L.) is a typical
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example of concern because of its use in the food and feed sectors as well bioenergy with a consequent
increase in prices of this crop.

To solve these controversial situations Germany, for example, revised the Renewable Energies Act
in 2012, 2014 and 2016/2017 and introduced the so-called maize cap, that is a limit of 60% from 2014 on
and 50% since 2016 for energy crops in the feedstock [10].

Moreover, some studies demonstrated how subsidies for bioenergy generation determined
the displacement of grasslands and other crops. On the other hand, some energy crops, such as
switchgrass (Panicum virgatum) can impact favorably on soil properties (erosion prevention) and carbon
sequestration [11].

Considering the depicted scenario, it is believed that agro-wastes are the best substrates for
anaerobic digestion, as they are not in competition with food/feed production [12].

Beside biogas, an energy vector, digestate, a so called renewable fertilizer, is produced [13].
Moreover, digestate allows for the supplementation of stable carbon on fields thus increasing the
carbon sink capability of soils [14].

Digestate is particularly rich in nitrogen (N), phosphorus (P), and potassium (K), vital elements
for intensive agriculture. Moreover, it is important to emphasize that P and K are typically mined
and are present in defined geographical regions at a global level [15]. Interestingly, these nutrients
can be recovered from in concentrated forms: livestock manure in particular, can be considered a
mine for these elements. In caft, during anaerobic digestion, the organic backbone of molecules is
(at least partially) destroyed while N, P, and K are made available: N and K will be found in soluble
forms while is mainly bound to particulate matter. Therefore, agricultural digestate can be used as
it is on fields [16,17] or further treated to recover concentrated nutrients to be then transferred in
other agricultural areas. The excessive presence of nutrients is a typical problem of some European
regions [18]. Today, commercial technologies like stripping, drying, evaporation and membranes
technology are available to recover nutrients from digestate [19–21].

Therefore, it is obvious to imagine anaerobic digestion at the center of a future biorefinery approach
where agro-waste are converted into high added-value biobased products other than biofuels. This new
bioeconomy approach is crucial for the rural renaissance of Europe [22].

Italy is an important actor in this scenario: with its 1500 AD plants, mainly in rural areas,
it represents the second European market after Germany and the third in the world after China [7].

In this paper we will report in the first part of the manuscript a picture of the actual Italian scenario
for the agricultural biogas sector and will critically analyse the actual situation, then we will expose our
vision of the future development of the sector, considering in particular modification of the feedstock
recipes based on territorially available biomass, especially in the southern part of the country, and
report some full scale experience about nutrients recovery.

2. Materials and Methods

The most abundant substrates from Italian agricultural and farming activities have been tested to
determine their biomethane potential (BMP). In particular, the substrates tested along this work have
been selected considering their abundance in rural area of some administrative regions in northern,
central and southern Italy. Moreover, the portrait of the distribution of the anaerobic digestion plants
and their energetic capabilities along the Italian territory have been discussed. Lastly, to close the
circular economy approach, the conventional and the more innovative tendencies for the digestate
valorization in valuable fertilizers have been analyzed.

2.1. Data Analysis

Data analysis considered the number of AD plants and their installed capacity as well as the main
Italian crop production.

The number of the biogas plants located in the different Italian administrative regions, their power
capabilities and the relative electrical power production have been obtained combining official data
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from the official annual reports of the Consorzio Italiano Biogas (CIB), the Gestore Servizi Energetici
(GSE) and the data available through the European Project ISAAC (Increasing Social Awareness and
ACceptance of biogas and biomethane) [23–25].

The amounts of the most diffused cultivations in Italy have been taken from official web site of the
Italian National Institute of Statistics for agricultures and food activities, Agristat [26]. In particular,
data of the most cultivated crops, vegetables and fruits have been reported for the two Italian regions
with the highest number of biogas plants in North Italy (Lombardia and Veneto), Central Italy (Toscana
and Lazio) and South Italy (Campania and Puglia).

2.2. Analytical Methods

To avoid the degradation, the substrates were kept at −18 ◦C until the experimental campaign
started. The substrates considered by this work, were physically and chemically characterized.
In particular, the concentrations of dry matter (TS), volatile solids (TVS), chemical oxygen demand
(COD), total Kjeldahl nitrogen (TKN) and total phosphorus (TP) were determined according to the
standard methods [27]. For the measurement of TKN and TP contents, a high-performance Ethos-One
microwave digestion system by Milestone (Italy) and the UDK 129 distillation unit by Velp Scientifica
(Italy) were used.

2.3. Biomethane Potential of Substrates

The BMP tests of the most abundant substrates in Italy were conducted according the methods by
Angelidaki et al. [28]. They were fed in triplicate in 1 L sealed bottles, with 0.5 L working volume.
The duration of the tests was established by a more recent protocol (Holliger et al. [29]) which decided
to stop theBMP tests when the daily biogas production is lower than 1% of the cumulative amount,
at least for three consecutive days. Inoculum, was taken from a full scale reactor operating in mesophilic
condition and treating a mixture of cow and chicken manures and energy corps residues (maize
silage, sorghum silage, triticale silage). Before its utilization, the inoculum was filtered at 2 mm to
remove coarse material, diluted two-fold with the digestate and, then, kept at the operative mesophilic
temperature (37 ◦C) for one week to assure the endogenous methane production. Microcrystalline
cellulose BMP tests were used as positive control [28,29]. All the reactors were manually stirred once
a day. The inoculum was also characterized in terms of TS and TVS contents. The average solids
content of inoculum was 26.5 ± 12.8 g·kg−1, while its volatile content was 63 ± 4% on TS. The volume
of biogas generated during the batch trials was determined by water displacement method, while the
methane content was determined using a portable biogas analyser (Geotech Biogas 5000 by GeoTech,
London, UK).

2.4. Definition of the Hydrolysis Rate

To gain an indication of the degradability index of each substrates, te hydrolysis rate constant,
Kh, was determined following the first order model described in Angelidaki et al. [28]. In particular,
the biogas production derived from the first 5 days after beginning the experiment was considered.
The first order equation, reported below, was recognized a kinetic model describing adequately the
methane yield by a recent work [13]:

− kh t = ln
B∞ − B

B∞
(1)

where “B” is the cumulative methane yield (L CH4·kg VSfed
−1) at digestion time “t” days and “B∞”

is the ultimate methane potential of the substrate L CH4·kg VSfed
−1 which is obtained at the end of

the tests.
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Another indication of the degradation kinetic of the substrates is provided by T-50, which is the
required time, in days, to produce half of the total cumulative methane production. It was calculated
considering the daily cumulated methane production from each BMP test.

3. Results and Discussion

3.1. The Actual Italian Scenario for Biogas Production

During the period 2008–2012 Italy benefited of one of the most generous incentive schemes for
power generation from biogas thanks to the so-called “all inclusive” tariff of 280 €/MWh for plants
able to generate up to 999 kWel. Once granted, the incentive is valid for a period of 15 years. As a
consequence, the AD sector grew up considerably, invested more than €4 billion euros and installed a
total energy capacity of some 1000 MWel in the period 2008–2012 [30]. In the following years, up today,
the tariff system was modified and substantially decreased determining a reduced rate of new plants
and installation. In particular, three different ranges for installed power were identified, and different
corresponding tariffs were introduced which depend on the feedstock fed in the bioreactor. For agro
by products and energy crops the tariffs are: 180 €/MWh up to 300 kWel, 160 €/MWh from 300 to
600 kWel, and 140 € per MWh produced for AD plants with an installed capacity larger than 600 kWel.
However, the tariffs are higher if the substrates are represented by livestock effluents: 236 €/MWh up
to 300 kWel, 206 €/MWh from 300 to 600 kWel, and 178 € per MWh produced for AD plants with an
installed capacity larger than 600 kWel. The intention to incentivise the adoption of anaerobic digestion
for agro wastes and by-products’ valorisation in Italian rural area is clear [31].

Today, after 10 years from the first incentive scheme, the total number of AD plants operating
in the agricultural sector in Italy is around 1500 units for an installed capacity of some 1400 MWel

(average electrical capacity of 700 kWel per AD plant): these represent the 90% of the total AD plants
in operation [24]. More than 62% of the Italian biogas plants are represented by a power class in the
range 200 kW–1 MW. Only 5% and 15% of AD plants are classified as lower than 50 kW and within
50–200 kW, respectively. The remaining biogas plants have power capacity higher than 1 MW but
lower than 10 MW [24]. These numbers make Italy the second biogas producer in Europe and third at
global scale after China and Germany [7]. However, the number of installed plants is very different in
the 20 different administrative regions: biogas generation is concentrated in the northern part of the
country (Po valley) where intensive agriculture and husbandry are present while in the South other
alternative energetic sources, such as wind and solar power, are present. Figure 1 reports both plants
and their installed capacity in the 20 administrative regions (data elaborated from ISAAC Project [25]).

It should be also considered that the northern part of the country is in proximity of Austria
and Germany where the biogas experience in Europe originated: it was therefore easy to transfer
technologies and knowledge to the southern side of the Alps.

As a consequence, about 500 of the AD plants operating in the agricultural sector are placed in
Lombardy, 220 in Veneto, while 180 are in Emilia Romagna and Piemonte, respectively. All the other
regions reported less than 100 AD units on their administrative territories. In total, 67% of the plants
and 75% of the installed power are based in the northern part of the country.
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Figure 1. The number and the power capabilities of biogas plants in the 20 Italian administrative
regions (data source ISAAC Project [25], modified).

3.2. Typical Feedstocks for the Actual Italian Scenario

According to a specific survey carried out by the Italian Biogas Association [23] and reported
in the deliverables of the ISAAC project [25], the typical feedstock composition is due to livestock
effluents, energy crops, and agricultural by-products. In particular, it was found that half of the biogas
plants in Italy are fed by a mixture of manure and by-products and/or energy crops while the other
half are fed with a mixture where energy crops are predominant.

As a consequence, energy crops, especially maize and triticale silage, are the main and sometimes
only substrate used for the feeding of AD reactors. Maize is by far the most used crop in anaerobic
digestion feedstock: in fact, more than 40 tons of maize per hectare can be produced in southern
Europe and its biogas yield is up to 0.35 m3CH4 per kg VS (after silaging). The typical cost for growth,
transport and silaging in northern Italy is around 30 € per ton. In these conditions, the typical feedstock
costs for producing 1 MWh is around 2000 € per day, while incentives can arrive at 5800 € per day.
This difference allows for a rapid payback of plants which cost is around 4–5 million € per MW.
Since energy crops growth requires for land, water and fertilizers, these substrates are not sustainable
on a long term perspective and should be replaced by agro-waste.

The anaerobic codigestion of manure and agro-waste is the normal practice in Italy and Europe
in general [32]. Livestock production, in fact, is one of the main activities in rural areas within the
European Union. Italy, especially in its northern part (Po valley), is one of these areas: as a consequence,
livestock effluents are the typical substrates treated in anaerobic digestion plants. For example,
the amount of liquid and solid manure produced in the Veneto Region in 2010 accounted for 6 and
5 million cubic meters, respectively, cattle manure being the dominant (67%) part [26]. A similar
scenario is observed also for Lombardia, Piemonte and Emilia Romagna Regions [26].

On the other hand, the very high tariff for the production of renewable energy, leads to the use of
substrates characterized by high organic content, energy density, and biogas yields like energy crops
(especially maize silage) and agro-waste [32]. These co-substrates present similar characteristics in
terms of total and volatile solids, thus COD, lower nutrients content and higher biogas yields.

3.3. Actual Use of Digestate

Nitrogen and phosphorus concentrations in livestock effluents are in the range 5–15 kgN/ton and
0.1–1 kgP/ton, respectively, while concentrations in energy crops and other biodegradable by-products
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are typically lower [26]. The European production of digestate is estimated in 56 Mtons per year [33]:
this can be a real renewable mine for nutrients recovery for the European agricultural sector: the new
directive on fertilizers will probably act as a driver in this sense [34].

Digestate is usually valorised because of its nutrients content into fertilizers or soil improvers
production, considering its high nitrogen and phosphorus contents not mentioning potassium.
Interestingly, N and K will be mainly present in the liquid form after organic substrates undergo the
anaerobic digestion process while P is mainly present in the solid form. As a consequence, digestate can
be used as it is nearby the farm [16,17].

The efficacy of digestate as a fertilizer [35] was proved for example by Grigatti et al. [36],
which conducted pot tests using phosphorous salts from different digestates. 31P nuclear magnetic
resonance (NMR) showed how orthophosphate was the main form determining different fertilization
potentials. In particular, anaerobic digestates from livestock effluents and energy crops demonstrated
to be good alternatives to fertilization with chemical P.

4. Future Perspective for the Biogas Sector in Italy

When considering the future perspective for the biogas sector in Italy one should consider that in
2018 a new decree came into force with the aim to incentive the biogas valorisation into biomethane
after biogas up-grading. Biomethane can be injected in the national grid or adopted as automotive
fuel [37]. The decree introduced particular tariffs for the biomethane originated from biogas produced
from agricultural feedstocks like manure rather than dedicated energy crops.

The fact that the biogas sector is already developed in the North while the South is still waiting
for the implementation of infrastructures and that new incentives for biomethane are coming into force
together with the necessity to decarbonize the industrial sector together determine the necessity to
develop anaerobic digestion sector in the southern part of the country: it should be emphasized here
that there are important potentials for the development of the biogas sector in rural areas in Campania,
Apulia and Sicily in particular, as will be analyzed in more detail in the following paragraph.

The estimated biogas production is around 5 billion cubic meter per year, making Italy the fourth
country in the world for biogas production [23]. Because of the most recent regulatory framework part
of this biogas will be converted into biomethane in the next future. However, the estimation by SNAM,
the Italian company responsible for methane net and distribution, puts future biogas production at
10 billion cubic meters [38].

4.1. Future Feedstocks

The necessity to make the biogas sector sustainable and to respond to specific requests for
biomethane production, open the doors to the use of several by-products which can be used in
the feedstock instead of energy crops [39]. Because of their abundance in the Italian territory,
agro-wastes from agriculture and animal farm activities can be considered ideal substrates for the
co-digestion process instead of energy crops.

Tables 1 and 2 show the most abundant cultivations and farmed animals, respectively in the
selected regions of North, Central and South Italy (Agristat [26]). Table 3 shows the main characteristics
of the considered substrates.
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Table 1. The most diffused cultivations, vegetables and fruits in some administrative regions of North,
Central and South Italy with the highest number of biogas plants.

NORTH ITALY CENTRAL ITALY SOUTH ITALY

Crops, Fruits (Tons) Veneto Lombardia Toscana Lazio Puglia Campania Italy

Wheat (common + durum) 709,795 410,952 318,658 194,560 1,026,600 246,863 7,054,799

Chickpea 843 3828 7580 1190 3032 534 47,438

Beans and string beans 6018 6830 1698 3220 7670 46,893 151,452

Onions 30,592 10,227 5757 2190 39,650 34,155 382,634

Carrots 30,021 Low 1143 88,180 33,370 4620 480,824

Fennel 557 88 2430 17,260 146,400 63,819 537,444

Lettuce 9390 18,493 1547 16,750 100,480 33,139 349,017

Fresh fruits (apples, pears,
apricots, cherries) 405,819 66,154 35,744 13,528 72,274 172,199 3,516,837

Olive oil 24,371 4987 120,364 88,434 565,100 112,926 1,867,662

Wine (DOP *, IGP **, table wine) 1,015,801 148,833 270,830 131,961 955,257 132,749 5,043,610

Citrus fruits (oranges, tangerines,
lemons) Low Low 122 3411 115,023 49,700 2,080,377

* DOP stays for the Italian “Denominazione Origine Protetta”, that means “Protected Designation of Origin;
** IGP stays for the Italian “Indicazione Geografica Protetta, that means “Protected Geographical Indication”.

Table 2. The number of animals farmed in the selected Italian regions grouped in different categories.

Substrates (Tons) NORTH ITALY CENTRAL ITALY SOUTH ITALY

Farm Animals’ Categories (#) Veneto Lombardia Toscana Lazio Puglia Campania ITALY

Ovines 11,178 81,356 199,300 511,088 170,950 151,369 2,984,336
Bovines 546,171 542,209 36,484 26,203 60,867 195,862 2,651,010
Swines 437,428 4,265,523 272,445 93,999 70,698 195,383 11,380,546

Poultries and Rabbits 108,841,000 66,043,108 6,145,918 414,186 18,770,251 114,747 606,062,235
Equines 12,382 3497 225 2589 31,144 679 67,005

Table 3. Summary of chemical-physical characteristics of the organic biomass more abundant in the
Italian context. Energy crops.

Total
Solids (%)

Total Volatile
Solids (%)

TVS/TS
(%)

COD
(g·kg−1)

TKN
(g·kg−1)

TP
(g·kg−1)

Energy Crops

Millet—Panicum Miliaceum L. 21.8 20.1 92.0 - - -
Barley—Hordeum distichon L. 25.8–66.3 25.1–59.1 89.3–97.2 517 7.0–19.9 0.8–3.9

Maize—Zea mays L. 40–66.50 38.3–64.0 90.7–96.5 293–304 4.0–4.8 0.3–0.6
Sorghum—Sorghum spp. 28.6–39.6 25.5–35.4 89.3–94.0 302–353 3.2–13.0 0.5

Triticale—Triticum aestivum L. 30–30.8 27.9 90.4–93.1 296 13.5 0.7

Vegetables and fruits by products

Carrot Leaves—Daucus carota L. 14.8 12.3 83.6 258 3.1 -
Radicchio Leaves—Red Cichorium L. 10.4 9.3 89.0 38.1 0.9 0.3
Potato Peels—Solanum tuberosum L. 11.8 10.7 90.6 186 4.8 0.5
Apple Pomace—Malus domestica L. 50.2 47.9 95.6 580 4.2 -

Tomato Pomace—Solanum lycopersicum L. 30.1 29.0 96.1 380 7.7 -
Grape Marcs—Vitis vinifera. L. 29.6–36.7 27.8–34.3 93.1–93.7 312–347 5.7–9.2 2.8–3.3

Grape Vinasse—Vitis vinifera. L. 35.6–64.2 28.5–53.1 80.0–82.7 178–324 17.6–37.4 -
Lemon Pomace—Citrus lemon L. 12.6–85.5 12.0–64.3 75.1–95.3 127–692 1.7–6.1 0.3–0.4

Livestock effluents

Bovine Slurry 4.9–14.5 3.6–12.2 72.5–100 48.0–128 2.1–6.2 0.3–1.2
Bovine Manure 15.6–47.7 13.5–32.1 48.7–99.8 135–291 3.2–7.1 0.2–1.5

Pig Manure 36.1 35.9 99.3 381 - -
Pig Slurry 0.7–6.4 0.5–5.3 75.0–82.7 5.2–46.6 0.2–5.0 0.1–1.5

Poultry Manure 31.5–78.3 21.3–51.7 44.7–84.1 235–586 2.3–38.9 5.2–15.3
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Several authors reported in recent years the possibility to use different by-products, typically
originated from the food-processing industry instead of dedicated energy crops [34]. Table 4 shows the
great methane potentials from agro-waste byproducts which is comparable, and in some cases higher
(radicchio and carrots leaves and potatoes and onions peels) than energy crops.

Table 4. Kh, T-50 and methane yields of biomasses considered in this study.

Kh (d−1) T-50 (d) CH4 Yield
(LCH4·kg TVS−1)

Energy Crops

Millet—Panicum miliaceum L. 0.080 13.1 253
Barley—Hordeum distichon L. 0.097 8.1 290 ± 83

Maize—Zea mays L. 0.135 ± 0.06 6.2 289 ± 86
Sorghum—Sorghum spp. 0.091 ± 0.06 10.6 313 ± 73

Triticale—Triticum aestivum L. 0.154 ± 0.07 10.3 351 ± 5

Vegetables and Fruits by-Products

Carrot Leaves—Daucus carota L. 0.096 7.0 312
Radicchio Leaves—Red Cichorium L. 0.185 3.0 431
Potato Peels—Solanum tuberosum. L. 0.063 3.9 446

Onion Peels—Allium cepa L. 0.213 3.0 455
Apple Pomace—Malus domestica L. 0.148 0.0 204

Tomato Pomace—Solanum lycopersicum L. 0.068 10.9 239
Grape Marcs—Vitis vinifera. L. 0.103 ± 0.04 11.4 248 ± 48

Grape Vinasse—Vitis vinifera. L. 0.162 5.3 274 ± 123
Lemon Pomace—Citrus lemon L. 0.226 ± 0.06 4.3 355 ± 10

Livestock Effluents

Bovine Slurries 0.039 ± 0.02 14.1 35.2 ± 4.3
Bovine Manure 0.038 ± 0.02 12.3 97.5 ± 9.3

Pig Manure 0.090 8.0 128
Pig Slurries 0.120 8.0 187 ± 89

Poultry Manure 0.098 ± 0.03 6.8 208 ± 103

Schievano et al. [39] reported operating with different mixtures, where municipal organic waste,
waste molasses, fruits waste, can substitute energy crops but guarantee the same biogas production
while lowering the feedstock costs.

Giuliano et al. [40] demonstrated how, in thermophilic conditions, rotten onions and potatoes can
substitute maize silage maintaining the same operational conditions (Organic Load Rate and Hydraulic
Retention Time) of the anaerobic digester.

De Menna et al. [41] investigated the BMP potential of five different varieties of artichokes,
whose cultivation is particular important in Sardinia. They found a methane yield of 292 LCH4/kgVS.
Considering the regional availability of artichokes by-products, this means that about 20 × 106 Nm3

CH4 could be produced.
In the last few years, several studies dealt with the definition of the potential for biogas production

in the southern regions of Italy. In fact, even if it was already remarked that the national biogas
production is concentrated in North Italy, and in particular in Lombardia, Veneto, and Emilia Romagna
(Figure 1), Tables 1 and 2 show that agricultural and animal farm activities are very strong in the
Central and South regions of Italy, with a consequent by-products production which can be exploited by
biorefinery for biogas production. Southern Italian regions are leaders in unique agriculture products,
which are exported around the world, such as extra virgin olive oil [42] and citrus productions [43].

With almost 1.9 Mtons of olives per year (Table 1), Italy is a large producer of olive oil.
The cultivation of olive trees and olive oil extraction are mainly concentrated in southern Italy,
especially in Puglia where it was estimated to be located about the 40% of the national olive oil
production. Battista et al. [42] realized a study for biogas production on a pilot reactor working in
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continuous mode with a feed represented by 75% v/v of olive oil byproducts and 25% v/v by cheese
whey. The daily biogas was of 1.4 L/L day for a potential annual production of 55 GJ. Taking into
account the annual amounts of olive oil and dairy productions’ residues, this biogas production rate
would assure the generation of about 375,000 GJ, able to cover approximately the 0.015% of Puglia’s
energy demand.

Valenti et al. [43] focused their attention on the most abundant agro-wastes in Sicily: the by-products
of lemon (citrus pulp), olive oil (olive pomace), poultry manure, Italian sainfoin and nopals of prickly
pears (opuntia indica). The BMP tests investigated different mix of these substrates and showed that
all these substrates can be used as feedstock in biogas plants, with methane production between 240
and 260 LCH4/kgVS. It was estimated that agro-waste and by-products from the agro-food sector
could produce 562 million Nm3/year of biomethane in Sicily in 2030. This is equivalent to 8% of the
total Italian generation [44]. Although these encouraging estimations, the effective biogas production
in Central and South Italy is far from the North Italy situation, where there is already an adequate
level of valorisation of the agro-wastes byproducts. Instead, in the southern and central Italian regions
the major part of the substrates remain unused in the better cases, and often are simply disposed of
on the soil or burned in the open air with negative consequences on human health and increasing
contamination of the air, soil and aquifers [42].

In these years our lab characterized several substrates in terms of chemico-physical characteristics,
BMP and tendency to biodegradability, showed in Table 4. By this way, it is possible to estimate the
great potential of the most abundant Italian agro-waste byproducts.

To have a complete scenario of the Italian situation one should consider that because of the specific
climatic conditions two harvesting shift are normally possible during the summer season: this concept
is at the base of the “biogas done right” model, where on the same land both crops for food/feed and
dedicated energy crops for biogas production are cultivated.

4.2. Recovery of Nutrients from Digestate

In perspective, digestate can be separated in two distinct streams, one liquid and the other
solid, with different fertilizing characteristics. These two streams can be further processed to obtain
concentrated nutrient forms so as to minimize the transport costs to different agricultural areas [19,20].

However, there are now several technological options for digestate treatment available on the
market. Drying of the whole digestate or of its solid fraction, evaporation of the whole digestate or its
fractions, membrane filtration of the liquid fraction or stripping of ammonia from the liquid fraction
are examples of different options [18–20].

Drying consists in removing water from digestate using hot air generated from the engines
burning biogas. Vapors produced within the process are treated to recovery volatilize ammonia.
The two main outputs are, therefore, a solid dried fraction and a liquid phase rich in nitrogen [19,20].

Ammonia nitrogen in digestate can be displaced using vapor or can be blocked in an acidic
environment after adding mineral acids. Once evaporated, gaseous ammonia can be recovered by
means of scrubbing or osmosis. Since the digester sludge is diluted (<10% total solids), the amount of
heat recovered from the CHP unit is insufficient to treat all the digestate produced [45].

In the stripping systems, digestate is previously sent to a solid/liquid separation. Then, the liquid
phase is fed to a packed bed tower where gaseous ammonia (NH3) is stripped, passing from the
aqueous to the gas phase. The gas stream, rich in ammonia, is then sent to a second tower where NH3

is absorbed in an acidic media, typically sulfuric acid, producing ammonium sulfate at 25–35% [18–20].
In membrane filtration systems digestate is separated from coarse solids and then the liquid

phase of digestate is treated in ultrafiltration (UF) and reverse osmosis (RO) systems: here most of the
nutrients are concentrated and separated from water: the obtained concentrated stream is normally
from 20% to 30% of the initial treated volume [19,20,46].

Recently, Battista and Bolzonella [13] reported the use sof olar energy for simultaneous digestate
drying and ammonium sulfate recovery. In particular, they tested four digestates, different for
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origin and characteristics in a transparent greenhouse exposed to solar irradiation. The liquid phase
evaporation was favored by three solar air fans, which also addressed the ammonia rich vapors to a
Drechsle trap filled with 38% w/w sulfuric acid solution. In this way, ammonia reacted with sulfuric
acid, forming a solution of ammonium sulfate to be used as fertilizer. It was found that substrates
rich in proteins (thus nitrogen and ammonia), like animal manure and food wastes were indicated for
ammonium sulfate recovery. The solution in the Drechsle trap reached concentrations up to 2 M.

4.3. Biogas, Power to Gas and Added-Value Biobased Compounds

Another interesting perspective for the biogas sector is the transformation of AD farm-based
plants into biorefineries. In fact, there is a growing interest in the production of biobased chemicals like
volatile fatty acids, lactic acid, succinic acid, poly-hydroxy-alkanoates, and single cell proteins [22,47].

In this approach mixed cultures fermentative processes are applied to produce high added
products like carboxylic acids [48] or bioplastics [22] while anaerobic digestion for biogas production is
the last process of the biorefinery train and is dedicated to eventual energy recovery (thermal or power).

The strength of this vision is mainly related to the fact that farm-based AD plants are already in
existence and have been paid for, and therefore infrastructure is already available without excessive
capital costs expenditures.

Another important perspective for the biogas sector is the integration of biogas plants with other
renewable energy technologies like solar and wind power to generate hydrogen from water lysis
and combine then hydrogen and carbon dioxide present in biogas to further produce methane [49].
This process, known as power to gas, can be one of the future developments of the rural biogas sector
when associated with photo-voltaic or wind power generation: this allows for the storage of pick
power generation typically associated with sun and wind cycles into a carbon-based energy vector,
which is easy to store and liquify and which can be used for several purposes, including transportation.

5. Conclusions and Perspectives

Anaerobic digestion is widely applied in the European rural scenario; in fact, this technology
is complementary to other renewable energy technologies like photovoltaic, wind and hydro and is,
therefore, a fundamental piece of the energy puzzle.

By contrast with the other technologies, power generated from AD can be modulated (biogas can
be stored) while biogas can be upgraded to biomethane and used as biofuel.

The biogas sector within the European Union is still largely dependent on energy crops like
maize silage, thus opening the competition with the food and feed sector, but it is rapidly changing to
the treatment of livestock effluents and other agro-waste, thus participating in the reduction of the
environmental burden associated with these streams. Residual digestate can be used as it is, directly in
the farm or nearby, while in some situations it can be necessary to apply a technique which allows for
the recovery of nutrients in concentrated forms easy to be transported and used in other rural areas.
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Abstract: Traditional plug-flow anaerobic reactors (PFRs) are characterized by lacking a mixing
system and operating at high total solid concentrations, which limits their applicability for several
kinds of manures. This paper studies the performance of a novel modified PFR for the treatment of
pig manure, characterized by having an internal sludge mixing system by biogas recirculation in the
range of 0.270–0.336 m3 m−3 h−1. The influence on the methane yield of four operating parameters
(recirculation rate, hydraulic retention time, organic loading rate, and total solids) was evaluated
by running four modified PFRs at the pilot scale in mesophilic conditions. While the previous
biodegradability of organic matter by biochemical methane potential tests were between 31% and 47%
with a methane yield between 125 and 184 LCH4 kgVS−1, the PFRs showed a suitable performance
with organic matter degradation between 25% and 51% and a methane yield of up to 374 LCH4 kgVS−1.
Operational problems such as solid stratification, foaming, or scum generation were avoided.

Keywords: plug-flow reactor; anaerobic digestion; animal manures; biogas; unconfined gas injection
mixing; mixing recirculation

1. Introduction

Anaerobic digestion (AD) is a biological process in which organic matter breaks down naturally
in the absence of oxygen to produce biogas [1]. The most common forms of large-scale anaerobic
digesters are the continuously stirred tank reactor (CSTR) and plug-flow reactor (PFR) [2,3]. In a CSTR
system, microorganisms are suspended in the digester through intermittent or continuous mixing,
which offers good substrate–sludge contact with slight mass transfer resistance, but higher energy is
required [4]. In an ideal CSTR, the concentration in any point of the reactor is identical. In contrast,
in an ideal PFR, there is no lengthwise mixing of the substrates under digestion as they move through
the PFR. Therefore, the concentration distribution is not uniform throughout the reactor [5]. Actually,
PFR is characterized by the fact that the flow or fluid through the reactor is orderly with no element
of fluid overtaking or mixing with any other element ahead or behind [6]. A PFR system is simple,
economical [7], and attractive in terms of efficiency and overall bioconversion compared to CSTR [4].

The expected volatile solid (VS) conversion to gas both in CSTR and PFR with high loads is in
the range of 35–45% [8], depending on the substrate. For a similar hydraulic retention time (HRT),
PFR usually reaches similar or higher removal efficiencies [9,10] and a better utilization of the volume
requirements due to hydraulics and the high solid concentrations [11–14] with lower initial investment
and running costs than CSTR systems [4]. Moreover, no short-circuiting can happen in PFRs, and the
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operational energy demand is lower than CSTRs due to the mixing and heating requirements [15].
PFRs are increasingly being used, particularly in North America, for high-solid manure digestion
systems [12], and these have become an industry standard in the USA for scraped-manure treatments [16].
Among this, there are different examples of efficient pilot and industrial-scale PFRs reported in the
literature for AD and the co-digestion of organic wastes [10–13,17–23]. The PFRs are designed for
manure with a high solid content in the range of 11–14% total solids (TS). Typical operational parameters
are an HRT between 20 and 50 days, an organic loading rate (OLR) of 1–6 kgCOD m−3 d−1 and biogas
production between 0.4 and 0.8 m3 m−3 d−1 [13,24].

However, PFRs’ drawbacks are a lower mass transfer due to lack of mixing, a lower efficiency
when treating low TS content substrates (<10%), thermal stratification and solid sedimentation,
or floating/scum-formation problems [13,15,25]. These problems have generated unsuccessful
fermentations when treating manure feedstock in conventional biogas plants [26]. It must be noted
that neither dung or manure are homogeneous liquids which contain floating solids; in the case of
PFRs for such materials, a length to width ratio in the range of 2.0–2.5 has been suggested, although
conventional liquid-based PFRs usually have a larger length to width ratio to avoid mixing.

The most common option to prevent solid stratification in PFRs is a partial mixing of the inner
content, using mechanical mixers or biogas blower mixers, combined with a recirculation rate (RR) of
the effluent [27–29]. Biogas blower mixers by biogas reinjection were found to be the best solution for
treating diluted manures (TS of 5%, 10% and 15%) in AD for dairy cattle [27,30]. Appels et al. [30]
recommended a mixing biogas flow range of 0.27–0.30 m3 m−3 min−1 for unconfined systems.

Another aspect regarding mixing is the intensity and pattern, but significant differences of values
can be found. In general, mixing with an intermediate intensity and an intermittent pattern was
concluded to be the most optimal in terms of biogas production [27,31]. In [32], typically, mixing power
inputs between 5 and 8 W m−3 were reported; Wu [33] found that 0.5–4 W m−3 may be sufficient;
and both recommendations are below the proposed range of 40–100 W m−3 by Couper et al. [34].

This work describes the assessment of a modified PFR equipped with a biogas reinjection system
in order to avoid operational problems such as solid stratification, foaming, or scum generation during
the anaerobic digestion of animal slurries. The effect of the effluent RR, the HRT, and the inlet TS on
the methane yield (MY) was evaluated, four modified PFRs running in parallel at the pilot scale for
biogas production from animal manure (pig slurry) in mesophilic conditions.

2. Materials and Methods

2.1. Biomass Sources: Animal Manure and Inoculum

Fresh pig manure (FM), selected as an example of animal slurries, was collected in an intensively
rearing pig farm (Girona, Spain) five times for the experiment. FM samples were characterized and
used as the influent of four PFR digesters by applying different dilutions with tap water to adjust the
inlet total solid content, depending on the experimental conditions (see next section). Both fresh and
diluted manure were periodically characterized; Table 1 shows the characterization of FM samples.
The net methane yield (LCH4 kgVS−1), at 273 K and 1013 hPa, and the biodegradability (% COD) were
calculated through biochemical methane potential assays at 35 ◦C on FM samples [35,36]. Inoculum
(5 gVS L−1), bicarbonate (1g gCOD−1), deionized water (to accomplish a 0.5 L of medium per vial),
and FM (5 gCOD L−1) were added to 1.2 L glass vials for 30 days at 35 ◦C. In parallel, controls
were prepared to determine the residual biogas production of the inoculum. In order to calculate
the methane production rate I and the lag phase (λ) of the fresh manure (see Table 1), the modified
Gompertz Equation (1) was used [37]:

R(t) = R0·exp
{
−exp

[
Rmax·e

R0
[λ− t] + 1

]}
(1)
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The inoculum used for the start-up of the digesters and for the biochemical methane potential
assays was sampled in a mesophilic CSTR digester of a municipal wastewater treatment plant (WWTP)
in Barcelona (Spain).

Table 1. Characterization of fresh pig manure. (FM, fresh manure. COD, chemical oxygen demand.
TS, VS, total and volatile solids. TKN, TAN, total Kjeldahl and ammonia nitrogen. R, methane
production rate. λ, lag phase. Nd, not determined).

Fresh Manure (FM) FM1 FM2 FM3 FM4 FM5 Averages

COD (gO2 kg−1) 120.5 96.1 90.4 83.1 113.5 100.7 ± 14.1
TS (g kg−1) 105.1 105.6 99.3 104.4 113.0 105.5 ± 4.4
VS (g kg−1) 75.2 84.3 79.3 75.7 80.0 78.9 ± 3.3

TKN (gN kg−1) 6.0 6.1 6.0 6.8 6.3 6.2 ± 0.3
TAN (gN kg−1) 3.7 3.8 4.0 4.5 4.2 4.0 ± 0.3

Biodegrability (%COD) 33% nd 31% 47% nd 37 ± 7.0
CH4 Yield (m3

CH4 kgVS
−1) 0.184 nd 0.125 0.181 nd 0.163 ± 0.027

R (m3
CH4 kgCOD

−1 d−1) 5.8 - 6.9 14.0 - 8.9 ± 4.1
λ (d) 1.9 - 14.0 - -

2.2. Pilot-Scale Biogas Plant

A pilot-scale plant comprised of four horizontal PFRs (R1, R2, R3, and R4), a feeding system,
a heating system, a biogas flow meter, and a programmable logic controller (PLC) to automate the
plant equipment (timing and data acquisition system). All recorded data (temperature profiles of each
reactor, biogas flows, inlet flows, etc.) were downloaded periodically as Excel files directly from the
panel. Figure 1 shows a scheme of the pilot plant.

Once collected, FM samples were stored at ambient temperature (10–40 ◦C) in a 1 m3 tank that
was diluted with tap water daily just before the feeding of each digester. The weight of tap water and
FM added to the dilution tank were registered by a weight cell BL-7 (Sensocar S.A., Terrassa, Spain).
The diluted FM was stored in another 1 m3 tank, also at ambient temperature, which was periodically
stirred with a waterproof pump GR BluePRO (Zenit Europe, Bascharage, Luxembourg) or a vertical
rotor (dilute manure tank) during the storage.

Each PFR (2830 mm length, 646 mm width) consisted of a horizontally oriented U-shaped container
of stainless steel and a methacrylate cover, which allowed periodic visual revisions of the inner material,
with a working volume of 160 L (total volume of 235 L). Each PFR had its own external gas holder
(flexible balloon of 100 L) located on the digester´s cover that, along with the gas headspace of the
stainless tank, led to a total volume of 175 L per PFR for gas storage. A flowmeter (TG5, Ritter,
Bochum, Germany) recorded the biogas flow, once the biogas passed through a silica filter. The biogas
composition was measured off-line daily with a gas analyzer, equipped with electrochemical (H2S, O2)
and dual-beam infrared (CH4, CO2) sensors BIOGAS5000 (Geotech Ltd., Conventry, UK). Each digester
was heated with individual electric blankets For-Flex Super (Electricfor S.A., Rubí, Spain) and insulated
with polyurethane boards. The working temperature was set up at 34 ◦C and monitored with three
temperature probes Pt-100 PR-24-3-100-A-G1/4-6-150 (OMEG, Connecticut, USA) that were distributed
regularly along the length of each reactor, controlled by PLC.

The biogas reinjection system was used between the feeding and effluent withdrawal operations.
This system includes for each PFR, a silica filter, a gasholder, a compressor V-DTN16 (Elmo Rietschle,
Gardner Denver Iberia S.L., Madrid, Spain), and inner 45 polyethylene gas diffusers of 8 mm diameter
Tee quick connection (Ningmao Hydraulic Pneumatic Components Factory, Zhejiang, China), which
were distributed along the digester floor, near the dividing wall. The gas pipes were made of polyamide.
The diffuser distribution fitted well with recommended configurations reported in the literature [38].
The reinjected biogas, introduced perpendicularly to the PFRs, generated turbulence to mix the reactor’s
content. The stored biogas was compressed to attain a specific flow range of 0.270–0.336 m3 m−3 h−1

and intermittently released (2 min h−1 and 8 times d−1), with the gas flow range being 4–5 m3 h−1.
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Safety valves were located along the cover of each digester in order to keep the internal pressure of
each PFR ≤20 mbar (differential pressure).

Feeding, effluent recirculation and effluent withdrawal were done manually once per day,
from Monday to Friday, dividing the loading equally over the 5 days. Daily flows were recorded
directly in the PLC.

Figure 1. Scheme of the pilot plant: Numbers: (1) influent tank; (2) effluent tanks; (3) gas holder;
(4) biogas flow-meter. Nomenclature: IN, influent; EF, effluent; B, biogas.

Sampling ports were located in the cover and in the bottom of the tank, allowing the collection of
sludge samples from the initial, intermediate, and final points of the digesters. Influents and effluents of
each PFR were characterized once per week by their content of total chemical oxygen demand (COD),
total solids (TS), volatile solids (VS), total Kjeldahl nitrogen (TKN), and total ammonium nitrogen (TAN).
Effluents were also characterized by pH, total and partial alkalinities (TA, PA), and volatile fatty acid
(VFA) concentration once a week. All parameters were determined following standard methods [39],
except for COD, which was determined as per Noguerol-Arias et al. [40] and VFA profile (acetic,
propionic, i-butyric, n-butyric, i-valeric, n-valeric) which was determined by gas chromatography
determined as per Rodríguez-Abalde et al. [35].

2.3. Experimental Conditions

Table 2 shows the recorded experimental conditions, which are also shown in Figure 2, in order to
improve the understanding of the different conditions in each period and the dependence between the
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different experimental parameters (inlet-TS, HRT, RR and OLR) shown. The experiment was developed
in four periods (P1, P2, P3, and P4), being evaluated in terms of MY (LCH4 kgVS−1, expressed at 273 K
and 1013 hPa) and organic matter removal efficiency (VS removal). The length of each period was at
least 2.5 × HRT or the minimum amount of time to achieve a “stable condition”, which was defined as
that moment in which the biogas production and COD concentration in the effluent were inside 15% of
the average value [27].

Table 2. Operational conditions. Average values ± Standard Error. Nomenclature: inlet total
solids (inlet-TS), hydraulic retention time (HRT), recirculation rate (RR), organic loading rate (OLR).
Abbreviations: period (P), average (Av), volatile solids (VS).

Parameters P1 P2 P3 P4

Time Interval (Days) 1–56 57–120 121–186 187–255

Digester R1 Av. Error Av. Error Av. Error Av. Error

Inlet-TS (%) 3.58 ± 0.01 5.30 ± 0.54 5.85 ± 0.68 5.57 ± 1.07
HRT (d) 21.08 ± 4.26 24.64 ± 2.84 25.37 ± 3.60 19.94 ± 2.68

RR (%effluent) 31.17 ± 6.23 30.52 ± 4.15 33.55 ± 5.51 39.74 ± 4.59
OLR (kgVS m−3 d−1) 1.12 ± 0.22 1.39 ± 0.15 1.50 ± 0.24 1.92 ± 0.29

Digester R2

Inlet TS (%) 3.68 ± 0.05 5.64 ± 0.57 5.45 ± 0.99 6.21 ± 0.33
HRT (d) 20.35 ± 4.08 24.54 ± 3.00 30.15 ± 3.82 31.44 ± 2.54

RR (%effluent) 31.03 ± 6.21 30.53 ± 3.94 26.37 ± 4.38 32.71 ± 4.93
OLR (kgVS m−3 d−1) 1.14 ± 0.23 2.40 ± 0.13 2.30 ± 0.60 2.90 ± 0.50

Digester R3

Inlet TS (%) 3.57 ± 0.00 5.60 ± 0.86 6.81 ± 1.35 3.43 ± 0.18
HRT (d) 20.39 ± 4.09 28.51 ± 4.41 27.06 ± 4.37 22.41 ± 2.24

RR (%effluent) 31.21 ± 6.24 15.17 ± 16.15 40.57 ± 7.99 38.73 ± 4.89
OLR (kgVS m−3 d−1) 1.11 ± 0.22 1.21 ± 0.18 1.61 ± 0.33 1.41 ± 0.17

Digester R4

Inlet TS (%) 3.10 ± 0.00 5.10 ± 0.40 5.70 ± 0.69 6.12 ± 0.31
HRT (d) 20.39 ± 4.09 25.76 ± 3.57 32.01 ± 4.07 33.19 ± 3.07

RR (%effluent) 31.23 ± 6.25 24.46 ± 4.17 46.08 ± 9.81 26.50 ± 4.78
OLR (kgVS m−3 d−1) 1.60 ± 0.20 1.60 ± 0.30 1.60 ± 0.10 2.00 ± 0.20

Period P1 consisted in the start-up of all four digesters (R1, R2, R3, and R4), which were inoculated
with 150 L inoculum obtained from a CSTR operating at a WWTP in Barcelona (Spain). Conservative
conditions were established for 25 days. Different conditions were applied for each reactor in the
next periods, P2 to P4, by changing inlet-TS, HRT, and RR values. The inlet-TS content was in the
range of 3.0% and 7.0%, as the representative TS range of FMs. The HRT was between 10 and 40 days,
as these values were reported as the minimum for anaerobic digesters in the literature [10,12]. The RR
was fixed between 20% and 50% of the influent flow to ensure a stable process through the anaerobic
biomass recirculation into the reactors.

Digesters R1 and R2 were used to evaluate the effect of changing the inlet flow and/or the inlet TS
concentration. In this way, in R1 a progressive increase of the inlet flow and inlet-TS content through
the periods were done, which increased the OLR and decreased the HRT from period P2 to P4.

In R2, the OLR was promptly doubled by pulse additions in each period. Two additions of
dilute FM were done in period P2 reaching 2.5 kgVS m−3 d−1 these days. Three pulses of different
VFA (acetic acid 30 g pulse−1, propionic acid 20 g pulse−1, or butyric acid 16 g pulse−1) were done
in period P3 reaching 2.5 kgVS m−3 d−1 these days. Finally, three glucose additions (30 g pulse−1) in
period P4 were done reaching 2.5 kgVS m−3 d−1 these days. These increases in OLR were performed
to evaluate resilience of the different group of microorganisms involved in the anaerobic digestion
process: FM pulses help to evaluate reactor response focusing mainly on hydrolytic and acidogenic
bacteria, VFA pulses help to evaluate reactor response focusing on methanogenic bacteria, whereas
glucose pulses help to evaluate reactor response focusing on acidogenic and acetogenic bacteria.
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Figure 2. Operational parameter: Hydraulic retention time (HRT), recirculation rate (RR), inlet total
solids content (inlet-TS), and organic loading rate (OLR) per reactor and period. (a) R1; (b) R2; (c) R3;
(d) R4. Note: Vertical grey lines denote periods; black lines denote average HRT per period; green lines
denote average RR per period; blue lines denote average inlet-TS per period; red lines denote average
OLR per period.

Digester R3 was a used to evaluate possible problems at full-scale plants, such as pumping failures
or feed blockages. In this way, during period P2, both feeding and recirculation of the effluent were
stopped for 1 week and RR was stopped for another week at the end of this period.
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Finally, digester R4 was used as a control by maintaining stable conditions, with an OLR of
1.6 kgVS m−3 d−1 and a HRT of 24–36 days. The only parameter changed was the effluent RR, varying
from 50% to 25% depending on the experimental period (see Table 2).

Periodically, a mass balance calculation was done in terms of total N and COD. For that
purpose, an accumulation term was estimated based on total N balance (since total N concentration
is conservative in AD processes assuming a constant growth of the involved microorganisms).
This accumulation was included in the COD mass balance in order to calculate both methane and
biogas production. In this regard, Kinyua et al. [41] included N related compounds, such as struvite,
and the presence of a dead volume inside tubular anaerobic digesters. Similarly, Jagadish et al. [26]
discovered a floating layer that remained during the entire fermentation period inside horizontal PFRs
when digesting a chopped blend of herbaceous terrestrial weeds and leaf biomass.

2.4. Statistical Analysis

The statistical analysis was done with the SPSS Statistics v.20.0.0 (IBM) software (Armonk, N.Y.,
USA). An ANOVA and HSD Tukey post-hoc analyses were performed to determine significant
differences (p < 0.05) for variables whose data were normally distributed and with equal variances.
For data of variables with heterogeneous variances, the Welch statistic and Games–Howell post
hoc analyses were used to determine which groups were significantly different (p < 0.05). Linear
correlations between control parameters and operation conditions during the assays were studied
using the Pearson correlation coefficient (r). Correlations were considered significant at p < 0.05.

3. Results and Discussion

3.1. Substrate Characterization

The collected FM (Table 1) was representative of typical pig slurry or liquid manure in terms of TS
content, as reported in [42]. The TS (9.9–11.3% wet weight) and TKN (6.0–6.8 gN kg−1) contents were
almost constant among all experiments. The biodegradability of FM ranged between 31–47% COD with
a MY between 125–184 LCH4 kgVS−1. These values were lower than the reported by Møller et al. [43]
and Hansen et al. [44] when treating slurries from fattening pigs, with ranges of 47–78% COD and MY
of 300–356 LCH4 kgVS−1. However, the VS and TAN contents of fresh FM varied, which could explain
the different qualities regarding the biodegradability. This result is coherent with other references in
the literature where the storage time in the farm facility was related with the quality and methane
potential of animal slurries [45].

3.2. General Plant Performance

Pilot plant operation showed several challenges due to the complex automation and the operation
of four reactors simultaneously.

During P2, P3, and P4, some problems regarding the recorded biogas flow with the flowmeter
were observed, and the biogas production was lower than the calculated values by COD balance
(Figure 3). Two main reasons for this were identified. The first one was caused by the compressor
operation for the biogas reinjection. Because of it, a regular overpressure in the digesters was observed,
causing the opening of the safety gas valves in order to keep the internal pressure below 20 mbar and
losing some biogas without being recorded. Secondly, the pipe length between the gas extraction
points and the gas flowmeter changed depending on the digester, leading also to some biogas losses
and condensate generation inside of these pipes. For these reasons, the recorded biogas flows in the
beginning (P1) were well measured in all reactors, but immediately lower in the next periods.

Reactor R4 had an extra time operation of 30 days. Before this period, a maintenance in gas piping
was performed in order to avoid problems regarding the recorded biogas flow. After this maintenance,
the MYs in both reactors suddenly increased (Figure 3), following a similar trend to the calculated
values by COD balance. This showed the difficulty of operating an automated pilot biogas plant
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comprised of four different reactors, but also confirmed that the COD balance performed during the
periods in which the biogas flow meter was not working appropriately, was correct and exact enough
to accept methane yields obtained through this method.

Figure 3. Evolution of organic matter removal (VS removal) and methane yield (MY) per reactor and
period: (a) R1, (b) R2, (c) R3, (d) R4. Note: Vertical grey lines denote periods; green lines denote average
values of VS removal efficiency for each whole period; red and blue lines denote average values of MY
registered by flowmeter and COD balance, respectively, for each whole period.

The biogas reinjection flow was well adapted to the literature [38] in the range of 0.270–0.336 m3 m−3 h−1.
Some of the 45 valve diffusers per reactor were clogged (10–15%), as reported in the literature [32],
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but no foaming or scum problems were observed in the digesters. No corrosion of gas piping and
equipment was observed.

In general, the reactors showed appropriate performance, avoiding common problems associated
with the operation of plug flow reactors at low inlet-TS concentrations, such as solid stratification
(sedimentation or crust formation), foaming or scum generation.

3.3. Pilot Plant Monitoring

3.3.1. Biogas Composition and Organic Matter Removal

Table 3 shows the results obtained throughout the experiment regarding methane yield and
methane volumetric yield, organic matter removal (VS removal) and biogas composition.

Table 3. Control parameters (methane productivity and yield, and organic matter removal).
Nomenclature: methane yield (MY), volumetric methane yield (VMY), period (P), average (Av).

Parameters P1 P2 P3 P4

Time Interval (Days) 1–56 57–120 121–186 187–255

Digester R1 Av. Error Av. Error Av. Error Av. Error

MY (m3
CH4 kgVS−1) 0.15 ± 0.02 0.16 ± 0.10 0.21 ± 0.10 0.02 ± 0.02

VMY (m3
CH4 m−3 d−1) 0.19 ± 0.01 0.21 ± 0.12 0.30 ± 0.14 0.04 ± 0.04

CH4 (%) 63.01 ± 1.52 62.97 ± 3.34 61.52 ± 1.62 57.22 ± 2.02
O2 (%) 0.60 ± 1.12 0.26 ± 0.32 0.71 ± 0.71 1.14 ± 1.15

VS removal (%VS inlet) 48.86 ± 16.53 50.77 ± 18.08 49.68 ± 16.70 25.12 ± 30.01

Digester R2

MY (m3
CH4 kgVS−1) 0.16 ± 0.02 0.17 ± 0.04 0.20 ± 0.06 0.19 ± 0.04

VMY (m3
CH4 m−3 d−1) 0.20 ± 0.01 0.22 ± 0.06 0.25 ± 0.10 0.23 ± 0.06

CH4 (%) 61.32 ± 2.10 62.06 ± 3.75 62.90 ± 1.49 58.81 ± 3.32
O2 (%) 0.80 ± 0.54 0.31 ± 0.37 0.43 ± 0.42 1.04 ± 1.40

VS removal (%VS inlet) 45.34 ± 9.44 50.72 ± 10.05 48.78 ± 13.83 48.91 ± 14.08

Digester R3

MY (m3
CH4 kgVS−1) 0.24 ± 0.03 0.18 ± 0.12 0.37 ± 0.05 0.22 ± 0.11

VMY (m3
CH4 m−3 d−1) 0.30 ± 0.02 0.21 ± 0.13 0.57 ± 0.04 0.42 ± 0.13

CH4 (%) 60.12 ± 2.21 59.26 ± 3.29 62.51 ± 2.33 59.38 ± 4.89
O2 (%) 0.41 ± 0.76 0.45 ± 0.57 0.23 ± 0.32 1.06 ± 2.50

VS removal (%VS inlet) 46.38 ± 20.11 46.08 ± 29.33 46.47 ± 20.03 51.38 ± 26.01

Digester R4

MY (m3
CH4 kgVS−1) 0.29 ± 0.03 0.14 ± 0.11 0.22 ± 0.04 0.12 ± 0.04

VMY (m3
CH4 m−3 d−1) 0.23 ± 0.01 0.16 ± 0.13 0.26 ± 0.05 0.16 ± 0.05

CH4 (%) 56.49 ± 1.76 57.54 ± 1.95 55.01 ± 5.01 57.23 ± 4.34
O2 (%) 1.52 ± 0.81 0.43 ± 0.44 3.13 ± 3.34 0.63 ± 1.24

VS removal (%VS inlet) 43.62 ± 20.75 42.36 ± 32.29 38.57 ± 14.66 37.01 ± 18.53

Biogas composition was similar for each period and reactor, with the highest methane content
of 63.0 ± 3.3% in R1 during the P2 period and a lowest methane content of 55.0 ± 5.0% in R4 during
the P3 period (Table 2). Biogas produced from animal slurries typically has a methane content of
60% [46,47] and it was shown that R1, R2, and R3 accomplish that during the P2 and P3 periods,
but not during the P4 period, which is also true for the R4 reactor in any period. The unconfined
gas injection mixing introduced O2 as a consequence of air inlet in the digesters. The maximum
and minimum average amounts of O2 detected were 3.13 ± 3.34% in R4 during the P3 period and
0.23 ± 0.32% in R3 during the P3 period, respectively. In general, the O2 concentration was higher
during the previous hours at 10:00 a.m., in accordance with the reinjection mixing cycles, with the
exception of R3, in which a higher H2S concentration was evaluated during P3 and P4. It was assumed
that R3 mixing was lower than other reactors, due to several mixing stoppings for different reasons such
as leakage verifications, O2 concentration determination, or compressor maintenance. Although there
is no correlation between O2 and H2S concentrations with experimental data (see Table 4), a decrease
in H2S concentration is observed in the reactors after an increase of O2 concentration. Figure 4 shows
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O2 and H2S concentrations in each reactor before and after 10:00 a.m., the time in which mixing was
stopped and the feeding and discharge operations were performed. This shows an average difference
decrease before and after 10:00 a.m. of 602, 263, 473, and 589 ppm of H2S in reactors R1, R2, R3,
and R4, respectively.

Figure 4. Evolution of H2S and O2 daily concentrations per reactor: (a) R1; (b) R2; (c) R3; (d) R3. Note:
Vertical grey lines denote measurements done before and after 10:00 am; blue squares denote H2S
concentrations; red circles denote O2 concentrations.
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Because of operational problems regarding biogas measurements, biogas production was estimated
using the COD balance. This methodology has been widely used in many publications and
textbooks [48–50], and we validated the use of COD balance in the present work by comparing
the MY values obtained during period P1 from both methods, by flowmeter and by COD balance,
as in this period the flowmeter ran correctly. MY averages values are shown in Figure 3, and
how a good correlation between them during this period P1 (0.15 ± 0.02, 0.16 ± 0.02, 0.24 ± 0.05,
0.29 ± 0.03 m3CH4 kgVS−1 in reactors R1, R2, R3, and R4, respectively) can be observed. This is also
shown during period P4, when gas piping maintenance was performed in R4 and flows of both methods
(flowmeter and COD balance) were similar. Figure 5 shows the average MY values for all periods
and reactors for the different operational conditions (HRT, RR, inlet-TS, and OLR). The maximum MY
values obtained were in R3 during P3, with an average of 373.7 ± 49.7 LCH4 kgVS−1, together with the
lowest O2 concentrations and an organic matter removal of 46.5 ± 20.0% VS. The minimum MY values
obtained were in R1 during P4, with an average of 23.5 ± 23.0 LCH4 kgVS−1, matching with the lowest
organic matter removal of 25.1 ± 30.0% VS.

Figure 5. Comparison of methane yields (MY) and the hydraulic retention time (HRT), the recirculation
rate (RR), the inlet total solids content (TS) or the organic loading rate (OLR). Note: Vertical grey lines
denote reactors; black line denotes average values of MY registered in a whole period; blue, red, green
and yellow bars denote average values of a whole period (P1, P2, P3, and P4, respectively) of the
corresponding operational parameter per reactor.

3.3.2. VFA, pH, and Alkalinity Profiles

VFA, pH, and alkalinity are important control parameters during AD [47]. The pH average values
in all reactors were slightly higher (8.1 ± 0.2, 8.0 ± 0.1, 8.0 ± 0.1 and 8.0 ± 0.2 in reactors R1, R2, R3,
and R4, respectively) than the range for the normal operation of AD, between 7.5 and 7.8. This was
probably due to the highest TA values registered during all periods, with averages of 11.1 ± 1.9,
10.1 ± 0.6, 10.6 ± 0.7, 10.6 ± 1.1 gCaCO3 L−1 in reactors R1, R2, R3, and R4, respectively. Moreover,
changes in VFA were shown to have a significant effect on TA, with the biggest fall in R1 during P3,
when a decrease of VFA from 1859 to 333 mg·L−1 caused a decrease of TA from 15.7 to 9.2 gCaCO3 L−1.
The percentages of acetic acid were 91 ± 10.5, 98 ± 2.5, 94 ± 9.7, and 92 ± 16.6 in reactors R1, R2,
R3, and R4, respectively. These were higher than other studies reported in the literature, with ranges
of 35% to 75% [51] or 60% to 75% [52]. Angelidaki et al. [53] found a common value of 1.5 g L−1
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was considered to be limiting for a stable operation of AD reactors. It can be seen that total VFA
concentrations in effluent (Figure 6) were lower than 2 g·L−1 in all reactors with the exception of R1
when it was operated at high OLR during the P4 period. The average total VFA values were 1.0 ± 1.0,
0.4 ± 0.2, 0.4 ± 0.5, and 0.6 ± 0.4 g·L−1 in reactors R1, R2, R3, and R4, respectively.

Figure 6. Evolution of volatile fatty acids (VFA) per reactor and period: (a) R1, (b) R2, (c) R3, (d) R3.
Symbols: Acetic (�), propionic (�), i-butyric (N), n-butyric (#), i-valeric (x), n-valeric (∆), i-caproic (�),
n-caproic (�).

3.3.3. Nitrogen (TKN, TAN) Profile

In general, the inhibition of the anaerobic digestion process has been reported to start at a TAN
level of 1.5–2.0 gN·L−1. However, in the case of pig manure, it has been reported to start at 3.1 gN·L−1.
The registered TAN averages values were 2.1 ± 0.2, 2.1 ± 0.1, 2.7 ± 0.2, 2.9 ± 0.3 gN·L−1 in reactors R1,
R2, R3, and R4, respectively. The maximum amount of TAN registered (3.8 gN·L−1) was in reactor R1
during P4, where a lower MY value was obtained (23.5 ± 23.0 LCH4 kgVS−1). That would confirm the
starting TAN level of 3.1 gN·L−1 to be inhibitory for the process.

3.3.4. Effect of Recirculation

Figure 2 shows the operational parameter evolution for each period and reactor. The reported
literature has confirmed positive effects by varying RR in AD, such as the liquefaction and inoculation
of the fresh biogas substrate, the stabilization of biogas synthesis and the optimization of biogas
production [54].

When RR decreased, VFA concentration increased. That can be seen clearly in R4, when changing
from P2 to P3, the RR variation from 24.5 ± 4.2 to 46.1 ± 9.8% caused a maximum decrease of 90%
of VFA. Increases in MY values were observed with higher RR values, as can be seen in R3 and R4
from P2 to P3 (increases of 105.5% and 57.1% in R3 and R4, respectively). Results suggest RR values up
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to 40% should be used in order to keep stable conditions of the bacterial population inside the reactor,
optimizing biogas production.

3.3.5. Effect of the Organic Loading Rate

In general, the expected trend for HRT and OLR was confirmed in all reactors, as the biogas
production increased when increasing HRT or OLR, with some exceptions: R1 during P4, probably
due to the ammonia inhibition effects mentioned before. Also increases of OLR in R3 during P2 and
in R4 during P2 and P4 did not increase the MY, probably due to the decreased RR in these reactors
and periods. An increase of acetic and propionic acid concentrations was also observed with OLR
increases, such as in R1 and R2 during both P3 and P4 periods.

3.3.6. Effect of Total Solid Content

As the OLR depends on inlet-TS concentration, similar performances were evaluated. At higher
inlet-TS concentrations, higher MY values were obtained. The maximum MY obtained was in R3 during
P3 (373.7 ± 49.7 LCH4 kgVS−1) with 6.81 ± 1.35 % TS. H.M. El-Mashad et al. [51] concluded that a higher
TS content resulted in higher VFA concentrations. Although there was not a clear correlation in our
results between inlet-TS contents and VFA (see Table 4), a similar trend was exhibited as the reported
study of Page et al. [55]; when evaluating dairy manure effluent at 2.4% TS, a range of 89–439 mg·L−1

of VFA was obtained.

4. Conclusions

A novel modified plug-flow anaerobic reactor for treating animal slurries was developed and
tested successfully with appropriate performance. The mixing power inputs and the intermittent
mixing pattern allowed for the avoidance of operational problems such as solid stratification, foaming,
or scum generation. In general, there was no inhibition due to ammonia concentration, except for
reactor R1 during P4. VFA generation allowed stable conditions. The methane yields were optimized
during some of the periods, showing how significant the operational parameters evaluated are.
However, it seems that complex automation and equipment design involves facing the important
problem of the scale factor.
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Abstract: This study examines the effect of mixing on the performance of anaerobic digestion of cow
manure in Chinese dome digesters (CDDs) at ambient temperatures (27–32 ◦C) in comparison with
impeller mixed digesters (STRs) and unmixed digesters (UMDs) at the laboratory scale. The CDD is a
type of household digester used in rural and pre-urban areas of developing countries for cooking.
They are mixed by hydraulic variation during gas production and gas use. Six digesters (two of each
type) were operated at two different influent total solids (TS) concentration, at a hydraulic retention
time (HRT) of 30 days for 319 days. The STRs were mixed at 55 rpm, 10 min/hour; the unmixed
digesters were not mixed, and the Chinese dome digesters were mixed once a day releasing the stored
biogas under pressure. The reactors exhibited different specific biogas production and treatment
efficiencies at steady state conditions. The STR 1 exhibited the highest methane (CH4) production
and treatment efficiency (volatile solid (VS) reduction), followed by STR 2. The CDDs performed
better (10% more methane) than the UMDs, but less (approx. 8%) compared to STRs. The mixing
regime via hydraulic variation in the CDD was limited despite a higher volumetric biogas rate and
therefore requires optimization.

Keywords: mixing; Chinese dome digester; impeller mixed digester; unstirred digester; hydraulically
mixed; total solids (TS) concentration

1. Introduction

About 2.5 billion people globally depend on traditional biomass, for example firewood, as their
main source of energy for heating and cooking [1]. The use of firewood as cooking fuel has several
negative effects on the environment, health and social life. The collection of firewood is sometimes
done by women and children, and this activity can take many hours a day, which indirectly affects
productive periods, education and leisure time. The use of firewood and other biomass for cooking
produces hazardous particles [2,3], which are dangerous to human health. The use of firewood for
cooking is one of the factors that causes deforestation, erosion, reduction of water resources, and
indirectly contributes to climate change [2].

About 1.4 billion people worldwide will possibly be left without access to modern sources of
cooking energy such as gas and clean stove, if sustainable energy sources are not made available [4].
The conversion of biomass such as agricultural waste, cow manure and pig manure to clean sources of
energy such as biogas via anaerobic digestion could help to solve part of this energy problem in the
rural areas of developing countries, and improve the standards of living, health, the local environment,
and mitigate climate change [5].
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Biogas consists of mainly methane (CH4) and carbon dioxide (CO2), with traces of ammonia
(NH3), nitrogen (N2) and hydrogen sulphide (H2S). In large-scale anaerobic digesters where biogas is
used for electricity and heat production, or injection into the gas network, the calorific value of biogas
needs to be increased by removing the unwanted components (for example CO2 and H2S) with the
use of different technologies such as water scrubbing, physical and chemical absorption, membrane
technology, in situ upgrading, etc. These unwanted components are harmful to the downstream units
such as microturbines and combined heat and power (CHP) [6]. However, in household anaerobic
digesters, where biogas is primarily for cooking, only H2S is removed with the use of simple and cheap
de-sulphuring units, e.g., by allowing biogas to pass through iron fillings.

Household biogas plants for the treatment of organic wastes such as cow manure are mostly
popular in Asia. More than forty million household low-cost anaerobic digesters have been built across
China and India [7–9], with an estimated potential of about 140 million household biogas systems in
the agricultural regions in China [10]. The most popular low-cost household digesters are the Chinese
dome [11–14], Indian floating drum, plug flow and Puxin digester—a prefabricated version of the
Chinese dome digester [15].

These digesters are relatively inexpensive, unheated and have non-forced mixed systems, making
them well suitable for farmers and people living in rural areas. However, the application and specific
design of these digesters still depend on location, socio-economic context, and weather conditions of
the particular location [16,17].

The anaerobic digestion process depends on mixing for distribution of the inoculum during
start-up, improving contact between nutrients substrate and microorganisms, temperature equalization,
removal of intermediate products and prevention of settling and floating layers [18]. The Chinese
dome digester (CDD), which is the most used applied household digester is usually constructed
underground with a hemispherical dome top, which serves as gas storage. Gas pressure is created as a
result of biogas production, while collection in a closed environment and slurry level difference in
the reactor is a result of the pressure build-up. The stored biogas pushes part of the slurry into the
effluent (expansion) chamber, because water or the slurry is an incompressible liquid. During gas use,
the effluent flows back into the main digester chamber creating a mixing regime [19]. Mixing in the
CDD depends on the hydraulic variation in the digester during digester use and could be regarded
as intermittent natural mixing. The mixing depends on the feeding regime, the gas production rate,
gas use frequency, and slurry viscosity. Significant efforts have been made to evaluate the effect of
mixing in mechanically mixed reactors by applying impeller mixing, slurry recirculation and biogas
injection, in comparison to non-mixed reactors [20–29], but little research was done in studying mixing
in naturally mixed reactors. Most of these studies focus on the effects of mixing modes and intensities
on biogas yields in relation to retention time and organic loading rate. The optimum mixing mode is
still a subject of debate, but most researchers found that intermittent mixing aids anaerobic digestion.
Most household digesters are operated at total solid (TS) influent concentrations <7% and a long
hydraulic retention time (HRT) (>40 days) [16,30–39], as compared to mechanically mixed systems,
which are generally operated at an HRT ≤ 20 days at mesophilic conditions [26,40–47].

In CDDs, improved mixing might reduce applicable HRTs and therewith reactor volume and
investment costs. Moreover, increasing the influent TS concentration by reduced dilution, at the
same HRT, will result in an additional reduction of the reactor volume and might increase the mixing
conditions due to a higher volumetric gas production. Therefore, the objective of this study was to
study the performance of the Chinese dome digester and comparison with the impeller mixed digester
and unmixed digester using cow manure at two different total solid (TS) concentrations at the same
HRT of 30 days, to evaluate if mixing induced by hydraulic variation is sufficient to produce superior
digestion efficiency.
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2. Materials and Methods

2.1. Reactor Design and Setup

The study was performed in six laboratory-scale digesters consisting of two impeller mixed
digesters or stirred tank reactors (STR), two unmixed digesters (UMD) and two Chinese dome digesters
(CDD). The working volume of the impeller mixed and the unmixed reactors was 39 L, while the
Chinese dome digesters (CDDs) have a working volume of 39 L and an additional 10 L for the extension
chamber, which is not regarded as part of the working volume of the reactors. A scheme of the three
types of reactors is shown in Figure 1a–c. All digesters were constructed from polyvinyl chloride (PVC).
Generated biogas was collected in plastic gas bags. Biogas produced in the impeller mixed reactors
and unmixed reactors was directly collected into the gas bags while the biogas produced in the Chinese
dome lab scale reactors was stored in the reactor headspace, thereby creating pressure to displace
some of the reactor content to the extension chamber. Pressure was released once a day before feeding
and the biogas was collected in gas bags. In addition, in the CDDs, effluents were removed from the
reactors through the extension chambers. In the mechanically and non-mixed reactors, influents were
added from the top and effluents withdrawn from the bottom as shown in Figure 1a,b. Biogas was
collected and measured with a wet gas meter before feeding was done in all reactors daily. The two
STRs were mixed with an 18 cm impeller at 55 rpm for 10 min/hour throughout the study period, based
on Karim et al. [22] and Hoffmann et al. [48]. A reasonable level of intermittent mixing was achieved
during reactor feeding and effluent removal from all the reactors based on the reactor’s geometry.
The reactors set-up and arrangement are given in Table 1.
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Figure 1. (a) Impeller mixed, (b) Unmixed, and (c) hydraulic mixed (Chinese dome) digesters.

Table 1. Reactors set-up.

Reactor Name Reactor Design % TS

STR 1 Impeller mixed, 55 rpm for 10 min/hour 3–7.3
STR 2 Impeller mixed, 55 rpm for 10 min/hour 6–15

UMD 1 Unmixed 3–7.3
UMD 2 Unmixed 6–15

CDD 1 Chinese dome, hydraulically mixed 3–7.3
CDD 2 Chinese dome, hydraulically mixed 6–15
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2.2. Manure Collection and Preparation

The inoculum used for the reactor start-up was collected from a small-scale biogas plant treating
cow manure at the Agricultural Engineering Department, Obafemi Awolowo University, Nigeria, at an
average ambient temperature of 32 ◦C and operated with an average influent concentration of 5.5% TS.
The inoculum was collected on the same day the reactors were started and occupied 23% volume of
each reactor during start-up. The cow manure used for feeding the reactors was collected freshly at the
Obafemi Awolowo University School farm. Each batch was stored in a refrigerator at 3 ◦C prior to
use. The manure was prepared by manual screening for stones, blending and water dilution into two
total solid concentrations. The blending of the substrates was done in a household blender at about
8000 rpm for 2 min to break large pieces of manure. The characteristics of the prepared substrate feed,
including the biomethane potential (BMP) before dilution, are given in Table 2. The BMP was done in
triplicate as described by Anaerobic Biodegradation, Activity and Inhibition (ABAI), task group [49].
The applied organic loading rates and period of operation for each of the reactors are given in Table 3.

Table 2. Applied feed characteristics before dilution for the feeding periods.

Feed Manure Initial TS (g/L) Initial vs. (g/L) BMP (Biogas) L/g vs. BMP (CH4) L/g VS NH4
+–N (g/L)

1 284 ± 16 229 ± 14 0.25 0.17 2.2
2 262 ± 12 152 ± 2 0.23 0.15 2.1
3 316 ± 5 250 ± 1 0.22 0.15 2.3
4 339 ± 4 287 ± 7 0.24 0.16 1.9
5 200 ± 14 137 ± 2 0.23 0.15 2
6 257 ± 1 167 ± 2 0.25 0.16 1.8
7 296 ± 13 168 ± 3 0.25 0.16 2.2
8 383 ± 13 195 ± 13 0.28 0.18 2.1

Table 3. Influent concentrations and applied loading rates for the impeller mixed digesters or stirred
tank reactors (STR 1 and 2), unmixed digesters (UMD 1 and 2), and the Chinese dome digesters (CDD 1
and 2), Digesters 1–6.

Feed Manure Day TS (g/L) vs. (g/L) OLR g VS/L/Day

1, 3, 5 2, 4, 6 1, 3, 5 2, 4, 6 1, 3, 5 2, 4, 6

1 1–35 43 86 35 70 1.16 2.33
2 36–59 40 80 23 46 0.77 1.54
3 60–78 47 94 37 74 1.22 2.44
4 79–93 52 105 44 88 1.47 2.94

94–125 Recirculation
4 126–133 52 105 44 88 1.47 2.94
5 134–169 30 60 20 41 0.68 1.36
6 170–198 40 80 26 52 0.86 1.72
7 199–259 44 88 25 50 0.83 1.67
8 260–319 73 147 42 84 1.39 2.79

2.3. Operation

All reactors were operated at a hydraulic retention time (HRT) of 30 days throughout the study.
About 1.3 L of effluents were daily removed from the outlet port for STR 1, STR 2, UMD 1 and UMD
2, and from the extension chambers for CDD 1 and CDD 2 after which the same quantity of freshly
prepared manure was added. Reactors were considered to operate in steady state when the change in
biogas production was within 15% [22]. All reactors were operated at laboratory ambient temperatures
between 27 and 32 ◦C. All the digesters were started under similar operational conditions but with
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different mixing schemes and loading rates. Digesters 1 and 2 (STR 1 and 2) were mixed at 55 rpm,
10 min/hour, and the Reynolds number (Re) and power were calculated using Equations (1) and (2):

Re =
NρD2

K γn−1
, and (1)

P = Np* ρ* N3 * D5, (2)

where P is the power consumption (W), ρ is the density of manure influent (kg·m−3), N is impeller
speed in S−1, D is impeller diameter in m, K is the consistency coefficient (Pa Sn), γ is shear (S−1) and n
is the power-law index. Digesters 5 and 6 were mixed by hydraulic variation and the energy created
and utilized consumption were calculated in the form of potential energy created as a result of slurry
displacement in the extension chamber. Digesters 3 and 4 were not mixed, however all digesters
could be assumed to be “mixed” intermittently once a day during effluent withdrawal and feeding.
The reactors were fed, and effluents removed daily from day 1 to day 319, except for day 94 to 125
when recirculation was applied for all digesters as overloading was observed. During the recirculation
period, there was no addition of new feed into the reactors but feeding of effluent. Energy consumption
for STR 1 and 2 was calculated from Equation (2).

The values of parameters mentioned in the text are given in Table 4 according to Wu [50].
The power number was determined from the Np vs. Re chart [51].

Table 4. Manure physical characteristic for energy calculation.

Digester K (Pa Sn) n γ (S−1) ρ (kg·m−3) Reference

1 0.525 0.533 11 1000 [50]
2 31.3 0.3 11 ~1000 [50]

During biogas production, the volume of effluent displaced in the extension chamber was stored
as potential energy (P.E). During gas use, pressure would be reduced in the headspace of the CDD and
would result in the follow of effluent from the extension chamber into the main digester volume in
the form of kinetic energy (K.E). As a consequence, the energy created and consumed for mixing was
estimated in form of potential energy and kinetic energy using Equations (3) and (4), respectively,

P.E = mgh, and (3)

K.E = 0.5 mv2, (4)

where P.E is the potential energy (J), K.E is the kinetic energy also in J, m is the mass (kg) of the
maximum volume of manure displaced during gas production (as a result of pressure build-up due
to gas production) each day, g is 9.8 m·s−2, h (m) is the height of the extension chamber and v is the
velocity (m·s−1). The distance is the height of extension from the base of the reactor and time is the
duration it takes for the displaced slurry to flow back in the digester. These were experimentally
determined as 7 s and 6 s for CDD 1 and 2, respectively. The volume of the displaced slurry in the
extension chambers were calculated from the displacement to be 0.0025 and 0.0042 m3 for CDD 5 and
CDD 6, respectively. The mass of the displaced slurry was estimated from the volume and density.

The gas space of the reactors was filled with nitrogen after inoculation and gas produced in the
first three days was purged and not recorded. Biomethane potential of each substrate batch was
measured in triplicate according to ABAI [49].

2.4. Monitoring and Analytical Methods

The laboratory temperature was monitored using an EL-USB digital temperature logger. The pH
of feeds and effluents were measured using a table-top pH meter with a probe, WTW InoLab Level 1
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model. The feed and effluent samples were analysed for TS, volatile solids (VS), volatile fatty acids
(VFAs, acetate, propionate and butyrate) and ammonium nitrogen (NH4

+-N). Generated biogas was
collected in gas bags, five days a week (Monday to Friday) and measured daily using a Schlumberger
Lab wet gas meter. Biogas composition was determined in terms of carbon dioxide (CO2) and methane
(CH4) content. The CH4 content was indirectly measured by measuring the concentration of CO2

viz. CO2 absorption using NaOH in the gas bag once a week. TS, vs. and NH4
+-N were analysed

according to standard procedures [52]. Specific biogas and methane yields were expressed as daily
methane produced, divided by the amount of vs. daily fed to the digester, and used to monitor the
digestion efficiency of the digesters.

Concentration of volatile fatty acids (VFAs) in effluent samples were determined in triplicate
using a 7890 B gas chromatograph (Agilent Technologies) equipped with an HP-5 column
(30 m × 0.32 mm × 0.25 µm, Agilent Technologies) and a flame ionization detector (FID). The carrier
gas was nitrogen with a flow rate of 6.5 mL/min. The operating conditions were as follows: Injector
temperature, 120 ◦C (split-splitless); detector temperature, 250 ◦C; and an oven temperature program
initiating at 40 ◦C, followed by three sequenced temperature increases (i) at a rate of 60 K/min up to
100 ◦C; (ii) at a rate of 50 K/min up to 150 ◦C; and finally (iii) at a rate of 90 K/min until 240 ◦C was
reached. Calibration stock solution and sample preparation were done according to standard methods
for the examination of water and wastewater [53].

Average steady-state biogas production data and the standard deviation over the period between
150 and 319 days of observations are presented in this paper. The specific methane yield, which was
calculated as daily methane produced divided by the amount of vs. fed to the digester, was used to
monitor the efficiency of the digesters as stated earlier. The digester performance was evaluated based
on the effect of loading rate on methane production to volumetric gas production, volatile fatty acid
concentration (VFA), treatment efficiency and energy consumption.

The energy consumption for mixing in the stirred digesters were estimated based on Equation (2),
while the natural potential energy created by Chinese dome digesters (CDD) was estimated using
Equation (3), but no power requirement or consumption for the non-mixed reactors were calculated
because in the non-mixed reactors, no external or internal energy was applied. In the CDDs it was
possible to estimate the mixing energy created as a result of slurry displacement, which would later be
utilized as kinetic energy when slurry flows back into the digester.

2.5. Statistical Analysis

The statistical significance of the experimental data at steady state condition for all the digesters was
performed using a one-way analysis of variance (ANOVA) statistical program (Microsoft Excel 2016).

3. Results

The six digesters exhibited different volumetric gas production and peaked at the highest organic
loading rates. The highest volumetric biogas production rates for the steady state period are 0.34,
0.67, 0.23, 0.43, 0.29, and 0.53 L/L/day for digesters 1, 2, 3, 4, 5 and 6 at organic loading rates (OLRs)
of 1.39 g VS/L/day for digesters 1, 3 and 5, and 2.79 g VS/L/day for digesters 2, 4, and 6 as shown in
Table 5. The higher the loading rate the higher the observed volumetric biogas production. The specific
methane production for the same type of digesters were comparable but different for different types of
digesters. The maximum specific methane production was 0.17 ± 0.003 L/g vs. at an OLR of 1.39 g
VS/L/day for STR 1, 0.16 ± 0.003 L/g vs. at 2.79 g VS/L/day for STR 2, 0.107 ± 0.003 L/g vs. at 1.39 g
VS/L/day for UMD 1, 0.095 ± 0.002 L/g vs. at 2.79 g VS/L/day for UMD 2, 0.135 ± 0.003 L/g vs. at 1.39 g
VS/L/day for CDD 1, and 0.126 ± 0.003 L/g vs. at 2.79 g VS/L/day for CDD 2. The methane production
in all digesters increased slightly from day 260 till the end of the experiment, which is in agreement
with the BMP of the applied substrates. The eighth substrate batch had the highest BMP of 0.18 L
CH4/g vs. compared to earlier applied substrate. As a consequence, the highest recorded specific
methane production in all the digesters was achieved during the application of the eighth substrate.
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The average specific methane production from highest to lowest are 0.16, 0.15, 0.13, 0.12, 0.10 and 0.09
L/g vs. for digesters 1, 2, 5, 6, 3 and 4, respectively.

Table 5. Mean volumetric, specific methane production, and effluent volatile fatty acids (VFA)
concentrations, volatile solids (VS) reduction at different organic loading rates (OLRs) for 6 differently
operated digesters at steady state. Hydraulic retention time (HRT) = 30 days.

Day OLR g VS/L Day CH4 L/L/Day CH4 L/g VS CH4 % VFAs (g/L) VS red. (%)

(STR 1)

149–169 0.68 0.09 ± 0.002 0.13 ± 0.002 (a) 67 0.83 ± 0.14 57.17 ± 0.8
170–198 0.86 0.12 ± 0.002 0.14 ± 0.002 (b) 68 0.97 ± 0.13 63.98 ± 1
199–259 0.83 0.12 ± 0.01 0.14 ± 0.01 (c) 68 0.80 ± 0.18 64.24 ± 1.7
260–319 1.39 0.23 ± 0.005 0.16 ± 0.003 (d) 68 0.86 ± 0.20 70.87 ± 1.5

(STR 2)

149–169 1.36 0.17 ± 0.007 0.12 ± 0.004 (a2) 66 1.0 ± 0.03 55.47 ± 1.6
170–198 1.72 0.22 ± 0.005 0.13 ± 0.006 (b2) 66 1.2 ± 0.24 58.76 ± 48
199–259 1.67 0.22 ± 0.02 0.13 ± 0.01 (c2) 66 0.95 ± 0.10 62.07 ± 1.6
260–319 2.79 0.43 ± 0.01 0.15 ± 0.003 (d2) 66 1.03 ± 0.17 68.76 ± 1.6

(UMD 1)

149–169 0.68 0.06 ± 0.001 0.08 ± 0.02 (e) 63 2.4 ± 0.24 38.35 ± 0.5
170–198 0.86 0.08 ± 0.003 0.09 ± 0.003 (f) 63 2.7 ± 0.25 40.59 ± 1.5
199–259 0.83 0.09 ± 0.004 0.09 ± 0.002 (f) 63 2.2 ± 0.15 41.74 ± 2
260–319 1.39 0.13 ± 0.007 0.10 ± 0.003 (g) 63 2.3 ± 0.28 46.80 ± 3.8

(UMD 2)

149–169 1.36 0.12 ± 0.002 0.09 ± 0.001 (e2 *) 61 2.5 ± 0.19 41.40 ± 0.4
170–198 1.72 0.14 ± 0.001 0.08 ± 0.004 (f2) 61 3.0 ± 0.04 40.51 ± 4.3
199–259 1.67 0.13 ± 0.004 0.08 ± 0.002 (f2) 61 2.8 ± 0.18 39.34 ± 1.7
260–319 2.79 0.25 ± 0.008 0.09 ± 0.002 (g2) 61 2.81 ± 0.19 43.48 ± 1.3

(CDD 1)

149–169 0.68 0.07 ± 0.003 0.09 ± 0.003 (h) 65 1.6 ± 0.18 43.97 ± 1.1
170–198 0.86 0.09 ± 0.004 0.10 ± 0.003 (i) 65 1.5 ± 0.12 47.58 ± 1.5
199–259 0.83 0.10 ± 0.003 0.11 ± 0.003 (j) 65 1.4 ± 0.13 52.70 ± 1.9
260–319 1.39 0.18 ± 0.005 0.13 ± 0.003 (k) 65 1.44 ± 0.10 58.76 ± 1

(CDD 2)

149–169 1.36 0.13 ± 0.003 0.10 ± 0.002 (h2 *) 64 1.58 ± 0.05 44.23 ± 2.8
170–198 1.72 0.17 ± 0.002 0.10 ± 0.006 (i) 64 1.7± 0.11 44.82 ± 1.9
199–259 1.67 0.18 ± 0.004 0.12 ± 0.003 (j2 *) 64 1.65 ± 0.01 50.49 ± 1.7
260–319 2.79 0.33 ± 0.008 0.12 ± 0.003 (K2) 64 1.7± 0.13 54.84 ± 1.2

* Letters in parentheses indicate significant difference between each type of digester at each OLR, (p < 0.05) for
specific methane production a to k; a2 to k2. Values with the same alphabet means no significant difference.
Alphabets with (*) mean value is higher and not lower.

At “steady state” periods, there were differences in the biogas production and methane content
depending on the applied OLRs and the type of digester. The volumetric methane production increased
with increasing organic loading rates (OLRs) in all digesters. The biogas production and methane
composition observed during these experiments are summarized in Table 5.

The VFAs during the steady state period are 0.82 ± 0.21, 0.98 ± 0.2, 2.21 ± 0.5, 2.66 ± 0.55,
1.4075 ± 0.25 and 1.61 ± 0.26 g/L in respectively digesters 1 through 6. The observed VFA concentration
in the stirred reactors (STR 1 and 2) during this period are lower compared to that in the UMD (1 and 2)
and CDD (1 and 2) reactors. The average VFAs concentration in the stirred reactors are lesser or equal
to 1 g/L, and they could be regarded as well-balanced digesters according to Hill et al. [54] The average
of VFAs concentration in STR 2 is slightly higher but not significant (p > 0.05) than STR 1 because STR
2 had higher OLRs. The VFA concentrations differ in the reactors and are significantly higher in the
unmixed and Chinese dome digesters compared to the stirred reactors.

The analysis of variance (ANOVA) using Microsoft Excel programme (2016) was performed on the
specific methane production and VFA for the digesters in two different batches representing the two
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influent TS loading rates, the single (3–7.3% TS) and the double (6–15% TS). STR 1, UMD 1 and CDD 1
for the single and STR 2, UMD 2 and CDD 2 for the double concentrations represent the three types
of mixing, impeller stirred, unmixed, and the hydraulic mixed (Chinese dome digester) investigated
in this study. The digesters were compared based on OLR (single and double feeding), and the
results show that the differences between each type of digester is significant for both specific methane
production and VFA. Specifically, for the specific methane production, the significant differences are
represented by a–d and a2–d2 for STRs, e–g and e2–g2 for UMDs and h–k and h2–k2 for CDDs, shown
in Table 5.

4. Discussion

4.1. Effect of Loading Rate, Volumetric Biogas Production, VFA Concentration and Treatment Efficiency

The higher biogas production in the stirred reactors compared to the hydraulic and unstirred
reactors is attributed to the impeller mixing at 55 rpm for 10 min/hour, which might have minimized
stratification in the reactors. Biogas release in the liquid phase during intermittently mixed reactors has
been reported to increase up to 70% during mixing in comparison to non-mixing regimes [43,55,56].
This implies gas release may be hindered in unmixed digesters, and mixing increases the chances of
mass transfer from liquid phase to gas phase. This is consistent with results of Lin and Pearce, [57] and
Karim et al. [22] with the conclusion that there is impact on methane production between intermittent
mixing mode and unmixed systems. In addition, Stafford [58] showed that there was a gradual
release of biogas from the liquid phase to the gas phase during the first minute of mixing for various
intermittent mixing periods (140–1000 rpm). The Chinese dome digesters produced more methane
than the unmixed digesters as seen in Table 5. The digesters also have slightly higher methane
concentration compared to the unmixed digesters. Vavilin and Angelidaki [59] reported that uneven
mixing in digesters can lead to the creation of initiation zones in the anaerobic digesters, where methane
producing bacteria can grow and flourish and could seed the rest of the digester from these zones.

The volumetric biogas production rate increases with increasing vs. influent concentration, but the
specific methane production from digesters (STR 2, UMD 2 and CDD 2) where a double loading rate was
applied were lower compared to that of STR 1, UMD 1 and CDD 1. Similar observations were reported
by Linke [60] and Karim et al. [22]. For the naturally mixed reactors, a higher volumetric methane
production rate as a result of increased loading rate did not improve mixing in the digesters and
specific methane production. For example, as seen in CDD 1 and 2, CDD 1 had a slightly higher specific
methane production than CDD 2 despite the fact that it was operated at a double TS concentration and
exhibited higher volumetric biogas rate. This is understandable because manure is a non-Newtonian
material, the higher the solid content, the higher the apparent viscosity [61], and more force is required
for mixing.

The range of specific methane production (0.10–0.16 L/g VS) in this study for all the three mixing
modes is in an agreement with the BMP of the applied feeds and with specific methane gas productions
measured by [62], but lower compared to many studies reported [22,28,41] with slightly different
mixing modes and intensities, and a lower HRT of <20 days. However, the results from this study are
higher than results (0.08–0.10 L/g VS) of Ong et al. [43] for continuous and intermittent mixing modes.
The lower specific biogas production of Ong et al. [43] could be attributed to a high OLR of 7.2 g VS/L
d at 10 days HRT. Lastly, difference in gas production between the CDDs and the non-mixed digesters
is in agreement with the review of Lindmark et al. [63] showing that unmixed digesters will produce
10–20% lower biogas production than intermittently or mixed digesters.

The higher VFAs concentration in the UMD and CDD could be attributed to reduction of the real
HRT caused by limited mixing. The limited mixing in these reactors might have created dead zones
and lowered the actually working volume of the reactors. The higher levels of VFAs in the unstirred
reactors (UMD 1 and 2) probably did not inhibit biogas production or biodegradation. This is coherent
with the results of authors Banks et al. [64], Angelidaki et al. [65] and Ghanimeh et al. [66]. They stated
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that inhibition of biogas production may not occur at high VFAs (max. 4 g/L) if pH stays between 6.8
and 7.7, which is in agreement with the pH range of 6.7–7.2 in this study.

The stability exhibited by the reactors, especially the unmixed digesters (UMD 1 and 2), could
be attributed to the reactor geometry in which the outlet is located at the bottom of the reactor and a
relatively long HRT of 30 days. The effluent withdrawal from the bottom could have prevented strong
accumulation of solids, which may have resulted in large dead zones and indirectly VFAs in the reactor
beyond the tolerance level. The long HRT of 30 days applied throughout the experiments might have
prevented washout of microbes. In addition, the “intermittent” mixing in the unmixed digesters (viz.
feeding and effluent withdrawal) and Chinese dome digesters (viz. feeding, effluent withdrawal and
hydraulic variation during gas collection) could have slowed down the fermentation processes at a
higher OLR to allow large percentage of intermediates products to be consumed by methanogens and
synthrophs without VFAs accumulations and toxicity effects [39].

In ideal continuously stirred tank reactors (CSTR), the removal of volatile solids (VS) should be
equivalent to the methane production. Since no reactor was stirred continuously in this study, it was
expected that the vs. removal may not fit completely to the methane recovery. The percentage of vs.
removal in the reactors during the steady state period (day 150–318) are in Table 5 for reactors 1 to 6.
Volatile solid (VS) reductions in all the reactors are different but not significant, and STR 1 exhibited
the highest vs. removal, followed by digesters 2, 5, 6, 3 and 4. This trend corresponds to the specific
methane production of the reactors. Both digesters 1 and 2 exhibited better vs. reduction and higher
methane production because they were impeller mixed. This improved homogeneity and reduced
dead zones in the digesters. STR 1 exhibited higher vs. removal compared to STR 2, despite the fact that
it was fed with doubled TS content and produced double volumetric gas production. Consequently,
this affirms the earlier statement that higher volumetric gas production does not improve mixing at
higher OLRs, and hence specific methane production. The lower vs. removal in the unmixed digester
and CDDs could be attributed to limited mixing compared to the digesters 1 and 2, because interrupted
mixing or intermittent mixing has been reported to create hydraulic dead zones, which can reduce
hydraulic retention time and cause effects on reaction kinetics [22,67]. Indeed, in this study, unmixed
digesters exhibited a lower vs. reduction compared to the hydraulic mixed digesters (CDD) for both
TS concentrations because the absence of “sufficient intermittent” mixing could have reduced the
effective volume of the unstirred digesters and lead to poor vs. degradation, see Zabranska et al. [68].
In addition, the impeller mixed digester has less vs. reduction variation compared to the unmixed and
Chinese dome (hydraulic mixed) digesters. The vs. reduction for the steady period are also shown in
Table 5 for all the reactors.

The results of the analysis of variance (ANOVA) implies the reactors fed with single TS performed
better than double-fed digesters in terms of methane recovery, with the exception of unmixed and
CDD digesters at an OLR of 1.36 g VS/L/day (day 149–169) and CDD at an OLR of 1.67 g VS/L/day (day
199–159). Furthermore, digesters were compared and summarized in Table 6. Comparison of these
values show that the difference between impeller and unmixed, impeller and CDD, and unmixed and
CDD at both TS concentrations were significant also (p < 0.05).

Table 6. Methane production at steady state for single and double influent total solids (TS) concentration.
The data used are presented in Table 5. p = differences in specific methane production.

% TS Impeller and Unmixed STR and CDD UMD and CDD All Reactors

Single p < 0.01 p < 0.01 p < 0.01 p < 0.0001
Doubled p < 0.01 p < 0.01 p < 0.01 p < 0.0001

4.2. Digesters Performance and Energy Consumption

The energy requirement for STR 1 and 2 were 10.5 and 42 kJ/day, while the P.E created in the CDDs
were 0.74 and 1.2 J/day for reactors 5 and 6, respectively. STR 1 and 2 had higher power requirement
because of the mechanical mixing with an electric motor. The applied shear would be higher in STR
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2 because of the higher substrate viscosity as a result of higher TS concentration. It has been shown
by El-Mashad et al. [61] and Karim et al. [22] that shear rates increase with total solid concentration.
In the CDD, the energy consumed is very low because the energy is naturally created initially, and it is
in the form of gravitational potential achieved by the hydraulic variation as a result of pressure build
up in the reactors. The pressure increases as a result of gas production at the headspace (gas phase)
and pushes some volume of the slurry, which is non-Newtonian and non-compressible material from
the reactor into the extension chamber creates potential energy. The volume of slurry displaced will
depend on the amount of gas produced and height of the extension chamber.

The potential and kinetic energies would depend on the viscosity or the percentage of the TS
concentration of the applied feed. As discussed earlier, higher volumetric gas production did not
improve mixing at a higher OLR, because slurry at higher viscosity (higher %TS) has lower velocity
compared to slurry with lower %TS concentration. The mixing intensity in the stirred reactors is higher
than the CDDs because the spatial coverage of mixing and duration is more than the hydraulic mixing
in the CDDs. The hydraulic variation in the CDDs occurred once a day in this study. In fully operational
household digesters, the hydraulic mixing occurs between two to three times a day depending on the
frequency of cooking. Biogas and methane production are higher in the stirred reactors. However, the
differences are not significant compared to the large difference in power utilization. As a consequence,
the CDD is more energy efficient than the stirred reactors according to the results presented in this study.
Both types of reactors were intermittently mixed but applying different types of mixing. The duration
between each cycle in the stirred reactor was 50 min while 24 h for the CDDs.

5. Conclusions

The effect of mixing in three reactors designs using cow manure as substrate was investigated at
the laboratory scale. Significant differences were observed among the three types of digesters at the
different influent TS concentrations applied in this study. The impeller mixed digesters or the STRs
exhibited better biogas and methane production, and treatment efficiency, followed by the Chinese
dome digesters (CDDs) and the unmixed digesters (UMDs). STR 1 produced 20% more methane than
the CDDs and 37% more methane than the UMDs, respectively, at steady state conditions. However,
the CDDs were more energy efficient than the STRs. By applying double influent TS concentrations, the
reactors showed lower specific biogas production and higher VFAs concentrations with few exceptions.
The VFA accumulation was more pronounced in the unstirred digesters and Chinese dome digesters
mainly because of insufficient mixing.

The results of double-fed TS concentration experiments did not produce better reactor performance
(based on specific methane production and VFAs concentrations) in the CDDs despite higher volumetric
biogas production rate. This implies that hydraulic variation induced by the natural mixing by biogas
production at higher volumetric rate did not yield sufficient mixing and further studies could focus on
improving this. The hydraulic variation in Chinese dome digesters may not suffice for the treatment of
cow manure at TS concentration of 10% and above.
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Abstract: Chinese dome digesters are usually operated at long hydraulic retention times (HRT)
and low influent total solids (TS) concentration because of limited mixing. In this study, a newly
optimised Chinese dome digester with a self-agitating mechanism was investigated at a pilot scale
(digester volume = 500 L) and compared with a conventional Chinese dome digester (as blank) at 15%
influent TS concentration at two retention times (30 and 40 days). The reactors were operated at ambient
temperature: 27–33 ◦C. The average specific methane production, volatile fatty acids and percentage
of volatile solids (VS) reduction are 0.16 ± 0.13 and 0.25 ± 0.05L CH4/g VS; 1 ± 0.5 and 0.7 ± 0.3 g/L;
and 51 ± 14 and 57 ± 10% at 40 days HRT (day 52–136) for the blank and optimised digester,
respectively. At 30 days HRT (day 137–309) the results are 0.19 ± 0.12 and 0.23 ± 0.04 L CH4/g VS;
1.2 ± 0.6 and 0.7 ± 0.3 g/L; and 51 ± 9 and 58 ± 11.6%. Overall, the optimised digester produced 40%
more methane than the blank, despite the high loading rates applied. The optimised digester showed
superior digestion treatment efficiency and was more stable in terms of VFA concentration than the
blank digester, can be therefore operated at high influent TS (15%) concentration.

Keywords: Mixing; optimised; household digester; Chinese dome digester (CDD); self-agitation;
blank

1. Introduction

Energy is a vital component needed to improve quality of life, reduce poverty and for the promotion
of socio-economic activities. However, there is still global uncertainty in the energy sector because of
the declining quantity of fossil fuel reserves coupled with crude oil price instability. This global energy
situation requires alternative or renewable sources of energy and a review of current technologies.
It is vital to focus not only on the sustained economic usage of current finite resources, but also to
identify and develop renewable technologies and resources that possess the potential to provide for
the increasing energy demand. These resources and technologies should also be sustainable, clean,
globally available and easy to exploit and operate, while contributing towards the materialisation of
the United Nations millennium development goals (MDGs) [1].

The growing demand of energy due to population growth, the lack of clean energy, and the
inadequate availability of natural resources have led to growing demand for anaerobic digestion
technologies in rural areas of developing countries. Anaerobic digestion is a biochemical process that
is applied for the efficient transformation of, for example, manure and other agricultural residues
into biogas, a renewable energy source and biofertiliser. Biogas is rich in methane (50–70%), and CO2

(30–50%) with traces of water vapour (1–6%) and H2S. Biogas is a renewable, clean and efficient source
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of alternative energy which can be used as a substitute for fuels such as firewood, charcoal and cattle
dung, usually used by rural dwellers [2–4].

The household or domestic digester is an example of an anaerobic digester usually applied in
a single decentralised system mostly in rural areas of developing countries. It serves as an energy
producer and sometimes, when coupled to the toilets, as a sanitation system. Household digesters
are non-mechanically mixed and non-heated reactors [5]. Domestic biogas plants can serve as an
energy solution to meet the cooking needs of rural households. Various governments and international
funders support this system, and if managed well [6], it is a cost-effective way of mitigating greenhouse
gas emissions from animal dung [7]. This is accomplished by replacing fossil fuels with biogas and
reducing methane emissions during manure management, starting from its production to the final
application on agricultural lands [8].

Among all household digesters, the Chinese dome digester (CDD) is the most popular and
most widely implemented reactor because of its reliability, low maintenance requirement, and long
lifespan [9,10]. The CDD is a basis for the development of recent household digester designs;
for example, the Puxin digester is an example of a prefabricated digester [10].

In CDDs, gas pressure is created at the top of the reactor as a result of the biogas produced.
The stored biogas pushes part of the slurry into an extension chamber, since the chamber is usually
opened. During gas use, pressure is released, and the slurry flows back into the main reactor,
creating a mixing regime or cycle (Figure 1a,b). Therefore, CDD depends on the hydraulic variation,
i.e., the change of slurry level in the digester and extension chamber during gas use and could be
regarded as intermittent natural mixing [6]. Mixing is an important process in anaerobic digestion for
establishing contact between micro-organisms and feed for homogenisation of temperature throughout
the digester and prevention of settling and floating layers [11].

The effect of mixing on the anaerobic digestion process has been studied by various authors.
The requirement for digesters to be adequately and sufficiently mixed has been supported by many
authors [12–15], and challenged by many other authors [16–19]. Lindmark et al. [20] concluded in
a review that an intermittent mixing mode is better than continuous mixing, and shorter mixing
durations are preferable for higher biogas production and from an energy point of view. Intermittent
mixing can result in a similar quantity of gas to that obtained with continuous mixing. In addition,
Chinese dome digesters are generally operated at long hydraulic retention times (>70 days) and low
influent total solid (TS) concentrations (≤7%) when compared to mixed reactors (intermittently or
continuously). Mixing is limited, leading to a large reactor volume and higher cost [6].

Operating anaerobic digesters at high TS content (>10%) could present a better alternative to
anaerobic digestion (AD) systems operating at lower TS content (< 7%) because of the reduced reactor
volume when applying the same HRT [21,22]. A major advantage of this approach is the smaller
digester and the eventual reduction in reactor cost. Applying this approach to CDD could help in
the reduction of both the water required for dilution and the reactor size; however, the mixing in
CDDs that can be achieved during feeding, biogas production and use would be limited. In addition,
Jegede [6] investigated the impact of different influent TS (3–15%) concentrations and the related
volumetric biogas production on mixing in lab-scale CDDs. The results revealed that mixing in CDDs,
due to biogas production and reactor feeding, is not sufficient at high (>10%) TS concentrations.
Indeed, the rheological properties of manure are affected by water content or percentage of TS [23,24].
The lower the water content, the higher the yield stress, because manure becomes viscoelastic material
at high TS. The yield stress is directly proportional to the required force to make manure flow. Because
of this property, the increased volumetric biogas production at high (>10%) influent TS is not sufficient
for mixing CDDs.
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Figure 1. Schematics of the blank digester (a) before and (b) after gas production (Adapted from ref 
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Figure 1. Schematics of the blank digester (a) before and (b) after gas production (Adapted from
ref [25]).

Therefore, to reduce the digester volume viz. reduction of HRT and operation at higher influent
concentration rate (ca. 15% TS), the Chinese dome digester has been optimised to improve mixing
via a self-agitating mechanism, using the produced gas, while still being simple, cheap, easy to build
and maintainable at low cost. The objective of this research was to evaluate the performance of this
optimised self-agitating CDD at a pilot scale in continuous operation in comparison to a regular
Chinese dome digester at higher organic loading rates (15% TS, corresponding to 2.6–4 g VS/m3/d) at
HRTs of 40 and 30 days. To visualise the mechanism of the self-agitating process, a demo was done
using a 19 L transparent plastic bottle containing water, and biogas production was simulated with the
injection of air.

179



Energies 2019, 12, 2213

2. Material and Methods

2.1. Reactor Design and Setup

In this study, two pilot-scale Chinese dome digesters, optimised and blank, were operated at
a relatively high loading rate. The reactor volume, which is also the active volume, was 500 L,
with expansion chambers of 250 L each for effluent variation and outlet. The expansion chamber was
open, and was not closed throughout the study. A scheme of the two pilot-scale reactors is shown in
Figures 1 and 2. The difference between the blank and the optimised digester was the inclusion of
two baffles at the top and bottom of the optimised digester, as shown in Figure 2. The upper baffle,
the main baffle, divides the headspace of the reactor into two compartments, A and B (Figure 2). The
length of the baffle, which should not reach the same level as the effluent outlet pipe of the digester,
was calculated based on the previous work of Jegede et al. [25]. The gas outlet is located in compartment
B, while compartment A has no gas outlet. The biogas produced is stored in both compartments before
gas collection, while the slurry level in the extension increases due to the pressure build up caused by
the produced biogas. After gas collection or gas use, the pressure in compartment B will decrease to
atmospheric pressure, while the slurry flow back into the reactor and the level of slurry increases in
compartment B; however, the pressure in compartment A remains stable, with some slight variations
when the level reaches the tip of the baffle. The lower baffle helps to prevent short circuiting of influent
by creating mild hold-up and help to improve mixing of the influent with the reactor contents.
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Figure 2. Scheme of the biogas production in the optimised digester (a) before biogas production.
(b) Biogas production and flow of gas into compartment B. (c) Biogas production continues, gas flows
to compartment B after gas is used.

Further production and release of biogas into compartment A will increase the pressure in the
compartment and pushes the slurry below the baffle. This will cause some biogas to be transported
below the baffle into compartment B; immediately afterwards, the slurry level in compartment A will
return to the initial level. This process creates a self-agitation cycle. Septums were incorporated on top
of the reactors to allow pressure measurements.

2.2. Manure Collection and Preparation

The inoculum used for digester seeding was collected from a 10 m3 Chinese dome digester treating
cow manure with a TS concentration of 8% operated at an average ambient temperature of 30 ◦C at
40 days HRT. The inoculum was collected on the same day the reactors were started, and 300 L was
added into each reactor as seed. The cow manure used as feed in this study was collected freshly at
the agricultural farm, Obafemi Awolowo University, Ile ife, Osun, Nigeria. Each batch collected was
refrigerated at 3 ◦C prior to use and later diluted up to 15% TS prior to feeding at ambient temperature.
The mean characteristics of the feed are given in Table 1.

Table 1. Feed characteristics and operating parameters; average values of input feed.

Parameter Both Reactors

Total solids influent (TS) (% after dilution)
Volatile solids influent (VS) (% of TS after dilution)

15
73 ± 0.04

Organic loading rates (OLRs), g VS/m3/d (40 days)
Organic loading rates (OLRs), g VS/m3/d (30 days)

2.6–3
3.5–4

NH4
+-N (g/L) 2.1 ± 0.6

Hydraulic retention time (HRT) 40, 30

2.3. Operation

The reactors were operated throughout the study period at the same conditions. After seeding
with 300 L, the reactors were fed at a TS of ca. 15% corresponding to approximately an OLR of
2.6–3 g VS/L/d, without effluent withdrawal, until the digesters were filled up. Effluent withdrawal
from the expansion chamber started on day 32, and HRT was 40 days from day 32 until 136 and 30 days
(HRT) from day 137 until 319. The digesters were operated at ambient temperature 26–33◦ C.
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2.4. Monitoring and Analytical Methods

The ambient temperature of the shed where the reactors were located was monitored using an
EL-USB digital temperature logger. pH of effluents was measured using a table top pH meter with a
probe, Ohaus Starter 2100. The total solids (TS) and volatile solids (VS), ammonium nitrogen (NH4

+-N)
of influents and effluents were determined according to standard methods as described by APHA [26].
Biogas volume was collected in a gas bag three times a day and methane percentage was measured
using an Ultrasonic biogas meter BF-2000, PUXIN, Longgang, Shenzhen, China. The gas concentrations
of volatile fatty acids (VFAs), mainly acetate, propionate, iso-butyrate, butyrate, iso-valerate valerate in
effluent samples, were determined in triplicate using a 7890 B gas chromatograph (Agilent Technologies)
equipped with an HP-5 column (30 m× 0.32 mm× 0.25µm, Agilent Technologies) and a flame ionisation
detector (FID). The carrier gas was nitrogen with a flow rate of 6.5 mL/min. The operating conditions
were as follows: injector temperature, 120 ◦C (splitless); detector temperature, 250 ◦C; an oven
temperature program initiating at 40 ◦C, followed by three sequenced temperature increases (i) at
a rate of 60 K/min up to 100 ◦C, (ii) at a rate of 50 K/min up to 150 ◦C and, finally, (iii) at a rate of
90 K/min until 240 ◦C was reached. Calibration stock solution and sample preparation where done
according to standard methods for the examination of Water and Wastewater [27]. The pressure
measurement was done with a Greisinger GMH 3151 digital pressure meter with logger and was done
after feeding representing steady state period for both reactors. The specific biogas and methane yields,
were calculated as daily biogas methane produced, divided by the amount of VS fed to the reactors,
were used to monitor the digestion efficiency of the digesters.

Biogas production rates were calculated as volume of gas produced per litre of digester volume
(500 L) per day. Methane yields were calculated as the volume of methane produced per unit mass of
VS added. All measured gas volumes were converted to standard conditions (273 K, 1 bar). A steady
state condition is assumed when methane production is within 15% variation [28].

3. Results and Discussion

3.1. Reactor Performance

The specific gas production, VFA concentrations and VS reduction in time for both the optimised
and blank reactors are presented in Figure 3, showing a start-up period with relatively low gas
production for both reactors up until ca. 80 days of operation. VFA concentrations were relatively
low for the whole period in the optimised reactor, while the blank reactor showed much higher VFA
concentrations up to 1 g/L.

Steady state at an HRT of 40 days was achieved for the optimised reactor in the period between
82 and 137 days, characterised by an average specific methane production of 0.32 ± 0.05 L CH4/g
VS, a VFA concentration of 0.7 ± 0.2 g/L and a VS reduction of 63 ± 4%. Even at a relatively long
HRT of 40 days, gas production and VFA concentration in the blank reactor fluctuated considerably,
characterised by an average specific methane production of 0.19 ± 0.14 L CH4/g VS, VFA concentration
of 1 ± 0.3 g/L and a VS reduction of 54 ± 17% during the period in which the optimised reactor operated
rather stably.

The decrease in HRT from 40 to 30 days on day 137 to 309 (end of experiment), resulted in the
decline of gas production in both reactors.

In the blank, methane dropped rapidly to approx. 0.01 L CH4/g VS, while the average VFA
concentration increased to about 2.3 g/L, but VS reduction remained high, at an average of 56 ± 3%.
This might be a result of inhibition of methanogenesis arising from system’s instability and reactor
overload because of an absence of sufficient mixing. Gas production increased once again and peaked
at 0.51 L CH4/g VS on day 182, with VFAs dropping to 0.5 g/L before becoming a bit more stable
again from day 183 to day 270. Apart from the instability caused by the change in HRT from 40 to
30 days, the blank digester experienced instability for most of the time except for the period from
day 183 to 270. The accumulation of VFAs, mainly acetate, was due to the change in HRT indicating
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system overloading. The high gas production recorded during short periods, viz., days 80–85, 176–195,
and 253–258, might be attributed to the degradation of accumulated VFAs. The VFA concentration
observed in the effluents is shown in Figure 3.
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Figure 3. Methane production, volatile solid reduction, and total volatile fatty acids. Blank digester (�),
optimised digester (#).

Similarly, a rapid decrease in methane production from 0.35 to 0.10 L CH4/g VS and increase in
VFA concentration from 0.7 to approx. 2 g/L was noticed in the optimised reactor when decreasing the
HRT to 30 days (days 138–158). Afterwards, the reactor recovered and remained stable until the end of
the study (day 309).

3.2. Steady State Period

In Table 2, the average results of the two reactors are presented over the periods days 82 to 137
(HRT 40 days) and days 160 to 309 (HRT 30 days). Based on the set criteria, ‘steady state’ could be
assumed for the optimised reactor for both periods, but not for the blank reactor. The average methane
production for the optimised reactor at an HRT of 40 days was 0.32 L CH4/g VS, with a small variability
(std = 0.05), compared to the blank, which had an average methane production of 0.19 L CH4/g VS,
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but with a large variability (std = 0.14). Similarly, at an HRT of 30 days (days 160–309), average methane
production was 0.23 L CH4/g VS, with small variability (std = 0.02), compared to 0.21 L CH4/g VS,
large variability (std = 0.12) in the blank digester. This trend also holds for VFAs, as shown in Table 2.
In addition to stability, the optimised digester produced 50% more methane than the blank at an HRT
of 40 days.

Table 2. Average operating conditions, gas production and effluent values of the optimised and blank
CDD reactor under ‘steady state’ conditions in the optimised reactor.

Reactor HRT Period OLR Biogas
Prod. Rate

Sp. Methane
Prod. VFAs VS

Red.
Effluent
NH4 +N

Effluent
pH

day Day g VS/L d L/L/d L CH4/g VS (g/L) (%) g/L

Blank 40 82–137 2.6–3 0.91 (0.6) 0.19 (0.14) 1 (0.3) 54 (17) 2.5 (0.10) 7.5 (0.2)
Blank 30 160–309 3.5–4 1.16 (0.6) 0.22 (0.12) 1 (0.47) 50 (9) 2.1 (0.4) 7.8 (0.1)

Optimised 40 82–137 2.6–3 1.40 (0.2) 0.32 (0.05) 0.7 (0.2) 63 (4) 2.05 (0.16) 7.6 (0.12)
Optimised 30 160–309 3.5–4 1.30 (0.12) 0.23 (0.02) 0.58 (0.23) 60 (10) 2.1 (0.5) 7.8 (0.07)

NB: Standard deviation values are in parenthesis.

As expected, some lower gas production was recorded at and HRT of 30 days as compared
to 40 days. This is also true for the VS reduction in both reactors. In the optimised digester,
the average specific methane production and average percentage of VS reduction during the second
steady state period is much lower compared to the first steady state. However, the average
VFA concentrations (0.7 ± 0.3 g/L) during the first steady state period is slightly higher than VFA
concentrations (0.6 ± 0.2 g/L) during the second. This implies that the change in HRT from 40 to 30 days
affected the digester performance. A similar trend was observed by Zeeman [29] in a continuously
stirred tank reactor (CSTR). When HRT was changed from 25 to 10 days during anaerobic digestion
of cow manure at 30 ◦C, the methane production observed was 0.13 and 0.10 L CH4/g VS for 25
and 10 days, respectively. Also, Ghanimeh et al. [30] observed a reduction in methane production
from 0.32 to 0.21 L CH4/g VS when HRT was changed from 67 to 40 days during the thermophilic
anaerobic digestion of source-sorted organic fraction of municipal solid waste. Indeed, digesters
treating slurries and solid wastes might have their HRT similar but not equal to the solid retention time
(SRT), depending on how well the reactor is mixed. During the anaerobic digestion process of solid
wastes, the hydrolysis stage of particulate matter is usually the rate-limiting step [31], and therefore
long SRT is often required. Long solid retention times are of interest and advantageous because
they increase the conversion capacity, giving buffering capacity against shock loadings and toxic
compounds [32,33]

The lower and more stable VFA concentration in the optimised reactor may be a result of relatively
longer SRT in comparison to the blank digester, assuming that Monod kinetics prevailed. The higher
gas production in the optimised as compared to the blank reactor is mainly due to improved hydrolysis,
as the VFA concentration is relatively low and acidogenesis is generally not limiting in manure
digestion [29]. However, when first-order kinetics are valid, smaller differences in hydrolysis are
expected at longer HRTs. The large difference in methane production and therefor hydrolysis at a
theoretical HRT of 40 days between the optimised and blank CDD digester suggests a very large
difference in real SRT. The blank reactor might suffer from extensive dead zones, as shown in laboratory
experiments by Jegede [6]. It is not clear why these differences are less distinct when operating the
CDDs at a theoretical HRT of 30 days. Nonetheless at both theoretical HRTs, the optimised CDD,
with inclusion of two baffles, performs better as compared to the blank. Details of the impact of the
baffles are discussed in the next section.

184



Energies 2019, 12, 2213

3.3. Effect of Baffles on Mixing

3.3.1. Self-Mixing Cycle

The results of in situ pressure measurement to confirm and evaluate the self-agitating mixing
cycles are presented in Figure 4 for the baffled and unbaffled sides of the optimised and blank digesters.
The pressure measurements were performed after the optimised reactor achieved a steady biogas
production; however, the gas production in the blank digester did not stabilise throughout the study
period. The aim of the pressure measurement was to confirm if the reactor under goes a self-mixing
cycle and to determine the frequency of the pressure variation in the reactors.

12 

 

 

Figure 4. Pressure reading on different days, black—day 165, red—day 166, green—day 167, yellow—day 

168, blue—day 169. (a) Measurements taken at the top of baffled side—compartment A of the optimised 

digester; (b) measurement taken at the top of the unbaffled side—compartment B of the optimised digester; 
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Figure 4. Pressure reading on different days, black—day 165, red—day 166, green—day 167,
yellow—day 168, blue—day 169. (a) Measurements taken at the top of baffled side—compartment A of
the optimised digester; (b) measurement taken at the top of the unbaffled side—compartment B of the
optimised digester; (c) measurement taken at the top of the blank digester. The blank digester has only
one compartment.

185



Energies 2019, 12, 2213

Figure 4a presents pressure measurements of the baffle side of the optimised reactor on five different
days. The pattern for each measurement is almost the same. The patterns show pressure fluctuations
at an average of two minutes interval for all measurements indicating a self-agitating mixing cycle
when gas flows from compartment A to B. Meanwhile, in Figure 4b,c, which shows the measurements
for the unbaffled side of the optimised and blank digesters, respectively, a gradual step-wise increase
of the pressure is noticed. This means a gradual pressure build-up due to biogas production.

3.3.2. Effect of Baffles on Mixing and Reactor Performance

Since the upper baffle of the optimised digester results in self-mixing of the top layer of the
reactor, the latter might have improved the overall performance of the digester despite high applied
loading rates. In addition, improved mixing was also achieved by prevention of short circuiting of
the incoming substrate to the outlet/expansion chamber by the lower baffle. Short circuiting of the
incoming substrate will lead to the reduction of the real HRT and eventually low digestion performance.
The lower baffle helps the incoming substrate to mix with the reactor content and therefore prevent
stratification and eventually mitigating the dead zones at the bottom of the reactor. Dead zones
impact negatively on overall digestion performance because the active volume in anaerobic digesters
is reduced. For example, in previous studies, Jegede [6] showed that laboratory-scale conventional
CDD systems have dead zones resulting in shorter real HRT as compared to the theoretical HRT at 15%
influent TS. 23% dead zone was estimated based on the residence time distribution (RTD) technique,
which impacted negatively on the amount of methane generated and digestion efficiency. Furthermore,
the improved mixing in the optimised digester prevented the accumulation of scum or floating layers
on top of the reactor compared to the blank digester. This might be another reason for the large
fluctuations of the biogas production in the blank digester, because the produced gas might be trapped
in these floating layers. Chinese dome digesters have a cylinder shape with a large surface area to allow
large storage volume of biogas. The large surface area aids the build-up of suspended solids or scum if
mixing is limited [34]. Moreover, mixing is important to (i) provide even temperature distribution
and proper diffusion or spread of metabolic intermediates [13], (ii) enable sufficient contacts between
micro-organism and nutrients [18], and (iii) improve hydrolysis and increase substrate surface area [15].

There are no significant differences in the average NH4
+ -N concentrations in the influent and

effluent from both digesters; however, concentrations fluctuated over time (shown in Figure 5). In the
blank, the average concentration of NH4

+-N concentration fluctuated between 1.1 and 2.6 g/L, with an
average of 2.3 ± 0.5 g/L at 40 days HRT. The concentration varied between 1.2 and 2.6 g/L and averaged
2 ± 0.3 g/L in the optimised digester. After the change of HRT to 30 days and an increase of OLR,
NH4

+-N concentration peaked at 3.6 g/L in the blank and 3.1 g/L on day 140, but later dropped and
averaged 2.2 ± 0.5 and 2.1 ± 0.5g/L until the end of the experiments in the blank and optimised digester,
respectively. Generally, these moderate NH4 +N concentrations did not cause adverse inhibition in
the digesters because of the acclimatisation of feed and digesters operating temperature (mesophilic).
The VFA accumulation (2.5 g/L, day 140) in the blank digester during the experiment might have been
induced by moderate inhibition of NH4

+-N concentrations at 3.4 g/L–3.6 g/L. However, overall there is
no clear pattern between NH4

+-N and VFA in either digester.
After the change in HRT and the increase in OLR, higher concentrations of NH4

+-N were recorded
in both reactors, with 3.6 and 3.1 g/L in the blank and optimised digesters, respectively, but no
significant change in the pH. The higher values could be a result of accumulation of NH4

+-N during
the hydrolysis of protein after the increase in OLR. This trend is similar to the results of a previous
study by the authors [30], in which an increase in ammonia concentration was recorded with increasing
OLRs. Sufficiently high ammonia concentration to result in inhibition was not recorded in this study,
because cow manure has an optimum C:N ratio (25-30:1)

The pilot-scale reactors unfortunately could not be tested for mixing behaviour using tracers,
but the reactor performance results clearly show the better stability, higher gas yield and lower effluent
VFA concentration for the optimised reactor in comparison to the conventional CDD reactor. The letters
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indicate that the real HRT in the optimised CDD approaches the theoretical HRT predicted in the
model study. The latter should be tested in practice in future research.
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Figure 5. Concentration of ammonium nitrogen in effluent of both digesters over time. 
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Figure 5. Concentration of ammonium nitrogen in effluent of both digesters over time.

3.4. Implication of Optimisation on Reactor Size and Cost

The impact of the improved mixing in the optimised Chinese dome digester on size, cost and
water reduction is evaluated in this section. The improved Chinese dome digester design parameters
and output were compared with the optimal design of a conventional Chinese dome digester for
rural Kenyan and Cameroonian households [35]. The main parameters are presented in Table 3.
Both digesters presented, for Kenya and Cameroon [35], have similar characteristics, except that the
Kenyan digester was operated at a lower OLR. The estimated size for the improved system in this
study is based on the reduced HRT (30 days) and increased influent TS. The cost of the improved CDD,
using 50% of the Cameroonian reactor volume, was estimated, after consulting W. van Nes of SNV,
to be $450 plus 7.5% for the added baffles.

The two digesters (Kenya and Cameroon) were made from cheap stabilised interlocking soil
blocks constructed by the organisation SNV. From the table, it is obvious that the improved mixing
created by the addition of baffles made a positive impact on the problems highlighted in the review
at the beginning of the article—long hydraulic retention time, high water dilution, reactor size and
capital cost of the system.

The size of the improved baffled CDD is half of that of the Kenyan and Cameroonian digesters,
while the volumetric biogas production is higher. The major differences between the improved and
conventional digester [35] are the higher OLR, higher biogas production (more than two-fold) and the
improved mixing conditions. In addition, the requirement for water is reduced by half. The applied
influent VS concentration for the Cameroonian was calculated to be 88.2 g VS/L, while it was 108 g VS/L
for the improved CDD, respectively. Assuming the manure was 25% TS and 18% VS (73% of the TS in
this study) before water dilution, 1.1 and 0.7 litre dilution water per litre manure is needed for the
Cameroonian and improved CDD, respectively. The lower water requirement will positively impact
the application of the improved system because of limited water availability in arid regions.

The similar biogas production at a quite different organic loading rates applied in the Kenyan and
Cameroonian systems indicates that mixing is limited in the conventional CDD. The results show that
the established intermittent mixing cycle in the improved CDD considerably improves the conversion
efficiency as compared to that in the conventional CDD.
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4. Conclusions

The improved Chinese dome digester with two baffles was evaluated in a pilot study and
compared with the conventional (blank) digester in continuous operation at higher organic loading
rates (ca. 15% TS, corresponding to 2.6–4 kg VS/m3/d) at HRTs of 40 and 30 days. The optimised
Chinese dome digester has a two-minute self-mixing or agitation cycle of the top layer of the digester
content, using the produced gas without a moving device. Since the optimised digester is self-mixed
with the aid of baffles, the overall performance of the digester did improve and produced 40% more
methane than the blank, despite the applied high loading rates. The optimised digester showed
superior digestion treatment efficiency and was more stable in terms of VFA concentration than the
blank digester, and therefore could be operated at high influent TS (15%) concentration.

The results revealed that mixing becomes important at high influent TS (15% TS influent), because
influent rheological property requires more mixing to achieve similar results. The experimental results
showed that the self-agitation cycle contributes to the improved performance of the optimised digester.
The specific biogas production from the optimised reactor is comparable to results from continuously
stirred reactor tanks (CSTR). As a consequence, a smaller reactor volume could be achieved at high
loading rate at reduced HRT (≤ 40 days) and eventually reduction in reactor cost as compared with
the two digesters (Kenya and Cameroon). High-input TS concentrations mean lower water dilution;
therefore, the lower water requirement will positively impact the application of the improved digester
because of limited water availability in arid regions where Chinese dome digesters are used for cooking.
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