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Abstract

Effluent streams originating from swine production can be a major cause of point-source pollution and very

dangerous for the surrounding environment. In this work, biogas and biomethane potential of swine-derived efflu-

ents were assessed under mesophilic conditions (37 °C) among different production stages (Farrowing, Gestation,

Weaners, and Fattening) in order to investigate the suitability of anaerobic digestion as a treatment technology

and energy recovery tool. Anaerobic biodegradability and kinetic modeling of the different wastewaters were also

evaluated in order to better understand the degradation patterns of each waste stream. The specific metha-

ne yields for each substrate wastewater were successfully determined gravimetrically and ranged from 293.9 ±
31.6 mL CH4.gVS added for Gestation, 248.0 ± 246.6 mLCH4.gVS added-1 for Fattening, and 172.4 ± 1.62

mLCH4.gVS added-1 for Weaners. Farrowing wastewater presented no detectable biomethane production in the

studied conditions probably due to very low organics content. Anaerobic biodegradability results showed that was-

tewaters from Gestation (60.28%) had a higher biodegradability index when compared with Fattening (37.96%)

and Weaners (45.97%) stages. The Logistic and Gompertz models fitted the experimental results well and may

provide valuable knowledge for the treatment of specific swine wastewater streams at different growth stages

within a perspective of producing biogas. The results obtained in this work should be encouraging for on-farm

energy recovery and anaerobic digestion technology viewed as an important contributor to alleviate the increasing

energy demand within the swine industry. However, as indicated by biodegradability data and organics removal

percentages, biological treatment does not comprise a complete solution and should be complemented with other

treatment methods.

1 Introduction and scope

1.1 General considerations about swine wastewater (SW) production

Livestock production, including swine production, is one of the most important agricultural sub-
sectors in the European Union (EU), with a long tradition across all member states. In 2015, the
pig farming sector accounted for more than 8% of agricultural output [1] in the EU with most
of the production depending on intensive methods conducted in large farms. In fact, the current
trend across Europe involves large numbers of animals concentrated in small regional clusters in
countries like Denmark, Germany, Spain, France, Poland and the Netherlands, which accounted
for more than 70 % of pig population [1] in 2015. The role of Portugal in this European pig
farming scenario is still very limited with the country hosting a pig population of about 2 million
heads in a universe of 148 million (about 1,5 %, 2015 data) [1]; however, the general trend for
intensive production, concentration in small areas, and increase on the average farm size is the
same as in Europe, with many environmental impacts at a local level well documented.



Despite meat consumption being somewhat constant in last few years within the EU [2], uncer-
tainties surrounding increased competition and regulation still remain. This is the case not only
for Portuguese farm owners, but to the whole pig farming sector at EU level due to criticisms
related to the environmental impact of farm activities and challenges related to energy use and
economical viability at farm level. Therefore, the need for the development of novel manure ma-
nagement and processing techniques is present and has drawn extensive attention and interest
in recent years among scientists and private farm owners. In fact, swine wastes like the liquid
fraction of swine manure, are increasingly viewed as an important bioenergy feedstock with an
associated economic value. Beyond its traditional application as soil fertilizer, swine wastewater
is believed to be a promising option for biogas and hydrogen production with the capability to at
least complement the energy demand of many farms while contributing to alleviate the financial
pressure on farm owners. This scenario thus opens a new window for research ventures related to
the remediation of swine-derived wastewaters with the aim of producing energy and value-added
products while respecting environmental regulations.

Swine wastes are a complex biogenic organic-inorganic waste generated by the natural process of
animal food digestion and can be defined as a mixture of animal excrements (45% solid and 55%
liquid [3]) and process waters used for sanitary purposes in swine farms [4]; [5]. The general clas-
sification of these byproduct varieties in pig breeding can be preliminary divided in three groups
according to the dry matter content of the wastes, namely: wastewaters (less than 5% DM),
slurries (between 5-15% DM) and solid manures (more than 15% DM). As the main by-product
of swine farms, the liquid fraction of swine manure is typically generated in large quantities in
non-bedding intensive animal farming being the subject of great environmental concern in the
modern world as a major cause of point-source pollution from wastewater discharge or overferti-
lization of soils. Specifically, high amounts of discharged nutrients and organic matter can lead to
eutrophication of water bodies, soil and air pollution from accumulation of nutrients, gas emissi-
ons such as ammonia, as well as odors. Moreover, waste streams derived from pig production are
also a source of microbiological and heavy metal contamination, which can lead to human health
hazards. For example, livestock excrete many different pathogenic microorganisms of relevance
to human health which can be water-borne or food-borne and enter human food chain through
agricultural contamination in many irrigation systems [6]. Within this framework, European po-
licy makers have advanced with a series of regulations and instruments in order to minimize
environmental concerns. In 1991, the Nitrate Directive [7] for the protection of water bodies
was adopted and established a limit of 50 mg.L-1 for wastewater discharge. Later, the Water
Framework Directive [8] imposed standards for ”good qualityöf surface and underground waters.
As a result, legislation was adopted in Portugal regarding pollutant concentrations for treated
wastewaters. The maximum permissible values related with industrial wastewaters discharge in
Portugal including swine farm effluents, are summarized in Table 1. Also, the Gothenburg Pro-
tocol [9] was adopted in 2001 setting national targets for five pollutants (SO2, NOx, volatile
organic compounds (VOC), NH3 and fine particulate matter) responsible for acidification, eutro-
phication and ground-level ozone pollution. As a result of this effort,SO2 emissions were reduced
by 82%, NOx emissions by 47%, non-methane VOC emissions by 56% and NH3 emissions by
28% in the EU between 1990 and 2010. More recently, new emission commitments were adopted
for 2020 and 2030 [10]. Of special interest for swine production activities are NH3 emissions with
Portugal aiming a reduction target of 7% and 15% for 2020 and 2030 relative to 2005 levels.

At present, the main challenge in swine waste management in large farms is thus effluent proces-
sing. As a consequence, extensive research has been carried out on the use of novel technologies
to adequately handle effluent generation at a farm level. There are three primary approaches for



swine waste remediation at farm scale: solid/liquid separation methods, solid fraction treatments,
and liquid fraction treatments. A list of available technologies can be found in Table ??. From
those mentioned, the most common process to improve the characteristics of SW is anaerobic
digestion (AD). AD is the biotechnological application of methanogenesis, a process which uses
microorganisms to achieve partial degradation of organic matter in the absence of oxygen. In
AD, complex microbial communities mediate the conversion process in a series of consecutive
steps (hydrolysis, acidogenesis, acetogenesis and methanogenesis) and yield a mixture of gaseous
products comprising mainly CH4 and CO2 called biogas. The presence of CH4 in high quantities
(typically 60-65 %) in biogas has established its use as a fuel within many applications [11]; [12].

Some important studies have been published dealing with the digestion characteristics of liquid
swine wastes in many farms. Nevertheless, there are few studies which portrait a complete picture
of animal growth cycle as these studies often do not include the variability between the various
growth stages in which large farms usually operate. Among those that share some relevance
with the present work, three studies are worth highlighting. Zhang et al [13] investigated the
characteristics of anaerobic digestion of pig manure from different growth stages in a large-
scaled pig farm in Southern China. The authors performed batch experiments using gestating
sow manure (GSM), swine nursery with post-weaned piglet manure (SNM), growing fattening
manure (GFM) and mixed manure (MM)) at four substrate concentrations (40, 50, 65 and 80
gVS.L-1) under mesophilic conditions. They concluded that the characteristics of GSM, SNM,
GFM and MM were significantly different due to different feed strategy and nutrient digestibility
at different growth stages. The maximum methane yields of MM, SNM, GSM and GFM were
354.7, 328.7, 282.4 and 263.5 mLCH4.gVSadded-1, respectively, at a substrate concentreation of
40 gVS.L-1. Guo et al [14], in turn, evaluated the efficiency of a full-scale biogas plant operating
at low temperatures on a pig farm also in China. In order to compare the methane production
on-site with the biogas potential of the manures originating from different production stages,
batch tests were carried out on the individual substrates at 37 degrees C (mesophilic conditions)
and 20 degrees C. In this research the methane yields for sows, piglets and fattening were
290, 290, 270 mLCH4.gVSadded-1. Finally, Gopalan et al [15] studied the impact of production
stages in the anaerobic digestion of swine effluent streams. Methane potentials were evaluated
by means of BMP tests with a inoculum to substrate ratio of 1:1 and degradation kinetics
was also studied. Authors found that the methane yields varied substantially between stages
with finishers (470 ± 170 mLCH4.gVSadded-1), weaners (450 ± 150 mLCH4.gVSadded-1) and
growers (460 ± 160 mLCH4.gVSadded-1) effluent streams attaining superior results than dry
sows (260 ± 120 mLCH4.gVSadded-1) and farrowing streams (380 ± 160 mLCH4.gVSadded-1).
It was also concluded that the variation on degradaton kinetics may be related with different
management practices within the industry such as feed type, feeding techniques and effluent
handling methods.



Parameter Units Maximum allowable value
pH Sorensen scale 6.0-9.0

BOD5 mg.L-1 40
COD mg.L-1 150
TSS mg.L-1 60
Odor - undetectable at 1:20 dilution
Color - not visible in 1:20 dilution

C6H5OH mg.L-1 0.5
Oils and Fats mg.L-1 15

S mg.L-1 1
SO3 mg.L-1 1
SO4 mg.L-1 2000
TP mg.L-1 10

N-NH4 mg.L-1 10
TN mg.L-1 15

NO3 mg.L-1 50

Table 1: Maximum allowable values for industrial wastewater discharge in Portugal



Category Technology Objectives
Solid-Liquid
separation

Coagulation / Flocculation Phase separation to enhance further treatments or
better

Electrocoagulation managing each phase separetely. Includes
mechanical,

Grid separation chemical and electrochemical methods.
Sieve separation
Screw pressing
Filter pressing
Drum filters
Centrifuge

Natural settling
Air flotation

Solid fraction
treatment

Composting
/Vermicomposting

Solid phase treatment focused on nutrient
management

Bio-drying or energy recovery. Includes biological and
thermochemical

Thermal-drying methods
Pelletizing

Combustion
Gasification

Pyrolysis
Wet oxidation

Liquid fraction
treatment

Anaerobic digestion

Ammonia stripping
Carbon-dioxide stripping

Ozonation
Vacuum evaporation

Aerobic digestion
Membrane filtration

Electrooxidation
Nitrification-Denitrification

Struvite precipitation
Calcium phosphate

precipitation
Algae production

Constructed wetlands

Table 2: Summary of existing effluent process technologies

1.2 The present study

This paper is focused on the characterization and evaluation of biogas and biomethane potential
of swine-derived effluents from different production stages. The study specifically assesses the
degradation patterns of the swine waste streams produced in a large scale farm using BMP assays
and kinetic modelling. The primary aim is to demonstrate the inadequacy of AD as a full scale
treatment technology of specially dirty effluents such as swine wastewater while simultaneously
providing valuable insights for a future in situ implementation of the technology, in this way not
devaluing its importance as an energy recovery tool for agroindustries.



2 Materials and Methods

2.1 Farm description, substrates and inoculum

The swine wastewater used in the study was obtained from a large scale pig farm located in
Alentejo, Portugal. The farm operates in a closed cycle, i.e, pigs are raised in separated breeding
units which are classified as gestation (gestation sows until right before giving birth), swine
nurseries/farrowing (gestation sows a few days before giving birth to until weaning), weaners
(from farrowing to 28 kg of bw) and growing fattening (from 28 kg to 110 kg of bw). The
management of wastewater on farm follows a traditional pathway based on sequential process
comprising a solid-liquid separation unit and biological treatment (aerobic lagoons). Swine
wastewater samples were collected from drainpipes that carried wastewater from the slatted
floors inside buildings to external tanks before any treatment was applied. Each sample was
classified according to the different growth stages and stored at - 20°C until usage in the present
work. The inoculum was fresh cow manure obtained from a local farm in Portalegre, Portugal,
and had the following characteristics: pH 7.3 , 20.44 0.45 %TS and 60.96 1.39% VS (%TS).

2.2 Analytical techniques

Substrates were characterized based on selected physicochemical and biochemical parameters
relevant for the digestion process. pH, EC, ORP and TDS were measured prior to sample
storage using a Hanna pH meter. TS and TVS were determined gravimetrically using standard
methods by placing the sample in the oven for at least 24h at 105°C and the obtained dried mass
subsequently placed in a furnace at 550°C for 2h to obtain the volatile solids content as a fraction
of the total solid (%TS). Chemical oxygen demand (COD) was determined by the standard
dichromate method using digestion vials. After chemical digestion at 150°C for 2h (Aqualytic
AL32 thermoreactor), samples were returned to ambient temperature and COD determination
achieved using a photometer (Aqualytic COD vario – PC compact) [16]. 5-day biochemical
oxygen demand (BOD5) was determined using a Aqualytic A311 sensor system based on the
manometric principle and following the standard methods 5210D procedure. Ultimate analysis
to determine carbon (C), nitrogen (N), hydrogen (H) and Sulfur (S) contents was performed for
the generation of stoichiometric description of the wastewater. Samples were firstly oven dried
at 105°C until constant weight was obtained and then analyzed using a Flash Thermo CHNS-O
2000. Oxygen content (O) was calculated by difference, O% = 1-C% - N% - H% - S% - ash%).

2.3 Biogas and biomethane assay experimental procedure

The experimental procedure followed in this study was based on the principles described by [17]
and later revised by other researchers [18]; [19]. Specifically, BMP assays were carried out in
serum bottles (Schott Duran, Germany) of 1000 mL, with a working liquid volume of 600 mL and
a headspace volume of 400 mL. Bottles contained appropriate quantities of inoculum/substrate
in a ratio of 3.0 g VS inoculum/g VS substrate. The bottles were flushed with nitrogen gas,
sealed with 5mm thick silicone discs (Schott Duran, Germany) and closed by a plastic screw cap
(Schott Duran, Germany). Each bottle was then placed in an incubator at a constant mesophilic
temperature (37 °C). Biogas production was measured indirectly by mass loss (gravimetric me-
thod) as detailed by [20]. The mass of each reactor was determined to the nearest 10 mg before
and after any period of biogas production, during which time biogas was removed/collected in
gas bags by puncturing with a hypodermic needle until atmospheric pressure/equilibrium was



reached. The collected biogas was immediately characterized by a portable gas analyzer (GasDa-
ta GFM406) which allows to measure the volume percentages of CO2,CH4,O2,H2S, CO in the
mixture. Mixing was performed manually during the incubation period at regular times. BMP
assay was ended when biogas production ceased or reached a plateau. All experimental assays
were performed in duplicate and control/blank bottles with only inoculum/water were inclu-
ded in order to correct the obtained methane production. All values are expressed at standard
temperature and pressure.

2.4 Theoretical BMP and methane-based biodegradability

The amount of biogas produced from the degradation of a specific sample, in the case SW
from different production stages, can be theoretically estimated using its elemental composition
and COD characterization. From the work of Symons and Buswell from the 1930s [21], a basic
understanding of the biochemical oxidation-reduction reactions occurring during AD was rea-
ched, allowing for the calculation of the expected methane production of a known biochemical
compound. According to the method, which is known as Buswell equation, the elemental com-
position of the substrate (C, H, O, N, S) is used to derive an empirical formula of the substrate
and calculate the volumes of CH4 and CO2 resulting from its degradation. The formula, however,
presumes that only biodegradable matter is present and that all electrons donated are exclusively
used for metabolic energy, neglecting the energy demand of microbial populations (cellular syn-
thesis)[22]; [23]. Total stoichiometric conversion of the organic compounds is therefore assumed,
resulting in overestimation of methane potential. Nonetheless, the method can provide fast and
easy indication as to the biogas composition of a given substrate [24].

CcHhOoNnSs+
(4c−h−2o+3n+2s)

4 H2O− (4c−h+2o+3n+2s)
8 CO2+

(4c+h−2o−3n−2s)
8 CH4+nNH3+

sH2S

BMPth =
22.4( c2+

h
8 −

o
4 )

12c+h+16o

(
STP L CH4

g V S

)
COD concentration can also be used to estimate the theoretical CH4 yield as COD indirectly
measures the amount of organic matter present in a given substrate. This method is based on
the assumption that 1 mole of methane requires 2 moles of oxygen to oxidise carbon to carbon-
dioxide and water [25]; [26].

BMPthCOD =
nCH4

RT

pV Sadded

nCH4
= COD

64 (g.mol−1)

where BMPthCOD is the theoretical production in ideal conditions, R is the gas constant (R=
0.082 atmL.mol-1K-1), T is the temperature of the Reactor (308 K), p is the atmospheric pressure
(1 atm), V Sadded (g) are the volatile solids of the substrate and nCH4 is the amount of molecular
methane (mol).

Methane-based biodegradability of a given substrate can then be expressed regarding methane
production as the ratio between the experimental methane yield (BMPexp) and the theoretical
methane yield estimated by elemental composition (BMPth) or COD composition (BMPthCOD).



The result corresponds to the substrate fraction which can potentially be biodegraded, based on
methane production [27]; [28].

B (%) =
BMPexp

BMPth
· 100

B (%) =
BMPexp

BMPthCOD
· 100

2.5 Kinetic modelling

Biogas production data was fitted against three classical model formulas for microbial growth
(Logistic, Gompertz, and Richards) using grofit R package [29]. Grofit software was developed to
describe many biological growth curves obtained under different conditions but has rarely been
applied to biogas production modelling. It enables a semiautomatic fitting of the parameters
describing most growth processes which typically present a phase of slow gas production (lag
phase) followed by a period of rapid gas production and then by a stationary phase. Generally,
kinetics of biogas production is assumed to be proportional to microbial activity in the digester
with little adjustments between models. The logistic model, for example, assumes the rate of
biogas production to have correspondence to the microbial activity in the digester; the Gompertz
model follows the same principle but with fermentation efficiency decreasing with time; Richards
model, in turn, introduces some flexibility in the shape of the curve, being a generalization of the
Logistic model [30]. The best fitting model is automatically chosen by grofit using the Akaike
criterion [31]. In this study, the fitting of modified sigmoidal models (see [32] for details) to the
cumulative biogas production curves with respect to time allows the determination of parameters
with biological meaning such as the maximum biogas yield (A), the maximum rate of biogas
production (mm), as well as the length of the lag phase (l), as described below for the different
models [32]; [33]; [30].

Logistic model

y = A

(1+exp[ 4µm
A(λ−t)+2 ])

Gompertz model

y = A. exp
[
− exp

(
µme
A (λ− t) + 1

)]
Richards model

y = A

(1+d . exp(1+d). exp[µmA . (1+d)(1+ 1
d ).(λ−t)])

(− 1
d )

where y is the cumulative biogas production (mL.gVS-1), A is the maximum biogas producti-
on potential (mL.gVS added-1), mm the maximum rate of methane production rate (mL.gVS
added-1).d-1), e is Euler’s constant, l: lag-phase (days), t is the incubation time (days), and d
the shape coefficient.

2.6 Data analysis

Statistical analysis of the experimental results with respect to samples characterization and BMP
potential was carried out by means of R software [34]. A one-way ANOVA test was implemented
to evaluate the different growth stages, after which post hoc multiple comparison was carried
out by means of the Tukey HSD test at the 95% confidence level. All values correspond to the
mean of two independent replicates (n =2) ± standard deviation (SD).



3 Results and discussion

3.1 Characteristics of substrate

The characteristics of SW samples from different production stages in the studied farm is pre-
sented in Table 3. Regarding the different production stages, pH was 7.83 with some variability;
one way ANOVA analysis showed significant differences among production stages with higher pH
values for weaning and fattening phases (8.15 and 8.05, respectively). Also significant was the
variation in EC values with a maximum of 13185 S.cm-1 in fattening sows probably due to the
presence of salts in diets [35]; [36]; [37]. In terms of ORP, although no significant differences were
obtained among the production stages, more negative ORP values were obtained in farrowing
and fattening wastewaters (-55.5 and -48.0, respectively) likely because of higher particulate and
dissolves organics matter loads which often have a negative surface charge [38].
In the present work, the ANOVA test has shown significant differences (P −0.05) in terms of
organic content as measured by COD and BOD5 for the different stages considered. The COD
mean values were only 283 mg.L-1 for farrowing, being notably higher for the fattening pha-
se (9200 mg.L-1). This difference is probably due to different feed strategies (diets) between
production stages. In terms of BOD, Tukey’s HSD test revealed no significant differences bet-
ween gestation, weaners, and fattening; only farrowing wastewaters presented significantly low
biodegradable organic content (153 mg.L-1). With respect to solids, ANOVA showed significant
differences between the farming stages for every solids parameter. The highest and lowest TS
(12088-752 mg.L-1), TVS (5220-398 mg.L-1) and TDS (6685-405mg.L-1) contents were found
in fattening and farrowing, respectively, with the difference likely explained by different nutrient
digestibility at different growth stages [13]. Furthermore, Tukey’s HSD test revealed the existence
of no significantly differences between gestation and weaning phased in all parameters. Overall,
the solids and organics content of swine wastewater samples were significantly lower than the
results reported by [36], [37], and [35] probably due to wastewater dilution.
Concerning elemental composition, fattening wastewaters exhibited higher C, H and N contents
than the other types of wastewaters. There was no significant difference in elemental composition
between the remaining production phases as revealed by Tukey’s HSD test. The average S con-
tent of the different wastewater samples was 1.06%. Finally, carbon- to-nitrogen ratio (C/N) is
important for the activity of anaerobic microorganisms. Past studies indicate that the C/N ratio
should be between 20:1 and 30:1 in order to achieve desirable conditions for the digestion process
[39]; [40]. The C/N ratios found for weaning and fattening phases (41 and 15, respectively) may
be unsuitable for optimal digestion of these wastewaters.



Parameter Units Gestation Farrowing Weaners Fattening
Physical Parameters

pH - 7.8 ± 0.01 7.3 ± 0.01 8.15 ± 0.01 8.05 ± 0.06
EC

μS.cm-1
8635 ± 895 560 ± 40 6525 ± 125 13185 ± 615

ORP mV -35.5 ± 7.5 -36.5 ± 0.5 -55.5 ± 9.5 -48 ± 1.0
Solids

TS mg.L-1 4651 ± 101 752 ± 38 6158 ± 8 12088 ± 630
% 0.48 ± 0.01 0.07 ± 0.0 0.63 ± 0.0 1.31 ± 0.02

TVS mg.L-1 1820 ± 167 398 ± 15 2348 ± 22 5220 ± 793
% 37.03 ± 2.23 36.28 ± 3.81 36.92 ± 0.0 47.02 ± 0.26

TDS mg.L-1 5000 ± 220 405 ± 185 4380 ± 120 6685 ± 15
Ash % 62.97 ± 2.23 63.72 ± 3.81 63.08 ± 0.0 52.98 ± 0.26

Organic Matter
COD mg.L-1 1405 ± 84.5 283 ± 19.0 2315 ± 125 9200 ± 300

BOD5 mg.L-1 1425 ± 25 153 ± 1.5 1800 ± 200 1400 ± 200
Elemental composition

C % 17.9 ± 0.0 11.75 ± 3.05 16.25 ± 0.35 27.9 ± 0.0
H % 2.45 ± 0.05 1.85 ± 0.45 1.8 ± 0.1 3.6 ± 0.1
O % 14.98 ± 2.28 21.18 ± 7.81 17.37 ± 0.45 12.67 ± 0.05
N % 0.6 ± 2.28 0.45 ± 7.81 0.4 ± 0.45 1.85 ± 0.09
S % 1.1 ± 0.0 1.05 ± 0.15 1.1 ± 0.0 1.0 ± 0.1

C/N ratio - 29.83 ± 0.0 52.7 ± 34.25 40.63 ± 0.88 15.18 ± 1.23

Table 3: Characteristics of different SW samples according to production stage.

3.2 Experimental biogas and biomethane production

The cumulative biogas production, daily biogas production, and methane content in the biogas
produced during the digestion of SW from different production stages under mesophilic condi-
tions are presented in Fig.1, Fig.2, and Fig.3.

Biogas production started immediately on the first 5 days of digestion in all reactors but those
containing weaners wastewaters. Biogas production was very low in these digesters until day 9
when the gas production began to sustainably increase until day 14. Thereafter, biogas produc-
tion remained relatively constant until day 21 before slowly decreasing and ceasing production
in day 54. In the reactors containing gestation and fattening wastewaters, biogas production
rapidly increased until days 14 and 9, respectively, before continuously decrease until the end of
the experiment. Peak values for the daily biogas production rate were calculated to be 25.0 ±
0.78, 13.8 ± 0.74, and 17.9 ± 1.49 mL.gVS added-1 after 14, 14, and 9 days for swine waste-
water from gestation, weaners, and fattening stages, respectively. Farrowing wastewater showed
no detectable biogas production in the studied conditions due to their very low organics content
as measured by VS and COD; in reality, however, some biogas was likely produced during the
experiment but in such a low amount that it was not measureable gravimetrically.
Gestation wastewater presented the largest average biogas potential after 54 days (461.3 ± 33.7)
mL.gVS added-1) followed by weaners (245.8 ± 3.16) mL.g VS added-1) wastewater. Fattening
wastewater, in turn, presented a biogas potential of 348.6 ± 342.54 mL.gVS added-1) after 61



days. ANOVA on the cumulative biogas production showed no statistically significant differences
between different stages. As shown in Fig. 1, most of the final biogas yields were obtained in the
first 28-36 days of digestion for each production stage, specifically 89.8%, 90.1%, and 95.8%
for fattening, gestation and weaners wastewater, after 36, 28, and 36 days, respectively. These
values may be used as suitable hydraulic retention times in the treatment of each wastewater in
a continuous system [41].

The methane content in the biogas produced presented a similar trend in all digesters. Fattening
wastewater presented the higher methane contents with values increasing from 28.85% ± 7.00
to 60.2% ± 8.34 between day 5 and day 21. With respect to gestation wastewater, the methane
content increased from 8.70% ± 3.54 in day 5 to a maximum value of 47.1% ± after about
36 days. In the digesters containing weaners wastewater, a peak value of 45.45% ± 0.07 me-
thane was achieved in day 36, increasing from 4.6% ± 0.00 in day 5 of digestion. The specific
methane yield for each substrate wastewater was 248.0 ± 246.6 mLCH4.gVS added-1, 293.9 ±
31.6 mLCH4.gVS added-1, and 172.4 ± 1.62 mLCH4.gVS added-1 for fattening, gestation, and
weaners wastewater. From these results, it is apparent that the digesters containing fattening
wastewater showed a very high variability between duplicates. Despite similar sampling proce-
dures during collection, issues may have occurred during sample management prior to storage
resulting in uneven samples for digestion. In fact, according to previous research, representative
and uniform samples cannot be obtained without using proper agitation methods during sample
collection and storage [42]. Nevertheless, when consistently comparing these results with typical
methane values obtained by other researchers (see Table 5), similarities can be found suggesting
that the overall yield obtained for fattening wastewater is reasonable [14]; [13].

Figure 1: Cumulative biogas production (ml . gVS added-1) of fattening, gestation and weaners
wastewater.



Figure 2: Biogas production rate (ml . gVS added-1 . d-1) of fattening, gestation and weaners
wastewater.

Figure 3: Methane content (%) of fattening, gestation and weaners wastewater.



Research Units Gestation Weaners Fattening
Zhang et al (mL.CH4.gVS added-1) 282.4 328.7 263.5
Guo et al (mL.CH4.gVS added-1) 290 290 270

This study (mL.CH4.gVS added-1) 293.86 172.38 248.04

Table 4: Comparison of specific methane yield (mL CH4 . gVS added-1) with results from
other studies.

3.3 Theoretical BMP and methane-based biodegradability

In order to evaluate the biodegradability of the tested wastewaters, the specific methane yield
obtained in the BMP assay was compared with the theoretical methane yield estimated using its
elemental composition and organics content measured via COD. Table 6 presents theoretical re-
sults (BMPth, BMPthCOD, and CH4th ) using both methodologies, as well as experimental results
(specific methane yields and CH4exp) and biodegradability. Theoretical methane potential calcu-
lation results showed that wastewaters from the fattening stage (BMPth = 653.46, BMPthCOD

= 991.47) had a higher thoeretical potential than gestation (BMPth = 487.65, BMPthCOD =
471.69) or weaners (BMPth = 374.98, BMPthCOD = 618.84) wastewater. In general, the the-
oretical results obtained from elemental composition presented a better agreement with the
experimental results. According to this methodology, the biodegradability of gestation, fatten-
ing, and weaners wastewater was 61.45%, 39.57%, and 46.49%. The results are in the range to
those obtained by other authors [13] who experimented with similar swine wastewater streams.
Despite having the higher theoretical potential, experimental values for fattening wastewater
were lower when compared to gestation wastewater due to lower biodegradability, indicating
that gestation wastewater is a more desirable substrate for anaerobic digestion. Also, the su-
perior theoretical potentials in terms of COD for fattening and weaners wastewater suggest the
presence of recalcitrant organic compounds not easily treated via biological methods. This is
likely the case for fattening wastewaters as BOD5/COD ratio, which may be conceived as an
acceptable index of biological treatability, is relatively low (0.15) [43]. For weaners wastewa-
ter, however, some level of process inhibition may have occured probably due to non optimized
conditions.

Parameter Units Gestation Weaners Fattening
Empirical formula - C43H71O27NS C47H63O38NS C74H115O25N4S

Theoretical methane
yield

BMPth (mL.CH4.gVS
added-1)

487.65 374.98 653.46

BMPthCOD (mL.CH4.gVS
added-1)

471.69 618.84 991.47

Speficic methane yield BMPexp (mL.CH4.gVS
added-1)

293.86 172.38 248.04

Biodegradability BDth % 60.26 45.97 37.96
BDCOD % 62.3 27.86 25.02

Methane content CH4exp % 47.09 45.45 60.2
CH4th % 54.06 45.74 58.95

Table 5: Theoretical BMP and biodegradability of gestation, weaners, and fattening wastewater
based on different methodologies



3.4 Kinetic model

Cumulative biogas yield obtained from the experimental assays was used to fit a kinetic model
of biogas production with the modeled results found to have the best fit plotted against the
experimental cumulative biogas production in Fig.4, Fig.5, and Fig.6 depending on the growth
stage. The parameters determined in the optimization process as well as statistical indicators
and the difference between the predicted and experimental biogas production are presented in
Table 6. Concerning the kinetics of the process, the biogas production of the microorganisms
typically displayed a lag phase in which the bacterial cells modified their physiological state
to adapt to the environment inside the reactor. The developed biosystem then multiplied and
degraded volatile solids into biogas with an exponential phase and a final stationary phase in a
reverse L-shape curve typical of simple organic substrates. As seen in the figures, the curves for
gestation, fattening and weaners wastewaters all show a similar trend upon visual inspection,
i.e., the chosen model adequately describes the biogas production from the tested effluents.

Among the tested models, the best fit was obtained from the Logistic and Gompertz equation
for gestation, and weaners and fattening wastewaters, respectively. One-way ANOVA has shown
some differences between λ, μm and A parameters for each production stage (Table 6). Calculated
lag time (λ), for example, was found to be about 2 days for fattening wastewaters, varying from
6 and almost 10 days for gestation and weaners waste streams. No significant difference in λ
values was found for gestating and fattening wastewaters, but the lag phase for weaners was
significantly higher than that for fattening. The high bioavailability of readily degradable organics
in the latter wastewaters can be the reason for the shorter lag phase. The highest and lowest
maximum biogas production (μm rate) values were estimated for gestating and fattening sows
(26.46-12.87 mL.gVS added-1.d-1) with the values for gestation wastewater being statistically
different than that of weaners and fattening as revealed by Tukey’s HSD test. Finally, maximum
biogas yield (A) has presented statistically significant differences between production stages with
higher values for wastewaters from gestation (458.73 mL.gVS added-1) followed by fattening
and weaners (347.33 mL.gVS added-1 and 239.94 mL.gVS added-1 respectively). The statistical
indicators (R2 values, F-statistic and p-value) are also shown in respective figures. R2 ranged
between (0.9970–0.9957) showing that the traditional models tested are very useful in providing
an accurate description of the experimental data. The kinetic parameters determined from the
modelling provided further insights into the results of the experimental assays, in particularly
the biodegradation patterns of the different wastewaters. During the first 5-10 days kinetics
is better for fattening wastewaters with the low λ and μm values suggesting the presence of
a fraction of readily biodegradable organic matter which is rapidly consumed (e.g. volatile
fatty acids and low molecular weight carbohydrates)), while the remaining fraction may be
classified as slowly biodegradable. Indeed, after 10 days the behaviour changes and gestation
biogas productivity increases and surpasses that of fattening as revealed by the maximum biogas
production rate of 26.46 mL.gVS added-1.d-1 and maximum biogas yield. This performance
indicates the presence of slowly or less readily biodegradable organics in gestation effluents
which makes the process slower at the beginning. Alternatively, the microorganisms may also
not be acclimated to the wastewater. For weaners effluents, the extended lag phase (9.64 days)
and the lower biogas productivity (13.91 mL.gVS added-1.d-1) suggest the occurrence of some
level of process inhibition.



Figure 4: Fitting of logistic model to cumulative biogas production data obtained from Gestation
wastewater digestion.

Figure 5: Fitting of Gompertz model to cumulative biogas production data obtained from Fat-
tening wastewater digestion.



Figure 6: Fitting of Gompertz model to cumulative biogas production data obtained from Wean-
ers wastewater digestion.

Parameter Units Gestation Weaners Fattening
Kinetic model

Best model - Logistic Gompertz Gompertz
Lag phase (λ) d 6.0 ±

0.58
9.64 ±

0.67
2.28 ± 0.78

Maximum biogas
production rate (μm)

(mL..gVS
added-1.d-1)

26.46 ±
1.7

13.91 ±
1.07

12.87 ±
0.81

Maximum biogas yield (A)
Pre-

dicted
(mL.gVS
added-1)

458.73 ±
5.62

239.94 ±
3.87

347.33 ±
6.12

Mea-
sured

(mL.gVS
added-1)

450.24 ±
33.7

234.62 ±
3.16

348.61 ±
342.54

Differ-
ence

% 1.89 2.27 0.37

Statistical
Adjusted R-squared - 1.0 1.0 1.0

F-statistic - 2983 2532 2085
p-value - 1.4e-11 2.69e-11 5.84e-11

Table 6: Results of kinetic modelling of biogas production using three different models.

4 Conclusion

In this study, swine wastewaters from a farrow to finish farm were anaerobically digested un-
der mesophilic conditions. In general, the characteristics of gestation, weaners, fattening, and
farrowing wastewaters were significantly different due to different feed strategy and nutrient di-



gestibility at different growth stages. Fattening wastewater presented higher solids and organics
contents, while farrowing effluent streams were considered low strength due to mild physicochem-
ical characteristics. The specific methane yields for each substrate wastewater was successfully
determined gravimetrically and ranged from 293.9 mLCH4.gVS added-1 for gestation and 172.4
mLCH4.gVS added-1 for weaners. Farrowing wastewater presented no detectable biogas pro-
ductionin the studied conditions probably due to very low organics content. These values are
encouraging for on-farm energy recovery and may provide an important contributor to alleviate
the increasing energy demand within the industry. The Logistic and Gompertz model fitted the
experimental results well and may provide valuable knowledge for the treatment of specific swine
wastewater streams at different growth stages within a perspective of producing biogas. With
this in mind, experimental data suggest an HRT between 28–36 days for an effective treatment
under continuous operations. However, as indicated by the partial biodegradability of the waste
streams, AD should not be viewed as a complete solution and should be integrated with other
treatment methods, either as pre-treatment or post-treatment.
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