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Abstract:

 Increasing the feed total solids to anaerobic digester improves the process economics and decreases the volume of liquid effluent from current wet anaerobic digestion. The objective of this study was to develop a novel psychrophilic (20 °C) anaerobic digestion technology of undiluted cow feces (total solids of 11%–16%). Two sets of duplicate laboratory-scale sequence batch bioreactors have been operated at organic loading rates (OLR) of 6.0 to 8.0 g total chemical oxygen demand (TCOD) kg−1 inoculum day−1 (d−1) during 210 days. The results demonstrated that the process is feasible at treatment cycle length (TCL) of 21 days; however, the quality of cow feces rather than the OLR had a direct influence on the specific methane yield (SMY). The SMY ranged between 124.5 ± 1.4 and 227.9 ± 4.8 normalized liter (NL) CH4 kg−1 volatile solids (VS) fed d−1. Substrate-to-inoculum mass ratio (SIR) was 0.63 ± 0.05, 0.90 ± 0.09, and 1.06 ± 0.07 at OLR of 6.0, 7.0, and 8.0 g TCOD kg−1 inoculum d−1, respectively. No volatile fatty acids (VFAs) accumulation has been observed which indicated that hydrolysis was the rate limiting step and VFAs have been consumed immediately. Bioreactors performance consistency in terms of the level of SMYs, VFAs concentrations at end of the TCL, pH stability and volatile solids reduction indicates a stable and reproducible process during the entire operation.
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1. Introduction

The search for environmental-friendly and sustainable energy sources is best implemented by developing novel bioprocesses for converting organic wastes to biofuels. In this respect, livestock manure is attracting increasing interest because its conversion to biofuels can also help to minimize farm-generated pollution given that cost effective manure treatment has been identified as a challenge in manure management [1]. For example, dairy cow manure storage in cold climates regions in the European countries and the U.S. contributes about 12% and 23% of the total CH4 emission on dairy operations, respectively [2,3].

Cow feces contains soluble, particulate, and fibrous components. It contains carbohydrates (cellulosic and hemicellulosic fiber), lipids, fats, and proteins. Approximately 40%–50% of the volatile solids (VS) in dairy manure is biodegradable lignocellulosic biomass which can be converted to CH4 [4]. The total solids content of fresh manure of cow (12%–16%) makes it unsuitable for conventional wet anaerobic digestion (WAD) because of the large amount of water (manure:water mass ratio between 1:1 and 1:4) required to dilute and decrease the solids content to less than 9% to allow liquid handling and processing [5,6,7]. Avoiding dilution of cow manure fed to anaerobic digestion (AD) is an important engineering design objective. In this context, dry anaerobic digestion (DAD) of high-solids agricultural wastes is a relatively new biotechnology, which could be adapted to digest undiluted cow manure [8,9,10]. Compared to WAD, DAD offers significant reduction in bioreactor volume [11]. Consequently, it decreases the capital cost required to construct bioreactors and effluent long-term storage facilities. Operation costs associated with handling, transportation and land application of bioreactor effluent is also substantially reduced [12]. Moreover, the higher nutrients concentration in high-solids digestate increases the interest in agronomic valorization of the odorless bioreactor effluent. A high-solids digestate of high nutrients content can be transported more economically over a longer distance than a diluted effluent. In addition, the use of DAD would eliminate problems of foaming and sedimentation in the bioreactors, reduce energy input for mixing and heating, increase specific volumetric energy output of the bioreactor and reduce loss of nitrogen during storage. Despite the advantages of DAD, mixing of inoculum and substrate at the beginning of the process is rather difficult.

Jha et al. [13] reported specific methane yields (SMY), which is the ratio of methane volume produced divided by the quantity of volatile solids fed, of 166 and 194 L CH4 kg−1 VS fed from mesophilic (35 °C) dry (total solids (TS) 15.2%) and wet (TS 7.7%) anaerobic digestion of cow dung during 63 days of incubation, respectively, whereas for the same incubation period thermophilic (55 °C) operation yielded 188 and 226 L CH4 kg−1 VS fed for dry and wet operation, respectively, fed at an organic loading rate (OLR) of 10.7 g VS kg−1 inoculum d−1. Recently, Jha et al. [14] reported a SMY of 127.2 L CH4 kg−1 VS of cow dung digested in mesophilic (35 °C) unmixed batch reactor during 35 days. They found that mixing increased the SMY and VS removal by 7.5% and 9.7%, respectively. Brown et al. [15] concluded that volumetric productivity of DAD (18% TS) is 2- to 7-times greater compared to wet anaerobic digestion (WAD) (5% TS) for lignocellulosic substrates based on 30 days batch incubation.

Novel psychrophilic static (i.e., without mixing) DAD of cow feces in sequence batch reactor (SBR) has recently been developed at Agriculture and Agri-Food, Dairy and Swine Research and Development Center (DSRDC) in Sherbrooke, Quebec, Canada. The process has been demonstrated at an OLR of 3.0, 4.0, and 5.0 g total chemical oxygen demand (TCOD) kg−1 inoculum d−1 and hydraulic retention time (HRT) of 21 days in long term operation (252 days) [16]. Farmers in cold-climate regions would be interested in psychrophilic DAD of livestock manure because of its advantages over mesophilic and thermophilic operations. Compared to mesophilic and thermophilic operation, psychrophilic process requires less energy input for heating the bioreactor, and is less amenable to inhibition by high nitrogen content of the substrate [17]. More work is needed to demonstrate the feasibility of psychrophilic dry anaerobic digestion of cow feces and other agriculture waste, optimize its operation, and evaluate its economic benefits.

The objective of this study was to assess the impact of OLR (6.0–8.0 g TCOD kg−1 inoculum d−1) on the SMY, stability and performance of psychrophilic (20 °C) anaerobic digestion of dairy cow manure (TS 11%–16.5%) in long-term operation of SBR.



2. Materials and Methods


2.1. Experimental Setup

Two sets of duplicate reactors (Set I and Set II) were set-up and operated as sequential batch reactors (SBR) at a treatment cycle length (TCL) of 21 days measured between successive feedings of the reactor which was operated at the same OLR in a temperature controlled room (20 °C). The cycle includes the following steps: day 1: loading the reactor with inoculum, feeding the substrate, and mixing the inoculum and substrate; day 1–21: reaction; and day 21: unloading the digestate and starting the next cycle. Set I was operated at OLR 6.0 g TCOD kg−1 inoculum d−1 (cycle 1–3) then its OLR has been increased to 7.0 g TCOD kg−1 inoculum d−1 (cycle 4–10); Set II was operated at OLR of 7.0 g TCOD kg−1 inoculum d−1 (cycle 1–3) then its OLR has been increased to 8.0 g TCOD kg−1 inoculum d−1 (cycle 4–10). Table 1 explains the sequence of digestion cycles conducted for the three OLRs examined.


Table 1. Sequence of digestions cycles operated at the three organic loading rates (OLRs) examined.



	
Reactor Set

	
Cycle Number




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10






	
Set I

	
6.0

	
6.0

	
6.0

	
7.0

	
7.0

	
7.0

	
7.0

	
7.0

	
7.0

	
7.0




	
Set II

	
7.0

	
7.0

	
7.0

	
8.0

	
8.0

	
8.0

	
8.0

	
8.0

	
8.0

	
8.0






The intersection of the set number and the cycle number indicates the OLR (g TCOD kg−1 inoculum d−1) at which that set of bioreactors was operated during that cycle number.








2.2. Bioreactor

The reactor (Figure 1) was 40-L cylindrical (0.312 m in diameter × 0.520 m in height) plastic barrel fitted with two gas lines; one for purging with nitrogen gas immediately after feeding the substrate to maintain the anaerobic condition, and the second to release the biogas produced to a wet tip tank gas meter to measure the biogas volume. The barrel was kept upside down after it has been filled so that the wet content works as a water seal in addition to the seal of the barrel’s lid to ensure gas tightness.

Figure 1. Schematic diagram of the high solids content anaerobic digester.



[image: Energies 08 01990 g001 1024]









2.3. Wet Tip Tank Gas Meter

The wet tip tank gas meter was manufactured at the workshop of DSRDC of transparent acrylic box, and consisted of a pivoting plastic container, which is comprised of two equal-size compartments facing downwards to a port that releases biogas under the pivoting point. The biogas accumulates under the compartment which faces the gas port. The tipping container was placed submerged inside the acrylic box which is filled with water. When biogas released into one compartment reaches a certain known volume, the container tips (the compartment filled with gas pivots upward) due to the buoyancy of the gas and releases the biogas which bubbles upwards to escape from water and leaves the box. Upon tipping (pivoting) the second compartment on the other side of the container moves downward and biogas released from the port starts to accumulate inside it, and so on. Each tip was counted using a magnetic sensor, which sends an electrical pulse to an electronic digital counter (manufacturer: OmRon, Schaumburg, IL, USA; model number: H7EC-NV-B). The tip counts were monitored daily and used to calculate the volume of the biogas produced. The wet tip tank gas meter calibration was checked weekly. After feeding, the reactor was held upside down so that the inoculum-substrate mixture provides sealing in addition to the locked lid of the barrel.

A total of 20 cycles have been conducted: three cycles at OLR (g TCOD kg−1 inoculum d−1) of 6.0; ten cycles at OLR of 7.0, and seven cycles at OLR of 8.0. The mass of inoculum used and the cow feces fed to each bioreactor at the beginning of the successive cycles and the OLR are given in Table 2.


Table 2. Organic loading rate and total solids of the feed.



	
Cycle Number

	
Cow Feces Fed (kg)

	
Organic Loading

	
Organic Loading Rate

	
SIR a (kg VS Fed kg−1 VS Inoculum)




	
TCOD Fed a (g)

	
VS Fed a (g)

	
g TCOD kg−1 Inoculum d−1

	
g VS fed kg−1 Inoculum d−1

	
g VS Fed kg−1 VS Inoculum d−1






	
1

	
3.429

	
756

	
490

	
6.0

	
3.9

	
28.0

	
0.6




	
2

	
3.950

	
756

	
501.7

	
6.0

	
4.0

	
45.9

	
1.0




	
3

	
3.950

	
756

	
501.7

	
6.0

	
4.0

	
45.4

	
1.0




	
1

	
4.000

	
882

	
572

	
7.0

	
4.5

	
51.6

	
1.1




	
2

	
4.605

	
882

	
584.8

	
7.0

	
4.6

	
51.5

	
1.1




	
3

	
4.605

	
882

	
584.8

	
7.0

	
4.6

	
52.0

	
1.1




	
4

	
5.88

	
882

	
646.8

	
7.0

	
5.1

	
61.3

	
1.3




	
5

	
5.88

	
882

	
646.8

	
7.0

	
5.1

	
63.5

	
1.3




	
6

	
5.054

	
882

	
601.4

	
7.0

	
4.8

	
60.9

	
1.3




	
7

	
5.054

	
882

	
601.4

	
7.0

	
4.8

	
53.0

	
1.1




	
8

	
5.738

	
881.9

	
648.4

	
7.0

	
5.1

	
48.5

	
1.0




	
9

	
5.738

	
881.9

	
648.4

	
7.0

	
5.1

	
61.0

	
1.3




	
10

	
5.683

	
882

	
576.3

	
7.0

	
4.6

	
58.0

	
1.2




	
4

	
6.720

	
1008

	
739.2

	
8.0

	
5.9

	
79.0

	
1.7




	
5

	
6.720

	
1008

	
739.2

	
8.0

	
5.9

	
70.0

	
1.5




	
6

	
5.776

	
1008

	
687.5

	
8.0

	
5.5

	
67.9

	
1.4




	
7

	
5.776

	
1008

	
687.5

	
8.0

	
5.5

	
68.2

	
1.4




	
8

	
6.558

	
1008

	
741.1

	
8.0

	
5.9

	
68.6

	
1.4




	
9

	
6.558

	
1008

	
741.1

	
8.0

	
5.9

	
65.6

	
1.4




	
10

	
6.495

	
1008

	
658.6

	
8.0

	
5.2

	
66.3

	
1.4






a Cow feces characteristics which are required to calculate the quantity of TCOD fed, VS fed, and SIR are provided in.








2.4. Inoculum and Substrate

The initial inoculum (for first cycle) was obtained from a laboratory scale psychrophilic (20 °C) anaerobic reactors fed with fresh dairy manure (7% TS). At the end of each cycle, the digestate in the replicate reactors was mixed together and homogenized manually using a scoop for 5 min, and part of it has been used as inoculum (6 kg per reactor) for the next cycle (cycle 2 to 10) conducted at the same OLR. The digestate was mixed and homogenized so that each reactor is seeded with the same inoculum at each new cycle.

Fresh feces from dairy cows was collected at the experimental farm of the DSRDC. Feces was collected on wood boards, before getting in contact with urine and bedding, transferred into a plastic drum, and stored at 4 °C before being fed to the reactors. The cow feces has been stored for a maximum of 6 weeks. Cycles having the same cycle number but conducted at different OLR have been fed from the same batch of cow feces but the mass was different according to the OLR examined.



2.5. Sampling

Samples of reactor content were collected before feeding day 21 for (digestate = inoculum) for the previous cycle and immediately after feeding (ISM = inoculum-substrate mixture) for the new cycle. Samples were also taken on day 7 by opening the reactor, mixing its content manually for 5 min to ensure that the sample is representative of the reactor content. The reactor has been flushed with nitrogen to maintain anaerobic digestion. The gas samples were taken through gas sampling port sealed with septa and installed on the gas line mid-way between the barrel and the gas meter using a 10 mL plastic syringe.



2.6. Organic Loading Rate

During the experiments, the organic loading rate (OLR) (Table 2) fed to the bioreactors has been based on the mass of total chemical oxygen demand (TCOD) fed while substrate-to-inoculum ratio (SIR) has been based on the mass of volatile solids. It has been calculated based on the mass of cow feces fed and its TCOD content. The physico-chemical characteristics of the cow feces fed are given in Table 3.


Table 3. Physicochemical characteristics of the cow feces fed in each treatment cycle.



	
Cycle

	
pH

	
TCOD (g·kg−1)

	
TS (%)

	
VS (%)

	
Alkalinity (g CaCO3 kg−1)

	
Acetate (g·kg−1)

	
Propionate (g·kg−1)

	
Butyrate (g·kg−1)

	
Fiber Components (% of Dry Matter)




	
Cellulose

	
Hemicellulose

	
Lignin






	
1

	
6.62

	
220.5

	
16.1

	
14.3

	
7.63

	
3.6

	
1.4

	
0.51

	
26.33

	
16.35

	
10.67




	
2–3

	
6.17

	
191.5

	
14.7

	
12.9

	
7.90

	
5.0

	
1.30

	
2.20

	
24.69

	
26.06

	
10.77




	
4–5

	
6.5

	
150.0

	
11.8

	
10.3

	
7.70

	
4.5

	
1.10

	
0.93

	
24.58

	
20.54

	
11.95




	
6–7

	
6.73

	
174.5

	
13.5

	
11.9

	
9.10

	
3.9

	
1.00

	
0.69

	
25.53

	
25.00

	
14.93




	
8–9

	
6.86

	
153.8

	
11.2

	
9.84

	
7.17

	
3.4

	
0.83

	
0.63

	
22.15

	
20.10

	
12.31




	
10

	
6.71

	
155.2

	
11.5

	
10.1

	
6.91

	
3.9

	
0.96

	
0.50

	
24.39

	
19.28

	
12.74






Note: Each reactor was inoculated with 6.0 kg of digestate from the previous cycle.




The OLR was expressed in g of TCOD fed per kg of inoculum per day and in g of total VS fed per kg of inoculum per day. The average substrate to inoculum ratio (SIR; based on wet mass) was 0.6 ± 0.1, 0.9 ± 0.1, and 1.1 ± 0.1 at OLR of 6.0, 7.0, and 8.0 g TCOD kg−1 inoculum d−1, respectively. The average SIR expressed as a mass of VS fed per a mass of VS inoculum was 0.8 ± 0.2, 1.2 ± 0.1, and 1.5 ± 0.1 for the same OLRs mentioned above, respectively.





2.7. Biogas Measurement

Biogas production was measured daily with calibrated wet tip tank gas meters while the biogas components (CH4, CO2 and H2S) were determined weekly using a Hach Carle 400 AGC gas chromatograph (Model 04131-C, Chandler Engineering, Houston, TX, USA) configured for the application 131-C. The application uses a column (3.175 mm diameter) composed of 1.8 m (805 porapak N + 205 Porapak Q), 2.1 m (80% molecular sieve 13X + 20% molecular Sieve 5A), and 1.8 m (80% OV-101 on chromosorb W—High Performance (HP)). The column and thermal conductivity detector (TCD) were operated at 85 °C with a helium gas flow rate of 30 mL·min−1 [18]. The linearity of the quantification regression equation covered the range from 0.001% to 100% (pure gas injection) with R2 value of 0.9991, 0.9988, and 0.9968 for CH4, CO2, and H2S. The quantification regression equation has been generated using certified standards containing different proportions of the gases measured. Instrument calibration was performed weekly with a standard gas (27.3% CO2, 1.01% N2, 71.69% CH4, 0.53% H2S); several standard gas samples were injected at the beginning and end of gas analysis as well as after every 10 unknown samples. Methane (CH4) production is reported in normalized liters (NL CH4), i.e., the CH4 volume produced was corrected to standard temperature and pressure (STP) (273 K; 1 atm) using Equation (1):
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(1)




where Vm is the measured volume of biogas, η is the percentage of CH4 in biogas, Tm and Pm are the actual temperature and atmospheric pressure at the time of measurement, and Ts and Ps are the standard temperature and pressure. [image: there is no content] is the volume of methane at the standard temperature and atmospheric pressure. The specific methane yield (SMY) obtained during an individual cycle (TCL = 21 days) has been calculated by divining the cumulative methane volume produced during that cycle by the mass of volatile solids (VS) contained in the manure fed at the beginning of that cycle.


2.8. Analytical Methods

Each bioreactor has been sampled weekly. The duplicate samples were analyzed to determine the volatile fatty acids (VFAs), total solids (TS), volatile solids (VS), pH, alkalinity, and the total chemical oxygen demand (TCOD). The TCOD, TS, VS, alkalinity and pH were determined using standard methods [19]. Alkalinity: method number 2320B Potentiometric titration to preselected pH 4.38, Total solids: method number 2540B, Volatile solids method number: 2540E. VFA: method number 5560D. The concentrations of individual volatile fatty acids (VFAs) including acetic, propionic, butyric, isobutyric, butyric, valeric and isovaleric acids have been measured using Perkin Elmer gas chromatograph (GC) model 8310 (Perkin Elmer, Waltham, MA, USA) fitted with flame ionization detector (FID) and, equipped with a J&W Scientific DB-FFAP high resolution column (30 m × 0.53 mm × 1.00 μm; Chromatographic Specialties Inc., Brockville, On, Canada) [18]. Details of the analytical method used in this study have been described previously [18]. The VFAs minimum detection limits (mg·L−1) were as follows: acetic acid (23.6), propionic acid (12.3), isobutyric acid (5.0), butyric acid (27.7), isovaleric acid (1.3), valeric acid (1.7), and caproic acid (1.8). The calibration curve for each acid was linear over the range from zero to 1000 mg·L−1. The regression coefficients of the calibration equations for the acids measured were: 0.9991, 0.9990, 0.9991, 0.9973, 0.9996, 0.9992, and 0.9995, respectively.



2.9. Fiber Analysis

Cow feces is a complex substrate which contains fibers. The fiber content in cellulose, hemicellulose, and lignin was determined. Hemicellulose can be calculated as the difference between neutral detergent fiber (NDF) and acid detergent fiber (ADF), cellulose as the difference between acid detergent fiber and acid detergent lignin (ADL) [20].




3. Results and Discussion

The percent of H2S in the biogas was less than 0.06% in all samples of gas analyzed during the successive cycles. The cellulose, hemicellulose, and lignin components of the fiber in the cow feces fed in each cycle are given in Table 3. However, the overall average values of these components for all cycles were 24.6% ± 1.4% (cellulose), 21.2% ± 3.7% (hemicellulose), and 12.2% ± 1.6% (lignin).

Physico-chemical characteristics (TCOD, TS, VS, and acetic, propionic, and butyric acids concentration) of the dairy cow manure fed during the successive cycles are given in Table 3. The quality of the cow feces as described by TCOD, TS, and VS content varied significantly. During the first three cycles, the cow feces had higher values of TCOD, TS, and VS compared to that used during the rest of cycles. The average physicochemical characteristics of the inoculum and inoculum-substrate mixture (ISM) at the beginning of the treatment cycles operated at each OLR examined are given in Table 4.


Table 4. Average physicochemical characteristics of the inoculum and the inoculum-substrate mixture (ISM) for the cycles operated at the same OLR.



	
OLR a

	
Cycles Number

	
Substrate

	
pH

	
TS (%)

	
VS (%)

	
Acetate (g·kg−1)

	
Propionate (g·kg−1)

	
Butyrate (g·kg−1)






	
6

	
1–3

	
Inoculum

	
7.32 ± 0.2 b

	
12.5 ± 3.2

	
10.5 ± 3.0

	
0.11 ± 0.04

	
0.02 ± 0.01

	
0.04 ± 0.02




	
ISM c

	
6.99 ± 0.12

	
13.0 ± 0.4

	
11.1 ± 0.4

	
1.90 ± 0.09

	
0.57 ± 0.06

	
0.83 ± 0.47




	
7

	
1–10

	
Inoculum

	
7.29 ± 0.19

	
10.1 ± 1.0

	
8.4 ± 1.0

	
0.22 ± 0.10

	
0.04 ± 0.02

	
0.10 ± 0.06




	
ISM

	
7.07 ± 0.17

	
10.9 ± 0.5

	
9.4 ± 0.5

	
2.63 ± 0.29

	
0.72 ± 0.15

	
0.81 ± 0.46




	
8

	
4–10

	
Inoculum

	
7.33 ± 0.12

	
10.0 ± 0.6

	
8.3 ± 0.5

	
0.24 ± 0.12

	
0.04 ± 0.01

	
0.1 ± 0.06




	
ISM

	
7.02 ± 0.15

	
11.3 ± 0.4

	
9.7 ± 0.4

	
2.84 ± 0.33

	
0.77 ± 0.14

	
0.86 ± 0.43






a Units of OLR are g TCOD kg−1 inoculum d−1. b Values given are average and standard deviation for all cycles operated at the given OLR. c ISM = inoculum-substrate mixture.







3.1. Methane Production

The operation of bioreactors was generally stable and biogas production proceeded steadily during the successive cycles. No inhibition or lag phase in biogas production has been observed. The profiles of methane production expressed as SMY (NL CH4 kg−1 VS fed) in the replicate bioreactors are shown in Figure 2. The cumulative SMYs calculated during the successive cycles are given in Table 5.

Figure 2. Specific methane yield profiles for the psychrophilic anaerobic digestion of dairy cow feces. (Coefficient of variation between the duplicate bioreactors was less than 5%).
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Table 5. Rate and specific methane yield for the psychrophilic anaerobic digestion of cow feces (TS 11.0% to 16.5%).



	
Cycle

	
Organic Loading Rate (g TCOD kg−1 inoculum d−1)




	
6.0

	
7.0

	
8.0




	
SMY (NL CH4 kg−1 VS Fed)

	
CH4 Production Rate (NL CH4 kg−1 VS d−1)

	
SMY (NL CH4 kg−1 VS Fed)

	
CH4 Production Rate (NL CH4 kg−1 VS d−1)

	
SMY (NL CH4 kg−1 VS Fed)

	
CH4 Production Rate (NL CH4 kg−1 VS d−1)






	
1

	
217.8 ± 6.0 a

	
10.4 ± 1.1

	
219.6 ± 15.1 a

	
10.5 ± 0.5

	
–

	
–




	
2

	
225.7 ± 1.2 a

	
10.7 ± 1.4

	
227.9 ± 4.8 a

	
10.9 ± 1.2

	
–

	
–




	
3

	
184.7 ± 0.5 a

	
8.8 ± 0.4

	
179.9 ± 3.2 a

	
8.6 ± 0.4

	
–

	
–




	
4

	
–

	
–

	
128.7 ± 3.4 a

	
6.1 ± 0.5

	
135.1± 1.9 b

	
6.4 ± 0.5




	
5

	
–

	
–

	
124.5 ± 1.4 a

	
5.9 ± 0.5

	
128.9 ± 2.9 a

	
6.1 ± 0.4




	
6

	
–

	
–

	
131.6 ± 3.8 a

	
6.3 ± 0.4

	
141.9 ± 8.2 a

	
6.8 ± 0.8




	
7

	
–

	
–

	
157.4 ± 0.4 a

	
7.5 ± 0.9

	
160.4 ± 15.7 a

	
7.6 ± 0.6




	
8

	
–

	
–

	
146.5 ± 4.1 a

	
7.0 ± 1.0

	
143.7 ± 2.5 a

	
6.8 ± 0.5




	
9

	
–

	
–

	
146.2 ± 3.4 a

	
7.0 ± 0.8

	
134.0 ± 8.2 a

	
6.4 ± 0.3




	
10

	
–

	
–

	
162.3 ± 2.4 a

	
7.7 ± 0.4

	
182.2 ± 1.6 b

	
8.7 ± 0.6






The superscripts a and b indicate the statistical similarity or difference. SMYs obtained in the same cycle but in at different OLR (different columns) with a similar superscripts are not significantly different (p < 0.005). The TCL for each cycle was 21 days.








Two-tail t-test at 95% confidence level has been conducted on the values of SMY obtained in cycle 1–3 at OLR 6.0 and 7.0 g TCOD kg−1 inoculum d−1 where the same cow feces quality has been fed to the reactors operating at these two OLRs during each cycle. Similarly, two-tail t-test has also been conducted on the values of SMY obtained in cycle 4–10 at OLR 7.0 and 8.0 g TCOD kg−1 inoculum d−1 where the same cow feces quality has been fed to the reactors at operating these two OLRs during each cycle.

The SMYs obtained at OLR 6.0 and 7.0 g TCOD kg−1 inoculum d−1 during cycle 1, 2 and 3 (Table 5), where the same cow manure has been fed to the bioreactors, are statistically similar to each other. The overall average of the SMY during the first 3 cycles was 209.4 ± 21.8 and 209.1 ± 25.6 NL CH4 kg−1 VS fed at OLR 6.0 and 7.0 g TCOD kg−1 inoculum d−1, respectively, and they are statistically similar.

Therefore, the variation in OLR between 6.0 and 7.0 did not influence the SMY. Similarly, the SMYs obtained at OLR 7.0 and 8.0 g TCOD kg−1 inoculum d−1 during cycle 5 to 9, where the same cow manure has been fed to the bioreactors operating at the these OLRs, are statistically similar to each other. The overall average of the SMY during the cycles 4 to 10 was 147.3 ± 14.8 and 149.5 ± 16.8 NL CH4 kg−1 VS fed at OLR 7.0 and 8.0 g TCOD kg−1 inoculum d−1, respectively, and they are statistically similar. Therefore, the variation in OLR between 7.0 and 8.0 did not influence the SMY. It appears that at this SIR, the inoculum is not overloaded and still has the ability to degrade substantial fraction of the biodegradable organics within the TCL of 21 days. However, further increase in OLR is expected to decrease the SMY until a maximum threshold OLR is reached when signs of instability are observed such as buildup of VFAs, pH drop, discontinuation of CH4 production. Notice that Tukey’s multiple comparisons test conducted at 95% confidence level indicated statistical differences in the quality of cow feces fed at OLR 7.0 and 8.0 g TCOD kg−1 inoculum d−1 (except for cycles 1 and 8–10 which were similar in terms of TCOD/VS ratio only). Therefore, variation in the SMY observed from cycle to cycle at the OLR applied was due to the variation in the quality (TCOD, VS, fiber content, and other biodegradable components) of cow feces fed.

Notice that at OLR of 7.0 g TCOD kg−1 inoculum d−1, the SMYs during the cycles 1, 2 and 3 were 219.6 ± 15.1, 227.9 ± 4.8, and 179.9 ± 3.2 NL CH4 kg−1 VS fed, respectively, because the cow feces fed had higher TCOD and VS compared to the feces used in the other cycles (4–10) as indicated in Table 6. At the same OLR (7.0 g TCOD kg−1 inoculum d−1), the SMY during cycles 4 to 10 decreased to an average of 147.3 ± 14.8 NL CH4 kg−1 VS fed which is equivalent to around 66.6% of the average SMY obtained during cycles 1 to 3. Cow feces fed during the cycles 1, 2 and 3 had an average TCOD of 201.2 ± 16.7 g·kg−1 feces and an average VS of 13.4% ± 0.8%, respectively, while cow feces fed during the cycles 4 to 10 had an average TCOD of 157.8 ± 11.6 g·kg−1 and an average VS of 10.5% ± 0.93%, respectively (Table 3). Moreover, because cow feces fed during cycle 1–3 had more VFAs than cow feces fed in cycles 4–10 (Table 3) then the quantities of VFAs fed during cycle 1–3 were higher than those fed during cycle 4–10. The quality of cow feces has also been described in terms of mass of fiber fed, contents of cellulose, hemicellulose, and lignin, the (cellulose + hemicellulose)/lignin ratio and TCOD/VS ratio (Table 6). The last two parameters (i.e., (cellulose + hemicellulose)/lignin ratio and TCOD/VS ratio) were selected so that they provide standardized unbiased ratios to indicate the quality of cow feces.

Table 6. Effects of quality of cow feces fed on specific methane yield.


	Cycle
	SMY (NL CH4 kg−1 VS Fed)
	TCOD/VS Ratio
	Fiber Fed (kg)
	(Cellulose + Hemicellulose)/ Lignin Ratio





	1
	219.6 ± 15.1 a
	1.54 ± 0.00 a
	0.31 ± 0.00 a
	4.0 ± 0.00 a



	2–3
	203.9 ± 33.9 a
	1.48 ± 0.00 b
	0.41 ± 0.00 b
	4.71 ± 0.00 b



	4–7
	135.6 ± 14.9 b
	1.45 ± 0.02 c
	0.44 ± 0.02 c
	3.58 ± 0.23 c



	8–10
	151.7 ± 9.2 b
	1.55 ± 0.01 a
	0.36 ± 0.01 d
	3.43 ± 0.00 c





The table is for the cycles operated at OLR of 7.0 g TCOD kg−1 inoculum d−1. The superscripts (a, b, c and d) indicate the statistical similarity or difference. Values in the same column with similar superscripts are statistically not significantly different based on Tukey’s multiple comparison test at 95% confidence interval.






Generally, cow feces fed in cycles 1–3 had higher average contents of cellulose (25.51%) and less content of lignin (10.72%) in fiber compared to cow feces fed in cycles 4–10 (cellulose (24.16%) and lignin (12.98%)). This is reflected by (Cellulose + hemicellulose)/lignin ratio of 4.0 and 4.71 during cycles 1 and 2–3, respectively, compared to 3.58 and 3.43 during cycles 4–7 and 8–10, respectively. Lignin builds complexes with cellulose and hemicellulose, thus creates a physical barrier making it difficult for microbial enzymes to break down the organic compounds in short time. Therefore the higher the lignin quantity the harder is the degradation of cellulose and hemicellulose.

Although the comparative parameters were summarized in Table 3 and Table 6 they were not sufficient to quantitatively explain the reduction in the SMY. These parameters measure the quantity of organics but do not measure their biodegradability or quality. TCOD and VS tests do not distinguish between fiber, lipids, fat, proteins, amino acids, etc. The content of these components which have not been measured might have been different and caused the difference in SMY between cycles 1–3 and 4–10. Notice that the theoretical methane potential per gram of VS is significantly greater for fat compared to proteins and carbohydrate (1014, 496, and 415 NL CH4 kg−1 VS, respectively) [21]. These differences collectively caused that the SMY during cycles 1–3 was higher than that obtained in cycles 4–10.

The specific methane production rate obtained at OLR 6.0 and 7.0 g TCOD kg−1 inoculum d−1 during cycles 1, 2 and 3 (Table 5) were similar to each other. The overall average of the specific methane production rate during the first 3 cycles was 10.0 ± 1.0 and 10.0 ± 1.2 NL CH4 kg−1 VS fed d−1 at OLR 6.0 and 7.0 g TCOD kg−1 inoculum d−1, respectively. Similarly, the specific methane production rate obtained at OLR 7.0 and 8.0 g TCOD kg−1 inoculum d−1 during cycle 4 to 10 were similar to each other. The overall average of the specific methane production rate during the cycles (4 to 10) was 6.8 ± 0.7 and 7.0 ± 0.9 NL CH4 kg−1 VS fed d−1 at OLR 7.0 and 8.0 g TCOD kg−1 inoculum d−1, respectively.

The data available in the accessible literature on the performance of psychrophilic high solids content anaerobic digestion (PDAD) is very scarce; therefore, the results have been compared to the performance of mesophilic and thermophilic DAD of cow manure (Table 7). The average yield of 209.4 ± 21.8 NL CH4 kg−1 VS fed obtained at OLR of 6.0 g TCOD kg−1 VS d−1 (equivalent to 4.0 ± 0.1 g VS fed kg−1·d−1) in this study after 21 days of psychrophilic (20 °C) incubation is greater than the yield 161 NL CH4 kg−1 VS of dairy cattle feces fed at OLR of 1.4 g VS substrate kg−1 VS inoculum reported by Møller et al. [22] at 35 °C and HRT of 40 days. Similarly, the SMYs of 157.8 ± 11.6 and 147.3 ± 14.8 NL CH4 kg−1 VS fed obtained in this study at OLR of 7.0 and 8.0 g TCOD kg−1 VS d−1 are within the range of the SMY 135 and 164 L CH4 kg−1 VS obtained during mesophilic (30 °C) anaerobic digestion of dairy cattle manure reported by Somayaji and Khanna [23], and Shyam [24] at HRT of 40 and 50 days, respectively.


Table 7. Specific methane yield (L CH4 kg−1 VS) of cow feces at different temperatures and total solids.



	
Substrate

	
OLR (g VS kg−1 Inoculum d−1) unless Indicated otherwise

	
HRT (day)

	
TS (%)

	
Temperature (°C)

	
Reference




	
15

	
20

	
30

	
35

	
40

	
50

	
55

	
60

	
65






	
Dairy cow manure

	
6.0 g TCOD L−1

	
21

	
11–16

	
–

	
209.4 ± 21.8 a

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
This study




	
Dairy cow manure

	
7.0 g TCOD L−1

	
21

	
11–16

	
–

	
147.3 ± 14.8 a

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
This study




	
Dairy cow manure

	
8.0 g TCOD L−1

	
21

	
11–16

	
–

	
149.5 ± 16.8 a

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
This study




	
Cow dung

	
5.3 b

	
84

	
13.1–14.7

	
174

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
Zhu and Jha [27]




	
Cow dung

	
10.7 b

	
63

	
15.2

	
–

	
–

	
–

	
167

	
–

	
–

	
188

	
–

	
–

	
Jha et al. [13]




	
Cow dung

	
10.7 b

	
63

	
7.7

	
–

	
–

	
–

	
194

	
–

	
–

	
226

	
–

	
–

	
Jha et al. [13]




	
Cow dung (no mixing)

	
18.6 b

	
35

	
16.2

	
–

	
–

	
–

	
127

	
–

	
–

	
–

	
–

	
–

	
Jha et al. [14]




	
Cow dung with mixing

	
18.6 b

	
35

	
16.2

	
–

	
–

	
–

	
150

	
–

	
–

	
–

	
–

	
–

	
Jha et al. [14]




	
Feedlot manure

	
NR

	
40

	
16.3

	
–

	
–

	
–

	
9.2

	
–

	
–

	
–

	
–

	
–

	
Borhan et al. [28]




	
Cattle manure

	
3.3

	
18

	
–

	
–

	
–

	
–

	
260

	
270

	
250

	
280

	
270

	
240

	
Varel et al. [26]




	
Cattle manure

	
3.0

	
15

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
202

	
–

	
165

	
Ahring et al. [29]




	
Cattle manure

	
2.0

	
20

	
–

	
–

	
–

	
–

	
–

	
–

	
260

	
–

	
230

	
–

	
El-Mashad et al. [5]




	
Dairy manure

	
NR

	
30

	
–

	
–

	
–

	
–

	
242.7

	
–

	
–

	
–

	
–

	
–

	
Labatut et al. [30]




	
Cattle manure

	
NR

	
40

	
–

	
–

	
–

	
135

	
–

	
–

	
–

	
–

	
–

	
–

	
Somayaji and Khanna [23]




	
Cattle manure

	
NR

	
50

	
–

	
–

	
–

	
164

	
–

	
–

	
–

	
–

	
–

	
–

	
Shyam [24]




	
Cattle manure

	
NR

	
100

	
–

	
–

	
–

	
230

	
–

	
–

	
–

	
–

	
–

	
–

	
Shyam [24]




	
Dairy cattle manure

	
NR

	
100

	
–

	
–

	
–

	
–

	
148 ± 41

	
–

	
–

	
–

	
–

	
–

	
Møller et al. [22]




	
Cow manure

	
NR

	
16

	
–

	
–

	
–

	
–

	
128

	
–

	
–

	
–

	
–

	
–

	
Preeti Rao and Seenayya [31]




	
Cow manure

	
NR

	
90

	
–

	
–

	
–

	
–

	
260 c

	
–

	
–

	
–

	
–

	
–

	
Guengoer-Demirici et al. [32]






a Units of SMY are NL CH4 kg−1 VS. b Calculated from the data provided in the citation. c With basal medium. NR = not reported.




However, the average SMYs (162.5 ± 38.6, and 140.7 ± 11.1 NL CH4 kg−1 VS fed) obtained at OLR of 7.0, and 8.0 g TCOD kg−1 VS d−1 (equivalent to 4.8 ± 0.2 and 5.7 ± 0.3 kg VS fed m−3·d−1, respectively) in this study are comparable to the yields reported by Møller et al. [22], Somayaji and Khanna [23], and Shyam [24]. For the same incubation time, Schafer et al. [25] reported a SMY of 85 L CH4 kg−1 VS from beef cattle manure in two-stage (hydrolysis-methanogenesis) reactor with OLR of 6 and 3 kg VS m−3·d−1 for hydrolysis and methanogenesis stages, respectively. The average SMY obtained in this study (209.4 ± 21.8 NL CH4 kg−1 VS fed) at OLR of 6.0 g TCOD kg−1 inoculum d−1 is less than those reported by Varel et al. [26] [240–280 L CH4 kg−1 VS] at temperatures between 35 and 65 °C, HRT of 18 days, and OLR of 3.3 kg VS m−3·d−1 (Table 7). Compared to Varel et al.’s results [26] for operations at 35 to 65 °C, the current study demonstrated a potential technology which minimizes energy required for heating the bioreactor. Achieving a stable psychrophilic anaerobic digestion of undiluted cow manure at increased OLR (6.0 to 8.0 g TCOD kg−1 inoculum d−1) over long-term operation is a significant improvement with potential market in cold climate area.

The specific methane yields obtained in this study demonstrate that the novel PDAD of cow feces in sequence batch reactor is practically feasible and as efficient as mesophilic and thermophilic anaerobic digestion given that a well-acclimatized inoculum is developed and maintained. Since the results of this study showed that there was no difference in SMY obtained at OLR 6.0 to 8.0 g TCOD kg−1 inoculum d−1 then there is a potential to increase the OLR further. It is important to define the threshold of maximum OLR, which allows for using a maximum proportion of substrate and minimum proportion of inoculum compared to those used in this study without jeopardizing decreasing the SMY. This objective could be addressed in future research.





3.2. Volatile Fatty Acids (VFAs) Production

The profiles of acetic, propionic, and butyric acids concentrations on day 0, 7 and 21 are shown in Figure 3. Samples at the beginning of each cycle (day 0) represents the ISM while those at the end of the treatment cycle (day 21) represent the digestate which has been used as inoculum for the next cycle. The average concentrations of iso-butyric, iso-valeric, valeric, and caproic acid were 60 ± 5, 58 ± 7, 28 ± 5, and 22 ± 6 mg·L−1, respectively, throughout the successive cycles.

Figure 3. VFAs profiles during for the psychrophilic anaerobic digestion of dairy cow feces.
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Generally, the profiles of VFAs produced during different cycles were almost identical. Throughout the successive cycles, acetic acid concentration peaked immediately after feeding to levels ranging between 2000 and 3500 mg·L−1 but was consumed within a week in all bioreactors to levels of about 500 mg·L−1 and to within 100 ± 50 mg·L−1 after two weeks, as can be observed from Figure 3, indicating that methanogenesis from acetate was not a rate limiting step. Similarly, propionic acid peaked to around 500 mg·L−1 after feedings at OLR of 6.0 g TCOD kg−1 inoculum d−1 and to around 750–1000 mg·L−1 after feedings at OLR of 7.0 and 8.0 g TCOD kg−1·d−1. However, it was consumed within a week to levels close to the detection limits of the instrument (25 ± 10 mg·L−1).



The profile of propionic acid in the bioreactors was similar to that of acetic acid. In addition, butyric acid peaked to around 500–1500 mg·L−1 after feedings and was consumed within a week to levels within 250 mg·L−1. The concentrations of other volatile fatty acids (isobutyric-, iso-valeric-, valeric-, and caproic-acid) were between 100 and 250 mg·L−1 immediately after feeding and less than 50 mg·L−1 during the remaining time of the cycles.

Inhibitory effects of VFAs depend among other factors on pH, alkalinity, and type of culture [33]. The VFAs toxicity increases with drop in pH. Salces [34] reported that acetate and propionate concentrations of 2851 and 745 mg·L−1 caused 50% inhibition in methane production at pH 7.0 while these concentrations increased to 8976 and 2358 mg·L−1, respectively, at pH 7.5. The pH profile (Figure 4) ranged between 6.8 at the beginning of the cycle (day 0) and 7.5 at the end of the cycle (day 21). The stability of pH was due to the sufficient buffering capacity of cow feces fed (alkalinity of 6900 to 9100 mg CaCO3 kg−1), that of the reactor content (8800 to 12600 mg CaCO3 kg−1) and absence of VFAs accumulation. The concentration of alkalinity in the reactor was generally in the same level or greater than that in the cow feces because methane producing reaction generates alkalinity as a by-product.

Figure 4. Profile of pH during for the psychrophilic anaerobic digestion of dairy cow feces.
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Concentrations of VFAs were always below the inhibitory levels (Figure 3). Since no fluctuation has been observed in the rate of biogas production (Figure 2) then there was no cause of inhibition whether due to VFAs accumulation, pH drop, ammonia inhibition or other causes. The profiles of the VFAs concentrations, the stable methane production and yield during the successive cycles indicate that acetogenic and methanogenic reactions proceeded fairly well.



3.3. Solids Reduction

The average total solids reduction during the individual cycles was about 30.0% ± 4.4%, 23.5% ± 6.9%, 17.8% ± 2.7% for the cycles operated at OLR of 6.0, 7.0, and 8.0 g TCOD kg−1 inoculum d−1, respectively. The average volatile solids reduction was about 45.2% ± 0.2%, 37.4% ± 8.5%, 31.2% ± 4.6% for the cycles operated at OLR of 6.0, 7.0, and 8.0 g TCOD kg−1 inoculum d−1, respectively.




4. Conclusions

Psychrophilic (20 °C) anaerobic digestion of cow feces (total solids of 11%–16%) in a sequence batch reactor is feasible at organic loading rate of 6.0 to 8.0 g TCOD kg−1 inoculum d−1 and treatment cycle length of 21 days. The specific methane yield ranged between 124.5 ± 1.4 and 227.9 ± 4.8 NL CH4 kg−1 VS fed; these values are within the range of specific methane yield reported for cow feces from mesophilic and thermophilic wet anaerobic digestion. No lag phase in biogas production or inhibition has been observed. Hydrolysis was the rate limiting step; volatile fatty acids have been consumed immediately and converted into methane. Consistent methane production, volatile fatty acid concentrations, pH and volatile solids removal in the duplicate bioreactors indicate a stable and reproducible process with consistent performance at the range of organic loading rates examined. The results proved that the novel PDAD of cow feces in sequence batch reactor is feasible at the conditions examined.
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