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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



Energies 2019, 12, 2540 10 of 14

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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