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Abstract: There is a lack of literature reporting the measurement and prediction of biochemical
methane potential (BMP) of vegetable crop residues (VCRs) and similarly, the kinetic assessment
on the anaerobic digestion process of VCR is rarely investigated. In this paper, the BMP tests
of five different vegetable (snap bean, capsicum, cucumber, eggplant, and tomato) crop residues
were conducted at feed to inoculum ratio (F/I) of 2.0 under mesophilic (36 ± 1 ◦C) conditions.
A series of single-variable and multiple-variable regression models were built based on organic
components (hemicellulose, cellulose, lignin, total fat, total sugar, and crude protein) for BMP
prediction. Three kinetic models, including the first-order kinetic model, the Chen and Hashimoto
model, and the modified Gompertz model, were used to simulate the methane yield results of VCR
and obtain valuable model parameters simultaneously. As a result, the BMPs and volatile solids (VS)
degradation degree of different VCRs were respectively in the range of 94.2–146.8 mL g−1 VS and
40.4–49.9%; the regression prediction models with variables lignin (R2 = 0.704, p = 0.076), variables
crude protein and lignin (R2 = 0.976, p = 0.048), and variables total fat, hemicellulose, and lignin
(R2 = 0.999, p = 0.027) showed the best performance on BMP prediction among the single-factor,
two-factor, and three-factor models, respectively. In addition, compared to the other two kinetic
models, the modified Gompertz model could be excellently fitted (R2 = 0.986–0.998) to the results of
BMP experiment, verification deviations within 0.3%.

Keywords: anaerobic digestion; biochemical methane potential (BMP); vegetable crop residues;
regression model; kinetic model

1. Introduction

In recent years, attributable to the vigorous implementation of the “vegetable basket project” by
local governments at various levels, the vegetable industry has developed rapidly and prosperously in
China [1]. Vegetable crop residues (VCRs), including stalks, leaves, vines, and roots of plants, refer to
the parts of the vegetable crop that remain after obtaining the main agricultural products [2,3]. In 2016,
the total output of VCR in China was approximately 40 million tons that were mainly generated
during the harvest of vegetable fruits and the renovation of greenhouses [4–6]. Compared to other
vegetables species, the Solanaceae (eggplant, tomato, and chili, etc.), Leguminosae (green bean, etc.),
and Cucurbitaceae (cucumber, pumpkin, etc.) crops tend to contribute most of the production of
VCR due to the huge plant residues, the dense vines, and the enormous demand of supplies [6–8].
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The distinct characteristics of VCR (high water content, perishable, and eutrophic) cause it to produce
odor and a large amount of leachate in a short time during stacking or landfilling [9,10]. Thus it
is imperative to promote research to find a feasible method for treating VCR from those vegetable
varieties with a high residues-produced ratio.

Anaerobic digestion (AD) can be used to convert biomass materials into methane for energy
recovery and achieve waste stabilization and environment stress reduction [11,12]. Currently,
the literature on methane production from VCR is sparse. Wang et al. investigated the performance
of codigesting cucumber crop residues, corn stover, and pig manure at different ratios for methane
production, and significantly improved methane yields 1.27–3.46 times higher than monofeedstock [13].
Bi et al. used chili stalks as the raw material to study the physiochemical properties and biogas
production potentials of different parts of chili stalks during AD, and as a result, the methane yields
of leaves (185.2 mL g−1 VS), stem (104.2 mL g−1 VS), and root (68.9 mL g−1 VS) were obtained [14].
Similarly, Luo et al. tested the feasibility and efficiency of biogas production from five different
typical, protected horticulture residues (cucumber vine, tomato stem and leaves, pakchoi, watermelon
vine, and grass) under a warm fermentation condition (38 ◦C) [7]. These studies have convincingly
demonstrated the enormous biogas production potential of VCR but the AD research on crop residues
from specific vegetable species, namely, certain vegetable varieties with high crop-residues-produced
yield, have not been reported.

The potential biogas production assay of the feeding organic mixture, also known as biochemical
methane potential (BMP), is the main indicator for characterizing waste and simultaneously the
significant parameter for process optimization and variables management of anaerobic digestion [15,16].
This parameter can provide preliminary analysis and suggestion for specific biomass, however,
since the traditional measuring methods of BMP are excessively time-consuming and expensive,
economical and convenient techniques for predicting BMP are of great attraction [17]. In the past
decades, numerous studies have succeeded in correlating BMP with component composition (proteins,
lipids, sugars, hemicellulose, cellulose, and lignin) of organic substrates by developing regression
predictive models. For instance, Kafle et al. evaluated the BMP of different livestock manures (dairy
manure, horse manure, goat manure, chicken manure, and swine manure), and via mathematical
regression analysis, the single-variable and multivariate predictive models were established for
livestock manures with satisfying performances (R2 = 0.851–0.998) [18]. Gunaseelan V.N. confirmed
that the BMP of fruit and vegetable solid wastes, sorghum, and napiergrass can be predicted through
regression models based on main chemical constituents, which account for 90% (R2 ≥ 90%) of the
variation in methane production at least [19]. Likewise, Triolo et al. researched the influence of fibrous
fractions containing cellulose, hemicelluloses, and lignin of energy crops and animal manures on its
BMP and found a good negative correlation (R2 = 0.763–0.908) between BMP and lignin, when lignin
as the single variable exists in prediction models [17]. Furthermore, several studies have focused on
some fresh lignocellulosic wastes such as sunflowers, giant reed, spent edible mushroom substrates,
and Chinese herb-extraction residues and fitted their own BMP regression models. [16,20,21]. However,
to the best of our knowledge, no literature has investigated the relationships between chemical
composition of VCR and its BMP by establishing a regression model.

According to the literature, the modeling of methane production was generally based on the
kinetic models [19]. Kinetic evaluation of the AD process is critical for anaerobic reactor design and
evaluation [22]. Due to the microbial role in the anaerobic process, the first-order kinetic model is
commonly applied to simulate the anaerobic biodegradation [23]. In addition, the Chen and Hashimoto
model is efficaciously used to predict the volumetric methane production rate in the AD process [24],
and likewise, exponential rise to maximum as well as modified Gompertz equations could accurately
simulate accumulation of biogas from AD [21,25]. Nevertheless, the study of the kinetic evaluation of
the VCR anaerobic fermentation process using the above three models has not been carried out so far.

In summary, the objectives of this paper were (1) to characterize the compositional features of
several different VCRs from Solanaceae, Leguminosae, and Cucurbitaceae; (2) to compare their BMP from
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the mesophilic batch fermentation test; (3) to establish single-variable and multivariate regression
models based on compositional features for BMP prediction; and, using the BMP test results, (4) to
evaluate the batch fermentation process via simulation of different kinetic models for determining
kinetic parameters.

2. Materials and Methods

2.1. Feedstock and Inoculum Used

Five common types of VCR (all parts above-ground including stems, leaves, vines, and residual
fruit) including snap bean (Phaseolus vulgaris) crop residues (SBR), capsicum (Capsicum annuum L.)
crop residues (CAR), cucumber (Cucumis sativus L.) crop residues (CUR), eggplant (Solanum melongena
L.) crop residues (EGR), and tomato (Lycopersicon esculentum Mill.) crop residues (TOR) were used in
our experiment. These VCRs were obtained from a local vegetable greenhouse (Xiangfang District,
Harbin City, Heilongjiang Province, China) in October 2017. After moisture content measurement,
the substrates were dried at 105 ◦C to constant weight and then crushed to 50–200 mesh using a
multifunctional electric shredding apparatus (motor speed was 30,000 r min−1 and rated power was
1800 W) prior to measurement. The characteristic data (total fat, total sugar, total protein, hemicellulose,
cellulose, and lignin) of each VCR were determined following the methods described in Section 2.4,
and results are shown in Table 1.

Table 1. Characteristics of five different VCRs and inoculum.

Feed Units
Types of VCR

SBR CAR CUR EGR TOR Inoculum

Total solids (TS) % 21.08(0.08) 20.35(<0.01) 21.87(0.13) 19.40(0.23) 17.52(0.11) 1.02(0.07)
Volatile soilds (VS) % 18.30(0.19) 16.41(0.24) 16.56(0.57) 16.66(0.06) 14.53(0.25) 0.58(0.04)

pH – 5.45(0.01) 4.96(0.03) 7.91(0.01) 6.04(0.02) 5.35(0.01) 7.61(0.01)
Crude protein (CP) %TS 21.24(1.24) 15.13(0.88) 8.84(0.25) 14.93(0.06) 18.56(0.61) -

Total fat (TF) %TS 3.40(0.13) 1.67(0.10) 2.02(0.12) 3.54(0.24) 2.44(0.05) -
Total sugar (TSug) %TS 26.88(0.21) 24.81(1.22) 20.52(2.01) 21.14(0.25) 19.33(0.96) -

Hemicellulose (Hem) %TS 10.27(0.91) 18.63(1.22) 11.60(0.59) 16.25(1.01) 16.91(0.15) -
Cellulose (Cel) %TS 31.01(1.63) 23.39(0.25) 31.26(0.48) 30.10(1.66) 28.41(0.50) -

Lignin (Lig) %TS 5.10(0.05) 8.31(0.31) 11.25(0.15) 10.52(0.02) 7.58(0.38) -
C/N – 11.65(1.01) 15.45 (1.46) 22.76(0.53) 16.10 (1.27) 11.99 (0.95) -

Note: values in parenthesis represent standard deviation (n = 3).

The anaerobic sludge used for inoculation was taken from a 400 m3 size anaerobic digestion tank
in a biogas plant (Heilongjiang, China) that digested straw and cattle manure at 37 ◦C. The TS, VS,
and pH of inoculum were 1.02%, 0.58%, and 7.61, respectively. The inoculum was stored at 4 ◦C,
and 72 h before use, it was activated at 36 ± 1 ◦C with a constant temperature shaker.

2.2. Test Setup and Design

In the BMP test, 5 VCRs substrates were digested anaerobically in duplicate using 15 Erlenmeyer
flasks (0.5 L) with a working volume of 0.35 L. The feed-to-inoculum ratio (F/I) was maintained at
2.0 (based on dry matter) in all the batch digesters. A certain amount of dry substrates, which was
calculated from the inoculation ratio, 4 mL of macroelement and oligoelement solution (based on the
methods described by Monlau et al.), and inoculum were precisely and successively added to each
flask while ensuring that the volume was equal to 0.35 L [16]. After the mixture was shaken evenly by
hand, the headspace of bottles was flushed with pure N2 to obtain an anaerobic environment. Flasks
were immediately closed by rubber plugs with a gas channel; the channel had been connected in
advance with a 0.5 L aluminum gas bag (Dalian Hede Technologies Ltd., Dalian, China) using a rubber
tube. Three blanks only containing inoculum and elemental replenishment solution were used to
correct biogas production. All flasks were incubated in a 36 ± 1 ◦C incubator.
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2.3. Biogas Measurement and Calculations

The biogas volumes in collection bags were measured via the water displacement method,
and then the measured wet biogas volumes were converted to the volumes at standard dry state (273 K,
1.00 atm) using Equation (1) uniformly [22]. A gas chromatograph (GC-6800N, Agilent Inc., Santa
Clara, CA, USA) equipped with a thermal conductivity detector (TCD) and a stainless steel column
(1 m × 3 mm i.d. carbon molecular sieve TDX-01: 1.5 to 2.0 nm) was used to determine the methane
and carbon dioxide concentrations from the biogas. The carrier gas was argon with a flow rate of
40 mL min−1; the gas measurement time was 2.5 min; temperatures of injector, oven, and detector
were set to 120 ◦C, 155 ◦C, and 220 ◦C, respectively. The gas composition was measured daily at the
initial stage of AD and gradually increased to larger time intervals.

VSTP =
VT × 273 × (760−pw)

(273 + T)× 760
(1)

where VSTP is volume of gas measured at standard temperature and pressure (mL), VT is volume of
gas measured at temperature T (mL), T is temperature of the laboratory ambient space (◦C), and pw

represents the saturated vapor pressure at the ambient temperature (mm Hg).

2.4. Analytical Methods

Parameters such as total solids (TS), volatile solids (VS), and total Kjeldahl nitrogen (TKN) were
determined according to the standard methods described by American Public Health Association
(APHA), and the crude protein (CP) was obtained as TKN × 6.25 [26]. The pH of VCR was determined
by soaking extracting method (Sartorius basic pH meter PB-10, Germany). Fehling reagent method
was applied to the determination of total sugars (TSug), and total fat (TF) was measured via Soxhlet
extraction method [27,28]. The hemi-cellulose (Hem), cellulose (Cel), and lignin (Lig) were measured
using an automatic fiber analyzer (ANKOM A2000i. ANKOM Technology, Macedon, NY, USA)
according to the method adapted from Soest et al. [29]. For accuracy, all tests were repeated three times
and averaged.

The variance analysis (ANOVA) and least significant difference (LSD) analysis were performed by
Design-Expert 8.0.6 software, and the SPSS 17.0 was used for single and multiple regression analysis
for BMP data. Origin 8.0 software was used to perform nonlinear regression analysis to determine all
the parameters of the three kinetic models, and the coefficient of determination (R2) and relative root
mean square error (rRMSE) were obtained synchronously.

2.5. Kinetic Models

2.5.1. First-Order Kinetic Model

Hydrolysis in anaerobic digestion was usually assumed to be a rate-limiting step and based on
this, a first-order kinetic model could provide an accurate representation of BMP results [30]. It is
assumed that the degradation of each VCR follows a first-order decay rate. Therefore, the production
of methane was assumed to follow Equation (2):

G(t)= G0 ×
(

1 − e(−Kt)
)

(2)

where G(t) is the cumulative methane yield at time t (mL g−1 VS), G0 is methane potential of the
feedstock (mL g−1 VS), K is first-order disintegration rate constant as well as methane production rate
constant (day−1), which is determined by taking the reciprocal of the time from the start of the BMP
assay until when G(t) equaled 0.632 G0, and t is anaerobic digestion time (day).
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2.5.2. Chen and Hashimoto Model

The Chen and Hashimoto model has been satisfactorily used for both the continuous and batch
anaerobic digestion processes [18,24]. The model parameters, and especially critical retention time
(HRTcritical), are of great significance for the evaluation of anaerobic fermentation reactions. The Chen
and Hashimoto model is described in Equation (3):

G(t) = G0 ×
(

1− KCH
HRT × µm+KCH−1

)
(3)

where hydraulic retention time (HRT) is digestion time (when equation is applied to batch fermentation
experiments) (day), KCH is Chen and Hashimoto kinetic constant (dimensionless), µm is maximum
specific growth rate of microorganisms (day−1). Equation (3) can be converted to Equation (4):

HRT =
1

µm
+

KCH
µM

G(t)
G0−G(t)

(4)

A straight line with the slope KCH/µm and the intercept 1/µm is obtained. When taking G(t)/G0−G(t)
as the independent variable and HRT as the dependent variable, HRTcritical is determined using
Equation (5). The shorter the HRTcritical is, the better the reactor will operate [18].

HRTcritical =
1

µm
(5)

2.5.3. Modified Gompertz Model

The modified Gompertz equations have a wide range of applications in the field of methane
production, and it can be presented as Equation (6):

G(t)= G0×exp
{
−exp

[
Rmax×e

G0
(λ − t)+1

]}
(6)

where Rmax is the maximal methane production rate (mL g−1 VS day) and λ is the duration of lag
phase (day), while t is the time over the fermentation period and e is equivalent to exp(1), or 2.718282.
The curve simulated via this equation has the following characteristics: (1) it matches the S type curve
model, (2) the growth rate is positive, and (3) the inflection point and horizontal asymptote are unique.
These Gompertz parameters, especially lag phase (λ), are also an important factor in determining the
efficiency of anaerobic digestion [25].

3. Results and Discussion

3.1. Compositional Characteristics of VCR

The characteristics of substrates and inoculum used for the test are shown in Table 1. The TS and
VS content in fresh VCR were found to be in the range of 17.52–21.87% and 14.53–18.30%, respectively.
Liu et al. obtained an analogous result of moisture content (80.32%) and VS content (12.52%) in
tomato stalks compared to our study [10]. Except for cucumber crop residues (CUR), all types of
VCR possessed weak acidity (pH ranged from 4.96 to 6.04), which were in accordance with the pH
average range of VCR (4.53–8.50) suggested by Han et al. [6]. Compared to the average of 17.47% from
the other four crop residues, CUR showed a significantly (p < 0.05) lower crude protein content of
8.84%. Low total fat contents (1.67–3.54%) were found in VCR. As a contrast, the total sugar contents
(19.33–26.88%) were found to be relatively high, which means that VCR was rich in readily degradable
carbohydrate compounds. Concerning the holocelluloses fraction, hemicellulose contents ranged
from 10.27% to 18.63%, cellulose contents ranged from 23.39% to 31.26%, and lignin contents ranged
from 5.1% to 11.25%. According to Gunaseelan V.N., significantly (p < 0.05) lower cellulose contents
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were present in fruit and vegetable waste (Solanum tuberosum L. peels, Brassica oleracea L. leaves, etc.)
compared to VCR, which was typically about 20% (based on dry matter) [19]. The carbon/nitrogen
(C/N) ratio of VCR ranged from 11.65 to 22.76. The C/N ratio of 20–30 was generally defined as
the most suitable ratio for the anaerobic fermentation process, although Wang et al. suggested that
the optimal C/N ratio for AD was not within a fixed range but depended on the types of biogas
substrates [31]. For instance, Romano and Zhang proposed that the C/N ratio should be maintained at
15 for codigestion of digested sludge and juice [32]. In addition, the results of the Paired-Samples t test
(data not shown) indicated that no significant difference was found between the concentrations of
CF and Hem, but concentrations of all other components were significantly different from each other
(p < 0.05).

3.2. Batch Anaerobic Digestion Test Results

Figure 1 shows the biogas production rates for five different VCRs. The five curves in the figure
had similar trends: (1) in all 15 reactors, anaerobic fermentation started immediately on the first day;
(2) the highest peak appeared before the 5th day; (3) maintained high reaction efficiency before the
15th day; and (4) biogas production rate dropped significantly after the 20th day. The peak values of
daily biogas production rates were calculated to be 49.7, 39.8, 33.7, 38.1, and 49.0 mL g−1 VS days after
1, 1, 3, 1, and 1 days of digestion from SBR, CAR, CUR, EGR, and TOR, respectively. Fast start-up and
rapid production rate are associated with higher total sugar (TSug) content in VCR [31].
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The cumulative biogas yields (mL g−1 VS) and methane contents in the period of biogas produced
from different VCRs are presented in Figure 2. At the end of batch AD, the average biogas yields from
the reactors were calculated to be 251.3, 205.2, 197.2, 166.9, and 214.8 mL g−1 VS for SBR, CAR, CUR,
EGR, and TOR, respectively (as shown in Figure 2a). The time period for 80–90% of the ultimate biogas
production from substrate, known as the technical digestion time (T80–90), is usually recommended as
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a suitable HRT for continuous fermentation of identical substrate [18]. The T80–90 was calculated to
be in the range of 7–9, 7–11, 9–11, 9–13, and 11–15 days for SBR, CAR, CUR, EGR, and TOR (Table 2),
respectively. Mathematically, no significant difference was found between the biogas production rates
of CAR and CUR, but those from all the other VCRs were significantly different from each other
(p < 0.05).Energies 2018, 11, x FOR PEER REVIEW    7  of  15 
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The methane content (%) rose rapidly during the first eight days of AD and thereafter, it decreased
slightly and stabilized to almost constant (as illustrated in Figure 2b). The weighted average methane
contents of the biogas production were 58.4%, 58.8%, 59.6%, 56.4%, and 57.9% from the SBR, CAR, CUR,
EGR, and TOR, respectively. As a matter of course, the average methane yield from SBR, CAR, CUR,
EGR, and TOR respectively were 146.8, 120.6, 117.5, 94.2, and 124.4 mL g−1 VS, which were calculated
based on methane contents and biogas yield. Such results are in agreement with literature data as Bi
et al. found methane potential of 104.2 mL g−1 VS for chili stalks [14]. According to Mussatto et al.,
the cellulose was encapsulated by lignin and hemicellulose that made it difficult to be hydrolyzed by
extracellular enzymes, thereby reducing the methane yield of lignocellulosic materials [33]. Similarly,
Triolo et al. found that the lignin content in energy crops and livestock manure was significantly
negatively correlated with its methane yield [17]. Thus higher lignin contents in CUR and EGR may be
the reason for lower methane yield compared with other VCRs. In addition, Li et al. found that total
sugar (TSug) content in spent edible mushroom substrates had an enhanced effect on methane yields,
which may partly account for the highest methane yield from SBR in this experiment [21].

The TS, VS, and acid detergent fiber (ADF) degradation degree at the end of the AD period are
shown in Table 2. The VS degradation degree shows good correlation with methane potential (as
illustrated in Equation (7)). Similar to our study results, Kafle et al. found a good correlation (R2 > 0.800)
between VS removal and G0 [18]. The ADF degradation degrees were calculated to be 42.8%, 43.4%,
31.2%, 27.1%, and 25.9% for the SBR, CAR, CUR, EGR, and TOR, respectively. A weak negative
correlation existed between ADF degradation degree and lignin content (R2 = 0.305), which indicates
that in addition to the crystallization of cellulose, the shielding effect of lignin composition reduced
the degradation degree of ADF to some extent synchronously [16]. The pH of effluence from different
reactors were in the range of 7.48–7.68, indicating that the AD of VCR was stable running under the
selected inoculation ratio (2:1 based on TS) conditions.

VS degradation degree (%) = 24.831 + 0.178G0

(R2 = 0.898, Adj. R2 = 0.864, p = 0.014)
(7)
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Table 2. Measured biogas and methane potential, TS, VS, and ADF degradation degree, effluence pH,
and technical digestion time for different VCRs.

Parameters Units
VCR

SBR CAR CUR EGR TOR

Biogas potential mL g−1 VS 251.3 (16.1) 205.2 (15.8) 197.2 (8.5) 166.9 (14.3) 214.8 (8.7)
Methane potential mL g−1 VS 146.8 (10.1) 120.6 (9.7) 117.5 (5.1) 94.2 (8.7) 124.4 (5.6)
Methane content % 58.4 (1.1) 58.8 (0.8) 59.6 (1.2) 56.4 (0.4) 57.9 (0.9)

TS degradation degree % 40.0 (0.7) 37.2 (1.2) 33.7 (0.6) 31.7 (0.3) 34.6 (0.4)
VS degradation degree % 49.9 (1.1) 46.9 (0.8) 47.2 (0.7) 40.4 (0.5) 47.1 (0.3)

ADF degradation degree % 42.8 (3.7) 43.4 (1.8) 31.2 (1.1) 27.1 (2.2) 25.9 (1.0)
Effluence pH - 7.68 (0.02) 7.66 (0.01) 7.56 (0.01) 7.61 (0.00) 7.48 (0.01)

T80 days 7 (1) 7 (1) 9 (2) 9 (1) 11 (1)
T90 days 9 (1) 11 (1) 11 (2) 13 (2) 15 (2)

Notes: ADF is acid detergent fiber; T80 is duration for approximately 80% of biogas production; T90 is duration for
approximately 90% of biogas production; values in parenthesis represent standard deviation (n = 3).

3.3. Results of Linear Regression Analysis

The simple and multiple linear regression models based on chemical composition (TP, TF, TSug,
Hem, Cel, and Lig) of VCR were developed to predict methane potential. As illustrated in Table 3,
poor regression (R2 < 0.369) and lower significance levels (p > 0.277) were found in all single-factor
linear regression models except for the model with lignin as a single independent variable (R2 = 0.704,
p = 0.076). Triolo et al. obtained an almost identical R2 value (0.763) between lignin and the G0 of
energy crops (grass, maize, etc.) [17]. Such results also confirm that lignin controls VS destruction most
significantly compared to other variables, and thus has a fine correlation with G0. In our experiment,
G0 is negatively correlated with lignin and the correlation coefficient (slope) is −6.416. The slope of
G0 to lignin, also known as lignin dependency, is generally used to characterize the extent to which
methane yield of special substrate is affected by lignin composition. Triolo et al. reported a lower
slope of −2.58 for energy crops, which suggested that lignin affects G0 more significantly in VCR than
in energy crops [17]. In contrast to our experimental results, a substantially lower R2 value (0.265)
between lignin and ultimate methane yield (G0) from Jatropha curcus and Morus indica was reported by
Gunaseelan V.N. [34].

Table 3. Regression of methane potential (G0) of VCR using explanatory variables.

Explanatory Variables R2 Adj. R2 SE p-Value Equation

Simple Linear Regression
CP 0.319 0.093 17.9 0.321 G0 = 84.92 + 2.275CP

TSug 0.369 0.159 17.2 0.277 G0 = 39.83 + 3.588TSug
Lig 0.704 0.606 11.7 0.076 G0 = 175.57 − 6.416Lig

Multiple Linear Regression
CP, Lig 0.976 0.903 5.8 0.048 G0 = 326.56 − 4.936CP − 14.986Lig
TF, Lig 0.776 0.552 12.6 0.224 G0 = 196.666 − 6.28TF − 6.963Lig

TSug, Lig 0.709 0.418 14.3 0.291 G0 = 159.18 + 0.549TSug−5.946Lig
Hem, Lig 0.832 0.664 10.9 0.168 G0 = 198.886 − 5.874Hem − 1.897Lig

CP, TF, Hem 0.997 0.990 1.9 0.065 G0 = 169.173 + 3.91CP − 18.55TF − 4.18Hem
CP, TF, Lig 0.980 0.843 7.4 0.251 G0 = 343.18 − 5.81CP + 3.05TF − 16.25Lig

CP, TSug, Lig 0.972 0.889 6.2 0.211 G0 = 382.9 − 5.57CP − 1.24TSug − 17.15Lig
CP, Hem, Lig 0.977 0.907 5.7 0.194 G0 = 314.99 − 4.18CP − 0.93Hem − 13.41Lig
CP, Cel, Lig 0.987 0.946 4.3 0.147 G0 = 300.97 − 5.09CP − 15.4Lig + 1.09Cel

TF, Hem, Lig 0.999 0.998 1.7 0.027 G0 = 241.96 − 10.01TF − 2.64Hem − 6.54Lig
TF, Cel, Lig 0.970 0.879 6.5 0.220 G0 = 132.43 − 15.62TF + 3.45Cel − 8.24Lig

Hem, Cel, Lig 0.916 0.663 10.9 0.364 G0 = 315.18 − 4.76Lig − 3.13Cel − 4.31Hem
CP, TF, TSug, Hem 0.999 0.999 0.5 0.000 G0 = 160.15 − 4.05Hem + 0.38TSug − 18.13TF + 3.75CP

Notes: CP: crude protein; TF: total fat; TSug: total sugar; Hem: hemicellulose; Cel: cellulose; Lig: lignin. Part of the
lower R2 model’s data is not displayed; most significant regression models for the prediction of methane potential
are represented with bold letters.

The R2 values of the models are significantly improved when two or three variables are used
in combination for regression analysis and the standard error between the predicted and measured
value decreases simultaneously compared to the single regression models. This result indicates that
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AD was carried out under the synergistic action of microorganisms and various organic ingredients in
the substrates, namely, the BMP results are simultaneously affected to varying degrees by all organic
constituents of the substrate rather than being affected by only one component. Considering the R2

and p values, the model with the combination of two explanatory variables of CP and Lig showed
the best performance (R2 = 0.976 and p = 0.048) among the two-variable models, namely, CP and Lig
explained 97.6% of variation in G0. Similarly, in all the three-variable regression models, the highest R2

value (0.999) was obtained when TF, Hem, and Lig were used in combination. Moreover, the model
with the combination of CP, TF, Hem, and TSug showed the maximum performance with R2 infinitely
close to 1.000 and p value less than 0.001.

In these three preferred multivariate regression models, G0 was inversely proportional to CP, TF,
and Hem, which differed from previous theories [18]. It is probably due to the varied distribution of
organic components in VCRs used in this assay. For example, the total sugar content ranging from
19.33% to 26.88% occupied a large proportion, while the total fat content was only 1.67–3.54% with
a slight proportion. As a result, the change of total sugar showed a larger influence on the VCR
methane yield than that of total fat when the regression analysis was conducted. Moreover, the content
rangeability of one organic component had a larger difference in VCR compared to other organic
components. In theory, the greater change of one component contained in different substrates will
also cause a greater effect on the response value (G0) [21]. Therefore, if one component has a lower
content or a smaller variation degree between the specific samples, it will probably show a slight
effect on the response value (G0). It is also worth mentioning that the prediction models reported
by previous literatures have widely extensive variability as the used test materials changed [18,20].
Likewise, the prediction model developed in this study has a lack of universal applicability and is
only suitable for BMP determination of VCR. In summary, in the case of the pursuit of convenience
when the accuracy requirements are not very strict, the simple linear regression model with lignin as a
variable can be used to predict the BMP of VCR, while the multiple linear regression models should be
considered when the accuracy of BMP prediction is highly valued.

3.4. Results of Kinetic Analysis

Table 4 summarizes the fitting results of the dynamic models parameters. Among the three
kinetic models used in this experiment, the modified Gompertz model presents the lowest difference
(0.0–0.3%) between the predicted and measured methane yield (G0) followed by the first-order kinetic
model (2.3–5.1%), while the highest difference (12.1–17.8%) between the predicted and measured
methane yield is obtained in the Chen and Hashimoto model. Obviously, the modified Gompertz
model matches the AD experimental results of VCR more closely than the other two models. The lag
phase (λ) of five VCRs was within the range of 0–1.109 days. Yang et al. reported a longer lag phase
(0.7–35.7 days) for codigestion of corn stalk and straw depolymerization wastewater [35]. Theoretically,
the inoculum activity, the amount of readily degradable components in the substrate, and the initial
pH of the inffluent have a marked impact on the AD start-up time [18]. Thus higher total sugar
(TSug) content in VCR can be the reason for a shorter lag phase in our tests. The HRTcritical of VCR
ranged from 0.721 to 1.108 days, which suggested that the HRT should be greater than 1.108 days to
prevent the biomass washout when running continuous digesters using such VCRs under mesophilic
conditions [22]. Similarly, Tosun et al. reported shorter critical HRT (0.507–0.958 days) for batch
digestion of rose residues and almost the same critical HRT (0.86 days) for wastewater treatment plant
was proposed by Zhao et al. [24,36]. The K, KCH, µm, and Rmax parameters of different models varied
within the range of 0.094–0.167 day−1, 3.5–12.8, 0.902–1.329 day−1, and 9.0–21.9 mL CH4 g−1 VS day,
respectively. The highest Rmax value was estimated for the SBR followed by the CAR, and the lowest
was for the TOR.
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Table 4. Summary of results of kinetic study using three different models.

Equations and Parameters Units
VCR

SBR CAR CUR EGR TOR

First-order kinetic model
K Day−1 0.167 0.157 0.146 0.161 0.094
G0 mL CH4 g−1 VS 151.5 124.3 121.7 96.3 132.8

Difference * % 3.2 3.0 3.5 2.3 5.1
Chen and Hashimoto model

KCH − 3.5 4.7 3.9 5.8 12.8
µm Day−1 0.947 1.121 0.902 1.388 1.329

HRTcritical day 1.056 0.892 1.108 0.721 0.752
G0 mL CH4 g−1 VS 170.6 141.4 138.4 109.5 144.5

Difference * % 16.2 17.2 17.8 16.4 12.1
Modified Gompertz model

Rmax
mL CH4 g−1 VS

day
21.9 14.4 14.3 9.8 9.0

λ day 1.109 0.512 0.845 0.000 0.330
G0 mL CH4 g−1 VS 146.5 120.7 117.2 94.1 126.4

Difference * % 0.2 0.0 0.3 0.0 0.0

Notes: * means the difference between the predicted value and the measured value; the value of HRTcritical is
calculated by Equation (5).

Figure 3 depicts the results of nonlinear fitting of measured methane yield for five different
VCRs using (a) first-order kinetic model, (b) Chen and Hashimoto model, and (c) modified Gompertz
model. The determination coefficients (R2) are also shown in the respective figures. The highest R2

values (0.986–0.998) were calculated for the modified Gompertz model, followed by the first-order
kinetic model (R2 = 0.947–0.987), and the lowest R2 values (0.934–0.965) were obtained in the Chen
and Hashimoto model. Such good performance (R2 > = 0.934) demonstrates that all three proposed
equations can accurately describe the variation of VCR methane yield curves. Furthermore, based on
kinetic analysis results (difference between the predicted and the measured methane yield value,
correlation coefficient of nonlinear fitting), the modified Gompertz model is recommended as the
most suitable model for fitting VCR methane yield in our tests. The curves obtained by the modified
Gompertz model are typically S-shaped, namely, there is a relatively slow upward trend (lag phase)
presenting at the beginning of the curve. Therefore, the existence of lag phase time for all the VCRs
may be one of the main reasons why the modified Gompertz model is better in estimated performance
than the other two models. As proof, the first-order kinetic model is more suitable for the fitting of
BMP than the modified Gompertz model under the condition that the AD lag phase time of livestock
manure is zero [18].
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4. Conclusions

As a common feature, the lignocellulose content of different VCRs approximately were 50%
of TS and the total sugar (TSug) content detected varied in the range of 19.33–26.88% (based on
TS). Batch anaerobic digestion of VCRs was able to be conducted stably under the condition of
inoculation ratio of 2:1, and their specific methane yields ranged from 94.2 to 146.8 mL CH4 g−1 VS.
The highest and lowest BMPs were measured for the SBR and the EGR, respectively. The VS and
ADF degradation degrees for five different VCRs were measured in the ranges of 40.4–49.9% and
25.90–43.4%, respectively. The HRTs for continuous fermentation of VCR substrate under mesophilic
temperatures were suggested in the ranges 7–9, 7–11, 9–11, 9–13, and 11–15 days for SBR, CAR, CUR,
EGR, and TOR, respectively. In regard to the regression prediction models of VCR, the Lig-based
model showed the best efficiency among the single-variable models for predicting BMP; the model
with CP and Lig as variables was the best two- factor model, and the TF, Hem, and Lig-based model
was the best three-factor model in terms of BMP prediction; when CP, TF, TSug, and Hem were used
in combination for regression analysis, the model achieved the highest performance. The modified
Gompertz model better fitted the experimental results than the first-order kinetic model and the Chen
and Hashimoto model, with the highest R2 (0.986–0.998) and the lowest difference (<0.3%) between
the predicted and measured BMP of VCR.
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