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Abstract: In this study, effects of pretreatment of corn stover (CS) with sodium hydroxide (NaOH)
combined with calcium oxide (CaO) on anaerobic co-digestion of swine manure and CS for biogas
production were investigated. Different pretreated-CSs were prepared by adding different doses of
NaOH and CaO to CS: Treat-CSA (0.10 g NaOH/g CS), Treat-CSB ((0.075 g NaOH + 0.05 g CaO)/g
CS), Treat-CSC ((0.05 g NaOH + 0.05 g CaO)/g CS), and Treat-CSD ((0.025 g NaOH + 0.1 g CaO)/g
CS). Lignin removal rate, biomass recovery, reduced sugar, methane yield, DTy (digestion time
when biogas achieved 80% of the total biogas), composition of residues, and cost-efficiency were
measured to characterize CS after pretreatment and to evaluate the performance of co-digestors fed
with swine manure and differently-pretreated CS. The results showed that Treat-CSB showed an
excellent lignin removal efficiency and biomass recovery, resulting in the highest methane yield in its
co-digestion with swine manure. Since the net benefit of Treat-CSB was calculated to be the highest
(i.e., $1.89/ton total solids), therefore, we believe the co-digestion of Treat-CSB and swine manure for
biogas production be an effective valorization option for the wastes.
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1. Introduction

The production of biofuels from renewable resources, such as agricultural crops, woody and
herbaceous biomass, and waste materials, are critical in sustaining the world’s economy and
responding to global climate change. [1] Corn stover (CS), as one of these renewable resources,
is a valuable feed-stock for the production of bio-products due to its easy renewability, low cost
and abundance in the nature [2—4]. It is one of the most abundant agricultural wastes; as of 2015,
its production reached 224.6 million tons only in China [5]. CS can be transformed to biogas by
anaerobic digestion, which can potentially replace fossil fuels in heat and power generation [6].
Conversion of biomass to biogas involves a series of biological processes in the anaerobic digestion.
Hydrolytic bacterium hydrolyzes the biodegradable material of biomass at first, and then methanogens
generate biogas from hydrolyzed material under anaerobic conditions [7]. Material biodegradability
is the most important factor in anaerobic digestion, while numerous factors can affect the efficiency
of digestion [6,8]. Lignin is found to be one of main reasons which result in the difficulty in
anaerobic digestion of biomass like CS; there is a strong negative correlation with conversion rate
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of polysaccharides [9,10]. Lignin is a complex aromatic polymer present in the cell wall of CS that
prevents microbial action into the interior of lignocelluloses [11]. An effective pretreatment step prior
to biogas conversion is necessarily required to reduce resistance by altering the chemical and structural
features of the biomass [12]. Therefore, pretreatment of lignin is very important to produce biogas
from biomass. The purpose of pretreatment process is not only to separate lignin from cellulose and
hemicelluloses of lignocelluloses, but also simultaneously reduces cellulose crystallinity and increases
the porosity of the biomass [13].

Sodium hydroxide (NaOH) pretreatment has been reported as one of the most effective chemical
methods for improving biomass biodegradability [12,14,15], and is advantageous since it is conducted
at a milder temperature compared to other pretreatment technologies (including physical, chemical,
biological, and so on) [1,4,13,16-19]. Compared to acid pretreatment, the solubility of cellulose
is not increased to lesser degree with the alkali pretreatment [1,18,20]. Saponification reactions
of intermolecular ester bonds cross-linking cellulose and hemicelluloses or lignin occur in the
lignocelluloses materials during the NaOH pretreatment process [21]. It decreases the crystallinity of
cellulose and degree of sugar polymerization by disrupting the lignin structure [22]. The increased
substrate porosity and carbohydrate exposure can make biomass more accessible to cellulolytic
microorganisms compared to raw materials [23], resulting in improved biogas production. For example,
the degradation rate of lignin and biogas yield of CS could be improved by 46.2% and 48.5%,
respectively, after the pretreatment of CS with 7.5% NaOH [24]. The pretreatment of CS with NaOH
combined with methanol significantly enhanced the enzyme accessibility of CS, resulting in 97.5%
glucan and 55.0% lignin removal efficiency, respectively [25]. When CS was pretreated with 2%
NaOH combined with 78 mg/L ozone at 80 °C, the enzymatic hydrolysis degree of the cellulose
in CS could be improved, achieving the maximum lignin removal rate of 88.9% [26]. However,
NaOH pretreatment alone is inefficient for large-scale applications mainly due to its cost and strong
alkalinity. The considerable loss of cellulose and hemicellulose was also reported during NaOH
pretreatment [5]. Although 86.1% lignin was removed by NaOH pretreatment, 93.8% hemicellulose
that could be converted to sugar was lost at the same time [27].

Comparing with NaOH, CaO is considered a cheaper pretreatment alternative in the market;
it can provide a certain alkalinity as calcium hydroxide (Ca(OH),) while reacting with water [20].
For example, biofibers pretreated with 6% CaO could increase methane production by 66% compared
to untreated biofibers within 10 days [28]. The ethanol yield was improved 74% within 79 h when
leaf star rice straw was pretreated with CaO and fermented at 30 °C [20]. Regarding the Ca(OH);
dose in pretreatment, a ratio of Ca(OH), to NaOH of 7%~10% was reported to be the optimum for
the pretreatment of extruded rice straw [29]. Degradation of 44% of lignin was also observed when
sugarcane bagasse was pretreated by 8.5% Ca(OH); [27]. In another study, 10% Ca(OH), and an
isothermal treatment time of 106.3 min could extract 70% of lignin from the hydrothermally treated
sweet sorghum bagasse [30]. A total of 87.5% of the initial lignin was removed with 0.073 g Ca(OH),
per g of raw corn stover (RCS)at a mild temperature (e.g., 25~55 °C), while cellulose being not affected
by the CaO pretreatment [31]. The reason that CaO shows a lower pretreatment efficiency is its weak
alkalinity and the calcium-lignin complex which delays the lignin removal [32].

CaO is less expensive than NaOH while NaOH provides high alkalinity in the pretreatment,
therefore, a mixture of CaO and NaOH was used for cost-effectively pretreating CS. In a study, CS was
pretreated with a mixture of CaO and NaOH, and more of it could be converted to sugar than that
pretreated only with NaOH [33]. CaO was also added to reduce the dose of the costly NaOH in
an alkaline pretreatment of switch grass without a negative effect on the pretreatment efficiency
observed [34-36].

Until now, however, research on CS pretreatment by a mixture of CS and NaOH only focused
on its effect on sugar and ethanol production [34,37]. There is a lack of research and knowledge
on the effect of the pretreatment of CS by the mixture of CaO and NaOH on biogas production.
Research on the economics of CS pretreatment, especially the CS pretreatment using a mixture of
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CaO and NaOH, has seldom been done. Therefore, in this study, NaOH combined with CaO was
applied for the pretreatment of CS which was used as a feedstock along with swine manure for the
mesophilic anaerobic co-digestion. Methane yield, biomass recovery, lignin content, reduced sugar,
DTjgg, and residue composition were measured to evaluate the effects of the CS pretreatment by the
NaOH and CaO mixture and the potential cost-effectiveness.

2. Experimental Section

2.1. Materials

Corn stover used in this study was collected from Luhe County, Nanjing, China. The collected
CS sample was air-dried and milled using a hammer mill (FW100, Taisite Co., Tianjin, China) with
1 mm screen in the lab. The milled CS was sealed in a plastic bag and stored at room temperature
(approximately 21 °C). Swine manure was collected from a farm in Luhe County and stored in a
refrigerator at 4 °C. The inoculums for the test were obtained from a working digester fed with CS as a
feed. The chemical compositions of the feeds and inoculum were analyzed and listed in Table 1.

Table 1. Chemical composition of the materials used in the test.

Property CS Swine Manure Inoculum
MLSS*?, g/L ND*® ND 175+ 1.0
TC?, % 29.9 £0.42 0.13 £ 0.02 0.31 £0.03
TKN ¢, % 0.53 £ 0.04 0.05 £ 0.01 0.06 £ 0.01
Reduced sugar, % 50.7 £1.21 ND ND
Lignin, % 23.7 £1.05 ND ND
NHy, mg/L ND 166 £ 11.5 161 +£7.4
COD %, mg/L ND 8980 + 83 16,140 + 94

® Mixed liquor suspended solids; ¥ Total carbon; ¢ Total Kjeldahl nitrogen; ¢ Chemical oxygen demand;
¢ Not determined.

2.2. Pretreatment

Ten grams of CS, which had been oven-dried at 105 °C for 8 h was placed in 150 mL serum
bottles. Then, different doses of NaOH and CaO were added to the serum bottles; the added doses
were 0.10 g NaOH/g CS, (0.075 g NaOH + 0.05 g CaO)/g CS, (0.05 g NaOH + 0.05 g CaO)/g CS,
and (0.025 g NaOH + 0.1 g CaO)/g CS, and the treatments were indexed as Treat-CSA, Treat-B, Treat-C,
and Treat-D, respectively. Then, about 100 mL deionized (DI) water was added into each of the bottles
and completely mixed. After DI water was added, all the serum bottles were sealed to prevent water
evaporation and placed in a water bath. Then, the bottles were stirred at 120 rpm for 6 h at room
temperature for CS pretreatment. The pretreated CS was, then, recovered via centrifugation and
subsequently dried in an oven at 105 °C for 8 h [38]. The dried CS was stored in a sealed plastic bag at
4 °C until it was used for digestion tests.

2.3. Digestion

The pretreated CS and RCS were digested along with swine manure in 150 mL serum bottles;
these digestion tests were performed in duplicates. The C/N ratio of the substrate (CS and swine
manure) was 25/1, which was believed to be beneficial for anaerobic digestion. The required amount of
CS was placed into a bottle for the digestion test along with 80 mL swine manure and 20 mL inoculum.
The prepared digesters were placed in a bath shaker operated at a temperature of 35 °C and at a
shaking speed of 120 rpm.

2.4. Analytical Procedures

The composition of CS was measured to evaluate the effect of NaOH and/or CaO pretreatment.
The lignin content of CS was measured according to the analytical procedures established by the
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National Renewable Energy Laboratory. The reducing sugars of CS were measured using the
3,5—dinitrosalicylic acid (DNS) method adapted from Miller (1959) and Ghose (1987) [34]. The daily
biogas production for each digester was recorded via the water displacement method, and the related
cumulative biogas production was calculated. Each biogas production datum was collected as the
average of duplicate samples. The biogas samples were taken from the gas collection line and analyzed
for the methane content using a gas chromatograph (GC17A, Shimadzu, Kyoto, Japan) equipped with
a thermal conductivity detector. The volume of daily-produced methane was then calculated as a
datum for biogas production and methane content. Total carbon (TC), total nitrogen (TN), and total
Kjeldahl nitrogen were determined using the analyzer (Bran and Luebbe Digital Auto Analyzer III
System, Shanghai, China) [39,40]. Chemical oxygen demand (COD) was measured using a HACH
Dr /2010 spectrophotometer (Shanghai, China). Each of the data was calculated as the average of three
samples in the test [41].

2.5. Energy and Cost Analysis

The methane yield based on the initial total solids (TS) of CS biomass was calculated using [33]:
CH, yield (L/kg initial TS) = CHy yield (L/kg volatile solids (VS)) x VS x Dry matter recovery

Energy production from CS biomass was calculated as the product of the initial TS-based methane
yield, the lower heating value of methane (33 kJ/L at 25 °C and 101 kPa ), and an assumed effective
electric efficiency of 0.6 for a combined heat and power, and the average electricity price ($2.91 x
1075/K]) [33]. The revenue due to the pretreatment was calculated by subtracting the amount of
electricity generation for untreated CS from that of pretreated CS. The cost for the chemical treatment
was estimated based on the loading ratio and price of CaO ($70/ton) [20] and NaOH ($450/ton) [42].
The revenue due to pretreatment minus the cost for the chemical treatment was determined and
reported as the net benefit from the pretreatment [41].

3. Results and Discussion

3.1. Effect of Pretreatment Using Alkaline

The lignin content of RCS, the lignin removal efficiency and biomass recovery from CS of each
NaOH and CaO pretreatment were analyzed and summarized in Table 2.

Table 2. Effect of corn stover (CS) pretreated with NaOH and CaO.

NaOH and CaO Loading, g/g CS

Dose 0 0.10+0.00  0.075+0.05  0.05+ 0.05 0.025 + 0.10

RCS Treat-CSA Treat-CSB Treat-CSC Treat-CSD

Lignin, content, % 23.7+023 13.24+048 131+£0.17 16.1+0.22 17.8 +0.87
Removal efficiency,* %  0.00 £0.01 445+211 4464075 32.0+£0.97 24.8 +3.83
CS recovery, b, 94.9 720+114 731+0.08 783+201 81.6 £1.21

? Removal Rate = [(lignin of RCS - lignin of treated CS) / lignin of RCS] x 100%; b cs recovery = (Recovered mass
of CS after the treatment / RCS) x 100%.

As shown in Table 2, the lignin content of RCS was 23.7% = 0.23% before alkaline pretreatment, but
it dropped to 13.2% =+ 0.48% (Treat-CSA), 13.1% =£ 0.17% (Treat-CSB), 16.1% =+ 0.22% (Treat-CSC) and
17.8% =+ 0.87% (Treat-CSD) after pretreatment. However, the lignin removal efficiency declined from
44.5% £ 2.11% to 24.8% =+ 3.83% as the amount of NaOH in the pretreatment decreased. This result
indicated that NaOH was effective in degrading lignin in CS. Removal of lignin can improve the
accessibility of enzyme or hydrolytic anaerobic microbes during the CS digestion [22,43].
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It is noticeable that CaO was also effective in lignin degradation during the CS pretreatment.
The lignin removal efficiency of Treat-CSB reached 44.6% =+ 0.75%, which was comparable with
that of Treat-CSA (44.5% =+ 2.11%). However, Treat-CSC and Treat-CSD showed less lignin removal
efficiencies: 32.0% =+ 0.97%, 24.8% =+ 3.83% for Treat-SCS and Treat-CSD, respectively. This is because
CaO effectively increased the alkalinity of the reactor system while being added in the pretreatment to
obtain more alkalinity. The similar effort of 10%~20% lignin removal rate was reported while Coastal
Bermudagrass pretreated with different CaO loadings (0.02~0.20 g of dry biomass) [36]. The lignin
removal efficiency for CS decreased from 44.6% =+ 0.75% to 24.8% =+ 3.8% as the NaOH dose reduced
while the CaO dose increased in the CS pretreatment. This result is due to the poor solubility of
Ca(OH),, which cannot provide enough alkalinity to decompose lignin of CS [32].

Biomass recovery is a parameter which determines the total amount of biomass that can be
potentially converted to biogas during digestion [33]. The biomass recovery was 72.0% =+ 1.14%, 73.1%
+ 0.08%, 78.3% =+ 2.01% and 81.6% =+ 1.21% for Treat-CSA, Treat-CSB, Treat-CSC and Treat-CSD,
respectively (Table 2). The co-digestion of the NaOH-pretreated CS (Treat-CSA) and swine manure
showed the lowest biomass recovery probably because more lignin and hemicellulose in CS was
completely degraded during the NaOH pretreatment [34]. However, biomass recovery was obviously
increased by replacing some of NaOH with CaO, because CaO inhibits degradation of hemicellulose
in the reaction system [2]. CaO enables the formation of calcium linkages within the biomass structure
to reduce the solubilization of biomass components under alkaline attack [33,44].

3.2. Anaerobic Co-Digestion.

The methane yield in the digestion represents the effect of CS pretreatment. The daily methane
yield is presented in Figure 1a,b.
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Figure 1. Methane Yield of Anaerobic co-digestion of swine manure and differently-treated CS,
(a): Methane yield of co-digestion of swine manure, RCS and CSA; (b) methane yield of anaerobic
digestion of CSB, CSC and CSD.
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From Figure 1a, when Treat-CSA was co-digested with swine manure, methane yield increased
from 14 mL/d on Day 1 to 42 mL/d on Day 5, and then it gradually decreased to the lowest
point probably due to the vigorous acidification phenomenon, which is common in batch-type
anaerobic digestion. After that, methane yield sharply increased to 48 mL/d and maintained the
high yield for about 30 days. The co-digestion of RCS and swine manure showed relatively lower
methane yield than that of Treat-CSA and swine manure in the beginning, only because of the light
acidification phenomenon.

From Figure 1b, methane yield of the bottles with Treat-CSB and swine manure showed a similar
trend to that of the ones with Treat-CSA and swine manure; high methane yield in the beginning
of the co-digestion. However, for co-digestion reactors with CS pretreated with more CaO and
less NaOH (i.e., Treat-CSC and Treat-CSD), the methane yield was obviously lower than that of the
co-digestion with Treat-CSB. In the digestion processes, hydrolytic bacteria can rapidly access the
internal cellulose of CS to make more easily biodegradable organics that can be converted to methane
in the beginning of digestion [44]. However, the methane yield rapidly decreased to a very low point
after the high yield because of the heavy acidification phenomenon producing considerable excess
fatty acids. The pH value of the digestion liquid sharply decreased and inhibited the activity of
the methane-producing bacteria [45,46]. In the last stage where little biodegradable biomass was
available, a very low methane yield (only about 0~3 mL/d) could be observed. On the other hand,
the co-digestion with RCS produced more methane in the last stage (i.e., about 5~21 mL), indicating
that cellulose and hemicelluloses in the RCS were slowly hydrolyzed over time [35].

The cumulative amount of methane produced from the anaerobic co-digestion with Treat-CSA,
Treat-CSB, Treat-CSC, and Treat-CSD was 987, 1007, 885 and 783 mL, respectively (Figure 2). On the
other hand, only 545 mL methane was produced from the co-digestion with RCS, which was only 55%
of that from the co-digestion with Treat-CSB. This indicates that addition of alkaline to the pretreatment
of feedstock could effectively improve methane yield through decreasing lignin content of CS [6].
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Figure 2. Total methane yield of digestion.

The methane yield per gram of VS is an important parameter to estimate the net biogas production
of anaerobic digestion. The methane yield was calculated with the methane content and the daily
biogas yield of each reactor. After anaerobic digestion for 94 days, the methane yield of the co-digestion
with Treat-CSA was 328 mL/g VS, while that of the co-digestion with RCS was only 237 mL/g VS
(Figure 3). Methane yields of the co-digestions with alkaline-treated CS were from 5.1% to 38.5%
higher than that of the co-digestion with RCS. A similar study was performed by Thomas et al. [47],
in which the CaO-pretreated miscanthus had been co-digested with cattle manure in a dry leach bed
reactor to result in 37% more methane production. This means that alkaline pretreatment of CS is an
effective way to result in higher methane production from the co-digestion fed with CS [48]. Especially,
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the co-digestion of swine manure and Treat-CSB showed higher methane yield of 322 mL/g VS,
whereas those with Treat-CSC and Treat-CSD only produced methane yields of 286 and 249 mL/g VS,
respectively. When the sugarcane bagasse pretreated with 8.5% Ca(OH), was digested, 47% higher
methane yield was obtained comparing to that of the digestion of the untreated [27]. The similar
methane yield (212 ~ 340 mL/g VS) was also obtained from the anaerobic digestion of CS as a single
feedstock [49,50].

400
350
300
20 1 I
200 -

150

Methane Yield ml/gVs

100

RCS CSA CSB CSC CSD
Figure 3. Methane yield per gram VS of RCS and treated CSs.

3.3. Digestion Time (DTgp)

Digestion time is an indicator for the efficiency of an anaerobic digestion process. For a given
loading rate of biomass, the degree of fermentation completion is one of the main factors in the process
of anaerobic digestion. It is not economical to run anaerobic digesters with a long hydraulic retention
time, since very little biogas is produced in the last stage. Digestion time (DTgp) was defined as the
number of days required to generate 80% of potential biogas [12,51]. The co-digestions with Treat-CSA,
Treat-CSB, Treat-CSC, and Treat-CSD took 40, 41, 50, and 51 days, respectively, to generate 80% of
potential biogas (Figure 4). DTgy of the co-digestors fed with Treat-CSA and Treat-CSB were smaller
than those of digesters fed with Treat-CSC and Treat-CSD, meaning that digestion time can be shorten,
if feedstock is properly treated. Although the digestors fed with swine manure only or both swine
manure and RCS showed much shorter DTy (i.e., 10 and 39 d for swine manure only and mixture of
swine manure and RCS, respectively) than others, they produced much less methane since most lignin
and celluloses in CS were not transformed for biogas production.
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Figure 4. Digestion time (DTygp) of digestion.
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3.4. Reducing Sugar and Lignin Content of CS after Digesting

The reducing sugar and lignin content of CS residue after co-digestion were measured to evaluate
the effect of the CS pretreatment on the performance of the co-digestion of swine manure and
CS. Reducing sugar, which is converted from cellulose and hemicelluloses by a chemical method,
can represent the content of cellulose and hemicelluloses in CS. [33] In fact, the loss of reducing sugars
can be correlated with biogas generation because sugars are easily converted to biogas by anaerobic
microorganisms [52].

The reducing sugar content of RCS was reduced from 50.7% (Table 1) to 30.3% of RCS after the
anaerobic co-digestion (Figure 5). However, it decreased about 3.6%~13.9% for the pretreated CSs after
anaerobic digestion. The results indicated that more cellulose and hemicelluloses in the pretreated CS
were converted to biogas than those of RCS [37]. Corn stover pretreated with NaOH only (Treat-CSA)
showed the highest effectiveness (Figure 5).
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Figure 5. Comparison of reduced sugar and lignin contents of CS residue after digestion.

The lignin content of CS was 37.12%~49.92% in the residue after digestion (Figure 6). RCS showed
the maximum reducing sugars (30.28%) and lower lignin content (37.12%) in the residue because of
incomplete digestion of CS. However, Treat-CSA and Treat-CSB showed lower reducing sugar (21.19%)
and higher lignin content (47.49%) compared with others.

60 r m Before digesting

After digesting
50 | T

40 L el
30 |
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Lignin Content %
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Figure 6. Comparison of lignin content of CS before and after digesting.

D-value, the difference of lignin content of feedstock before and after digestion, is used for
evaluating the extent of digestion [53]. A larger D-value means that more cellulose and hemicelluloses
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were converted to biogas in anaerobic digestion [54]. Compared to 23.7% lignin content of RCS,
alkaline-pretreated CS showed lignin content of 13.14%~16.68%. However, after digestion, Treat-CSA
showed 49.92% lignin content and the largest D-value (36.75%). The D-value for the RCS was only
13.40% with the lowest biogas production. This indicates that the loss of cellulose and hemicelluloses
of CS had been converted to biogas, and a larger D-value means more biogas production [55]. This also
indicated that addition of NaOH and CaO can help more CS to be converted to reducing sugars
for biogas production [9,32]. It also means that CaO can effectively replace NaOH and provide
supplementary alkalinity [34,56].

3.5. Cost-Efficiency Analysis

As shown in Table 3, the biomass energy produced from the co-digestions fed with Treat-RCS,
Treat-CSA, Treat-CSB, Treat-CSC and Treat-CSD was 4681.76, 6170.87, 6043.21 and 5371.55 k] / kg initial
TS, respectively. The digester with RCS could harvest energy of 4694.75 k] /kg TS, which would
incur revenue of $136.62/ton TS from electricity generation. When 0.1 g NaOH was added in the CS
pretreatment (Treat-CSA), the energy production could be significantly improved to 6170.87 k] /kg TS
and the revenue from electricity generation was increased to $179.57/ton TS. Therefore, Treat-CSA
could earn more revenue ($42.96/ton TS) compared to the digestion of RCS. However, the chemical
cost ($45/ton TS) associated with the pretreatment made the net benefit negative (i.e., —=$2.04/ton TS).

Table 3. Effect of CaO and Na(OH) pretreatments on net benefit of electricity generation from methane

of CS digestion.
CH,/Corn Gross Biomass Benefit of Revenue Cost for Cost for Net Benefit
Chemical Loading S:over Energy Electricity due to NaOH CaO from
Rate (g/g) (mL/g VS) Production Generation Pretreat-ment Input Input Pretreatment
8 (KJ/kg TS) ($/tonTS)  ($/ton TS)  ($/ton TS)  ($/ton TS) ($/ton TS)
RCS 237 4690 137 0
Treat-CSA 0.1
NaOH 328 6170 180 43.0 45.0 0.0 2.0
Treat-CSB 0.75
NaOH + 0.05 CaO 322 6040 176 39.0 33.8 3.6 1.9
Treat-CSC 0.05
NaOH + 0.05 CaO 286 5370 156 19.7 22.5 3.6 -6.4
Ireat-CSD 0.025 249 4680 136 -0.38 113 7.2 -18.8

NaOH + 0.1 CaO

* Gross biomass energy production = methane yield x VS% x solid recovery x lower heating value of methane x
effective electric efficiency.

On the other hand, when the NaOH dose was decreased to 0.075 g NaOH by adding 0.05 g CaO
in the CS pretreatment (Treat-CSB), the energy production of the biomass was significantly improved
to 6040 kJ /kg TS and the benefit from electricity generation was increased to $176/ton TS. Therefore,
Treat-CSB could incur more revenue ($39.0/ton TS), compared to the digestion with RCS. Considering
the chemical cost of $37.4/ton TS, the net benefit could be calculated as $1.9/ton TS. Since the relatively
lower biogas production, Treat-CSC and Treat-CSD also resulted in negative net revenues: -$6.4 and
-$18.8/ton TS for Treat-CSC and Treat-CSD, respectively. A similar study has been carried out to report
that NaOH pretreatment of CS resulted in a negative net benefit while CS pretreated with Ca(OH); not
only improved the methane yield by up to 1.4-fold, but also obtained a net benefit of $1.1-5.8/ton dry
biomass [40].

4. Conclusions

The benefit of NaOH combined CaO for the CS pretreatment was investigated to enhance the
biogas production. In short, Treat-CSB was chosen as the optimum pretreatment option, since it
could obtain high lignin removal efficiency and biomass recovery. In addition, when Treat-CSB was
co-digested with swine manure, higher methane yield could be obtained, which was similar to that of
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the co-digester fed with CS pretreated with NaOH only. This result means that CaO addition could
effectively reduce the use of expensive NaOH in the CS pretreatment while not deteriorating biogas
yield; a net benefit of $1.9/ton TS could be earned. In short, pretreatment of CS with NaOH combined
CaO is a cost-effective pretreatment option for the CS anaerobic digestion.
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