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To realize full energy recovery from grass and chicken manure (CM), the integration of high-solid anaerobic di-
gestion (HSAD) and gasification was investigated experimentally. The anaerobic biodegradability of grass can be
enhanced through codigestion with CM. When the volatile solid (VS) ratio of CM to grass was 20:80, C/N ratio
calculated to be 21.70, the cumulative biogas yield was the highest, 237 ml- (g VS) . The enhancement of biogas
production was attributed to the buffering effects of ammonia and rich trace elements in CM. In semi-continuous
systems, when the organic loading rate was 4.0 g VS-L™'-d ™!, the HSAD process was stable, with the average

Iéz)(;\i/;irsﬁm biogas yield 168 ml-(g VS)~'. More than 80% fractions of the digestates were volatile matters, which meant
High-solid that the digestates can be used as feedstock for gasification to produce syngas. The VS ratio of grass to CM had
Chicken manure significant overall energy generation through HSAD and gasification. Compared with gasification of digestate,
Yard waste cogasification with woodchips increased syngas yield and low heat value (LHV). Increasing of mass ratio of
Gasification

Energy recovery

digestates to woodchips led to the decrease of LHV.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.

1. Introduction

Anaerobic digestion (AD) is widely used to dispose municipal solid
wastes (MSW) by converting organic fractions into biogas [1]. Horticul-
tural waste and animal manure are the main fractions of MSW, which
are appropriate to be disposed of with AD process because of high or-
ganic and suitable moisture content. Compared with Liquid AD, high-
solid AD has the advantages of high solid loading capacity, increased
volumetric biogas productivity, and reduced energy needs as there is
less water to heat [2]. However, compared with wet AD process, high-
solid AD is limited by low hydrolysis rates, low mass transfer efficiency,
and inhibition of volatile fatty acids (VFAs) and ammonia [3].

For the solid wastes with high C/N ratio, accumulation of VFAs leads to
the sharp decrease of pH [4]. When the pH value of the AD system is
below 5, the methanogen activity would be seriously inhibited [5].
Codigestion is one of the effective methods to remove the inhibition and
to increase the digestion efficiency of lignocellulosic wastes. While, the di-
gestion efficiency of animal manure has the problem of low biogas yield
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because of the inhibition of ammonia [6]. The buffering effects of ammo-
nia and rich nutrients such as balanced C:N:P ratio and trace elements are
very critical to improve the stability and microbial growth [7]. Codigestion
of horticultural waste and animal manure has been studied to avoid inhi-
bition of high concentrations of ammonia and VFAs [8,9]. The buffering
systems formed by ammonium and VFAs increased the concentrations
of VFAs, therefore, a high tolerance to ammonium and VFAs was main-
tained [10]. Although codigestion process can increase biogas yield, the
volatile solid (VS) removal is about 50%, therefore, large amount of bio-
mass, especially lignin fraction, remains unconverted [11]. Gasification,
as a technology for efficient utilization of biomass, has drawn more and
more attentions due to the energy recovery and environmental concerns
[12,13]. Gasification is a thermochemical conversion process which con-
verts biomass through partial oxidation into a gaseous mixture of syngas
consisting mainly of Hp, CO, CH4 and CO,. To improve energy recovery ef-
ficiency from organic wastes and reduce the volume of wastes, integrated
systems were developed to combine anaerobic digestion (AD) and gasifi-
cation for energy recovery from organic wastes [14-16]. The feasibility of
integration of HSAD and gasification was tested experimentally and nu-
merically in our previous research. The total energy recovery efficiency
was 70.8% at the mixing ratio of 20 wt% AD residue with 30 wt% moisture
content [13]. Although the codigestion performance of horticultural
wastes and animal manure has been thoroughly studied, the effects of
horticultural waste to animal manure on the overall energy recovery in
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the integrated process of digestion and gasification have never been
reported.

The gasification performances of digestate were tested using ther-
mogravimetric-differential thermal analysis (TG/DTA) and lab-scale
gasifier. The enhancement of codigestion was tested in batch and
semi-continuous systems with CM and grass as substrates. The effects
of VS ratio of grass to CM on overall energy generation were studied.

2. Materials and Methods
2.1. Feedstock characteristics

Grass was collected from the campus of National University of
Singapore. The grass was shredded and homogenized to small pieces
(approximately 2 cm in length for grass). The CM was collected from
Chew's Group Limited, Singapore. A scraping system was used for ma-
nure collection, and the manure was then stacked in an open field.
The anaerobic sludge from PUB Ulu Pandan Water Reclamation Plant
was used as the inoculum. It had a pH of 7.62, total solids (TS) of
29.3 g-L™ 1, and VS/TS of 73.12%. Wood chips were Kingsford wood
chips from Clorox Company, USA, approximately 10-50 mm in length,
5-25 mm in width and 1-5 mm in thickness.

Properties of grass and CM were measured in terms of VS, elemental
analysis and composition analysis, as shown in Table 1. For grass, organ-
ic fractions contributed to a major part of the biomass, representing a VS
content of 77.87%. While for CM, the VS was relatively low, about
38.38%. Based on elemental analysis, the C/N ratio of grass and CM
was 40.27 and 8.09, respectively. The C/N ratios of all the different sam-
ples were not in the range of 15 to 30, which was proposed to be most
suitable for optimum operation of the AD [17,18]. The contents of
metal elements such as Ni and Mn were higher in CM than in grass.

Table 1
Physical properties of grass and CM

Feed Grass M Anaerobic sludge
C content/% 41.08 28.16 43.6

N content/% 1.02 348 43

H content/% 5.7 5.2 4.6

O content/% 51.7 62.07 471

C/N ratio 40.27 8.09 9.47

S content/% 0.50 1.09 0.5

Volatile solid content/% 77.87 38.38

Composition analysis
Neutral detergent soluble content/% 16.68 73.00

Cellulose content/% 42.49 15.30
Hemicellulose content/% 27.14 4,07
Lignin content/% 12.67 6.03
Ash content/% 0.67 1.62 8.1
Metal element content

Cd content/pg-g~' 2.1 0.79
Pb content/pg-g ™! 2.56 7.2

Ca content/pg-g ! 4527 82,400
Mg content/ug-g~ ' 1720 7140
K content/pg-g ™" 7900 25,600
Cu content/pg-g~ ! 12.2 327
Na content/pg-g~' 128 3270
Fe content/ug-g ™! 168 2593
Zn content/ug-g ! 182 7790
Ni content/pg-g~! 245 7630
Co content/pg-g~! 7.4 28.9
Mn content/pg-g ™! 213 387

2.2. High-solid digestion of grass and CM

The mixtures of CM and grass were digested in 30.0 L digester con-
taining a substrate of 2500 g of VS. The samples of codigestion with
CM/grass VS ratio as 0:100, 20:80, 50:50, 80:20 and 100:0 were marked
as Grass, Co-1, Co-2, Co-3 and CM. After inoculation, all batch reactors

were purged with nitrogen gas to create an anaerobic condition. The ef-
fect of using various CM/grass VS ratios on biogas and methane produc-
tion of grass was evaluated using batch experiments. The flasks were
sealed using rubber stoppers, and incubated at 35 °C for up to 40 days.
Biogas production was collected with Tedlar bags (Table 2).

Table 2
Process parameters of codigestion with different CM/grass ratios after 15 days

Sample CM/grass C/N pH COD/ Ammonia/ Total
mg-g~! mg-g! nitrogen/mg-g !
Grass 0 4027 7.40° 2595 334 3.59
Co-1 1:5 2722 726 95.15 3.72 3.92
Co-2 2:5 2170 751 25.74 332 3.90
Co-3 3:5 18.65 7.41 75.86 242 3.74
Co-4 4:5 16.72 731 22.20 234 4.22
Co-5 5:5 1539 7.58 34.51 225 4.36

@ Adjusted on the 7th day with solid CaO powder.

2.3. Semi-continuous high-solid codigestion of grass and CM

The high-solid semi-continuous codigestion was carried out with
chicken manure and grass (VS ratio 20:80) in a 30 L bioreactor at 35 °C.
Total VS was kept as 2500 g. Tap water was added to digesters to maintain
a TS content of 20.0%. After 20 days' start-up, anaerobic co-digestion was
then initiated in a semi-continuous style. All reactors were gently mixed
for approximately 1 min prior to sampling and feeding, with an organic
loading rate (OLR) of 40 g VS-L™'-d~"and 8.0 g VS-L~!-d~" for the
stage of OLR1 and OLR?2, respectively.

24. Gasification of digestate and woodchips

A schematic diagram of the digester used for studying the AD perfor-
mance is given in Fig. 1(a). Feedstock was mixed externally before being
fed into a HSAD reactor. In the reactor, temperature was kept at 35 °C
with a continuous mixing rate of 20 r-min~ 1.

A schematic diagram of the lab-scale gasifier used for studying the
gasification performance is given in Fig. 1(b). Air was used as gasifying
medium, which passed through a preheating zone with the same tem-
perature to that of the gasification zone, where it reacted with the
digestate sample at a certain temperature. The sample was filled in a
quartz holder. Gasification reaction started from the time of sample in-
sertion into the reactor at the certain temperature. The produced syngas
was condensed in ice followed by a water bath to remove tar. Moisture
was removed using anhydrous calcium chloride. Gas chromatograph
was used to determine components of syngas including H,, CO, CO,
and CHg.

The AD digestate was dried to a certain moisture content, mixed
with woodchips and then, fed into the gasifier for syngas production.
To calculate energy efficiency of the integrated process, the total
amount of feedstock input energy for both AD and gasification process,
electricity input for both AD and gasification system, and extra energy
input for drying process was the energy input. Energy output included
both biogas generated from AD and syngas generated from co-
gasification. The energy efficiency was calculated in our previous
study [13].

LHV of gaseous species was calculated according to the following
equation:

LHV = 12.64 x CO +10.81 x Hy +35.93 x CH4 (1)

where CO, H,, and CH, represent the volume percentage of CO, H,, and
CH,4 in produced gas.
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Fig. 1. Schematic diagram of AD reactor (a) and gasifier reactor (b). 1-motor; 2-feed tank; 3-screw feeder; 4-nitrogen; 5-flowmeter; 6-reactor; 7-furnace; 8-liquid collection; 9-condenser;

10-gas flowmeter; 11-gas washing; 12-filter; 13-gas analysis system.

LHV of feedstock was calculated based on HHV, which was calculat-
ed from empirical correlation [13].

HHVs = 0.349M¢ + 1.178My + 0.101Ms—0.103Mo —0.015My—0.021Mj
@)

LHVs = HHVs + 0.212My—0.0245My, —0.008M¢ (3)

where Mc, My, Ms, Mo, My and M, represent carbon, hydrogen, sulfur,
oxygen, nitrogen, and ash content of material, respectively, expressed
in mass percentage on a dry basis. My, is the moisture content of
materials.

2.5. Analytical methods

The grass and CM samples were analyzed for total solid (TS) and vol-
atile solid (VS) contents according to the standard methods of the
American Public Health Association [19].

The biogas yield of grass was the total biogas yield deducted by the
biogas yield of CM. Methane and carbon dioxide in the biogas were
measured by gas chromatography (Perkin Elmer®, Model 4016)
equipped with a 2000 mm x 3 mm stainless steel column packed with
TDX-01 and a thermal conductivity detector. Temperatures of the detec-
tor, injector, and oven were 150 °C, 150 °C, and 120 °C, respectively.

Rapid simultaneous determination of the carbon, hydrogen, nitro-
gen and sulfur (CHNS) contents in grass and CM was carried out in
Elemental Analysis Laboratory, National University of Singapore with
the instrument Elementar Vario Micro Cube. The contents of cellulose,
hemicellulose, and lignin were analyzed according to the procedure of
Van Soest [20].

The total carbon (TC) and total nitrogen (TN) were analyzed with an
elemental analyzer (Vario El III). For the high solid content of the
sample, 20.0 ml deionized water was added into 5.0 g sample. The
sample then was centrifuged at 10,000 r-min~! for 10 min. The liquid
was analyzed by a pH meter (Mettler Toledo FE20). Then, COD,
ammonium and total nitrogen in the liquid were analyzed with Dr.
Lange cuvette tests (Dr. Bruno Lange, GmbH & CO. KG, Dusseldorf,
Germany) and measured spectrophotometrically with a HACH XION
500 spectrophotometer [11].

The digestate from batch experiments was tested using TG/DTA
(Shimadzu, DTG-60A). Dried digested digestate sample was loaded in

a platinum crucible and it was first heated and held at 105 °C for
15 min in N, to remove its moisture. Then the sample was heated to
950 °C at 20 °C-min~'. When the temperature was steady, air was
introduced at 950 °C for another 10 min to make sure the reaction
was completed.

3. Results and Discussion
3.1. Codigestion of CM and grass in batch systems

The mass ratio of horticultural waste to CM has significant influences
on the biogas yield and process stability. Fig. 2 shows the effects of ratio
of grass to CM on cumulative biogas yield and methane concentration.
When using grass as the sole substrate, the daily biogas yield decreased
in the startup period because of the accumulation of VFA. To avoid the
failure of anaerobic digestion and to keep the process stable, solid CaO
powder was used to adjust pH value. After 10 days, the methane
concentration increased to above 60%. The biogas yield of grass was
relatively low because of the lack of nitrogen in the substrate and the
rapid consumption of nitrogen by methanogens to meet their protein
requirements [21]. Thus, no longer consuming the left over carbon
content of the material leads to a lower gas production. While the
accumulative biogas yield of CM was very low, because the ammonia
toxicity inhibited microorganism growth and the digestion of CM.
Therefore, it is essential to balance the C/N in the feed for sustainable
anaerobic processes and biogas production. An optimum C/N ratio
between 15:1 and 30:1 has been suggested [17]. Biogas yield and
digestion performances were enhanced by codigestion. After 40 days
of digestion, the biogas yield of Co-2 (VS ratio of grass to CM as 80:20)
was the highest, 237 ml-(g VS)~'. Besides the C/N ratio, the rich
metal contents in CM can also improve the growth of microbials and
are favorable for HSAD. Ammonia ensured sufficient buffer capacity of
AD and kept a neutral pH thus increasing the stability of AD, a possible
main reason for the high performance and methane yields in AD pro-
cess. For the archaeal community, the stable AD and pH increases the
relative abundance of Methanosarcina in the total archaeal population,
which is a multifunctional methanogen that can produce methane via
three different metabolic pathways using H,/CO,, acetate and methylat-
ed one-carbon compounds [22,23].

As shown in Table 1, the contents of metal elements in the CM were
considerably higher than those in the grass. For example, the metal
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Fig. 2. Effects of CM/grass ratio on cumulative biogas yield and methane concentration.

concentrations such as Fe, Ni and Mo in the CM were 20-30 times
higher than those in the grass. Considering the roles of the trace ele-
ments on maintaining enzyme activities and improving bacterial
growth, the trace elements in the grass might be insufficient for stable
AD [24,25]. Lack of trace elements might be one of the reasons for the
poor HSAD performance of grass.

For all the digested samples, the pH value was in the range of 7.26 to
7.58 after 15 days of digestion, which was suitable for methanogenesis.
Soluble COD (SCOD) in the codigested samples was higher than that of
grass. Co-2 had the highest biogas yield, but its SCOD was the lowest.
Table 3 shows the composition variation after digestion. Compared
with the fresh grass, after digestion the contents of NDS, lignin and
ash increased, the contents of cellulose and hemicelluloses decreased,
which were due to the hydrolysis of cellulose and hemicellulose. The in-
crease of ash was due to the addition of CM and anaerobic sludge which
have more ash content.

Table 3
Components of substrates after anaerobic digestion

Sample  NDS Cellulose Hemicelluloses  Lignin Ash
content/%  content/%  content/% content/%  content/%
Grass 30.77 29.55 15.20 21.92 2.57
Co-1 36.78 25.13 11.09 23.79 3.21
Co-2 39.07 22.11 10.66 25.79 237
Co-3 35.12 26.73 13.21 22.15 2.79
Co-4 32.13 26.59 13.79 25.25 2.24
Co-5 33.67 27.18 13.66 23.32 217

3.2. High-solid digestion of grass and CM in semi-continuous systems

To verify the effects of codigestion, semi-continuous experi-
ments were carried out with the organic loading rates (OLR) of
40 g VS-L71.d"! and 8.0 g VS-L~1-d~!, respectively. The semi-
continuous process was divided into three stages: start-up period,
OLR1 and OLR2. As shown in Fig. 3, the biogas yield of codigestion was
higher than that of the digestion process with grass as sole substrate,
and the stability of the former was much better than that of the latter.
In the two OLR stages, the average methane yield of the codigestion
process was 115.7 ml-(g VS)~! and 107.9 ml-(g VS)~! and the
average methane concentration was 67.70 vol% and 67.21 vol%, respec-
tively. For the digestion of grass, the average methane yield was
1049 ml-(gVS)~!'and 93.6 ml-(gVS) ! and the average methane con-
centration for the two stages was 61.93 vol% and 61.22 vol%. When the
OLRwas4.0gVS-L™'-d"'and 8.0 g VS-L™'-d™ !, the codigestion sys-
tem would produce 10.68% and 15.28% more methane than that of
grass, respectively. When the OLR increased from 4.0 g VS-L™!-d" ' to
8.0gVS-L~1.d™!, the methane yield and methane concentration de-
creased which indicated that the OLR 8.0 g VS-L™'-d~! was too high
for both processes. As shown in Fig. 4, during the semi-continuous

experiment, the pH value oscillated between 7.12 and 8.24. For the
codigestion process, in the first 15 days, the pH values decreased from
7.46 to 6.85 and increased to 7.52, which indicated that the production
of VFAs was much faster than that of ammonia in the initial stage. Be-
sides methane production, process stability is another key parameter
for HSAD. Methanogenic bacteria are slow-growing and may be
discharged from the reactor when solid waste was overloaded. The imbal-
ance between acidogens and methanogens can then lead to accumulation
of VFA at the inhibitory levels. For both of the two OLR stages, the ammo-
nia content in codigestion was higher which was due to the high nitrogen
content in CM and higher efficiency of codigestion. When the OLR in-
creased from4.0gVS-L™1-d"'t08.0¢gVS-L~!-d™!, the average ammo-
nia decreased from 7.19 mg-(g VS) ™' to 6.08 mg- (g VS)~ !, which also
indicated that AD efficiency decreased and the OLR
8.0 g VS-L~1-d~' was overloaded. The analysis of VFAs revealed that
the concentrations of acetic and propionic acid were not high, which in-
dicated that most of the acetic and propionic acids were consumed by
microbials. While, for both codigestion and the digestion of grass,
when OLR increased from 4.0 g VS-L='-d~'t08.0g VS-L~!-d~ ", the
ratio of acetic acid to propionic acid decreased. The slight accumulation
of propionic acid also indicated the inhibition of methanogenesis [1].
From the aspects of energetic recovery, VS removal and process stabili-
ty, codigestion process is much better than the digestion of grass. The
HSAD systems described in this work, fed with identical OLRs,
codigestion gave higher energy recovery than the process with grass
as sole substrate. An accumulation of undegraded intermediate metab-
olites observed in the digestion of grass was the cause of its lower effi-
ciency, the possible reason of which was that the growth of microbials
was inhibited in this process.
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Fig. 3. Biogas production in semi-continuous systems.
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3.3. Thermogravimetric analysis of digestates

Thermogravimetric (TG) analysis was often used to analyze the
composition of volatile matters and ashes in biomass, both of which
have significant influences on gasification performances of digestates
[11,13]. Fig. 5 showed one representative TG curve of the digestates.
The small slope occurring before 200 °C represents the moisture release
because of the increasing temperature. In the range of 200 °Cand 900 °C,
a sharp slope meant that the thermal decomposition of biomass led to a
huge mass loss, in which the mass loss occurring at the temperature of
200 to 600 °C was due to the decomposition of hemicelluloses, cellulose
and lignin [11]. In the range of 600 °C to 900 °C, the mass loss was due to
the char oxidation. Table 4 is the integral results of TG curves. For all the
digestates, more than 80 wt% of the fractions are volatile matters, and
the content of ash is higher than 10 wt%. The amount of fixed carbon
is very limited for digestate, while the fixed carbon of woodchips is
slightly higher. With the increase of CM content, the amount of ashes
increased. With the increase of grass contents, the volatile matters in
digestates increased and the contents of ashes and fixed carbons
decreased. Compared to the fresh grass, the ash content of digestates
increased significantly because the anaerobic sludge brought inorganic
non-flammable salts or sands. Compared with the digestate of horse
manure, the volatile matters in the digestate of CM are lower because
of the higher content of inorganic salts in CM [11].
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Fig. 5. TG curves of the digested grass.

Table 4
Proximate analyses of digestate samples (wt%, on a dry basis)

Sample Grass/CM (based on VS)  volatile matter ~ ash fixed carbon
Grass 100:0 89.3 112 05

Co-1 80:20 874 11.8 0.8

Co-2 60:40 86.5 123 1.2

Co-3 50:50 84.4 147 09

Co-4 40:60 86.1 132 0.7

Co-5 20:80 82.6 16.1 13

CM 0:100 79.8 18.8 14
Woodchips 78.8 6.7 14.5

3.4. Gasification of digestates

The effects of the composition of digestate on gasification
performance were studied at the temperature of 700 °C, 900 °C and
1000 °C. Fig. 6 shows the effect of gasification temperature of digestate
(grass:CM, 80:20) on the total syngas yield. As it can be seen, the gasifi-
cation temperature had a positive effect on the syngas yield because the
increase of temperature improved the conversion of biomass into
syngas. With the increase of gasification temperature, the peaks of the
gas production shifted towards lower residence time because higher
temperature enhanced the kinetics of decomposition. Fig. 7 shows the
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Fig. 6. Effect of gasification temperature of digestate on the total syngas yield.
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Fig. 7. The syngas composition produced at 900 °C.
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syngas composition produced at 900 °C. During the first 8 min-10 min,
CO, was the dominant component of syngas, the concentrations of H,
and CO were relatively low. This was because the decarboxylation of
amino acids, acetic acid and other carboxylic groups generated during
thermal decomposition. During the process of gasification, the combus-
tion of biomass produced water, which reacted with hydrocarbons
through reforming of apart from thermal cracking and led to the in-
crease of H, and CO production (Table 5).

Table 5

Feedstocks for gasification
Feed AD digestate Woodchips
Moisture content/wt% 10.0 8.2
Volatiles content/wt% 76.0 68.5
Fixed carbon content/wt% 23 169
Ash content/wt% 125 6.2
Ultimate analysis (dry basis)
C content/wt% 37.8 44.7
H content/wt% 4.9 5.9
O content/wt% 54.8 49.1
N content/wt% 2.1 0.2
S content/wt% 0.4 0.1

The digestates were harvested from the batch experiments with dif-
ferent VS ratios of grass to CM. Fig. 8 shows the components of
digestates on gasification performance at 900 °C. It can be seen that
the composition of the digestates had significant influences on the syn-
gas yield and the syngas composition. When the grass content increased
from 0 to 100%, the total syngas yield increased because of the increase
of volatile matters, which was in accordance with the results of the
proximate analysis. While, from the syngas composition analysis, the
percentage of H, and CO, increased with the increase of grass content.
CO production increased with the increase of CM content, because the
higher alkali or alkaline metal contents in CM have positive catalytic ef-
fects on the gasification of char. Table 6 shows the energy generation
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Fig. 8. Components of digestates on gasification performance at 900 °C.
Table 6

Evaluation of energy generation of the integrated system

W. Li et al. / Chinese Journal of Chemical Engineering 26 (2018) 1145-1151

through HSAD and gasification. The LHV of biogas and syngas was calcu-
lated through Eq. (1). It can be seen that the ratio of grass to CM had a
significant influence on the LHV of biogas and syngas. The overall energy
output was the highest, 12.70 MJ- kg~ ', when the VS ratio of grass to CM
was 80:20.

Fig. 9 shows the gasification performance of the mixture of the
digestate (grass:CM, 80:20) and woodchips. Compared with the
gasification of the woodchips, the addition of digestate decreased the
syngas yield, due to the increase of ashes and decrease of lignin. When
the content of digestate was in the range of 0 to 10%, the addition of
digestate had little effects on the syngas yield. While, when the content
of digestate was in the range of 10% to 30%, the concentrations of CO
decreased slightly, while the concentration of H, and CH,4 kept almost
constant. The decrease of CO concentration and syngas yield led to the
lower LHV of syngas. Syngas is affected by the content of the cellulose,
hemicellulose, lignin and the inorganic matters in the feedstock [13,
26). It is feasible to realize the co-gasification of digestate and
woodchips with the mass ratio 10 wt% to 90 wt%.
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Fig. 9. Cogasification of woodchips and digestate.

4. Conclusions

In terms of biogas yield, the codigestion of grass and CM (237 ml
biogas- (g VS)~ ') showed better performance than the digestion of
grass and CM. When the VS ratio of CM to grass was 20:80, that is C/N
ratio 21.70, the biogas yield was the highest. With the increase of TS,
the performance of codigestion decreased, especially for TS higher
than 25%. When the loading rate was 4.0 g VS-L™'-d ™, the average bio-
gas yield was 168.73 ml- (g VS)~ . The composition analysis revealed
that cellulose and hemicellulose contributed the biogas production.
More than 80 wt% of the fractions of the digestate are volatile matters.
VS ratio of grass to CM had a signification influence on overall energy
generation through HSAD and gasification. This study suggested that
anaerobic digestion followed by gasification could be a viable option
for energy recovery from horticultural waste and animal manure.

VS ratio of grass to CM 100:0 80:20 50:50 20:80 0:100
HSAD LHV of feedstock/M]J-kg ™! 14.50 13.88 12.93 11.52 11.34
Biogas yield/Nm?- (kg VS)~! 0.148 0.237 0.217 0.152 0.0505
Average methane concentration/vol% 48.7 52.3 51.6 49.6 42.6
LHV of biogas/M]-Nm 3 2.59 4.45 4.02 2.71 0.77
Gasification Syngas yields/Nm>-h~' 15.75 15.51 14.88 13.26 12.99
Amount of syngas/Nm?- (kg feedstock) ™" 1.58 1.55 1.49 133 1.30
LHV of syngas/M]- (kg feedstock) ™! 8.08 8.25 7.81 6.95 6.62
Overall energy output LHV/M]- (kg feedstock) ™! 10.67 12.70 11.83 9.66 7.39
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Nomenclature

AD anaerobic digestion

CM chicken manure

HRT hydraulic retention time

HSAD high-solid anaerobic digestion

LHV low heat value

OFMSW  organic fraction municipal solid waste
OLR organic loading rate

TG/DTA thermogravimetric-differential thermal analysis
TS total solids

VFAs volatile fatty acids

VS volatile solids
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