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Abstract  23 

 24 

This study aimed to assess the system stability and synergistic effects of co-digesting pig manure 25 

(PM) and grass silage (GS) in a pilot-scale study. Anaerobic digestion of PM alone and co-26 

digestion of PM with GS was carried out in a 480-litre continuously stirred tank reactor. The 27 

experiment consisted of two phases. In Phase I, PM was digested at an organic loading rate 28 

(OLR) of 0.87 kg volatile solid (VS) m-3·d-1, and in Phase II, PM and GS were co-digested at 1:1 29 

on a VS basis at an OLR of 1.74 kg VS·m-3·d-1. The pilot-scale anaerobic digestion system was 30 

stable in both phases. At the steady state, average pH and free ammonia concentrations were 7.99 31 

and 233.0 mg·l-1 in Phase I and were 7.77 and 158.3 mg·l-1 in Phase II, respectively. The specific 32 

methane yields increased from 154 ml CH4/g VS added in Phase I to 251 ml CH4/g VS added in 33 

Phase II. On average, soluble COD and VS removal efficiencies increased from 81.4% and 34 

41.4% in Phase I to 87.8% and 53.9% in Phase II, respectively. Further evaluation of synergism 35 

suggests that co-digestion of PM and GS can improve system stability and biogas yields despite 36 

marginal synergistic effects at pilot-scale. 37 

 38 

Keywords: Anaerobic co-digestion; Bioenergy recovery, Organic waste, Pilot-scale evaluation; 39 

Synergistic effects. 40 

 41 

  42 
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1. INTRODUCTION 43 

Globally, pig production is one of the main animal agricultural enterprises from which large 44 

volumes of high nutrient content manure is produced. Pig manure (PM) has the potential to be 45 

environmentally harmful if handled in an inappropriate manner. Historically PM has been land-46 

spread as an organic fertilizer for growing grass and other crops. However, application rates of 47 

PM have recently been curtailed primarily due to regulations. For example, the EU Nitrates 48 

Directive has limited the amount of organic nitrogen applied to grasslands and tillage lands to 49 

170 kg N/hectare/year (S.I. No. 610, 2010). This has resulted in an increase in land area required 50 

for PM application in the EU, and a consequent drive to find alternative treatment and disposal 51 

methods for PM. In addition, many countries have agreed to reduce GHG emissions from 52 

agriculture and increase production of renewable energy. Ireland, for example, has agreed to 53 

reduce GHG emissions by 20% of 2005 levels by 2020 (as part of the EU 2020 growth strategy), 54 

and is required to generate 16% of gross final consumed energy through renewable means by 55 

2020 (under the 2009 Renewable Energy Directive (2009/28/EC)). Therefore, there is a need to 56 

explore and develop alternative non land-spread options for PM management which can reduce 57 

GHG emissions and generate renewable energy.  58 

 59 

Anaerobic digestion (AD) is an environmentally friendly technology for the PM management 60 

(Dennehy et al., 2017a). AD of PM can help reduce odor, pathogens levels and greenhouse gas 61 

emissions in addition to producing a valuable bioenergy source in the form of methane-rich 62 

biogas (Chae et al., 2008). The resulting digestate can also be a valuable fertilizer because it 63 

typically contains higher concentrations of biologically available nitrogen than raw manure 64 

(Kaparaju and Rintala, 2011). In this regard, AD has been recognised worldwide as a valuable 65 
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technology. A large number of large-scale agricultural or centralized biogas plants for treating 66 

animal manures, agricultural crops, wastewater and organic waste solids have been constructed 67 

in Europe and Asia-Pacific Region (Angelidaki & Ellegaard, 2003; Clarke et al., 2016; Nghiem 68 

et al., 2017; Pantaleo et al., 2013).  69 

 70 

Climatically suited to the production of grass, the agricultural area is predominately grassland 71 

with 4.3 million ha compared to only 0.28 million ha of arable land in Ireland (Hamelinck et al., 72 

2004). Grass is normally utilized by grazing animals and is conserved as grass silage (GS) for 73 

feeding to ruminants over the winter months (Xie et al., 2011). Therefore, GS could be readily 74 

available for anaerobic co-digestion with PM. Studies have shown the beneficial effects of co-75 

digesting manures with a range of agricultural residues. For example, Kaparaju and Rintala 76 

(2005) in a study of the co-digestion of PM with potato tubers found that co-digestion improved 77 

specific methane yields and increased process stability. Similar results were found when co-78 

digesting a range of different manures (cattle manure and PM) and agricultural/food residues 79 

(such as whey, GS, sugar beet tops, energy crops, quinoa residues and herbal extract residues) as 80 

substrates (Alvarez and Lidén, 2008; Gelegenis et al.,2007; Lehtomaki et al.,2007; Li et 81 

al.,2011). Compared to AD of PM alone, co-digestion with agricultural residues can enhance the 82 

process performance by: (i) overcoming ammonia inhibition which is sometimes a feature in 83 

digestion of pure manure (Xie et al., 2012); and (ii) optimising the carbon to nitrogen (C/N) ratio 84 

in the feedstock for the AD (Wu et al., 2017).  85 

 86 

Laboratory-scale research has shown that it is feasible to co-digest PM and GS, and that the 87 

optimum PM to GS ratio in the feedstock for process stability and biogas production when co-88 
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digesting GS and PM was 1:1 on a volatile solid (VS) basis (Xie et al., 2011). Similar results 89 

have been found by Dechrugsa et al. (2013) in laboratory scale batch experiments on co-90 

digestion of grass and PM. It has been calculated that by employing co-digestion of PM and GS 91 

at a 3:2 mix ratio on a VS basis, a 654-sow pig unit could generate 371 MWh/a electricity and 92 

530 MWh/a heat, compared with 268 MWh/a electricity and 383 mWh/a heat at a 4:1 mix ratio; 93 

a much lower electricity and heat generation can be expected during mono-digestion of PM alone 94 

(Xie et al., 2012). However, it remains unknown if pilot scale studies can demonstrate that co-95 

digestion of PM and GS at optimal operating conditions derived from lab scale studies can 96 

generate the methane yields underlying these energy yield estimates at full scale, taking into 97 

account the variations in mass transfer efficiencies and substrate properties and composition at 98 

varied scales of studies. In addition, scientific results from pilot-scale studies can further 99 

contribute towards the establishment of mathematical tools to guide the operation of on-farm 100 

anaerobic co-digestion systems (Xie et al., 2016).  101 

 102 

In this study, anaerobic co-digestion of PM with GS was investigated in a pilot-scale anaerobic 103 

digester to examine (1) process stability in terms of pH, oxidation reduction potential (ORP) and 104 

concentrations of ammonium nitrogen and free ammonia; (2) the effect of anaerobic co-digestion 105 

of PM and GS on biogas productivity and removal of soluble chemical oxygen demand and 106 

volatile solids. 107 

 108 

2. MATERIALS AND METHODS 109 

 110 

2.1 Feedstock 111 
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 112 

Pig manure was collected from a local pig farm and GS was sourced from a conserved pit on an 113 

Irish farm. PM was stored in two 1 m3 intermediate bulk containers (IBCs) and was fed into the 114 

digester with a water submersible pump (FTS 1100A1, Florabest). The precision chopped GS 115 

had an average chop length of 5 cm and was mixed to ensure a homogenous feedstock. It was 116 

then stored in individual plastic bags sized for each day's feeding in a freezer room (-17 °C) to 117 

prevent biological decom position during the study. Prior to the daily feeding, the frozen GS in 118 

the individual bag was transferred to a cold room (4 °C) for one day and placed at room 119 

temperature for one hour. The characteristics of fresh PM and GS are given in Table 1.  120 

[Table 1] 121 

2.2 Pilot-scale anaerobic digester 122 

 123 

The pilot-scale anaerobic digester was designed to allow remote control. The system consisted of 124 

four components: (a) the digester, (b) feeding system, (c) control panel and (d) biogas storage 125 

system. The schematic of the digester is shown in Figure 1. The digester was cylindrical and 126 

constructed from 316-stainless steel. It had a total volume of 480 l and a working volume of 127 

which 360 l. Two propellers fabricated from 316 stainless steel were installed for continuously 128 

homogenizing the feedstock and rotation (30 - 60 rpm) was controlled by an electric three-phase 129 

motor (380 V) operated by an inverter (Hitachi SJ200, Japan) through the control panel. A Tiger 130 

80 submersible vortex chopper pump (Arven S.R.L., Italy) with a capacity of about 250 l/ min 131 

was placed inside the digester to circulate the digestate after each feeding and before each 132 

discharge so as to avoid the build-up of GS and fibre at the surface of liquid digestate. The 133 

external surface of the digester was wrapped with a water jacket, to maintain a constant 134 
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temperature of 37 °C, and fully enclosed with insulating material to minimize heat loss. Two air 135 

operated valves with an inner diameter of 10.16 cm (4 inches) on the bottom of the digester 136 

allowed the removal of the digestate and permitted collection of the samples for subsequent 137 

chemical analysis.  138 

[Figure 1] 139 

The feeding system was located at the top of the reactor. The GS feeding system was comprised 140 

of a pipe and two chambers controlled using two compressed-air operated valves. These valves 141 

allowed the feeding of GS into the reactor tank through the removable cover, while preventing 142 

air from entering the digester by opening the top and bottom valves consecutively. Pig manure 143 

was fed into the digester via a 1 litre chamber where both ends were connected with 3.8 cm (1.5 144 

inches) diameter pipes; one pipe was connected to the inlet of a submersible pump (FTS 1100A1, 145 

Florabest) placed in the PM storage IBCs, and the other was submerged in the IBCs. 146 

Recirculation of the PM prior to feeding helped ensure a uniform feedstock in the IBCs. The PM 147 

feeding chamber was controlled using a compressed-air operated valve, thereby preventing air 148 

from entering the digester. 149 

 150 

The movement of all mechanical devices and the operation sequence was controlled through a 151 

control panel situated within a protecting and closed box. For the functioning of the digester, all 152 

the electric systems were controlled by Allen Bradley MicroLogix 1200 programmable logic 153 

controllers (Rockwell Automation, Inc. Milwaukee, WI, USA), which were located within the 154 

control panel box. In the upper part two LCD monitors were mounted (Thermo Scientific Alpha 155 

transmitter), one connected to a pH probe (Hamiltion electro-chemical sensors, Esslab, UK) and 156 
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the other connected to an ORP probe (Hamiltion electro-chemical sensors, Esslab, UK), both 157 

located in the midsection of the digester body.  158 

 159 

The biogas collection (from the top of the digester), storage and measurement system consisted 160 

of biogas piping, a biogas bag with a 3 m3 capacity (Puxin, China) and a biogas flow meter. The 161 

mass (volume) of biogas produced in the digester was measured by a mass and volumetric flow 162 

meter (FMA-1620A, Omega, UK) with 0.48 cm (3/16 inch) tubing (Tygon, USA). An in-line 163 

water trap element was installed at the upper part of the tubing to prevent water vapour collection 164 

with the biogas. 165 

 166 

2.3 Operation of pilot-scale anaerobic digester 167 

 168 

The digester was loaded semi continuously (12 times per day) with PM and once daily with GS. 169 

One day before the commencement of the operation, the reactor was filled with 360 litres of 170 

sludge seed (inoculum) sourced from an anaerobic digester treating PM in Ireland.  171 

 172 

From Day 1 to Day 61 (Phase I), one litre of PM was fed into the digester 12 times a day 173 

resulting in a daily volumetric load of 12 litres/day and a hydraulic retention time (HRT) of 30 174 

days. The organic loading rate (OLR) was 0.87 kg VS·m-3·d-1, on average. From Day 62 to Day 175 

109 (Phase II), in addition to the feeding of PM as described above, approximately 991 g GS was 176 

added into the digester once a day at a PM to GS VS ratio of 1:1. The OLR was increased 177 

immediately to 1.74 kg VS·m-3·d-1 on Day 62. The digestate was discharged (12 litres/day) once 178 

daily to ensure a constant working volume in the digester thereby ensuring a constant HRT. 179 
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 180 

2.4 Calculations 181 

 182 

2.5.1 VS removal 183 

VS removal was calculated using the mass balance equation, which uses VS concentrations 184 

(VSconc) in the feedstock and the digestate, expressed in Eq. 1: 185 

 186 

inconc,

outconc,inconc,

VS 

VS- VS
%)( removals VS =     Eq. 1 187 

where VSconc,in is the VS concentration of the feedstock and VSconc,out is the VS concentration of 188 

the digestate.  189 

 190 

2.4.2 Soluble COD removal 191 

Soluble COD removal efficiency was determined according to Eq. 2: 192 

inconc,

outconc,inconc,

sCOD 

sCOD- sCOD
%)( removals COD Soluble =     Eq. 2 193 

where sCODconc,in is the soluble COD concentration of the feedstock and sCODconc,out is the 194 

soluble COD concentration of the digestate. 195 

 196 

2.5 Analytical methods 197 

 198 

Digestate samples were collected in 100-ml containers from a thoroughly mixed 12 litres 199 

discharge. After the immediate pH measurement, the samples were firstly centrifuged at 3,900 200 

rpm for 10 min and then at 18,000 rpm for 20 min at 4 °C. The supernatants were measured for 201 
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the soluble COD and NH4
+-N concentrations.   202 

 203 

Total solids (TS), VS and soluble COD were measured according to standard methods (APHA, 204 

1995). The NH4
+-N concentration in the supernatants was analysed by a nutrient analyser 205 

(Konelab, Thermo Clinical Labsystems, Vantaa, Finland). The volume of biogas was measured 206 

using a mass and volumetric flow meter (FMA-1620A, Omega, UK), and the value obtained was 207 

corrected to standard temperature and pressure conditions of 0 °C and 1 atmosphere. The CH4 208 

and CO2 contents in biogas were measured daily using a portable biogas analyser (BM2K2-209 

E000, Geotechnical Instruments Ltd, UK) on site. All measurements were conducted in 210 

duplicate, and the results presented are the mean value. Statistical analysis was performed using 211 

SPSS 18.0 for Windows (IBM Corp., Armonk, NY, USA).  212 

 213 

3. RESULTS AND DISCUSSION 214 

 215 
3.1 Process stability 216 

3.1.1 pH 217 

 218 

In Phase I, pH decreased rapidly after the commencement of the experiment from 7.99 to 7.78 on 219 

Day 12 (Figure 2). The decrease in pH may indicate the on-set of hydrolysis and acidogenesis as 220 

the population of methanogens had not yet stabilised to maturity. Then, pH rose and stabalised at 221 

7.99 after 33 days of operation, coinciding with pseudo steady state biogas production. In Phase 222 

II, the increase in the OLR from 0.87 to 1.74 VS·m-3·d-1 resulted in the decrease of pH to an 223 

average value of 7.77 (Day 80 - Day 109). It is noteworthy that GS had low pH values and 224 

underwent a longer hydrolysis stage than PM (Xie et al., 2011); thus the increased OLR resulted 225 
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in a slight increase in the concentrations of VFAs (up to 300 mg·l-1) within the reactor.  226 

[Figure 2] 227 

3.1.2 Oxidation reduction potential (ORP) 228 

 229 

ORP has been employed successfully as a control and monitoring indicator in several anaerobic 230 

treatment systems, primarily due to the degradation of organic material by enzyme catalysed 231 

redox reactions under anaerobic conditions (Khanal & Huang, 2003; Nghiem et al., 2014). 232 

Typical ORP for a stable AD system is lower than -280 mV, and methane production can drop 233 

appreciably at elevated ORPs (Khanal & Huang, 2003). In this study, under the pseudo steady 234 

state, ORP was -361 mV, on average in Phase I. It decreased further to an average of -389 mV in 235 

Phase II, indicating a likely more stable co-digestion process. Consistently uniform ORP profiles 236 

obtained in Phase II in this study corresponded to the steady daily methane production and 237 

further verified the stability of the complex anaerobic co-digestion system (refer to section 3.2 238 

for methane generation performance). It is noteworthy that dissolved and gaseous sulfides can 239 

hardly be removed at this ORP level (Nghiem et al., 2014). Nevertheless, no significant sulfide 240 

toxicity that can result in the severe inhibition of methanogenesis was observed based on the 241 

methane production rates.  242 

3.1.3 Ammonium/free ammonia 243 

 244 

The ammonium nitrogen (NH4
+-N) concentrations in the digestate at steady state in Phase I and 245 

Phase II were increased from the average of 2,323 mg·l-1 (Day 34 - Day 61) to 2,541 mg·l-1 (Day 246 

80 - Day 109) as shown in Figure 3. This suggests that co-digestion of GS with PM can enhance 247 

the hydrolysis of solids from PM and GS releasing more NH4
+-N compared with AD of PM 248 
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alone. It is well known that the concentration of NH4
+-N and free ammonia can cause digester 249 

failure due to inhibition of methanogenesis. For example, as NH4
+-N concentrations rose from 250 

2.5 to 11 g·l-1, up to 50% reductions in methane production have been observed (Yenigün & 251 

Demirel, 2013). Free ammonia (NH3) is extremely dependent on pH, as follows in Eq. 3 252 

(Anthonisen et al., 1976): 253 

 254 

t)6344/(273pH

pH
4

3
e10 

]10[NH
+

+

+

=NH      Eq. 3 255 

where, t is temperature, oC. 256 

 257 

High concentrations of free ammonia and NH4
+-N can cause a certain level of inhibition on AD, 258 

and it can be reversible (Xie et al., 2016; Bayrakdar et al., 2017). Wu. et al. (2009) found that 259 

methanogens were notably inhibited by free ammonia at concentrations greater than 400 mg·l-1 260 

during anaerobic co-digestion of meat and bone meal. Nevertheless, the reversible inhibition was 261 

observed when the free ammonia concentration reached up to 998 mg·l-1. The varying inhibition 262 

concentrations of free ammonia and NH4
+-N can be attributed to the differences in properties and 263 

composition of substrates and inocula, environmental conditions (e.g. temperature, pH), and 264 

acclimation stages (Rajagopal et al., 2013). The average free ammonia concentrations in the 265 

pseudo steady state decreased from 233.0 mg·l-1 in Phase I (Day 34 - Day 61) to 158.3 mg·l-1 in 266 

Phase II (Day 80 - Day 109) (Figure 3). This may have been due to the lower average pH value 267 

in the digester (Figure 2) despite higher NH4
+-N concentrations in the digestate. It can therefore 268 

be speculated that there would have been less inhibition in Phase II due to the lower free 269 

ammonia concentrations. The metaproteomic approach would be beneficial for future research to 270 

reveal the underpinning mechanisms associated with anaerobic co-digestion at the presence of 271 
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inhibitory intermediate compounds (e.g. free ammonia) (Lin et al., 2016).  272 

[Figure 3] 273 

3.2 Methane generation performance of the pilot-scale anaerobic digester 274 

 275 

The performance of the pilot-scale digester in terms of the biogas yield and biogas composition 276 

is summarised in Table 2 and Figure 4. Daily biogas production, CH4 and CO2 contents in biogas 277 

during the experiment are presented in Figure 4. The daily biogas production increased from an 278 

average of 84 l·d-1 in Phase I (Day 34 - Day 61) to 254 l·d-1 in Phase II (Day 80 – Day 109). The 279 

methane contents in biogas in Phase I and Phase II were up to an average of 58% and 62%, 280 

respectively at steady state (Day 34 - Day 61 in Phase I and Day 80 - Day 109 in Phase II). The 281 

mass balance analysis shows that the specific methane yields (SMY) at steady state in Phase I 282 

and Phase II were 154 ± 8 and 251 ± 13 ml CH4/g VS added, respectively (Table 2). It should be 283 

noted that during an early stage in Phase I (Day 15 - Day 25), the biogas analyser underwent 284 

recalibration and the digester had essential maintenance (e.g. recalibration of probes, PLC 285 

reprogramming) completed. This resulted in some variation in measured biogas composition, as 286 

highlighted in Figure 4. However, the average biogas composition and production rates during 287 

steady state were not affected. Indeed, the volumetric methane yield in the steady state increased 288 

more than threefold from 0.134 ± 0.007 m3 CH4·m
-3 reactor·d-1 to 0.437 ± 0.022 m3 CH4·m

-3 289 

reactor·d-1 (Table 2). 290 

[Table 2] 291 

[Figure 4] 292 
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Table 3 compares the SMYs for the mono-digestion of PM measured in this pilot study with 293 

values obtained in other bench scale studies. Despite the ammonia inhibition observed during the 294 

experiment, Hansen et al. (1998) reported a relatively high SMY calculated as 188 ml CH4/g VS 295 

added. In addition, Zhang et al. (2011) suggested that the low SMY measured in their study (187 296 

ml CH4/g VS added) was due to the inherently low biochemical methane potential of PM (242.3 297 

ml CH4/g VS added), but did not rule out the potential effect of ammonia inhibition on SMYs. 298 

When compared to these findings, it would appear that this pilot scale study achieved similar 299 

SMYs as those reported by Li et al. (2011), but higher SMYs compared to those reported by 300 

Molinuevo-Salces et al. (2012) (Table 3). Nevertheless, the biochemical methane yield of PM 301 

achieved in batch trials exhibited the relatively high SMYs (260 ml CH4/g VS added) as reported 302 

by Dennehy et al. (2016), reflecting its ultimate methane potential at the optimal conditions 303 

(Table 3). Thus, the likelihood of ammonia inhibition and the inherent biochemical methane 304 

yield of PM largely govern the SMYs in this study. It is noteworthy that TS and VS 305 

concentrations of the PM used in this study were lower than those used in other studies by 306 

continuous digesters, however, the difference in TS and VS concentration did not have a 307 

significant effect on SMYs.  308 

[Table 3] 309 

Table 4 compares SMYs measured in studies where PM was digested with a range of grass and 310 

silage substrates at mesophilic conditions. The SMY found in this study was similar to values 311 

found in bench scale studies (Li et al., 2011; Xie et al., 2012). Bułkowska et al. (2012) obtained 312 

higher SMYs when different types of silage were used as feedstocks. Their study utilized a 313 

longer HRT, a far lower proportion of PM in the feedstock and a slightly higher temperature 314 

which might have led to higher SMYs (Dennehy et al., 2017b). It is noteworthy that given the 315 
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varied SMYs of grass and silage substrates, it becomes difficult to compare the SMYs amongst 316 

these studies, as none of them have quantified the synergistic or antagonistic effects during co-317 

digestion as discussed below. 318 

[Table 4] 319 

Synergistic effects can be quantified using a combined kinetics modelling and COD balance 320 

approach during batch anaerobic co-digestion of sewage sludge and organic wastes (Xie et al., 321 

2017a). In this study, a universal equation was adopted to qualitatively illustrate the synergism as 322 

follows (Xie et al., 2017b):  323 

 324 

α =
�����∙	
�����∙

(	
)·�����
     Eq. 4 325 

where SMY��,	SMY��,	��� SMY�  are the SMYs of the feedstock mix, PM and GS, respectively 326 

(ml CH4/g VS added); A and B are corresponding mass of VS fraction in the feedstock daily (g); 327 

α is the synergism coefficient. α less than 1 indicates a synergistic effect, while α greater than 1 328 

suggests an antagonistic effect during co-digestion.  329 

 330 

In this study, assuming that (1) SMY�� during mono-digestion of PM alone in Phase I was 154 331 

ml CH4/g VS added (Table 2),  (2) SMY�  was 330 ml CH4/g VS added previously tested using 332 

the same source of silage from a conserved pit on an Irish farm (Xie et al., 2012), and (3) !"#$% 333 

during co-digestion was 251 ml CH4/g VS added (Table 2), the synergism coefficient & , 334 

calculated based on the 50% VS contribution of GS addition to the feedstock mix, was 0.96. 335 

However, given the variations in SMYs from the feedstock (Table 2), it is likely that the 336 

observed slightly synergistic effect based on Eq. 4 is not notable (Kim et al., 2017). Alternatively, 337 
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assuming that the SMY�  used in Phase II was equal to its maximum methane potential (i.e. 338 

biochemical methane potentials), meaning that 100% of degradable organic matter in GS would 339 

be used for methane production, the amount of CH4 yield contributed by PM in Phase II was 172 340 

ml CH4/g VS added. This was 12% greater than the value of SMY��	measured in Phase I (154 ml 341 

CH4/g VS added), indicating the possible increase in extent of degradation in PM due to the 342 

synergistic metabolism. Hence, in this study co-digestion of PM and GS exhibited likely 343 

synergistic effects, and consequently improved the digester performance. Likewise, Callaghan et 344 

al. (2002) observed that by increasing the proportion of fruit and vegetable wastes from 36% to 345 

69% on a VS basis during co-digesting with cattle slurry, SMYs improved from 230 to 450 ml 346 

CH4/g VS added. Astals et al. (2012) found that biogas yields increased by 400% when PM was 347 

digested with 4% glycerol at mesophilic conditions; a SMY increase from 450 ml biogas/g VS 348 

added to 740 ml biogas/g VS added was observed. The authors attributed this increase to the 349 

high biodegradability of glycerol and the synergism between the substrates. However, the 350 

marginal synergistic effects observed in this pilot-scale study may be attributed to differences in 351 

mass transfer efficiencies and methanogenic activities facilitated by a more vigorous and 352 

thorough mixing compared to laboratory studies (Dennehy et al., 2016; Vavilin and Angelidaki, 353 

2005; Xie et al., 2012). Thus, future research on the development of mathematical model to 354 

distinguish the effect of mixing intensity and its impact on methanogenic activities during 355 

anaerobic co-digestion underpinning synergistic effects is needed for full scale implementation. 356 

 357 

Nevertheless, one possible reason for the marginally improved SMY of VS added for PM during 358 

co-digestion observed in this study was the C/N ratio (Xie et al., 2017). GS has been found to 359 

have C/N ratios of more than 20/1 (Huang et al., 2004; Koch et al., 2009). The ideal C/N ratio 360 
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for AD has been reported to be in the region of 20/1- to 30/1 (Parkin and Owen, 1986). 361 

Inappropriate (too high or too low) C/N ratios in the feedstock (e.g. PM used in this study) could 362 

result in a release of excessive ammonia or an accumulation of VFAs in the digester, which are 363 

potential inhibitors in the AD process and would decrease the activity of methanogens and 364 

eventually terminate the AD process (Dennehy et al., 2017b). As demonstrated in this study, co-365 

digesting PM that has a low C/N ratio of less than 12/1 along with a substrate with low levels of 366 

nitrogen (e.g. GS) represents a more stable operation and a higher methane yield than AD of 367 

manure alone.  368 

 369 

3.3 Soluble COD and VS removals 370 

 371 

Soluble COD concentrations reflect the quality of digestate after AD, while VS removals can 372 

affect the process efficiency (Marcato et al., 2009; Xie et al., 2016). In this study, soluble COD 373 

removal rates increased from 81.4% in Phase I to 87.8% in Phase II (p<0.05). VS removal rates 374 

in this study improved from 41.4% in Phase I to 53.9% in Phase II (p<0.05) (Table 5). Thus, less 375 

monetary cost can be expected during the downstream processes of the digestate in terms of 376 

digestate dewaterability and biosolids production (Almomani et al., 2017; Jensen et al., 2014; 377 

Nghiem et al., 2017).  AD of GS has resulted in VS removals in the range 37%-67% (Cirne et 378 

al., 2007; Lehtomaki et al., 2008; Lehtomaki and Bjornsson, 2006; Yu et al., 2002), depending 379 

on operating conditions (e.g. the reactor configuration, temperature), properties and composition 380 

of the substrate (e.g. type of GS), and pre-treatment methods. The VS removals for AD of PM 381 

alone or co-digestion with various agro-industrial wastes range from 42% to 88% (Bułkowska et 382 

al., 2012; Monou et al., 2009). It is noteworthy that as the feedstocks quoted varied greatly in 383 
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terms of their properties and composition, the variations in terms of VS removals and SMYs are 384 

expected.  385 

[Table 5] 386 

4. CONCLUSIONS 387 

The anaerobic co-digestion of GS and PM on a VS basis of 1:1 was successful in this pilot-scale 388 

study. The study demonstrated that co-digestion of PM with GS offered several advantages over 389 

mono-digestion of PM, including a higher methane content in biogas, a higher SMY of PM, and 390 

higher VS and soluble COD removals. The superior performance of the systems with regard to 391 

higher system stability and particularly the improved SMY during co-digestion of PM and GS 392 

can be largely attributed to the synergistic effects, likely associated with lower free ammonia 393 

inhibition and appropriate C/N ratio in the feedstock mixture compared with mono-digestion of 394 

PM alone. It is therefore recommended that anaerobic co-digestion of PM and GS be applied in 395 

practice for the demand driven biogas production despite the marginal synergistic effects. Future 396 

research on the optimisation of operating envelope underpinning synergistic effects is needed for 397 

full scale implementation. 398 

 399 
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Figure Captions 547 

 548 

Figure 1: The schematic of the pilot-scale anaerobic digester 549 

 550 

Figure 2: pH profile during the mono-digestion of PM and co-digestion PM and GS 551 

 552 

Figure 3: Ammonium nitrogen and free ammonia concentration profiles during the experiment 553 

 554 

Figure 4: Daily biogas production (a) and CH4 and CO2 content in biogas (b) during the 555 

experiment 556 

  557 
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Table 1: Characteristics of raw PM, GS and inoculum 558 

Characteristics GS PM Inoculum  

DM (% of FW) 34.50 3.71 1.56  

VS (% of FW) 31.60 2.61 0.79  

Ash (% of FW) 2.90 1.1 0.77  

NDF (% of DM) 61.51 - -  

ADF (% of DM) 39.62 - -  

pH 4.47 7.90 8.00  

Lactic acid (% of DM) 10.49 - -  

VFA (% of DM) 3.36 - -  

CP (% of DM) 14.71 - -  

WSC(% of DM) 2.76 - -  

DMD (% of DM) 68.50 - -  

sCOD (g·l-1) - 24.41 6.70  

tCOD (g·l-1) - 128.90 36.64  

sCOD (% of DM) 24.64 - -  

NH4
+-N (mg·l-1) - 1640 2387  

     

Note: FW: fresh weight, DM: dry matter; VS: volatile solids; NDF: neutral detergent fiber; ADF: acid detergent 559 

fiber; VFA: volatile fatty acid; CP: crude protein; WSC: water soluble carbohydrate; DMD: dry matter digestibility; 560 

sCOD: soluble COD 561 

 562 

  563 
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Table 2: Performance of pilot-scale anaerobic digester at the steady state 564 

Parameters Phase I  Phase II  

Duration (d) 0 - 61 62 - 109 

pH 7.99 ± 0.05 7.77 ± 0.05 

NH4
+-N (mg·l-1) 2323 ± 24 2541 ± 34 

Free NH3 (mg·l-1) 233.0 ± 7.3 158.3 ± 7.9 

SMY (ml CH4/g VS added) 154 ± 8 251 ± 13 

Volumetric methane yield (m3 CH4·m
-3 reactor·d-1) 0.134 ± 0.007 0.437 ± 0.022 

   

 565 

566 
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Table 3: SMYs measured in the mesophilic AD of PM 567 

Study 
Molinuevo-
Salces et al. 

(2012) 

Hansen et 
al. (1998) 

Zhang et 
al. 

(2011) 

Li et al. 
(2011)  

Dennehy et 
al. (2016) 

Present 
Study 

SMYs measured 
(ml CH4/gVS 

added) 
90 201 188 187 151 

 
260 154 

TS (%) 12.5 12.5 nd 5.64 nd 
 

0.8 3.71 

CH4 (%) 49 69 71 50 57 
 

nd 58 

HRT (d) 25 15 15 20-40 30 
 

batch trials 30 

Temperature (°C) 37 37 37 37 35 
 

37 37 

        
 568 

  569 
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Table 4: SMYs measured in the mesophilic co-digestion of PM and GS 570 

Study 
Bułkowska et al. 

(2012) 
Li et al 
(2011) 

Xie et al. (2012)  Present Study 

Substrates 

PM and silage 
comprised of Z. 
mays L. and M. 

sacchariflorus on a 
7.5: 92.5  VS basis 

PM and 
herbal extract 
residues on a 
1:1 VS basis 

PM and GS on a 
3:2 VS basis 

PM and GS on a 
1:1 VS Basis 

SMYs measured 
(ml CH4/g VS 

added) 
350-400 220 271 251 

CH4 (%) 43.50 63.8 54 62 

HRT (d) 45 30 30 30 

Temperature 
(°C) 

39 35.2 37 37 

 571 

 572 

 573 

  574 
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Table 5: VS and soluble COD removals at the steady state 575 

Parameters Phase I  Phase II  

VSconc,in (%) 2.61 5.22 

VSconc,out (%) 1.52 2.41 

VS removals (%) 41.4 53.9 

sCODconc,in (g·l-1) 24.41 31.42 

sCODconc,out (g·l-1) 4.53 3.84 

Soluble COD removals (%) 81.4 87.8 
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Figure 1:  600 
 601 
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Figure 2 624 
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Figure 3  644 
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Figure 4 667 
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