
$FFHSWHG�0DQXVFULSW

,GHQWLILFDWLRQ�RI�V\QHUJLVWLF�LPSDFWV�GXULQJ�DQDHURELF�FR�GLJHVWLRQ�RI�RUJDQLF
ZDVWHV

6��$VWDOV��'�-��%DWVWRQH��-��0DWD�$OYDUH]��3�'��-HQVHQ

3,,� 6��������������������
'2,� KWWS���G[�GRL�RUJ���������M�ELRUWHFK������������
5HIHUHQFH� %,7(������

7R�DSSHDU�LQ� Bioresource Technology

5HFHLYHG�'DWH� ���$SULO�����
5HYLVHG�'DWH� ���-XQH�����
$FFHSWHG�'DWH� ��-XO\�����

3OHDVH�FLWH�WKLV�DUWLFOH�DV��$VWDOV��6���%DWVWRQH��'�-���0DWD�$OYDUH]��-���-HQVHQ��3�'���,GHQWLILFDWLRQ�RI�V\QHUJLVWLF
LPSDFWV�GXULQJ�DQDHURELF�FR�GLJHVWLRQ�RI�RUJDQLF�ZDVWHV��Bioresource Technology���������GRL��KWWS���G[�GRL�RUJ�
��������M�ELRUWHFK������������

7KLV�LV�D�3')�ILOH�RI�DQ�XQHGLWHG�PDQXVFULSW�WKDW�KDV�EHHQ�DFFHSWHG�IRU�SXEOLFDWLRQ��$V�D�VHUYLFH�WR�RXU�FXVWRPHUV
ZH�DUH�SURYLGLQJ�WKLV�HDUO\�YHUVLRQ�RI�WKH�PDQXVFULSW��7KH�PDQXVFULSW�ZLOO�XQGHUJR�FRS\HGLWLQJ��W\SHVHWWLQJ��DQG
UHYLHZ�RI�WKH�UHVXOWLQJ�SURRI�EHIRUH�LW�LV�SXEOLVKHG�LQ�LWV�ILQDO�IRUP��3OHDVH�QRWH�WKDW�GXULQJ�WKH�SURGXFWLRQ�SURFHVV
HUURUV�PD\�EH�GLVFRYHUHG�ZKLFK�FRXOG�DIIHFW�WKH�FRQWHQW��DQG�DOO�OHJDO�GLVFODLPHUV�WKDW�DSSO\�WR�WKH�MRXUQDO�SHUWDLQ�

http://dx.doi.org/10.1016/j.biortech.2014.07.024
http://dx.doi.org/http://dx.doi.org/10.1016/j.biortech.2014.07.024
http://dx.doi.org/http://dx.doi.org/10.1016/j.biortech.2014.07.024


  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Identification of synergistic impacts during anaerobic co-digestion of 1 

organic wastes 2 

 3 

S. Astalsa,b, DJ. Batstoneb, J. Mata-Alvareza, PD. Jensenb,* 4 

 5 
a Department of Chemical Engineering, University of Barcelona, C/ Martí i Franquès, no. 1, 6 

6th floor, 08028 Barcelona, Spain. 7 

 8 
b Advanced Water Management Centre, The University of Queensland, St Lucia, QLD 4072, 9 

Australia.  10 

 11 

 12 

 13 

 14 

* Corresponding author: Paul D. Jensen. Advanced Water Management Centre, The 15 

University of Queensland, Gehrmann Laboratories Building (60), Level 4, 4072 Brisbane 16 

(QLD), Australia. Phone: (+61) 733469973. Email: p.jensen@uq.edu.au. 17 

 18 

 19 

 20 

 21 

KEYWORDS 22 

Anaerobic digestion; Codigestion; Slaughterhouse; Modelling; LCFA inhibition 23 

24 



  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

ABSTRACT 25 

Anaerobic co-digestion has been widely investigated, but there is limited analysis of 26 

interaction between substrates. The objective of this work was to assess the role of 27 

carbohydrates, protein and lipids in co-digestion behaviour separately, and together. Two sets 28 

of batch tests were done, each set consisting of the mono-digestion of three substrates, and 29 

the co-digestion of seven mixtures. The first was done with pure substrates -cellulose, casein 30 

and olive oil- while in the second slaughterhouse waste -paunch, blood and fat- were used as 31 

carbohydrate, protein and lipid sources, respectively. Synergistic effects were mainly 32 

improvement of process kinetics without a significant change in biodegradability. Kinetics 33 

improvement was linked to the mitigation of inhibitory compounds, particularly fats dilution. 34 

The exception was co-digestion of paunch with lipids, which resulted in an improved final 35 

yield with model based analysis indicating the presence of paunch improved degradability of 36 

the fatty feed.37 
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1 INTRODUCTION 38 

Cattle slaughterhouses process meat for human consumption, animal by-products (e.g. meat, 39 

bone and blood meal, tallow and skin) and generate a large variety of solid and liquid waste 40 

(Cuetos et al., 2008). The latter represents 5-10% of the total animal weight depending on the 41 

degree of further processing of the slaughtered animals, with the majority of waste being 42 

cattle paunch, or undigested feed (Jensen et al., 2013). Cattle slaughterhouse waste (SHW), 43 

which includes multiple waste streams such as stomach and intestinal content, fat, manure, 44 

blood and rendering residues, has emerged as an industrial waste with strong potential to 45 

recover energy and nutrient resources through waste management. SHW is considered a good 46 

substrate for anaerobic digestion, however, the composition of SHW is highly variable with 47 

methane yields ranging between 230 and 700 LCH4 kg-1VS (Edstrom et al., 2003; Cuetos et 48 

al., 2008; Hejnfelt and Angelidaki, 2009; Zhang and Banks, 2012). Anaerobic treatment of 49 

SHW also includes risks associated with the high concentration of ammonia (NH3) and/or 50 

long chain fatty acids (LCFA), potential inhibitors of the methanogenic activity (Cuetos et al., 51 

2008). Ammonia inhibition is related to its capacity to diffuse into microbial cells and 52 

disruption of cellular homeostasis (Kayhanian, 1999), whereas LCFAs adsorb onto the cell 53 

membrane, interfering with membrane functionality (Palatsi et al., 2009; Chen et al., 2008). 54 

Since ammonia is a by-product of protein acidification and LCFAs are an intermediate 55 

product from the degradation of fat, oil and grease, slaughterhouse wastewater as well as 56 

other high-value wastes are high-risk, with inhibition being directly linked to the 57 

composition. Nevertheless, process instability and inhibition may be minimised through 58 

anaerobic co-digestion, which uses the degradation properties of a mixture of wastes to 59 

mitigate or dilute specific compounds (Mata-Alvarez et al., 2011). 60 

 61 

Anaerobic co-digestion (AcoD) is a process where two or more substrates with 62 

complementary characteristics are mixed for combined treatment. AcoD has been reported as 63 

a feasible solution to overcome ammonia and LCFA inhibition and to improve the methane 64 

yield of SHW digestion. SHW have been successfully co-digested with biowaste (Zhang and 65 

Banks, 2012), manure (Hejnfelt and Angelidaki, 2009) and mixture of biowaste and manure 66 

(Edstrom et al., 2003; Murto et al., 2004; Alvarez and Liden, 2008; Cuetos et al., 2008). In 67 

AcoD, the improvement in methane production is mainly a result of the increase in organic 68 

loading rate (Astals et al., 2013); however, when possible, it is important to choose the best 69 

co-substrate and blend ration in order to: (i) favour positive interactions, i.e. synergisms, 70 

macro- and micro-nutrient equilibrium and moisture balance; (ii) dilute inhibitory or toxic 71 
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compounds; (iii) optimise methane production and (iv) enhance digestate stability (Astals et 72 

al., 2011; Mata-Alvarez et al., 2011). Even though all these factors should be considered, the 73 

decisions on the ratio between wastes had been typically simplified to the optimisation of the 74 

carbon-to-nitrogen (C/N) ratio, where optimum reported values vary from 20 to 60 (Alvarez 75 

et al., 2010; Mata-Alvarez et al., 2014; Wang et al., 2012). At the present time, there is 76 

limited knowledge about how waste composition (carbohydrates, protein and lipids) 77 

influences AcoD performance or whether interactions between substrates enhance or 78 

attenuate inhibition thresholds, degradation rates, or biogas yields on individual substrates. 79 

The degradation of carbohydrates, protein and lipids occur by different metabolic pathways, 80 

with varying rates and methane yields (Angelidaki and Sanders, 2004) and therefore 81 

knowledge about the influence of the substrate macro-composition would enhance the 82 

understanding and utility of potential and/or novel AcoD applications. 83 

 84 

Reliable AcoD modelling is required to predict, in a clear and quantifiable manner, the effect 85 

of mixing two or more wastes in a digester and remove potentially negative impacts from 86 

mixing based on random or heuristic decisions (Astals et al., 2011; Mata-Alvarez et al. 87 

2011). In addition, a better mechanistic understanding of how different feeds mix may reduce 88 

the time and costs associated with laboratory experiments as well as improve co-substrate 89 

selection and dose rates (Mata-Alvarez et al., 2014). Models are also useful to estimate 90 

important biochemical parameters such as biodegradability, hydrolysis rate and inhibition 91 

constant, which are critical in AD design, performance and troubleshooting (Batstone et al., 92 

2009; Jensen et al., 2011). Recent nonlinear parameter estimation methods can provide 93 

quantitative and rigorous analysis of the impacts of AcoD (Batstone et al., 2003 and 2004). 94 

 95 

The aim of the present study was to identify the interactions (synergisms and antagonisms) 96 

between carbohydrates, protein and lipids that take place during anaerobic co-digestion, 97 

focusing on process kinetics and anaerobic biodegradability of the substrates for a 98 

mechanistic model-based understanding of AcoD. This aims at identifying AcoD 99 

opportunities and, consequently, improving the anaerobic digestion of slaughterhouse and 100 

other similar wastes. 101 

102 
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2 MATERIALS AND METHODS 103 

2.1 Chemical analytical methods 104 

Analyses of the total fraction were performed directly on the raw samples. For analyses of the 105 

soluble fraction, the samples were centrifuged at 4,000 g for 5 minutes and then the 106 

supernatant was filtered through a 0.45 m PES Millipore® filter. Total solids (TS) and 107 

volatile solids (VS) were measured according to standard methods procedure 2540G with 108 

minor modifications (APHA, 2005). Specifically, samples were dried overnight, at least 16 109 

hours, in a Clayson OM1000ME oven set at 103 °C and afterwards samples were volatilised 110 

in a BTC 9090 muffle furnace (heating ramp from room temperature to 550 °C and held for 3 111 

hours). Total chemical oxygen demand (CODt) and soluble chemical oxygen demand 112 

(CODs) were measured using Merck COD Sprectroquant® test, range 500-10000 mg L-1, and 113 

by a SQ 118 spectrophotometer (Merck, Germany). Volatile fatty acids (acetic, propionic, 114 

butyric and valeric) and ethanol were analysed by an Agilent 7890A gas chromatograph 115 

equipped with a Phenomenex ZB-FFAP column (15 m length, 0.53 mm internal diameter and 116 

1.0  μm  film)  and  a  flame  ionization  detector. The chromatograph oven program was as 117 

follows: hold 2 min at 60 °C, ramp to 240 °C at 20 °C min-1, and hold 2 min. Injector and 118 

detector temperature was set at 220 °C and 300 °C respectively; 12.5 mL min-1 of high purity 119 

Helium at 8.6 psi was used as carrier gas. Nitrogen and phosphorous ions (NH4
+, NO2

-, NO3
-, 120 

PO4
3-), total Kjeldahl nitrogen (TKN) and phosphorous (TKP) were determined by a Lachat 121 

Quik-Chem 8000 flow injection analyser using the methods (QuickChem®) developed by the 122 

instrument provider (Lachat Instruments, US). Metals ions were determined by an inductively 123 

coupled plasma optical emission spectrometer (ICP-OES) Perkin Elmer Optima 7300 DV, 124 

which uses 15 L min-1 of high purity Argon as plasma gas. Prior to plasma analysis, samples 125 

were digested (15 min at 200 °C) with 10% nitric acid in a MARS Xpress microwave. Total 126 

and soluble carbohydrates were analysed by the anthrone method using glucose as standard 127 

(Smith et al. 1985). Total and soluble protein was determined by the bicinchoninic acid 128 

method using bovine serum albumin as standard (Raunkjær et al. 1994). Oil and grease were 129 

determined by a Wilks Enterprise, Inc. InfraCal TOG/TPH analyser, where S-316 was used 130 

as extraction solvent.  131 

 132 

2.2 Biochemical methane potential test 133 

Biochemical methane potential (BMP) tests were carried out according to Angelidaki et al. 134 

(2009) in 240 mL glass serum bottles at mesophilic temperature. All tests contained 120 mL 135 
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inoculum, the amount of substrate that met an inoculum to substrate ratio (ISR) of 2 (VS-136 

basis) and deionised water, added to make up the total test volume to 160 mL. Bottles were 137 

flushed with 99.99% N2 gas for 1 min (4 L min-1), sealed with a rubber stopper retained with 138 

an aluminium crimp seal and stored in temperature-controlled incubators (37 ± 1°C). Tests 139 

were mixed by inverting once per day. Blanks containing inoculum and no substrate were 140 

used to correct for background methane potential in the inoculum. All tests and blanks were 141 

carried out in triplicate, and all error bars indicate 95% confidence in the average of the 142 

triplicate. Biogas volume was measured by manometer at the start of each sampling event. 143 

Accumulated volumetric gas production was calculated from the pressure increase in the 144 

headspace volume (80 mL) and expressed under standard conditions (0 °C, 1 bar). At each 145 

sample event, the biogas composition (CH4, CO2 and H2) was determined using a 146 

PerkinElmer Autosystem 1022 Plus gas chromatograph equipped with a thermal conductivity 147 

detector. 148 

Two sets of BMP tests were done in order to assess the role of carbohydrates (Ch), protein 149 

(Pr) and lipids (Li) in AcoD. Each set of tests consisted of the mono-digestion of three 150 

substrates, representative of carbohydrates, protein and lipids, and the co-digestion of 7 151 

mixtures, performed in VS-basis (Fig. 1). The first set of BMPs was done with pure 152 

substrates, i.e. cellulose, casein and olive oil, whereas in the second set of BMPs complex 153 

substrates from an slaughterhouse, i.e. paunch, blood and dissolved air flotation fat sludge 154 

(DAF), were used as sources of carbohydrate, protein and lipid, respectively. More details 155 

about the performance of the tested mixtures are shown in Table I (pure substrates) and Table 156 

II (slaughterhouse waste) at supplementary data. 157 

 158 

2.3 Model implementation and data analysis 159 

Mathematical analysis of the BMPs was based on the IWA Anaerobic Digestion Model No. 1 160 

(ADM1). As hydrolysis step is considered the rate-limiting step during the AD of complex 161 

substrates, the BMPs were modelled using a first order kinetic (eq. 1) (Jensen et al., 2011). 162 

where r is the process rate (mL COD L-1 day-1), fi is the substrate biodegradability for 163 

substrate i (-), khyd,i is the first order hydrolysis rate constant of the substrate (day-1), Si is the 164 

substrate concentration (g VS L-1), Ci is the COD-to-VS ratio of the substrate, I is the 165 

inhibition factor and tdelay is the lag-phase. Biodegradability (fi) is used for model-based 166 

 

















delay
i

iii,hydi
delay tt

I·C·S·k·f,tt0r  (eq. 1) 
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analysis in order to normalise analysis between substrates. fi can be converted to methane 167 

yield (B0) using the conversion factors provided at the bottom of Tables V and VI 168 

(supplementary data), with material with a COD:VS of 1 having a conversion factor of 350 169 

mL CH4 g-1 VS (B0/f=350). The inhibition factor was included to model LCFA inhibition 170 

when lipids were either mono- or co-digested, where the non-competitive inhibition function 171 

was used (eq. 2). 172 

where I is the LCFA inhibition factor, which range from 0 (total inhibition) to 1 (no 173 

inhibition), Sli is the lipid concentration and KI,li is the inhibition constant (g VS L-1). 174 

 175 

The model was implemented in Aquasim 2.1d. Parameters and their uncertainty were 176 

simultaneously estimated, with a 95% confidence limit, as for Batstone et al. (2003 and 177 

2009). Parameters uncertainty was estimated based on a two-tailed t-test on parameter 178 

standard error around the optimum, and non-linear confidence regions were also tested to 179 

confirm the linear estimate was representative of true confidence. The objective function used 180 

was the sum  of  squared  errors  (χ2), where average data from triplicate experiments were used 181 

as the model target. 182 

 183 

2.4 Substrates and inoculum origin 184 

Pure substrate included analytical grade cellulose and casein purchased from Sigma-Aldrich® 185 

and white-label refined olive oil, which contains mainly palmitic, oleic and linoleic acid 186 

(AOCS, 2013) (see characterisation at Table III of supplementary data). Slaughterhouse 187 

wastes, i.e. paunch, blood and DAF sludge, were obtained from a slaughterhouse of 188 

Queensland (Australia). Table 1 shows a basic characterisation of the SHW. A complete 189 

physical-chemical characterisation of SHW is provided in the supplementary data (Table IV). 190 

The CODt of cellulose and olive oil were calculated by multiplying the VS concentration by 191 

the theoretical oxygen demand of cellulose (1.07 g COD g-1 VS) and oleic acid (2.89 g COD 192 

g-1 VS), respectively, while the CODt of DAF sludge, which could not be analysed due to 193 

analytical interferences, was estimated by multiplying its VS concentration by 3.0 g COD g-1 194 

VS. The inoculum, which had a specific methanogenic activity of 0.2 g COD CH4 g-1 VS day-195 
1 (37 ºC), was collected from a stable full-scale anaerobic digester that treats mixed sewage 196 

sludge at a conventional configuration municipal WWTP in Queensland (Australia). The 197 

liI,li

liI,

KS
K

I


  (eq. 2) 
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inoculum was degasified at 37 °C during 1 week prior starting the assays (Angelidaki et al., 198 

2009); however, no acclimation period to the pure substrates or SHW was performed. 199 

Although, parameters such as: origin, concentration, activity, pre-incubation, acclimation and 200 

storage, might affect the substrate degradation kinetics and/or inhibition thresholds, the 201 

synergism mechanism should remain unchanged, but in a different extent, of the inoculum 202 

characteristics (Alvarez et al., 2010). 203 

204 
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3 RESULTS AND DISCUSSION 205 

3.1 Biomethane potential tests results 206 

3.1.1 Pure substrates  207 

Methane production of cellulose and casein followed first order process kinetics with B0 208 

values of 318 ± 5 and 431 ± 6  mL CH4 g-1 VS, respectively; whereas olive oil, with a B0 of 209 

831 ± 32  mL CH4 g-1 VS, showed a sigmoidal profile (Fig. 2). B0 values and their 210 

uncertainty were outputs of the BMP modelling. Olive oil shape was probably due to LCFA 211 

inhibition of the methanogens, although the initial olive oil concentration (4.8 g L-1) was far 212 

above the reported half maximal inhibitory concentration (IC50) values for LCFA, which 213 

range from 50 to 1500 mg L-1 (Palatsi et al., 2009). In addition, the short lag phase (1.5 days) 214 

indicated that LCFA adsorption was followed rapidly by conversion through methanogenesis, 215 

which is in contrast to the normal longer lag period (> 10 days) corresponding to a strong 216 

inhibition of the methanogens (Hwu et al., 1998; Salminen et al., 2000; Palatsi et al., 2009). 217 

The shorter lag period can likely be related to the relatively high inoculum-to-lipid ratio used 218 

in the present tests (Hwu et al., 1998; Salminen et al., 2000).  219 

 220 

To compare the response from pure substrates with those from co-digestion, a simple 221 

prediction curve based on the combination of substrates over time and proportioned to the 222 

amount of substrate present was generated. Fig. 2 shows the three pure substrates (top left), 223 

and predicted and actual curves for each mixture. These demonstrate a clear kinetic 224 

advantage caused by mixing substrates, but without any impact on methane yield (net B0). 225 

Kinetic improvement where mixtures present high concentration of olive oil (i.e. 50%Ch - 226 

50%Li; 50%Pr - 50%Li; 33%Ch - 33%Pr - 33%Li and 17%Ch - 17%Pr - 66%Li) was clearly 227 

due to attenuation of inhibition. This could be a consequence of both the lower LCFA 228 

concentrations in the mixture and the synergy between substrates. It can be established that 229 

substrate diversification improved the AD rate and reduced the inhibitory effect of LCFA. 230 

The present results are in agreement with Kuang et al. (2002) who concluded that the addition 231 

of glucose (carbohydrate) and cysteine (protein), either singly or in combination, decreased 232 

LCFA inhibition and improved the formation of granular biomass in high rate anaerobic 233 

reactors. Feeding glucose and/or cysteine to an LCFA inhibited digester also stimulates the 234 

degradation of LCFA and the growth of methanogenic archaea to enable a rapid recovery of 235 

digester performance (Kuang et al. 2006). 236 

 237 

 238 
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3.1.2 Cattle slaughterhouse wastes  239 

As Table 1 shows, paunch, blood and DAF are high in carbohydrates, protein and lipids, 240 

respectively. When the SHW mono-digestion BMP results were compared with the results 241 

obtained from the pure substrates there was very strong overlap in methane profiles when 242 

comparing both the casein and blood tests, and the olive oil and DAF sludge tests (Fig. I at 243 

supplementary data). In contrast, paunch, due to its lignocellulosic composition, presented a 244 

flattened profile and reduced B0 compared to cellulose. Paunch, blood and DAF sludge 245 

presented B0 of 237 ± 12, 417 ± 7 and 832 ± 35 mL CH4 g-1 VS, respectively. Again, B0 246 

values and their uncertainty were obtained through the BMP modelling. When the B0 values 247 

where compared with the values reported by Hejnfelt and Angelidaki (2009) there was a good 248 

agreement in the B0 of blood (450 mL CH4 g-1 VS), whereas the B0 reported for fat (560 mL 249 

CH4 g-1 VS) was much lower than in the present study. Differences in the B0 of fat be can be 250 

related to fat origin and structure. The B0 of paunch is in the range of those values reported 251 

for paunch and lignocellulosic agricultural wastes (Tong et al., 1990; Tritt et al., 1991). DAF 252 

sludge showed LCFA inhibition similar to the olive oil test. 253 

 254 

All AcoD mixtures between SHW presented an improvement in the digestion kinetics when 255 

compared with the theoretical predictions (Fig. 3). The lipid-rich SHW mixtures (50%Ch - 256 

50%Li; 50%Pr - 50%Li; 33%Ch - 33%Pr - 33%Li and 17%Ch - 17%Pr - 66%Li) showed a 257 

greater improvement in the process kinetics than that observed for pure substrates, whereas 258 

the other mixtures presented a similar trend. In the lipid-rich mixtures, the increase of the 259 

slope in the cumulative methane production, related to the greater LCFA methanisation 260 

period, was observed at day 4-5 instead of day 7. Therefore, AcoD mitigated LCFA 261 

inhibition in the SHW tests similar to the pure substrate tests; where the reduction of LCFA 262 

inhibition could be related to the lower LCFA concentration in the mixture and the synergy 263 

between substrates. However, the increased mitigation of LCFA inhibition in the SHW tests 264 

compared to the pure substrate tests could be due to the adsorption of the LCFA on the 265 

surface of the paunch and/or blood, thus lowering the absorption of LCFA on the methanogen 266 

cell membrane. Consequently, the LCFA inhibition was further reduced and the methane 267 

production stimulated (Palatsi et al., 2009; Cuetos et al., 2010).  268 

 269 

Two mixtures (50%Ch - 50%Li; 17%Ch - 17%Pr - 66%Li) resulted in a B0 significantly 270 

higher than the theoretical prediction. The 15% difference between the theoretical B0 and 271 

actual B0 may be related to the capacity of the hydrolytic biomass present in the paunch to 272 
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further hydrolyse the DAF sludge (slurry with small fat conglomerates). This conclusion is 273 

supported by a COD balance, as the paunch and blood COD were not enough to justify the 274 

difference of 80 and 95 mL CH4 g-1 VS, respectively, between the theoretical and actual B0. 275 

Paunch refers to the stomach contents of cattle and contains rumen micro-organisms 276 

consisting of bacteria, protozoa, and fungi, which are highly efficient at hydrolysis of 277 

lignocellulosic material. Nevertheless, paunch also contains, in a minor degree, lipolityc 278 

biomass which is able to breakdown lipids to fatty acids (Kim et al., 2009). For paunch 279 

lipolityc biomass, the degradability of unprotected lipids has been estimated to be about 90%, 280 

while the hydrolysis of structural plant lipids is thought to be lower due to the need to remove 281 

surrounding cellular matrices (Kim et al., 2009). In any case, the presence of lipid-degrader 282 

biomass in the paunch may have improved the degradation rate and extent of DAF sludge in 283 

the aforementioned mixtures.  284 

 285 

Small improvements in B0 values were recorded in other AcoD mixtures, however, the 286 

difference between the theoretical and actual values were lower than 7%, and were 287 

considered not significant. The minor improvement in the process kinetics and B0 recorded in 288 

the mixture between paunch and blood (50%Ch – 50%Pr) is in agreement with the result 289 

obtained by Elbeshbishy and Nakhla (2012) when co-digesting a 50% starch (carbohydrates) 290 

and 50% bovine serum albumin (protein) mixture (weight-basis). However, the same authors 291 

reported that the 80% starch and 20% bovine serum albumin mixture had a significant impact 292 

on the process kinetics and B0 as both were much higher than the expected values 293 

(Elbeshbishy and Nakhla, 2012). Finally, it must be noted that the reported methane yields 294 

for mixed slaughterhouse are in the range of 400 - 600 mL CH4 g-1 VS (Edstrom et al., 2003; 295 

Cuetos et al., 2008; Hejnfelt and Angelidaki, 2009; Zhang and Banks, 2012). However, as 296 

shown by the results obtained in the present study, the methane yield and kinetic are greatly 297 

influenced by the SHW composition, with similar impacts and variability expected during 298 

full scale implementations. 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 
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3.2 Model-based parameter estimation 307 

The kinetic parameters estimated in the present work, either mono- or co-digestion, are 308 

substrate biodegradability (fi), degradation kinetic (khyd,i) and LCFA inhibition (KI,li), which 309 

quantifies the fraction of material that may be degraded under anaerobic conditions and the 310 

speed of degradation. Table V (pure substrates) and Table VI (slaughterhouse wastes) at 311 

supplementary data show the model outputs and its 95% confidence interval when the 10 312 

BMPs were simulated with a single set of parameters and when some variables were different 313 

for each BMP. 314 

 315 

The comparison between the actual and modelled methane curves, when the 10 BMPs were 316 

simulated with a single set of parameters, for pure substrates and SHW are shown in Figure II 317 

and IV (supplementary data), respectively. The single set of parameters obtained for pure 318 

substrates lead to a better fit than the one obtained for SHW. Nonetheless, as a result of the 319 

interaction between substrates, a single set of parameters could not be used to reproduce all 320 

scenarios. Those results suggest that the interactions between substrates do not only depend 321 

on the macro-composition but also on other properties such as substrate structure. 322 

Consequently, the comparison between actual and modelled methane curves was done with 323 

the parameters obtained when some variables were different for each BMP. After analysing 324 

model outputs under several scenarios (data not shown), flexible variables were selected as 325 

follows: pure substrates scenario had different KI,li and tdelay, while SHW scenarios had 326 

different fch, fli, KI,li and tdelay. This approach allowed to better quantification of the key 327 

interactions observed. 328 

 329 

The high biodegradability for cellulose (90%), casein (81%) and olive oil (85%) are in 330 

agreement with the B0 values obtained (Table V - supplementary data). Moreover, the 331 

agreement between the actual and the modelled B0 for all scenarios confirmed the absence of 332 

any antagonism phenomena related to the organic matter intrinsic composition which could 333 

reduce substrate biodegradability. Blood (77%) and DAF sludge (82 – 99%) also presented 334 

high biodegradabilities in all scenarios while paunch, as lignocellulosic material, showed 335 

lower values (59 - 71 %) (Table VI - supplementary data). The high biodegradabilities of the 336 

SHW are in agreement with already reported values, which range from 70 to 90 % (Tritt et 337 

al., 1991; Hejnfelt and Angelidaki, 2009; Zhang and Banks, 2012; Jensen et al., 2013). 338 

Regarding the hydrolysis rate of each substrates (khyd,ch, khyd,pr, khyd,li) in AcoD conditions, 339 

model results indicate that they remain constant and similar to the values obtained under 340 
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mono-digestion conditions. Therefore, the improvement of the process kinetic is mainly 341 

linked to dilution of fats (with KI,li largely remaining static). This assessment can be 342 

confirmed by comparing the actual and expected profile of the unique mixture without lipids 343 

(50%Ch – 50%Pr) (Fig. 2 and 3) as well as its actual and the modelled profile (Fig. III and V 344 

- supplementary data), since the shape between profiles do not present significant differences. 345 

KI,li trends across all tests (Fig. 4) indicates a central tendency (~1.3 g VS L-1) and remains 346 

reasonably constant independently of the lipid proportion in the digester medium. There is a 347 

minor trend for KI,li to increase with increased fats in SHW (i.e. inhibition to relax), and 348 

decrease in pure substrates (i.e. inhibition to strengthen), but both of these trends are weak 349 

and conflicted by outliers. For the two SHW mixtures that produced more methane than 350 

expected (50%Ch - 50%Li; 17%Ch - 17%Pr - 66%Li), it is important to highlight that the 351 

model estimated a DAF sludge biodegradability close to 100 %, much higher than when 352 

mono-digested, but not a significantly higher paunch biodegradability. This indicates that the 353 

presence of carbohydrates/paunch is possibly enhancing the degradability of fats, rather than 354 

fats enhancing the degradability of carbohydrates. Additionally, the presence of paunch 355 

seems to be important, rather than the amount (e.g. 17% fraction of paunch seems as effective 356 

as 66% fraction, with 33% being the outlier). From a technical point of view, process kinetics 357 

in the AcoD mixtures are linked to lipid derived inhibition and mitigation of this phenomenon 358 

rather than to other substrate properties, this indicates that the maximum sustainable loading 359 

rate of lipids to a process is largely determined by the LCFA inhibition constant of the 360 

anaerobic community at the operating temperature and not the AcoD mixture composition.361 
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CONCLUSIONS 362 

AcoD lead to an improvement of the AD kinetics. However, the ultimate methane potential is 363 

generally not affected. Mixing a carbohydrate and/or protein source to lipids is a feasible 364 

option to reduce LCFA inhibition, mainly due to dilution. The main exception to no-increase 365 

of degradability is that on the presence of paunch (carbohydrate) appeared to improve 366 

degradation of mixed fatty feeds to 100%, resulting in a higher ultimate methane potential. 367 

 368 
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Table 1. Basic characterisation of the slaughterhouse wastes 

 Parameter Units Paunch Blood DAF sludge 

TS g kg-1  117 187 360 

VS g kg-1 106 178 353 

CODt g O2 kg-1   106 266 1053 

CODs g O2 kg-1 2.5 253 3.7 

VFA g kg-1 0.64 1.86 0.52 

Oil and grease g kg-1 4.5 1.5 265 

Total proteins g kg-1 10.2 129.5 11.8 

Soluble proteins g kg-1 1.7 128.2 0.4 

Total carbohydrates g kg-1 55.5 3.7 0.6 

Soluble carbohydrates g kg-1 1.6 0.1 0.4 

TKN g kg-1 0.60 26.7 1.2 

TKP g kg-1 0.21 0.20 0.29 

Ammonium mg N kg-1 143 391 49 

Phosphate mg P kg-1 161 164 162 

 



  

 
Fig. 1. Design of the co-digestion mixtures, organic mass basis (VS), between carbohydrates, 

protein and lipids 
 



  

Substrates mono-digestion 50% Ch - 50% Pr 

  
50% Pr - 50% Li 50% Ch - 50% Li 

  
33% Ch – 33% Pr - 33% Li   66% Ch – 17% Pr - 17% Li 

  
17% Ch – 66% Pr - 17% Li 17% Ch – 17% Pr - 66% Li 

  
Fig. 2. Cumulative methane production in the course of time of pure substrates mixture (×), 
theoretical profile of the mixture (dashed line), cellulose (■),  casein  (●)  and  olive  oil  (▲). 



  

Substrates mono-digestion 50% Ch - 50% Pr 

  
50% Pr - 50% Li 50% Ch - 50% Li 

  
33% Ch – 33% Pr - 33% Li 66% Ch – 17% Pr - 17% Li 

  
17% Ch – 66% Pr - 17% Li 17% Ch – 17% Pr - 66% Li 

  
Fig. 3. Cumulative methane production in the course of time of each SHW mixture (×), 

theoretical profile (dashed line), paunch (□),  blood (○)  and  DAF sludge (∆). 



  

 
Fig. 4. Modelled  lipid  inhibition  constant  as  function  of  the  lipid  percentage  at  (○)  pure  

substrates  and  (■)  SHW  mono- and co-digestion. 
 



  

HIGHLIGHTS 

- Pure and slaughterhouse carbohydrate, protein, and lipid substrates were tested 

- Modelling was used to quantify the impact of mixing substrates 

- LCFA inhibition was substantial and detrimental with a KI of 1.3 g VS L-1 

- Co-digestion did not increase ultimate biodegradability 

- Co-digestion mitigated  LCFA inhibition, mainly through dilution 
 



  

 


