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SUMMARY: Anaerobic digestion of manure fibers pmsechallenges due to their low
biodegradability. AQueous ammonia soaking (AAS) andsequent ammonia removal has been
tested as a simple and cheap method to disruplighecellulose and increase the methane
potential and the biogas productivity of manurefg In the present study, mesophilic anaerobic
digestion of AAS pretreated manure fibers was tkateCSTR-type digesters fed with swine
manure and/or a mixture of swine manure and AASrgaged manure fibers. The Anaerobic
Digestion Model No.1 (ADM1) was used for the preidic of the effect that the AAS had on the
efficiency of the anaerobic digestion of manurend€ic parameters were estimated by fitting of
the model to data from manure fed digesters. Thdeinwas able to satisfactorily simulate the
behaviour of digesters fed with manure. Howeveg thodel predictions were poorer for
digesters fed with mixture of manure and AAS prad fibers, mainly due to the higher
hydrolysis rate of the solids of pretreated fib&oper modification of the kinetic parameters of
ADML1 with emphasis on hydrolysis constants is neags

1. INTRODUCTION

Methane production from a variety of biological wessthrough anaerobic digestion technology
is considered ideal in many ways because of ite@oic and environmental benefits (Chandra
et al., 2012). Therefore, biogas production anlization has become a major part of the rapidly
growing renewable energy sector (Deublein and B&eiser, 2008).

Denmark is one of the largest producers of pig naedtthe use of swine manure in biogas
production is a common practice. However, biogasgsl digesting liquid manure alone are no
economically viable due to the relatively low orgacontent of the manure. Therefore, current
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biogas production in Denmark is based on at |e&%6 @nimal manure and up to 25% other
(additional) biomasses characterized by high methmotential, such as slaughterhouse wastes,
glycerine, crops, animal fat, fish oil, etc. Addi of this type of biomasses increases the
methane efficiency and thus the process profitgbi{Deublein and Steinhauser, 2008).
However, due to the increased demand for biomasisteck in the bioenergy sector, supply of
alternative organic fractions from industrial argtieultural sectors for production of biogas is
becoming increasingly limited. The methane proditgtiof swine manure based biogas plants
could be increased by applying anaerobic digestatly to the solid fraction of manure
(alternatively called manure fibers) which contaimeost of the organic material. However, the
intact rigid lignocellulosic structure of the fitlemakes anaerobic digestion process slow and
economically unfavourable. Therefore, pretreatnm@nthe solid fraction is a prerequisite for
increasing its digestibility (Jurado et al., 2010).

Aqueous Ammonia Soaking (AAS) has been so far defte bioethanol and chemicals
production with satisfactory results (Kim and L2805; Kim et al., 2008; Ko et al., 2009; Fu
and Holtzapple, 2010; Gupta and Lee, 2010; Kim let 2010). In comparison with high
temperature ammonia pretreatment, AAS is charaet by low energy input, no formation of
toxic compounds and no loss of sugars. Howevedjetion the effect the AAS has on methane
production from various biomasses are scarce (Histmaeh et al., 2010; Jurado et al., 2011,
2012). Jurado et al. (2011, 2012) applied AAS tohb@aw and digested (before and after
anaerobic digestion) swine manure fibers showingraressive methane potential increase (up
to 180% increase). It has to be emphasized that #pmaincreased methane yield, the ammonia
used for the pretreatment can be easily recycled fuall-scale plant resulting in actually no
chemicals consumption. Therefore, application ofSAdn manure fibers in biogas plants already
equipped with ammonia removal infrastructure wihstitute a cost-efficient and sustainable
pretreatment (or post-treatment) option.

Anaerobic digestion is a complicate and sensitiiddobical process. Combined with the
relatively very long retention times, the experita¢ndetermination of the values of the
operational parameters that will maximize the psscefficiency may be prohibitively time
consuming and expensive. The development and usaitfematical models able to predict and
describe the behaviour of experimental systemswallfor a safe design and scale-up of
anaerobic digestion units without the need for ticoasuming experimental tests. In order to
describe the performance and kinetics of the ab@edigestion process for methane generation,
several anaerobic digestion models were developadgithe last 30 years (Gavala et al., 2003).
The latest developed model is the International@Vassociation (IWA) Anaerobic Digestion
Model No. 1 (ADM1), published in 2002 (Batstone at, 2002). Although ADM1 was
principally developed for anaerobic digestion ob@idgle, its structure allows modeling of
anaerobic treatment of different effluents (Batstamd Keller, 2003; Ersahin et al., 2007) like
(agro-)industrial wastewaters (Rajinikanth et aD08; Kalfas et al., 2006; Dereli et al., 2010;
Antonopoulou et al., 2012), manure and energy cfopbken et al., 2007; Rojas et al., 2011,
Zhou et al., 2011), manure and organic wastes (§ch009) and manure alone (Gali et al.,
2009). All these studies show the increasing t@applications of ADM1 model as well as the
necessity of appropriate modifications in its stuoe in order to simulate different anaerobic
digestion concepts.

In the present study, anaerobic digestion of AA&rpated manure fibers has been applied in
mesophilic CSTR-type digesters. Subsequently, AvaerDigestion Model Nol (ADM1) was
used to simulate the anaerobic digestion procetizeimligesters and to assess the effect that the
addition of pretreated fibers had on the kineticthe process.
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2. MATERIALSAND METHODS

2.1 Analytical methods

Determination of total solids (TS) and volatileidsl (VS) was carried out according to APHA
(2005). Total and soluble Chemical Oxygen Deman@ were measured with Hach Lange
kits LCK-914 and LCK-514 respectively. Ammoniumrogen (NH-N) analysis was performed
with Hach Lange kit LCK-305. Phosphorus analysis warried out by applying persulphate
digestion and subsequent ascorbic acid photomédtiermination according to APHA (2005).
Kjeldahl nitrogen determination was made using riiiero-Kjeldahl method for the digestion
followed by distillation and finally titration wittD.02N HSO, (APHA, 2005). Detection and
guantification of sugar monomers (glucose, xyloed arabinose) was made with HPLC-RI
equipped with an Aminex HPX-87H column (BioRad)6&°C. Two groups of carbohydrates
were determined in the samples of raw and pretleatanure fibers: total carbohydrates,
including those bound in the lignocellulosic biomasd simple sugars (Haagensen et al., 2009).
Analysis of the two groups of carbohydrates wasiearout based on the NREL analytical
procedures (Sluite et al., 2011). Biogas compasiiio methane was measured with a gas
chromatograph (SRl GC model 310) equipped witheanttal conductivity detector and a packed
column (Porapak-Q, length 6ft and inner diametérrdm). For the quantification of VFA, 1 ml
of liquid sample was acidified with 17%3PIO, and filtered through minisart high flow filter
(pore size 0.5 um). VFAs were analyzed with a dasmatograph (PerkinElmer, Clarus 400)
with a flame ionization detector and a capillaryucon (Agilent HP-FFAP, 30 m long, 0.53 mm
inner diameter).

2.2 Experimental procedure

2.2.1 Influent characterisation

AAS pretreatment of fibers was performed accordmmgurado et al. (2012). Manure and AAS-
pretreated raw manure fibers were characterizedeims of total and soluble COD, total
carbohydrates and free sugars, total and solubdadghl nitrogen and NN, volatile fatty
acids (valeric, butyric, propionic and acetic agidsorganic phosphorus and inorganic carbon.
Particulate and soluble inerts were determinechagdsidual COD after three months of batch
anaerobic digestion. Particulate carbohydrates @oteins were calculated as the difference
between total and free carbohydrates/sugars anal @mtd soluble Kjendahl nitrogen,
respectively. Aminoacids were calculated as théeihce between soluble Kjendahl nitrogen
and NH-N. Calculation of particulate lipids was basedtba difference between non-soluble
COD (total — soluble COD) and the sum of partieile@rbohydrates, proteins and inerts, while
long chain fatty acids were calculated as the difiee between soluble COD and all measured
soluble components (sugars, aminoacids, volatitg &écids and soluble inerts).

2.2.1 Continuous experiments

In the present study, anaerobic digestion of AA&treated manure fibers in continuous mode
has been applied. Two mesophilic (38°C) CSTR-tymgesters of 3 L useful volume were
operated in parallel. The first was fed with swimanure and the second was initially fed with
manure and after 110 days the manure feed wascegplaith a mixture of swine manure and
AAS pretreated manure fibers (at a ratio of 0.580on Total Solids basis) at a hydraulic
retention time of 25 d. The feeding was intermittemd repeated once a day.

Daily monitoring of the digesters included biogasduction and composition in methane,
pH, volatile fatty acids and soluble COD concemrat When the two digesters reached steady
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state, complete characterisation was performedrmg of almost all measurable components of
ADM1. Subsequently, the digesters were subjectedinipulse disturbances of different
substrates in order to study the dynamics of thecgsses. The substrates used for the
disturbances were acetic, propionic and butyridsend the soluble part of the influent of the
digesters. The responce of the bioreactors to tirapelses was monitored mainly through
measurements of biogas production and compositiomethane, pH, VFA concentration and
soluble COD.

2.3 Moddlling

Anaerobic Digestion Model Nol (ADM1) was fitted tme data from the continuous anaerobic
digestion of manure. Subsequently, the model wasl us simulate the anaerobic digestion
process in both reactors and thus the ability efrttodel to predict the effect that the addition of
AAS pretreated fibers had on the process efficienayg assessed. The reactors were allowed to
reach steady state and were subjected to impulsturidances of different substrates-
intermediates of the anaerobic digestion procesgs &eetic, propionic and butyric acids) as well
as soluble fraction of the feed in order to stuldy process kinetics. First, the IWA anaerobic
digestion model (ADM1) was fitted to the experin@ntlata obtained from the manure-fed
digester (reactor 1) using non-linear parametemesion. The software used was Aquasim 2.1 g
and the secant method was applied for optimisatierameter estimation focused on the
hydrolysis constants of carbohydrates (khydr_chtgins (khydr_pr) and lipids (khydr_li) and
maximum uptake rates of long chain fatty acids (iah_and volatile fatty acids (km_c4,
km_pro and km_ac for butyric, propionic and acati, respectively). The values suggested by
Batstone et al. (2002) were used for the remaikingtic parameters and all stoichiometric
coefficients. Subsequently, the model developetherfirst, fed with manure, reactor was used
to simulate the performance of the second reactac{or 2), which was fed with a mixture of
manure and AAS pretreated manure fibers.

3. RESULTS AND DISCUSSION

3.1 Influent characterisation

The characteristics of manure and AAS-pretreatadmanure fibers are shown in Table 1. The
TS content of manure and fibers was 37 and 129 rgipectively. As anticipated, the AAS-
pretreated fibers consisted mainly of particulatgaaic matter with carbohydrates being a
substantial fraction while manure was also rictsatuble organic matter, mainly in long chain
and volatile fatty acids.

3.2 Continuous experiments

Operating conditions and steady state charactsisfi the anaerobic digesters fed with manure
and a mixture of AAS-pretreated raw manure fibems shown in Table 2. Although the
operating characteristics were the same for bathtoes and despite the fact that manure fibers
were characterised by a much lower content in $elobganic material (Table 1) the biogas
production of the second reactor was 22% highar that of the first reactor. The methane yield
(Table 2) was calculated as 0.26 L 2tg TS added for reactor 1 at steady state andlOQH,

/ g TS added for reactor 2 during the second stetatg when the digester was fed with mixture
of manure and AAS-pretreated fibers. Given thatTiBeratio of manure:fibers in the influent of
the digester 2 was 0.52:0.48 and assuming thah#tkane yield due to the manure fraction was
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0.26 L CH4 / g TS also in reactor 2, then the mmghgield of AAS-pretreated fibers was

calculated to be 0.23 L CH4 / g TS. In previousiss, the methane yield from swine manure
fibers was measured in the range of 0.12-0.13 I, CHTS in batch experiments (Jurado et al.,
2012). Consequently, AAS pretreatment resulted sigaificant increase of methane yield of
manure fibers.

Values of the kinetic constants obtained througiing of the experimental data of Reactor 1
(manure-fed reactor) to ADM1 are summarised in &ahl It is noticeable that hydrolysis of
particulate matter was extremely slow, with carlyes being non-hydrolyzable.
Experimental and model simulated biogas productiosh composition in methane are shown in
Figures 1 and 2, while acetate level throughoutdbeation of the continuous experiment in
reactor 1 as well as during impulse disturbancetasvn in Figure 3.

Table 1. Characteristics of manure and AAS-pretckaaw manure fibers

Characteristics, particulate matter Manure AASaed raw fibers
COD, kg / 100 kgTS 79.11 98.6
Carbohydrates, kg COD/ 100 kg TS 6.10 47.79
Proteins, kg COD/ 100 kg TS 28.00 20.12
Lipids, kg COD/ 100 kg TS 32.65 14.58
Inerts, kg COD/ 100 kg TS 12.37 16.08
Characteristics, soluble matter

COD, kg / 100 kgTS 91.83 8.10
Sugars, kg COD/ 100 kg TS 0 0
Aminoacids, kg COD/ 100 kg TS 18.92 0.21
Long chain fatty acids, kg COD/ 100 kg TS 21.25 93.8
Valeric acid, kg COD/ 100 kg TS 0 0.11
Butyric acid, kg COD/ 100 kg TS 3.98 0.16
Propionic acid, kg COD/ 100 kg TS 8.46 0.34
Acetic acid, kg COD/ 100 kg TS 34.75 2.07
Inerts, kg COD/ 100 kg TS 4.46 1.34
Inorganic carbon, kmole / 100 kg TS 0.53 0.099
Inorganic phosphorus, kmole / 100 kg TS 9.59%10 4.77x10°
Inorganic nitrogen (N&tN), kmole / 100 kg TS 0.73 8.63x10

Table 2. Operating conditions and steady stateacheistics of the digesters fed with manure
(Reactor 1) and a mixture of manure and AAS-prétceenanure fibers (Reactor 2),
respectively.

Operating Conditions Reactor 1 Reactor 2
Hydraulic Retention Time (d) 25 23
Influent total COD (g /L) 72 70
Influent soluble COD (g/L) 38 28
Characteristics at steady state

Biogas productivity (L/L/d) 0.86 1.05
Methane (%) 61 61
Methane yield (L/g COD added) 0.18 0.22
Methane yield (L/g TS added) 0.26 0.24
Volatile Fatty Acids (mg/L) 160 170
pH 8.3 8.3

Effluent soluble COD (g/L) 5.4 5
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Table 3. Values of the kinetic constants obtaimedugh fitting of the experimental data of
Reactor 1 (manure-fed reactor) to ADM1.

Kinetic constant Value
khydr_ch, d 0
khydr_pr, d 3.0x10°
khydr_li, o* 2.8x10"
km_fa, kg COD/kg COD/d 0.93
km_c4, kg COD/kg COD/d 13.10
km_pro, kg COD/ kg COD /d 6.56
km_ac, kg COD/ kg COD/d 45.02
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Figure 1. Experimentals( ) and model simulated—{  Qgbs production throughout the
duration of the continuous experiment as well asnguimpulse disturbances in
reactor 1 (manure-fed reactor) (a) and in react@e@ with mixture of manure and
AAS pretreated fibers after day 110) (b).
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Figure 2. Experimentam( ) and model simulated{ dggbs composition in CH4 throughout
the duration of the continuous experiment as welbaring impulse disturbances in
reactor 1 (manure-fed reactor) (a) and in react@e@ with mixture of manure and
AAS pretreated fibers after day 110) (b).
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Figure 3. Experimentalm( ) and model simulated—{  @tat® concentration throughout the
duration of the continuous experiment as well asnduimpulse disturbances in
reactor 1 (manure-fed reactor) (a) and in react@e@ with mixture of manure and
AAS pretreated fibers after day 110) (b).

As it may be seen from Figures 1a, 2a and 3a thBIAWas able to satisfactorily simulate
the behaviour of digester 1 under steady statedamithg the impulse disturbances of different
substrates-intermediates of the anaerobic digegironess. Also, the model with the kinetic
parameters resulted from the fitting to the expental data of reactor 1 was able to adequately
simulate the behaviour of reactor 2 while the r@agtas fed only with manure (0-109 days)
(Figures 1b, 2b and 3b). In all cases, ADM1 cowddywvell simulate the profiles of volatile fatty
acids (results shown in Figures 3a and 3b includg acetate). However, the model with the
above determined kinetic parameters could poorykite the effect of the addition of AAS
pretreated fibers in the influent of reactor 2 laftay 110. Specifically, significantly lower biogas
production (Figure 1b) and higher methane percenfBgure 2b) was predicted when reactor 2
was fed with the mixture of manure and fibers. Thay be explained by the different lipids and
carbohydrates content in the manure compared to peBeated fibers (Table 1). Anaerobic
degradation of lipids results in higher methaneteohcompard to the anaerobic degradation of
carbohydrates. The model was adapted to the highids content and the lower (and hardly
biodegradable) carbohydrates content of the maandetherefore it overestimated the methane
content and underestimated the methane productioenvihe reactor was fed with AAS
pretreated fibers (containing less lipids and nuaidohydrates). The above trend becomes more
intense since the AAS-pretreatment releases cadoates which are easier biodegradable than
the carbohydrates in the manure. This may be exgudaby a higher hydrolysis rate of the solids
of AAS-pretreated fibers and proper modification tbé kinetic parameters of ADM1 with
emphasis on hydrolysis constants is necessary.

4. CONCLUSIONS

Aqueous Ammonia Soaking of manure fibers incredélsesmethane potential of the fibers and
results in more efficient anaerobic digestion ofnom@. The Anaerobic Digestion Model No.1
was used for the prediction of the effect that alkéition of AAS pretreated fibers had on the
efficiency of the anaerobic digestion of manure.MDkinetic parameters were estimated by
fitting of the model to data from digesters fedhwmanure. The model was able to satisfactorily
simulate the behaviour of digesters fed with manuréer steady state and during disturbances
of different substrates-intermediates of the anaeraligestion process. However the model
predictions were poorer (the methane content wasegtimated and the methane production
was underestimated) for digesters fed with mixtfrmmanure and AAS pretreated fibers. This is
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due to the higher hydrolysis rate of the solidpratreated fibers which requires the modification
of the kinetic parameters of ADM1 with emphasishgdrolysis constants.
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