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Graphical Abstract

HIGH-SOLIDS ANAEROBIC DIGESTION MODEL

MODEL SIMULATIONS

CONCLUSIONS

( ADMI1 Based Model ]

Hypotheses
1) Homogenized Reactors;

2) Porosity and Transport Processes Disregarded;

3) Specific Weights Constant;

4) Biochemical Reactions occur in Water.
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Adequate reactor content
and TS/VS simulation;

TS concentration effect
needed in HS-AD;

Further calibration
recommended.

POTENTIAL
APPLICATION

- Explore Inhibitory and
Acidification Mechanisms
in HS-AD of OFMSW.
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ABSTRACT

During high-solids anaerobic digestion (HS-AD) leé torganic fraction of municipal
solid waste (OFMSW), an important total solid (T&noval occurs, leading to the
modification of the reactor content mass/volumegantrast to ‘wet’ anaerobic
digestion (AD). Therefore, HS-AD mathematical siatidns need to be approached
differently than ‘wet’ AD simulations. This studynaed to develop a modelling tool
based on the anaerobic digestion model 1 (ADM1abkgof simulating the TS and the
reactor mass/volume dynamics in the HS-AD of OFM$&Wur hypotheses were used,
including the effects of apparent concentrationsigtt TS. The model simulated
adequately HS-AD of OFMSW in batch and continuowslej particularly the
evolution of TS, reactor mass, ammonia and volédity acids. By adequately
simulating the reactor content mass/volume and $ethis model might bring further
insight about potentially inhibitory mechanisme (iNH; buildup and/or acidification)

occurring in HS-AD of OFMSW.

Keywords: High-Solids Anaerobic Digestion; ADM1; Reactor 84aSimulation; Total

Solids; Apparent Concentrations.
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1 INTRODUCTION

Anaerobic digestion (AD) is a biochemical treatmigehnology for organic waste
valorization yielding a high-methane-content biogad a partially stabilized organic
material with potential applications as soil ameerdtn(Mata-Alvarez 2003). High-
solids anaerobic digestion (HS-AD) is a particaase of AD operated at a total solid
(TS) content 10 %, in contrast to ‘wet’ AD applications (i.eSK 10 %) (Abbassi-
Guendouz et al. 2012). Thus, HS-AD has the advarméginimizing the reactor
volume, as well as the need for water additiontt@nother hand, HS-AD is normally
associated with an important reduction of the tff&) and volatile (VS) solid content,
during the biological degradation of the organidtera For example, HS-AD of the
organic fraction of municipal solid waste (OFMSWipht lead to a TS removal of 30 -
80 % (Cecchi et al. 2002, Mata-Alvarez 2003, Pastaad. 2000). However, some
drawbacks limit the applicability of HS-AD as, fexample, the reduced kinetics
expected as a consequence of the hampered masfeitramd the high risk of
acidification due to organic overloading (Benbelacet al. 2015, De Baere 2000).
Among the solid wastes used in HS-AD, the OFMS\Waidicularly suited for
anaerobic treatment due to its elevated TS cofiten25 - 30 %), biodegradation
potential and possibility to recover nutrients.(négrogen and phosphorous) from its
composition (De Baere and Mattheeuws 2013, Mataix 2003). However, HS-AD
of OFMSW is normally associated with a high riskrdfibition due to the high protein
content, leading to free ammonia nitrogen gNHs one of the most important
inhibitors (Chen et al. 2008, Kayhanian 1999, Rayad et al. 2013).

Understanding the biochemical and physicochemigahdhics in HS-AD is crucial to

ease the design and operation of HS-AD reactorsymding the risk of
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acidification/inhibition. Particularly important the knowledge about the interactions
between the main four phases — microorganismsissdiquids and gases — in HS-AD,
since it might allow to increase the waste treatncapabilities and methane yield
(Mata-Alvarez 2003, Vavilin et al. 2004, Xu et 2015). In this line, an adapted
mathematical model is required for the operati@mallysis and technology
development of HS-AD, as some of the main applbcetifor ‘wet’ AD of the anaerobic
digestion model No.1 (ADM1) (Batstone 2006, Batstehal. 2002, Batstone et al.
2015, Xu et al. 2015).

ADML1 is a structured model gathering together tla@mibiochemical and
physicochemical processes of AD (Batstone et &l22Batstone et al. 2015).
Biochemical processes include the disintegratigdrdlysis, acidogenesis, acetogenesis
and methanogenesis of complex substrates compbsadoohydrates, proteins and
lipids in chemical oxygen demand (COD) units. Pbgshemical processes include the
gas transfer and the equilibrium of the ionic speaf the main inorganic compounds in
AD (i.e. CG and NH). However, the CSTR implementation of ADM1 wasymarily
conceived for ‘wet’ AD applications (i.e. TS << %), while a more complex

hydraulic and particulate component modeling isunegl for HS-AD (Batstone et al.
2002, Batstone et al. 2015, Xu et al. 2015). Thusdelling HS-AD might be
particularly challenging due to the intrinsic coety of the process (Batstone et al.
2015, Mata-Alvarez et al. 2000, Vavilin et al. 2004 et al. 2015). For example, the
(semi-)solid matrix might define the soluble/gasetransport processes, as well as the
capabilities of anaerobic biomass to access thstisubs (Bollon et al. 2013, Vavilin

and Angelidaki 2005).
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The mass balance modification, regarding the caotisly stirred tank reactor (CSTR)
implementation of ADM1 (Batstone et al. 2002),aguired to account for the reactor
content mass (Moba) removal and the specific weighisona) dynamics in HS-AD
(Batstone et al. 2015, Kayhanian and Hardy 199dh&ds et al. 1991, Vavilin et al.
2004). Noteworthy, the reactor content volumegd4) might describe important
fluctuations during HS-AD, depending mainly on thbstrate TS and biodegradability,
in contrast to ‘wet’ AD. Furthermore, a given degjcd gaseous porosity)(might be
present in the HS-AD matrix, particularly at TS tamis> 25 % (Batstone et al. 2015,
Benbelkacem et al. 2013, Bollon et al. 2013, Vawdi al. 2003). ADM1 was originally
expressed in volumetric units (i.e. kg COB)nMeanwhile, the most common
measurements in HS-AD are normally expressed irs mass (i.e. kg COD/kg), since
accounting for the specific weight of (semi-)saamples — but also the specific weight
dynamics in HS-AD — involves the complexity of @ugalytical techniques
(Benbelkacem et al. 2013, Bollon et al. 2013, Kaw&a and Tchobanoglous 1996). For
example, the specific weight of a (semi-)solid skengan be approximated by the use of
a water pycnometer, where the sample must be apately pretreated (i.e.
dried/ground), the distilled water fully degassed analyses performed under
temperature-controlled conditions (ASTM 2002). Waththe above, HS-AD
simulations need to be approached differently thawet’ AD, wherepgiopaiand \siopal
are normally assumed constant, as summarized urd-ig

This study aimed at developing a mathematical basked on the ADM1 biochemical
framework, capable of simulating the solids anadt@acontent mass/volume dynamics
in HS-AD of OFMSW, including the interrelationshyetween TS (and VS) removal

and biogas production. By simulating adequatelyglbbal mass/volume and TS
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dynamics, the presented model might serve as dbhkeen ‘wet’ AD and HS-AD,
while it might help to explore potential inhibitdagidification mechanisms occurring
during HS-AD of OFMSW. Meanwhile, the proposed maogdas aimed to be as general
as possible, since different HS-AD applications. (@rganic substrate and/or reactor
configuration) could be simulated, provided that thain hypotheses presented in the
methodology section are fulfilled. Furthermore, éventual model user is encouraged
to further calibrate the model parameters and/adtifpdhe model structure, in order to

adapt the HS-AD model for any specific need.

2 MATERIALS AND METHODS

2.1 High-Solids Model Implementation

The main basis for the dynamic model presentelignstudy was ADM1 (Batstone et
al. 2002), including the modifications suggestedBhymensaat and Keller (2005) for
closing nitrogen and carbon balances. The simulaifadhe HS-AD of OFMSW
required four preliminary hypotheses in order tuee the complexity of the model.
Firstly, HS-AD was assumed to take place in a hanagpd (i.e. completely mixed)
reactor [Hypothesis 1]. Secondly, the effect ofgsttly and transport processes was
assumed to be negligible [Hypothesis 2]. Thensgexific weight of solids and solvent
was considered constant [Hypothesis 3]. Finallg,lilochemical reactions were
assumed to occur predominantly in water [Hypothékis

With these hypotheses, ADM1 required some partrauladifications in order to
simulate the TS and mass/volume dynamics in HSalidle allowing the calibration
of the proposed model. The main modifications immated in ADML1 in order to

simulate HS-AD were the inclusion of mass balamedifying the reactor mass and
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volume (needed to account for the organic solidoeahin HS-AD) and the inclusion

of apparent concentrations (as a link between “aetl high-solids applications).

2.1.1 Mass Balances in High-Solid Anaerobic Digesti Reactors

The simulation of the reactor mass and TS/VS carmEhomogenized HS-AD reactors
required the implementation of the globaldda) [Equation 1], solid material (Miiq9
[Equation 2], liquid-solvent content (lven) [Equation 3] and inert material (M9
[Equation 4] mass balances. In this study, theesdlwas considered as only water,
while the solid material included all the organmlanorganic compounds (i.e.
particulates and soluble compounds, VFA, microoigyan) inside the reactor, except
water. In mass balances, the mass contept{Mlobal or partial — dynamics were
related to the corresponding mass fluxeg,(particularly the gases flowing out of the
reactor as a consequence of methanogenesis. Thenmetation of reactor mass
balances is crucial in HS-AD, since it accountstifi@ importance of mass and water
removal due to biogas production, in contrast tet'vAD (Henze et al. 1997,

Kayhanian and Tchobanoglous 1996, Richards eBall)l

dMGlobal _ (1)
dt = Minfiluent,Global — MEffluent,Global — mBiogas
dMSolids _ (2)
dt = Minfiuent,Solids — MEf fluent,Solids — (mBiogas - mVapor)

dMSolvent _ (3)

dt = Mynfluent,Solvent — MEffiuent,Solvent — Mvapor
dMInerts _ (4)

dt - mlnfluent,lnerts - mEffluent,Inerts

The biogas (moga9 [Equation 5] and vapor (fa.0) [Equation 6] outflows in the mass

balances were calculated from the volumetric bidlpas (Qg), obtained as shown in
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the CSTR implementation of ADM1 (Batstone et aD2)) by using the molar gas
composition ;) and the molecular weigh/f;) of each gaseous compound in the gas
phase. The biogas was assumed to be composed,p0CkH H,, H,O and NH. The
reactor headspace was assumed to be vapor safuraitegl vapor pressur®\j

expressed as a function of temperature (T). Owtiher hand, an inert gas was added to
account for the initial flushing in AD experimergte. by N)), assuming for it a

negligible liquid solubility. Importantly, the inegas was not included ingpyas
calculations. Once knowing thed¥ba, Msoiigsand Mnerts the TS and VS contents were
approximated in dynamic mode by using the corregpandefinition (EPA 2001)
[Equations 7 & 8]. Noteworthy, TS and VS in the posed model were dimensionless

(i.e. kg Solids/kg Total), varying from 0 to 1.

PrQ (5)
Mpiogas = R_Tg x;Mr;
P,Q )
Myapor = ;Tg Mry,0

TS = MSolids (7)

MGlobal
VS = MSolids - Mlnerts (8)

MGlobal

The liquid-gas transfer of gaseous species in ®EFCimplementation of ADM1
depends on the ratio between the reactor contémtreo(Vgiobai Vig" in ADM1) and

the gas volume (Y, while their sum yields the design/overall reactolume (Mzeacto)
(Batstone et al. 2002). Thus, since a considerralolaction of \&jopa— alongside Miobar
removal — can occur in HS-AD associated with metlganesis, the reactor volume was
approximated by the specific weigh of the reactortent pgiopa). Importantly,pciobal

varies also in HS-AD, as it gathers together tlkvidual dynamics of all the mass
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compounds in the system (Kayhanian and Tchobansdl886). Therefore, to simulate
PGlobay It IS Necessary to know the specific weight otta materials within HS-AD),
but also their corresponding mass fractior) (Eequation 9]. For simplicity, the
simulations in this study used a common specifigitefor all the solid compounds
(psolig9 @nd a solvent specific weightsgiven). With these simplifications, thed¥pal

dynamics could be approximated with Equation 10.

I Nm 9)
PaGiobal - Pi
dVGlobal — 1 . dMSolids + 1 . dMSolvent (10)
dt Psolids dt Psolvent dt

The distinction between mass and volume in thegseg model for homogenized HS-
AD reactors permitted the use of ADM1 volumetridtsitfi.e. kmol/nf), while
implementing the different influent and effluentssand/or volumetric flows when
operating HS-AD in (semi-)continuous mode. Finalby, illustrative purposes only, an
adaptive volumetric effluent (€uent) Was added to the model — in terms of a
proportional controller — to maintainc\pa if required. This strategy permitted to
compensate for the potential organic mass removdS-AD and, therefore, to stabilize
the HS-AD system, as further discussed in sectitn8schematic diagram of the HS-

AD model implementation for homogenized reactorghiswn in Figure 2.

2.1.2 Apparent Concentrations — Soluble Species Rdculation

The (soluble) apparent concentrations; ¢g,) were used in the HS-AD model
biochemistry and physicochemistry to reproduceetifect of high TS in HS-AD, in
contrast to ‘wet’ AD. This modification was relatemlthe assumption that the main

biochemical reactions might occur predominantlyh@ presence of water (Hypothesis
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4). Similarly, the apparent concentrations sereelhk the global (i.e. kmol/kg Total)
and liquid fraction (i.e. kmol/kg Solvent) measuents in HS-AD. The apparent
concentrations were calculated for all the solgplecies of ADM1 using T®giopaiand
psoivent[Equation 11]. Importantly, the long chain fatwigs (LCFA, &) were not
considered as soluble in HS-AD, due to their higidp-polar nature and reduced
solubility in water (i.e. palmitic acid solubility 1.2 mg/L at 60 °C). With this approach,
the proposed model simulates the mass balancenafhalg variables () — either
particulate (%) or soluble ($;) — as a function of ¥pai (i.e. kmol/n? Total)

[Equation 12], while the apparent concentrations 4) (i.e. kmol/n? Solvent) were
used only for the soluble species included in ibbetemical and physicochemical rates
of ADM1 (ri apm1) (i.€. uptake of acetate). It is important to ni@mthat Equation 12 is
the mass balance of an individual component in A, gherefore, should be based in
the chain rule in order to account for thgya dynamics, in contrast to the CSTR
implementation of ADM1 (Batstone et al. 2002). @a bdther hand, it should be noted
that the effect of apparent concentrations becaomaghgible at low TS contents (i.e. TS
< 5 %) withpgiopaitending topsonens @S S, app Progressively approaches tg; $ these
conditions. With all the above, the sole implemeataof the HS-AD mass balances
and the use of apparent concentrations in thig/studht allow to simulate indistinctly
‘wet’ AD and HS-AD conditions, and/or the transitibetween these two AD regimes,

for example, during a prolonged HS-AD operation.

(kg COD or kmol) (kg Solvent) (11)
STi Solvent

G (kg or kmol) _ m3 Total . m3 Solvent
TLAPP \ 13 Solvent) kg Solvent kg Total
(=T (kg Total )  Perovat \;m3Total
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dCT i 1 mEffluent CT i (12)
I = . . C - . C ) + Z T; P
At Viiobai <Qmﬂuent ™ perobar n LAPML Y obar
. dVGlobal
dt

2.1.3 Kinetic Rates

The ADM1 biochemical rates and inhibitions werecu® the verification of the

model implementation according to the protocol psazl by Rosén and Jeppsson
(2006). The model verification aimed to test/asskesADM1 implementation (code)
alongside the adequate mathematical solution ofnihes balances, determining the TS
and organic removal both in ‘wet’ and high-solid® Applications. On the other hand,
a slightly different set of biochemical rates wasd for HS-AD model calibration.
Thus, calibration aimed to test/assess the HS-ABaihperformance under real
experimental conditions. The biochemical kinetissdiin this study are shown in Table
1.

The biochemical rates used in the HS-AD model vassociated with the inhibitory
functions as originally proposed in ADM1 (Batstatel. 2002, Rosén and Jeppsson
2006) [Equations 13 to 16]. However, all the sodudybecies terms included in the HS-
AD biochemical rates — excluding,S were expressed in terms of apparent

concentrations, as mentioned in section 2.1.2.

j— Sin,App (13)
" KS,Sin + Sin,App
[ = Ki sn2 (14)
h2 Ki,ShZ + ShZ,App
; K,y (15)
H =
P KpHNpH + SprotoanH
_ Ki snns (16)
Inh3 -

Ki,th3 + th3,App
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Regarding the HS-AD model implementation used &ibcation [Table 1], the valerate
uptake was assumed to be carried out by valergiaders (X%s), instead of butyrate
and valerate being both degraded by butyrate degd¥:4), as proposed in ADM1
(Batstone et al. 2002). This last modification wiasd to account for the different
dynamics observed for butyrate and valerate uptakee experimental data. The
valerate parameters and rates were maintainedthe original thermophilic (55 °C)
implementation of ADM1, though the.gdecay wascluded in the biochemical
matrix. On the other hanthe microbial decay was assumed to yield partieulat
substances (i.e. carbohydrates and proteins) iresiding the use of a composite
material (%) and the associated disintegration kinetics (Batset al. 2015). The
biomass decay COD fractioning (i.ey ) was maintained as proposed by Rosén and
Jeppsson (2006). However, the inert materials§.and X) carbon content (Cwas
modified to 0.0405 kmol C/kg COD in order to cldke biomass carbon balance, while
the inert nitrogen content (Nwas modified to 0.0144 kmol N/kg COD to close the
biomass nitrogen balance. This last modificatiompied to reduce the stiffness and
speed up the model simulations in this study.

The degradation of the protein content of an orgaraste determines the total
ammonia nitrogen (TAN,;§ in HS-AD (Kayhanian 1999). In this line, the oigen
balance has to be closed for the microorganismd®iM1, while adding complex
substrates implies the fulfilment of the correspogditrogen balances. For this study,
two nitrogen balances were used for the biomassabstrate as shown in Equations
17 and 18, respectively, assuming a common nitragetent for proteins/amino acids

(Nao. With this approach, two new inert variabless(Sand X su,9 were added to
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246 ADML in order to calibrate the initial protein cent (X,;) and/or the experimental

247 TAN dynamics. The nitrogen balance for biomass Higm 17] remained closed as
248 mentioned before, while the protein fraction of substrate-inoculum mixturep(fung

249 could be adjusted by calibrating the inert nitrogentent of the substrate-inoculum

250 mixture (N subg, Since all the remaining variables in the nitmodpalance (s fsisubs

251 and f;sup9 [Equation 18] could be obtained experimentallgr Example, the anaerobic
252 biodegradability (i.e. CORmoved CODsupstray Of @n organic substrate is equivalent to 1 -
253  (fsisubst fxi.subg, While the global nitrogen content of the sultstiaoculum mixture

254 (Nsubg is the quotient between the total Kjeldahl niendTKN) and COD (i.e.

255 TKNsubstralCODsubstrat)-

Npge = fior,xc “Ngq + (f:s‘i,xc + fxi,xc) - N; (17)

Nsubs = fpr,subs : Naa + (f:s‘i,subs + fxi,subs) : Ni,subs (18)
256

257 2.2 Verification of the Model Implementation

258 The proposed model implementation was verifiedi@t’ AD according to Rosén and
259 Jeppsson (2006). Similarly, the model was furtested for HS-AD conditions. In total,
260 four different verification scenarios were simuthtd) ‘wet’ AD using the ADM1

261 implementation of Rosén and Jeppsson (2006); BY AR using the HS-AD model
262 implementation with a constantfen; C) HS-AD using the HS-AD model and

263 constant @uent; and D) HS-AD considering the HS-AD model withadaptive

264  Qgfuent The HS-AD model was coded in MATLABR2017a. The equation resolution
265 was the odel5s; a variable-step, variable-ordeestlased on the numerical

266 differentiation formulas of orders 1 to 5. The ught conditions used for model

267 verification are shown in Table 2.
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Noteworthy, the only difference between the infiueonditions during simulations A
and B was the introduction of the TS, VS aidpa of the substrate in the last case
[Table 2], permitting to excite the high-solids nutelof the proposed HS-AD model, in
contrast to the CSTR implementation of ADM1. On élieer hand, for illustrative
purposes only, a high-solids substrate was inclugga a different carbohydrate X
and particulate inert (Xcontent, but also TS, VS apgiopa, for simulations C and D
[Table 2]. Thus, the high TS content of the influeonditions (i.e. 25 %), associated
predominantly with X, and X, permitted to test the model under HS-AD operation
while avoiding potential inhibitory states due tbijNaccumulation.

During the verification of the model implementatiati the ADM1 parameters were
used as proposed by Rosén and Jeppsson (2006gs$oiphilic (35 °C) AD operation,
though the original hydrolysis constant for cartbariayes (k¢ had to be reduced to
0.10 days in the HS-AD verification only (simulai®C and D), in order to avoid
reactor overloading and acidification (i.e. gH.0) during the initial days of
simulation. 200 days of ‘wet’ AD or HS-AD operatiarere simulated for each
verification scenario. The organic loading rate )lwas evaluated as the daily
substrate addition in COD units divided by ., while the hydraulic retention time

(HRT) was evaluated as the quotient betweeyy and Qsiuent.

2.3 Experimental Data and Data Recalculation

The experimental data used to calibrate the HS-Addehconsisted in a batch-sacrifice
test fed with dried OFMSW and centrifuged inoculatT'S of 15 % operated under
thermophilic (55 °C) conditions. In the sacrifiest, 15 replicates were implemented in

250 mL serum bottles. Thus, after measuring thgdsozolume and composition, a
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single replicate was opened, and the HS-AD cortembughly analyzed for the main
physicochemical variables. The experimental resatisided the TS, VSiciobas COD,
TKN, TAN, pH, volatile fatty acids (VFA; valeric,lyric, propionic and acetic acids),
mono-valent ions (NaK" and Cl), biogas composition (CHCO, and H) and
methane yield. The serum bottles were agitated omlthose days when the biogas
production was measured. Further information ablmeiexperimental setup, substrate,
inoculum and physicochemical analyses is preseage®lipplementary Information.
Importantly, an experimental bias might exist onfi&surements whether volatile
compounds (i.e. N§ CO, and VFA) are lost when drying at 105 °C (Angelideatial.
2009, EPA 2001). For this study, the mass of vielatibstances at 105 °C (Miiies)

was assumed to be equivalent to the total mas$af (Bac. Siro, Souand Sa), TAN (Sp)
and inorganic carbon p[Equation 19]. Thus, the simulated TS and VS were
recalculatedh posteriori (TSgecacand V&ecay [Equation 20 and 21] in order to

compare them with the experimental values.

60 74 88 102 (19)
Myoiatites = (Sac a + Spro ) m + Spu - E + Spa ﬁ + Sin - 17 + Sic
- 44) - Veovbar
_ MSolids - MVolatiles (20)
TSRecalc - M
Global
_ MSolids — Mlnerts - MVolatiles (21)
VSRecalc - MGl bal
oba

2.4 Model Calibration

The calibration of some of the main biochemicabpagters in this study aimed to
obtain the best fitting with the experimental dataa homogenized HS-AD laboratory-
scale reactor, in order to assess the correct atrank of the TS and reactor content

dynamics. The model calibration was carried outriay and error, mainly for the



312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

16

hydrolysis (i.e. k<) and maximum growth rate (i.en k) constants, aiming to maintain
as close as possible the parameters proposedefonaiphilic (55 °C) AD in ADM1
(Batstone et al. 2002). Noteworthy, the initial gosition (i.e. & Sn) was chosen
based on the evaluation of the experimental deddadole (i.e. VFA, TAN), while all

the initial microorganisms concentrations (i.ge Xs,) Were calibrated also by trial and

error, alongside the main biochemical parametarfjrdher discussed in section 3.2.1.

3 RESULTS AND DISCUSSION

3.1 Model Implementation Verification

3.1.1 ‘Wet’ AD Verification

The model verification for ‘wet’ AD operating inGSTR (simulation A) showed
minimal differences (i.e."45" significant digit) compared to the results sugeedty
Rosén and Jeppsson (2006) [Table 3], being théseatices likely associated with the
slightly different equation resolution method uggddJeppsson, Personal
Communication]. Importantly, when using the HS-ADdel implementation for ‘wet’
AD (simulation B), the results were again very elts the original ‘wet’ ADM1
verification, though some differences could be olxsg for all the dynamic variables
[Table 3]. For example, the acetic acidd$redicted with the HS-AD model
implementation (simulation B) was around 39 % hrghan that in the original ADM1
(simulation A). The TS concentration effect of apgue. concentrations might define
some differences among all the soluble speciengimet’ AD (i.e. S Si2,Snna),
though the apparent concentrations effect in ‘\applications was relatively small in

simulation B due to the low TS content (i.e. < 5[&quation 11].
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It is important to mention that the differenceswmstn simulations A and B were related
to the fact that the ‘wet’” AD simulation using tH&-AD model (simulation B) did not
reach steady-state. Thus, a steady-state operatgamulation B was not reached even
after 200 days, particularly due to the implemeatadbf a common volumetric
influent/effluent (i.e. Qsuent = Qetfiuent)- IN this line, simulation B showed an overall

37 % reduction in the TS content after 200 daysyelsas a 13 % reduction in the
Vaiobal (but also HRT), and a 0.5 % reductiorpiipa[Table 3]. Therefore, a daily-
averaged 0.06 % dophas modification occurred in ‘wet’ AD using the HS-Aodel,
which might be considered negligible for short @ben periods, but increasingly
important for longer operation (Henze et al. 19Richards et al. 1991). The
progressive reduction of the HRT during simulati®bled to a proportional increase in
the OLR from 2.85 to 3.27 kg COD?ndl [Figure 3a], explaining the differences
between simulations A and B (i.exg8mentioned before. Interestingly, the reduction in
PGlobal (I-€. 0.994 kg/L) belowwsoent(i.€. 1.000 kg/L) suggests that the influent
conditions (i.epaiobalo = Psolven) @nd/or the model simplifications (i.@soigs = const.)
required further testing.

The specific weight of a complex samppefpa) depends on all the compounds
involved [Equation 9]. Since the measurement oftelvariableg; in an AD sample is
rarely available, thg; of each compound needs to be known/assumed faortegions.

In this line, the specific weight of a sample sdtakction psqiigg can be approximated
by knowing the specific weight of the solveptdyen), thoughpsonentis again function

of all the different compounds in solution, as vaala function of temperature and
pressure (Lide 2004). As a preliminary approaghyentwas assumed to be close to the

specific weight (density) of water at 0 °C and 1 (0&. psovent= 1 kg/L), since the
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density of water is 999.84 kgfmat 0 °C, 993.64 kg/f{(0.63 % error) at 35 °C, and
985.19 kg/m (1.48 % error) at 55 °C (Kell 1975, Lide 2004)stbeing approximately
constant at any of these temperatures. With thasegy, the specific weights obtained
for the overall sample€iona) and/or the solid fractiompéoiqd Were considered relative
regarding the specific weight of solvept{en). Meanwhile psoent (but alsopsoiigs)
could be set to any value, or modified by any esgign (i.e. as a function of
temperature), without modifying the structure af thodel. Thus, once knowing the
Psoiveni thepaioarand TS of a (semi-)solid sampfeids could be approximated by
using the mass balance [Equation 9].

Previous research indicated tpagiigs ranges from 1.3 kg/L in lignocellulosic materials
to 1.5 kg/L in OFMSW and 2.5 kg/L for inorganic iheolids (i.e. sand). On the other
hand, the specific weight of microorganisms is reggbbetween 0.8 and 1.4 kg/L (van
Veen and Paul 1979), though this fraction mighalegligible part (i.e. 5 %) of the
whole reactor mass content. Therefore, a comprowvaikes ofpsigs= 1.5 kg/L was
chosen for the preliminary model verification/cadition, though further testing must be
devoted to this particular variable, since it coulitience other aspects of the HS-AD

simulations (i.e. ¥oba), @S mentioned before.

3.1.2 HS-AD Verification

Regarding the HS-AD model verification with congt@asmuen: (Simulation C), the HS-
AD simulation did not reach the steady state &fG€F days, while longer simulations
(i.e. 365 days) yielded reactor acidification (pél < 6.0) — data not shown. This is due
to a progressive reduction okMya in HS-AD when maintaining a volumetric outflow

equal to the volumetric inflow (i.e. \Guent = Qeriiveny) (Kayhanian and Tchobanoglous
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1996, Richards et al. 1991). Thus, the HRT deceeasd the OLR increases —
proportionally to the ¥opa reduction in HS-AD until the ‘washout’ of methareo
occurs and the reactor acidifies. For example, @53@duction in HRT was observed
with the influent conditions tested in simulatiorfFigure 3b], with an approximately
daily-averaged ¥opa reduction of 0.25 %.

Meanwhile, a rapid stabilization of the HS-AD preseavas obtained when choosing a
constant reactor volume as a set point (i&pMnt=Vciobaig and recalculating E3iuent
[Table 3 and Figure 3b]. Noteworthy, the#ant recalculation operation yielded a
reduction of around 5.6 % of the steady-state vedgarding Qfuen, and a 24 % TS
removal compared to the substrate TS (i.e. frorntoZE® %). These results condense the
importance of reducing the effluent compared toitifleent (i.e. Quiuent > Qefiivent) tO
reach steady-state HS-AD, in order to compensatertanic removal by
methanogenesis (Kayhanian and Hardy 1994, KayhamdrT chobanoglous 1996,
Richards et al. 1991). Furthermore, the use of @@pp&oncentrations might be also
crucial for HS-AD simulations, since practically tde biochemical rates were affected
(i.e. speeded-up/slowed-down) by the TS concentragffect on soluble substrates (i.e.
S.0 and/or inhibitors (i.e. &3 [Table 1]. For example, a 26 % increase in &l th
soluble concentrations (i.es,.3ndS;,,) was obtained by the tested HS-AD conditions in
steady-state operation — data not shown.

The water/solvent in this study was assumed toobsearvative, since the same water
entering leaves the system as a liquid efflueri(@: solven) OF Vapor (Myapor), but is

not produced/consumed. Importantly, production/aomgion of water in the
biochemical processes (i.e. hydrolysis, methanagishmight occur, linking Equations

2 and 3. However, the production/consumption ofewet tightly linked to the
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stoichiometry of all the reactions occurring in IA®; while the stoichiometry of all the
biochemical reactions in ADM1 requires further depenent (De Gracia et al. 2006,
Kleerebezem and van Loosdrecht 2006, Rodriguelz 20@6). Therefore, using
Equations 1 to 4 is a reasonable hypothesis tlmabeanodified, once the global
stoichiometry of HS-AD is well-defined. In this tasase, the Petersen matrix originally
proposed for ADM1 would need to account for wateaaother dynamic variable. For
example, De Gracia et al. (2006) included water &) in the Petersen matrix of
ADML1, though the AD stoichiometry was partially asged (i.e. elemental
composition). Furthermore, in order to use Equatibto 4 in this study, it was also
assumed that the organic solid destruction onlggeds when biogas production
occurs. In other words, whether hydrolysis, acicheges and/or acetogenesis occur, but
not biogas production (i.e. GHCO, and/or H), complex substrates (i.e. carbohydrates)
are just transformed into more simple substratesgugars, VFA), being both of them
jointly included in the term &uent soligs With these two last assumptions, the
hydrolysis to acidogenesis steps were not includdétfjuations 1 to 4. However, the
mass volatile compounds at 105 °C/{Mies) Needed to be accounted in the TS and VS
calculations, as shown in Equations 19 to 21.

Due to the considerably higher COD of the influemditions [Table 2], the OLR was
around 7 times higher for HS-AD than for ‘wet’ ADrailations [Table 3], which

directly relates to the higher chances of HS-ARQi#iciation, and the necessity to
reduce considerably the }¢ for HS-AD simulations. In either case, HS-AD

experimental data are required to calibrate biocbalinparameters (i.enk).

3.2 Model Calibration
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3.2.1 Comparison Between Simulated and Experimentdalues

The HS-AD simulation of OFMSW in batch conditiorislé % TS closely matched all
the experimental variables [Figure 4], though dlidisagreements were also observed
between the experimental data and the simulatedgsall he initial conditions and
modified parameters used are shown in Tables 2Zlarespectively. Firstly, the
cumulative methane production was 830 NmL,QiHgure 4a], coinciding to that
obtained experimentally, while the biogas compositvas also well simulated — data
not shown. Importantly, the overall biogas produrctivas associated with 1.7 gsMal
removal (i.e. 4.6 %), in agreement with the 1.50-@that could have been removed
according to the experimental biogas flow/compogitiNoteworthy, the simulation
suggested thatgopawas reduced from 1078 to 1064 kd/(ne. 1.2 % reduction) along
the whole experimental period (data not shown)diothepsionar modification should
be further validated with experimental data, asussed before. The ddya andpaiobal
modification yielded a ¥oba reduction of 3.5 % — data not shown.

The initial composition in the batch experimentljlea2] was based on the availability
of experimental data (i.e. COD, TS and Gltld), but also on a reasoned assessment
of the substrate and/or inoculum composition. Famneple, the protein content of the
substrate/inoculum mixture (i.e X+ S;9) was adjusted according to the nitrogen
content of proteins and amino acidsdNTable 4] and the inert materials (i.e.XS)

to simulate the TAN (® dynamics, as mentioned in section 2.1.3. Unfately, apart
from the CH vyield and COD of the initial mixture, no data weneilable regarding the
remaining complex substances (i.e. particulateg)ltred in the biochemical framework

of the model. Therefore, the distinction betweanitfitial carbohydrate/sugars (*Ss)
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and lipids/LCFA (%/S) had to be tuned alongside the biochemical pareisniéd
simulate the initial days of the batch setup.

During the initial 20 days of experiment, pH wasetved to drop from 7.3 t0 6.3 —
data not shown — due to VFA accumulation [Figurg #hus, the initial VFA and pH
dynamics were simulated by a plausible set of noigganism concentrations,
hydrolysis constants and initial substrate/inocuftetionation [Tables 2 and 4]. The
initial microbial concentrations are crucial in thienulation of AD batch experiments,
though they are normally unknown due to the ditties for measuring the populations
involved (Donoso-Bravo et al. 2011, Flotats efall0). Importantly, the hydrolysis
constants (K were considerably reduced compared to the olig@laes proposed in
ADML1 for thermophilic (55 °C) operation (i.ex ¥ = 0.05 d" vs. 10 ¢, respectively),
though the calibrated values were in accordande refiorted hydrolysis rates for
simulation of OFMSW (Batstone et al. 2002, Kayharii@95, Mata-Alvarez 2003,
Vavilin and Angelidaki 2005).

In order to obtain the best fitting between thewdated and experimental VFA
dynamics from day 20, the maximum growth ratg) @& some microbial populations
was also considerably reduced. For example, themrmem growth rate of propionate
degraders (Kprg Was reduced to 1'din contrast to the 20 dproposed by ADM1 for
thermophilic (55 °C) operation [Table 4]. Notewgstthe extremely low k used for
model calibration, in contrast to the original v@dwf ADM1, might be suggesting that
some inhibition in the VFA uptake was occurringhe experiment. Thus, NHeached
particularly high contents in the reactor (i.e.8rol N/kg) [Figure 4c] mainly due to
the high pH observed (i.e.8.0), while NH is a well-known inhibitor of acetoclastic

and hydrogenotrophic methanogens (Angelidaki andnghl993, Gallert and Winter
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1997, Jokela and Rintala 2003). In this line, thplementation of reversible NH
inhibition [Equation 16] in hydrogen uptake coula@tch adequately all the VFA, since
valerate and propionate degraders are inhibitdddyuildup in ADM1 (Batstone et al.
2002). However, this last strategy led tpdd¢cumulation in the gas phase (i.e. 2 - 5 %,
data not shown), though ng Mas detected experimentally. Therefore, all th&VF
degrading populations might be affected in someeategy NH accumulation, as
suggested by Poggi-Varaldo et al. (1997).

The model suggested a 5 - 15 % difference betweeginulated and experimental TS
and VS contents, despite the experimental trends well approximated in both cases
[Figure 4d]. Therefore, since the simulateddvl, CH, yield and COD showed good
simulations, an experimental bias was suspectétkeiexperimental TS/VS
measurement. Noteworthy, the recalculated TS anfEg8ations 19 to 21] improved
considerably the matching of the TS and VS simoifetiwith the values observed
experimentally, though some differences were als®oved from day 20 onwards.
Meanwhile, the TS and VS recalculation is suppobgthe fact that some organic
material (i.e. VFA), ammonia nitrogen (i.e. R)Hand/or inorganic carbon (i.e. GO
might volatilize when drying the samples at 1058Cprolonged periods of time (i.e.
24 h) (Angelidaki et al. 2009, EPA 2001). Withthié above, the observed differences
between the TS and VS recalculated and experimealads [Figure 4d] were likely
related to the differences in the propionate andrage simulations [Figure 4b] during
the same period. Therefore, the model calibratiazhtirequire further improvement as

also discussed in next section.

3.2.2 Need for Further Calibration
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The model calibration in this study was aimed torbeimal because of: 1) the
complexity of HS-AD vs. the assumptions taken fi@mogenized reactor); 2) the little
data available regarding solids mass dynamicsT5éVS); 3) the high number of
biochemical parameters involved (i.e. > 10); anthé)‘'strong’ interrelationship
between parameters and the initial conditionsrunctired AD models (Batstone et al.
2015, Donoso-Bravo et al. 2011, Flotats et al. 20Ehrolleghem et al. 1995). Thus,
the calibration in this study was mainly addressetthe simultaneous fitting of the
overall dynamics of TS/VS removal, reactor massgas production, VFA and pH, in
order to assess the potentiality of the proposedeinto simulate a homogenized HS-
AD matrix.

The parameter modification compared to ADML1 valiesle 4] was needed to obtain
an adequate fitting of the overall set of experitakbdata for the sacrifice test in this
study. Importantly, most of the biochemical parametnodified were within the
recommended range suggested in ADM1, with the diaepf the maximum
propionate and valerate growth rates (igpkand k, ) that could be associated to
NHj3 inhibition, as mentioned in section 3.2.1. Forragke, the lower and upper pH
levels for acetate uptake (pHc and pHi_ ac respectively) might vary around 30 %
from the values proposed in ADM1 (i.e. pH: = 6.0 and pld.ac = 7.0) (Batstone et al.
2002). However, it must be highlighted that the lenpentation of a single experimental
dataset was not enough to calibrate a large nunflErameters since, for example,
different combinations of biochemical parameterd/aninitial conditions (i.e.
microorganisms) could yield practically the sameeagent between experimental and
simulated results (Girault et al. 2011, Jablonski bukaszewicz 2014, Vanrolleghem

et al. 1995, Vavilin et al. 2008). Therefore, mexperimental datasets (i.e. laboratory
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526 and/or large scale applications) are needed toa¢fie calibration of the proposed
527 parameters for HS-AD of OFMSW. Meanwhile, a sewjtianalysis and an adequate
528 parameter optimization strategy might reveal imgiraspects about the main

529 biochemical and physicochemical processes occumihts-AD of OFMSW.

530 With all the above, the minimal model calibratidrowed the potentiality of using

531 adequately the mass balances alongside the biochkir@amework of ADM1 to

532 simulate HS-AD of OFMSW. Thus, the HS-AD model siates particularly well the
533 TS, VS, and Mgha dynamics of HS-AD, provided the four preliminaryplotheses

534 proposed are fulfilled. Meanwhile, further studse needed in order to improve the
535 biochemical calibration of the HS-AD model, withethim to explore the different

536 acidification/inhibitory mechanisms of HS-AD fedtwiOFMSW. Further calibration
537 will be also helpful to double check the hypothesesd, assess the HS-AD model
538 performance and/or highlight potential areas rexagifurther model development.
539 Summarizing, the user could calibrate the modedmaters and/or readapt the HS-AD
540 model structure as required for any particular H3-afpplication.

541

542 4 CONCLUSIONS

543 In this study, a novel ADM1-based model was devetbio simulate the solids and
544  reactor mass/volume dynamics of homogenized HS-@€ators. An adequate mass
545 balance implementation condensed the effects gfdsiproduction on HS-AD

546 mass/volume, being critical to simulate relativielyg operations. Apparent

547 concentrations accounted for the TS concentrafil@cteon soluble species. The model
548 was verified for ‘wet’ AD and HS-AD, serving asial between both operational

549 regimes. The model simulated particularly well HB-6f OFMSW in batch, including
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the TS and reactor mass, while further model catlibn might serve to assess

inhibitory mechanisms in HS-AD of OFMSW.
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calibration.

Table 2 Influent and initial conditions used for modelglamentation verification and
model calibration.
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Figure 1: High-solids vs. ‘wet’ anaerobic digestion.

Figure 2. Schematic representation of the high-solids ataedigestion model
implementation.

Figure 3: Hydraulic retention time and organic loading ratenodel implementation
verification: a) ‘wet’ anaerobic digestion (simudats A and B); and b) high-solids
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Figure 4: Batch mono-digestion of OFMSW at 15 % total ssilid) accumulated
methane production and reactor mass content; bjileofatty acids; c) total and free
ammonia nitrogen; and d) total and volatile solids.
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Table 1: Biochemical kinetics used for model implementation verification and

calibration.

Process

Rate (p;, kg COD m?d™)

Modd Verification

Mode Calibration

Disintegration

Hydrolysis of
Carbohydrates

Hydrolysisof Proteins
Hydrolysisof Lipids
Sugars Uptake
Aminoacids Uptake
L CFA Uptake
Valerate Uptake
Butyrate Uptake
Propionate Uptake
Acetate Uptake

Hydrogen Uptake

Kais* X¢

Kn.en* Xen

Knor* Xor

Kn,i* Xii
Kmsu* Ssuap/ (Ksxsuit Ssuapp)* X lpr* lin
Kiaa* Saanpp (KsxaatSaapp)* Xaa* lpr* lin

Km a* Stal (KsxtatSra)* Xsa* lpn* lin* Inz
Km,ca* Suaapp/ (KsxoatSvaapp)* X or* Svaapp/ (1+Souappt 10

6
) Lo lin® Iz
Kinca* Souapp/ (KsxeatSouapp)* X oa* Souapp/ (1+Souappt 107

6
) Lo lin® Iz
I(m.pro* S)ro.App/(KSXpro+Spro.App)* xpro* IpH* Iin* |h2
km,ac* SacApp/(KS,Xac"'Sac,App)* Xac* IpH* Iin* Inh3

Kmn2* Sz, app! (Ksxnzt Sz ape)* Xn2* lon* lin

Kn,on* Xen

Knor* X

Kn,i* Xii
Kmar* Ssuapp/ (KsxsitSsuapp)* Xai* lpr* lin
K aa* Saanpp/ (KsxaatSaaapp)* Xaa* lpr* lin

Km a* Stal (KsxtatSra)* Xsa* lpn* lin* Inz

Kmes* Svaapp/ (KsxestSvaapp)* Xcs* e lin*
Iha
Kn,ca* Souapp! (KsxcatSouapp)* Xea* L lin*

In2
km,pro* Spro,Appl (KS,Xpro+Spro,App)* Xpro* IpH* I
x|
in" 1h2
km,ac* Sa:.App/(KSXac"'Sac,App)* Xac* IpH* Iin* |

nh3

Kmh2* Shz,ape! (Ks xnztSnz,app)* Xn2* lpr* lin

Sugar Degraders Decay Ka* Xa Ka* Xai
Ami idsD d

mlnoacl:l) eiayegra ers ke X Ke* X

L CFA Degraders Decay Kd* Xta Kd* Xta

Valerate Degrader s Decay - Kd* Xes

Butyrate Degrader s Decay Kg* X Ka* Xea

Propionate Degraders

P Deca;g kd*xpro kd*xpro

Acetate Degrader s Decay Kd* Xac Kd* Xac
Hyd D d

y roggneca;e/gra ers ke Yo Ke*Xoz

with lin = Sin,App/(KS,Sin"'Sin,App)

Ine = Ki snof (Ki.snz + Shz,ap0)

IpH = KpHANpH/(KpHANpH + Sn+AN

[nhs = Ki snha/ (Ki,snhs + Shna,app)

pH)



1 Table2: Influent and initial conditions used for model implementation verification and

2 modé calibration.
3
Name . . L \./e”ﬁc{.ﬂlon Simulations Mode Units
Simulation A Simulation B C&D Calibration
Su 0.010 0.010 0.010 13.557 kg COD m
S 0.001 0.001 0.001 2.207 kg COD m
S 0.001 0.001 0.001 1.393 kg COD m
Sia 0.001 0.001 0.001 0.734 kg COD m®
S 0.001 0.001 0.001 0.500 kg COD m®
Soro 0.001 0.001 0.001 2.059 kg COD m
S 0.001 0.001 0.001 0.103 kg COD m
S 1.000E-08 1.000E-08 1.000E-08 1.000E-08 kg COD m*
Seru 1.000E-08 1.000E-08 1.000E-08 1.000E-08 kg COD m*
Sk 0.040 0.040 0.040 0.029 kmol C m?
Sin 0.010 0.010 0.010 0.186 kmol N m™®
S 0.020 0.020 0.020 0.000 kg COD m®
St aubs - - - 32.227 kgCOD m®
Xc 2.000 2.000 2.000 - kg COD m
Xen 5.000 5.000 120.000 40.671 kg COD m
Xpr 20.000 20.000 20.000 30.902 kg COD m®
Xq 5.000 5.000 5.000 12534 kg COD m®
Xa 0.010 0.010 0.010 0.050 kg COD m
X 0.010 0.010 0.010 0.050 kg COD m®
Xta 0.010 0.010 0.010 0.001 kg COD m
Xes - , - 0.010 kgcOD m®
Xea 0.010 0.010 0.010 0.002 kg COD m
X oo 0.010 0.010 0.010 0.005 kg COD m
Xa 0.010 0.010 0.010 0.003 kg COD m®
Xiz 0.010 0.010 0.010 0.070 kg COD m
X 25.000 25.000 250.000 0.000 kg COD m®
Xi subs - - - 80.567 kgCOD m®
St 0.040 0.040 0.040 0.100 kmoleq m
Sa 0.020 0.020 0.020 0.051 kmoleq m
Paiobal - 1000.000 1100.000 1077.633 kg m®
TS - 4500 25.000 15.502 %
VS - 3.500 23.000 12.942 %
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Table 3 Summary of steady-state results for model implementation verification.

ADM1 Implementation

HS-AD Model Implementation

Valréab Rosen & Jeppsson 'Wet’' 'Wet' AD Const. HS-AD Const. HS-AD Variable Units
(2006) AD Effluent** Effluent** Effluent
S, 0.01195 0.01195 0.01269 0.01692 0.01000 kg COD m’®
Se 0.19763 0.19721 0.27484 0.16339 0.05707 kg COD m®
Se 0.15268 0.15270 0.15232 0.11377 0.11028 kmole C m®
Sn 0.13023 0.13023 0.13129 0.08451 0.07803 groleN m
Xen 0.02795 0.02795 0.03183 60.73693 41.21685 kg COD m®
Xa 0.42017 0.42017 0.43628 5.38786 6.15898 kg COD m®
Xec 0.76056 0.76058 0.78837 2.35004 252894 kg COD m®
Qerfuent 170 170 170 170 160 m® d*
pH 7.47 7.46 7.48 7.20 7.16 m® d*
Sz 0.0099 0.0099 0.0096 0.0128 0.0134 kmol C m?*
Sua 0.0041 0.0041 0.0042 0.0015 0.0012 kmol N m
Pr 1.069 1.069 1.069 1180 1.220 bar
Q, 2956 2956 2939 9752 12472 Nme ot
%CH, 61* 60.9 60.8 50.6 49.9 %
%CO; 34 339 340 447 455 %
V Gl 3400 3400 2967 1717 3400 m?
Poiosalo - 1000 1000 1100 1100 kg m?
Potona - 1000 995 1082 1077 kg m®
HRT 20 20 20 20 20 d
HRT e - 20 17 10 20 d
OLR - 2.85 2.85 19.85 19.85 kg Cng m®
OLRe ; 285 3.27 30.32 19.86 kg copm ’
TS 45 - 45 25.0 250 %
TS - - 29 204 19.0 %
T Srecaic - - 19 19.8 185 %
VS - - 35 23.0 230 %
VS - - 18 18.2 16.9 %
V Seecaic - - 09 17.6 16.3 %

*Mentioned Only; **No Steady-Sate Reached.



1 Table4: Main parameters modified for model calibration.

Parameter ADM1 This Study Units
Kp,ch 10 0.05 dt
Kp,or 10 0.05 dt
Kn,i 10 0.07 d?
Kmsu 70 35 d*
Kimfa 10 4 dl
Km,cs 30 1 d?
Kmn,ca 30 6 d?
Kmpro 20 1 dl
pHLL,ac 6 5.8
PHuL a 7 6.8

fousu 0.13 0.37

foro.su 0.27 0.11

facsu 0.41 0.40

frosu 0.19 0.12

Ni subs - 0.001 kmol N m™

wWN



‘Wet’ Anaerobic Digestion Q, High-Solids Anaerobic Digestion
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Figure 1: High-solids vs. ‘wet’ anaerobic digestion.
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Figure 2: Schematic representation of the high-solids anaerobic digestion model
implementation.



HRT A — — —HRT B — —OLR A — - -OLR B

o 21 34
=
c) a
0 -
E 20 & -
= S~ —_ 132
= Ssa - ’
-S =< - .- :
N - - -—
s 19 Ssa L=
3 S~ .-
é - - S~ -
.2 L — .- =< - o - + 3.0
= 18 + — - o
[+ - S - -
5 L= -
> I —————————.,—
=

17 : } } } } } : } } 2.8

0 20 40 60 80 100 120 140 160 180 200
Time (days)
%0 HRT C — — —=HRT D — —OLR C — - =OLR D

Hydraulic Retention Time (days)

L ¢
/-)0

Time (days)

Figure 3: Hydraulic retention time and organic loading rate in model implementation

verification: a) ‘wet’ anaerobic digestion (simulations A and B); and b) high-solids

anaerobic digestion (simulations C and D).
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Figure 4: Batch mono-digestion of OFMSW at 15 % total solids: a) accumulated methane
production and reactor mass content; b) volatile fatty acids; c¢) total and free ammonia

nitrogen; and d) total and volatile solids.



Highlights
A novel HS-AD model based on ADM1 was devel oped for homogenized
reactors.
* Reactor mass/volume and total solids dynamicsin HS-AD were simulated.
* Themode considersthe TS concentration effect on soluble speciesin HS-AD.
e Themode simulated adequately VFA and TAN of HS-AD using OFMSW as

substrate.



