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ABSTRACT

This study evaluates the main effects of including ‘non-ideal’ bio-physical-chemical
corrections in high-solids anaerobic digestion (HS-AD) of the organic fraction of
municipal solid waste (OFMSW), at total solid (TS) between 10 and 40 %. As a novel
approach, a simple ‘non-ideal’ module, accounting for the effects of ionic stréngth (

on the main acid-base equilibriums, was coupled to a HS-AD model, to jointly evaluate
the effects of ‘non-ideality’ and the TS content dynamics on the HS-AD bio-physical-
chemistry. ‘Non-ideality’ influenced the pH, concentration of inhibitors (i.eg)N&hd
liquid-gas transfer (i.e. C particularly at higher TS (i.e. 20 %). Meanwhile, fitting

the experimental data for batch assays at 15 % TS showed that HS-AD of OFMSW
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might be operated &t 0.5 M. Therefore, all HS-AD simulations should @awct for
‘non-ideal’ corrections, when assessing the mahibitory mechanisms (i.e. NH

buildup and acidification) potentially occurring i5-AD of OFMSW.

Keywords: High-Solids Anaerobic Digestion Model; Non-Id&ab-Physical-Chemical

Corrections; lonic Strength; Total Solids Dynamigsymonia Inhibition.

1 INTRODUCTION

Anaerobic digestion (AD) models enhance our undaihg about the biogas
production dynamics and/or inhibitory mechanismisil@wrevealing potential
opportunities for bioprocess optimization (Lauwetrsil., 2013; Steyer et al., 2006). The
Anaerobic Digestion Model No.1 (ADM1) is a stru@drmodel reproducing the main
bio-physical-chemical mechanisms in AD (Batstonalet2002). Biochemical
mechanisms include the disintegration, hydrolystsjogenesis, acetogenesis and
methanogenesis of organic substrates, expressdemical oxygen demand (COD)
units. Physical-chemical mechanisms include tha@digas transfer of CHCO, and

H,, and the ionic equilibriums of volatile fatty asi(VFA; i.e. acetic, propionic, butyric

and valeric), inorganic nitrogen (i.e. NHand inorganic carbon (i.e. GO

High-solids anaerobic digestion (HS-AD) is operaétbtal solid (TS) content 10 %,
in contrast to ‘wet’ AD (i.e. TS < 10 %) (PastoreRet et al., 2019a). In HS-AD of the
organic fraction of municipal solid waste (OFMSW)30 - 80 % volatile solid (VS)

removal occurs due to the biogas production, matiffhe reactor content mass
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(Maioba) @nd/or volume (¥ioba), but also the reactor content specific weigiioha)

(Kayhanian & Tchobanoglous, 1996; Pastor-Poquat €2018).

To account for the mass removal in HS-AD simulatjamHS-AD model based on
ADML1 was developed (Pastor-Poquet et al., 2018¢. mhin difference between the
HS-AD model and the continuously-stirred tank rea¢CSTR) implementation of
ADML1 (Batstone et al., 2002) lies on the simulatidrthe Mgsiopay Viobay TS, VS, and
Pclobal dynamics by using an extended set of mass baldochemogenized HS-AD
reactors. For example, apart from the mass balaineeluble (“S”) and particulate
(“X") substances in ADM1, the HS-AD model includieg® mass balance of reactor
mass (Msioba), Solvent (Msowven), and inert (Mhert9 coOntents, allowing the dynamic
calculation of TS and VS. On the other hand, apgiarencentrations (i.e. kg COD/m
Solvent) were used in the bio-physical-chemicathieaork of the HS-AD model, to
account for the TS concentration effect on HS-Aliss (i.e. VFA), and in contrast to

ADM1 that uses global concentrations (i.e. kg CObital).

An important limitation of the physical-chemicahfnework of ADML1 is the absence of
corrections for the ‘non-ideal’ solution effects AD (Batstone et al., 2012; Solon et
al., 2015; Tait et al., 2012). In solution, a glbsgecies concentration({J includes the
corresponding dissociated{$and un-dissociated (5°) species concentrations, with
their associated ion charge)Z'hus, the ‘ideal’ dissociated/un-dissociatedcggecan
be obtained from§ once knowing the mass balance, the ‘ideal’ equuih constant
(Ka,), and the solution pH. For example, the total amig@organic nitrogen (TAN,

Sn) in AD is mainly dissociated into ammonium ion (NHSh4-) and free ammonia
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(NH3s, Siha), as a function of the equilibrium constant fasriganic nitrogen (K and

the proton concentration {HS,+) [Equation 1]. Using the inorganic nitrogen mass

balance [Equation 2] and the ‘ideal’ ammonia eguilim [Equation 3], s+ and Shs

can be approximated for a given pH = Soncentration.

Kain
NHf <5 NH; + H*
Sin = Sn,* + S,

S h 'Sh+
Ka,in = 7153—

nh4+

(1)
(2)
3)

lonic strengthl() estimates the level of ionic interactions of gneous solution, and

can be approximated from’Sand Z [Equation 4] (Parkhurst & Appelo, 1999; Solon et

al., 2015). Whether a solution is not infinitelyuted (i.e. £S% # 0), the hypothesis of

‘ideality’ (i.e. 1 ~ 0) is not further valid, and all the ‘non-ideafjuilibriums involved in

the solution must be expressed in terms of aa@sjtinstead of molal concentrations

(Batstone et al., 2012; Tait et al., 2012). Thevéygtof a solute (g is the product of the

molal concentration (8, kmol/kg Solvent) by the coefficient of activity) [Equation

5]. ‘Non-ideality’ corrections are required for Addlutions when > 0.2 M, being

potentially important in HS-AD due to the high ongaconcentration used (Batstone et

al., 2015; Solon et al., 2015; Tait et al., 2012).

1
1 = EZ Sl'Zi . Ziz

_ Z;
a; =y 5"

(4)

()
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For an ‘ideal’ solutiory; = 1, whereas for a ‘non-ideal’ solutign< 1 for dissociate
species (i.e. & 0) andy; > 1 for un-dissociated species (i.e=20). Thusy; is mainly a
function ofl and, for a moderately concentrated solution (is€0.2 M), the Davies
equation [Equation 6] is commonly used for assestia activity of ionic species
(Allison et al., 1991; Parkhurst & Appelo, 1999)wkver, wher > 0.2 M,y; tends to
unity with increasind by using the Davies equation (Solon, 2016; Tadtlt2012).
Therefore, the WATEQ Debye-Hickel equation [Equafid is recommended for 02

| <1.0 M, asy; progressively tends to zero with increasir{arkhurst & Appelo, 1999;

Solon et al., 2015).

. (VT (6)
logo(yi) =—A-Z;"- <T\/7 - 0.3 I>
A-Z2 T 7)

lo ) = — +b; -1
J10(vs) 1+B-a?-\/7 i

The liquid-gas transfer, ionic speciation, ion pejrand precipitation are the most
important physical-chemical mechanisms affecting laging affected by ‘non-ideality’
in AD (Batstone et al., 2015; Flores-Alsina et 2015). In particular, the ionic
speciation determines the medium pH, as well asdheentration of soluble inhibitors
(i.e. NHs), being two of the most important parameters gnficing the biogas
production in ADM1 (Batstone et al., 2002; Rosédeppsson, 2006; Xu et al., 2015).
Therefore, failing to include ‘non-ideal’ correati®in ADM1-based models might
result in an artificially high Nglconcentration, subsequently influencing the patame
calibration related to Nkinhibition (Hafner & Bisogni, 2009; Nielsen et,&008;

Patén et al., 2018).
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With all the above, the ‘non-ideal’ approach maypheticularly important to assess the
main inhibitory mechanisms in HS-AD of OFMSW, siid8-AD is easily subjected to
reactor inhibition by high levels of NjHas a consequence of the high protein content of
OFMSW and the reduced free water available in thegss (Garcia-Bernet et al., 2011;
Kayhanian, 1999). For example, HS-AD of OFMSW caroperated at Nfftontent up

to 2.7 g N/kg (i.e. 0.19 mol N/kg), whereas Ntbncentrations 1.0 g N/kg (i.e. 0.07
mol N/kg) are often reported inhibitory for methgeas (Pastor-Poquet et al., 2019a,
b). Thus, the NKlbuild-up in HS-AD may lead to VFA accumulation aekentual
reactor failure by acidification (i.e. pEl6.0). On the other hand, acidification might be
also the result of substrate overload due to thmiance between acidogenic-
methanogenic growth and/or the elevated organitectiof HS-AD (Pastor-Poquet et
al., 2018; Staley et al., 2011). Noteworthy, thease of inorganic carbon (i.e.
CO,/HCOy3) by acetoclastic methanogens is one of the maibydféring agents in AD,
potentially counteracting reactor acidificationg$r et al., 2006). Therefore, the risk of
acidification might be also affected by the ‘nomadl effect on the C@liquid-gas

transfer (Paton et al., 2018).

This study evaluates for the first time the maie&s of including ‘non-ideal’ bio-
physical-chemical corrections in HS-AD simulatiarssng OFMSW as substrate, at TS
contents from 10 to 40 %. With this aim, a reldin&mple ‘non-ideal’ calculation
module, based on the Visual MINTEQ (Allison et 4B91) and Phreeqc (Parkhurst &
Appelo, 1999) physical-chemical engines, was deefldo assess the potential effects

of a highl (e.g. > 0.2 M) upon the main ionic equilibriumsH-AD, while speeding-
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up model simulations. Coupling the proposed ‘nagaldmodule with the HS-AD
model (Pastor-Poquet et al., 2018) permitted tdcegpsome of the main inhibitory
mechanisms (i.e. Ndbuildup and acidification) in HS-AD of OFMSW, piarilarly at

relatively high TS contents (i.e.20 %).

2 METHODOLOGY

2.1 Activity Coefficients and Modified Equilibrium Constants

In this study, the Extended Debye-Huckel (EDH) eiguma[Equation 8] was used to
approximate the activity coefficientg)(in HS-AD. EDH is a particular case of the
WATEQ Debye-Hiickel equation [Equation 7], whoseapaeters (A, B and® are
known for the main ionic species usually measunefiD (e.g. CHCOQO,
CHsCH,COQ, NH," and N&) (Ball & Nordstrom, 1991; Stumm & Morgan, 1996).
Importantly, the activity coefficients for non-clgad speciesy() in solution (i.e. NH
and CQ) were also calculated as a function fEquation 9], usingb= 0.1 (Parkhurst

& Appelo, 1999).

A-Z2 VT (8)
logyo(vi) = —m
0.
logio(yo) = —b; -1 )

To include ‘non-ideal’ effects in AD, the ‘idealis$ociation/equilibrium constants
(Ka,) were corrected in terms of activities) @@ obtain the modified equilibrium
constants (Ki) (Nielsen et al., 2008; Tait et al., 2012). Frample, K, i, expressed in

activity terms [Equation 10] can be reorganizedtitain the modified equilibrium



158 constant for inorganic nitrogen ) [Equation 11]. Importantly, the proton activity
159 (an+) must be used for pH calculations [Equation 1Z3jaminon-ideal’ conditions

160 (Allison et al., 1991; Parkhurst & Appelo, 1999h€refore, since the ‘non-ideal’ set of
161 equations (i.e. Equations 2, 8, 9, 11 and 12) @igh in S.., the calculation of pH,

162 and K, must be solved iteratively, fulfilling both egbitiums and mass balances in an

163 ionic solution.

164
i GnhaGnt _ Ynny “Snhg VYt *Snt _ Vnng "Vr* Snny  Snt (10)
@i anh4_+ ynh4+ ' th4_+ ynh4+ th4_+
Son. S 11
Ka,in’ = Ko - Vnnat _ Onhs "Oht (11)
Ynns " Vnt thf
pH = —log,o(ay+) = —log1o(¥p+ - Sp+) (12)
165

166 For this study, the main global species used westate (&), propionate (§o),

167 butyrate (g, valerate (&), inorganic carbon (§, inorganic nitrogen (§, and mono-
168 valent inorganic cations {§ and anions (§), as originally proposed in ADM1

169 (Batstone et al., 2002). The schematic representafithe iterative module for

170 including the ‘non-ideality’ of an AD solution i©iswn in Figure 1. All the required
171 equilibrium constants for an ‘ideal’ solution{Kand their temperature dependence
172 using the van’t Hoff equation were extracted froatdone et al. (2002) and Lide
173 (2004).

174

175 To keep the physical-chemical module as simpleoasiple, the proposed calculation
176 procedure did not consider ion-pairing or precipia Noteworthy, ion-pairing and

177 precipitation are based on further ionic equilibrg) whereas the due kinetic rates of
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nucleation and crystal growth phenomena must bguaedely accounted also for
precipitation (Huber et al., 2017; Vaneeckhautal €2018). Further information about
those mechanisms and some potential strategi¢sdmrimplementation in ADM1-
based models can be found elsewhere (Flores-Adsinh, 2015; Lizarralde et al., 2015;
Mbamba et al., 2015; Parkhurst & Appelo, 1999; \Gakbaute et al., 2018), as also

mentioned in section 3.1.3.

The gaseous species used in this study werg BHCO,, and NH. The addition of the
NH; liquid-gas transfer in the HS-AD model was showgewhere (Pastor-Poquet et
al., 2018). The Henry's constant{K of each gaseous species was modified by the
introduction ofy,, obtaining the modified Henry’s constanty(K [Equation 13]. The
Ky, reference values and their dependence with teryseraia the van’t Hoff equation

were extracted from Batstone et al. (2002) and (20©4).

kmol kmol 13
( kmol )_Km (-8a) _ St (o) &
Hi\m3 . bar) ~ Yo ~ P, (bar)

2.2 Model Implementation Verification

2.2.1 Model Comparison

The ‘non-ideal’ calculation module [Figure 1] wased to upgrade the CSTR
implementation of ADM1 as suggested by Rosén apdsk®n (2006), and the HS-AD
model proposed by Pastor-Poquet et al. (2018). &ifferent models were compared:
standard ADM1 (ADM1); ADM1 using ‘non-ideal’ condihs (ADM1 Non-Ideal); the

HS-AD model (HS-AD Model); and the HS-AD model uginon-ideal’ conditions



10

201 (HS-AD Model Non-Ideal). 365 days of continuous AB-operation were used in each
202 simulation. Apparent (i.e. kmolfSolvent) and global (i.e. kmolAiTotal)

203 concentrations were used to express exactly the $&#RrAD results, since both

204 concentrations are related to each other by the3 S/ell as globabgona) and solvent
205  (psolven) Specific weights (Pastor-Poquet et al., 2018jtiRdarly, apparent

206 concentrations were used in the HS-AD model to aettor the TS concentration

207 effect on all the soluble species in a low watesiremment as HS-AD.

208

209 Importantly, simulation of a continuous HS-AD reaatising the HS-AD model

210 required the reduction of the volumetric efflue@tfuen) compared to the influent

211  (Qinfiuen) to Maintain \opar cONstant. With this aim, a proportional controfier

212 Qesuent Was used as described by Pastor-Poquet et aB)2llbwing also the

213 comparison between the steady-state results obtaiite the CSTR implementation of
214 ADML1 and the HS-AD model. On the other hand, al shmulated TS and VS were
215 recalculated (i.e. TiRcacand VSecas respectively) as shown by Pastor-Poquet et al.
216 (2018), to include the potential losses of volatilaterials (i.e. C& NHz and VFA)

217 when drying a sample at 105°C (EPA, 2001). Therocgaading rate (OLR) was

218 approximated as the daily influent COD per uniVefya (i.e. kg COD/m-d), while the
219 hydraulic retention time (HRT) was evaluated asghetient between §opa and

220  Qgesrient (I.€. days). The overall biomass contentidasd was the sum of all microbial
221  concentrations in ADM1: Yomass= Xsut Xaat+ Xta + Xca + Xpro + Xac + Xna.

222

223 As a novel approach, the four model configuratipresented above were used to assess

224  simultaneously the influence of the varying reactamtent mass/volume, the effect of
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the apparent concentrations, and the solution ideality’ in HS-AD simulations. The
biochemical rates used for model verification aearted in Table 1. All the model
parameters were as in Rosén and Jeppsson (2006ggmphilic (35°C) AD.
Continuous influent conditions were used at 10a2@ 30 % TS [Supplementary
Information], together with a fQuent of 170 ni/d, a Visiopa Of 3400 i, and a reactor
design volume (Weacto) Of 3700 ni. With these specifications, all the simulationsave
performed at an HRT of 20 d, while the OLR was prtipnally increased for higher
TS influents. All the influent conditions simulatad OFMSW inflow with a relatively
high content of proteins Y at different dilutions, permitting to assess eliéntly the

NH; inhibition on acetate uptake, particularly wheaat@ng steady-state HS-AD.

2.2.2 ‘Non-ldeal’ Calculations

pH calculations were performed as shown in RosénJappsson (2006) and Volcke et
al. (2005). In order to implement ‘non-ideal’ cotalns, the K, ; of all the ionic species
in ADML1 (i.e. Sy, Sc, Sio) were modified at each time-step, as shown in@e@.1. For
‘non-ideal’ simulations, & and S, were entirely associated to Nand Cl,

respectively. Importantly, apparent concentratiges kmol/n? Solvent) were used in
the pH calculations — as well as in all the biogbgl-chemical dynamics — of the HS-
AD model, in contrast to the CSTR implementatiodiM1 that used global

concentrations (i.e. kmol/fTotal).

In some HS-AD model simulations, the Phreeqc enf@arlton & Parkhurst, 2011,
Parkhurst & Appelo, 1999) was used for pkandy; calculations, as an alternative to

the proposed ‘non-ideal’ module [Figure 1]. In thesises, precipitation was not used,
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though ion pairing is one of the main features lufeleqc. It must be mentioned that the
proposed module for assessing ‘non-ideality’ in AI3simulations [Figure 1] is a
simplification of more complex physical-chemicaberes (i.e. Visual MINTEQ and
Phreeqc). Nonetheless, the proposed ‘non-ideal'uleod instead of Phreeqc — served
to compare ‘ideal’ and ‘non-ideal’ HS-AD simulatgrusing the same pH calculation
routine in both cases, by only modifying the edmilim constants (K at each

simulation time-step in the ‘non-ideal’ implememat

To illustrate the existing link between ‘non-idégliand the main NHklinhibition
parameters in structured HS-AD models, the;HBlf-inhibition constant for
acetoclastic methanogens; 8.3 xad Was slightly modified in some cases. Thus,
simulations using the original; Knhs xacfor mesophilic (35°C) conditions (i.e. 0.0018
kmol N/nr) (Batstone et al., 2002) were compared with sitieda using slightly
different K snna xac(i.. 0.0008 and 0.0028 kmol NfmTo compare the different values
for the soluble acetate concentratiog8nder ‘ideal’ (Sc,igea) @nd ‘non-ideal’ (& non-
idea) CONditions at the same influent TS, the relatigetate difference was used
[Equation 14]. To compare the different valuestfer NH; concentration (§3) under
‘ideal’ (Snhs,idea) @nd ‘non-ideal’ (§h3non-deg CONditions, the relative Nftlifference
was used [Equation 15]. The Henry’'s constant fos GQ o2 reduction between
‘ideal’ (Ky,co2,1dea) @nd ‘non-ideal’ (Ki co2,non-idegt CONditions was also expressed as
relative difference [Equation 16].

) — (Sac,Non—Ideal - Sac,ldeal) . (14)

Acetate Dif ference (% 100

Sac,ldeal
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S. _ — 15

NH3 Difference (%) — ( nh3,Non—-Ideal nh3,1deal) .100 ( )
th3,1deal

(KH,COZ,Non—Ideal - KH,COZ,Ideal) . (16)

100

Ky co2 Dif ference (%) = To—
H,co2,ldea

2.3 Experimental Data and Model Calibration

A HS-AD batch experiment fed with OFMSW and usimgraoculum-to-substrate ratio
(ISR) = 1.0 g VS/g VS at thermophilic (55°C) comatis was used for model
calibration. The batch experiment consisted ofcaifsee test with 15 replicates starting
at 15 % TS, where one replicate was opened — feaarti — periodically, and the main
physical-chemical analyses (e.g. TS, VFA) wereqgrered. Experimental data included
the cumulative methane production, biogas commus{iie. CH and CQ), TS and VS,
TAN, VFA, pH, and mono-valent ions (i.e. N&* and CI). The biogas production and
composition was the average * standard deviatiall ¢femaining) replicates,
including that being subsequently emptied. The skanalyses were performed in
triplicate for the punctually-emptied replicate. Mgl agitation was only performed
while sampling the reactors. Further informatioowithe experimental setup and the

physical-chemical analyses used can be found PBsiquiet et al. (2019a).

For calibration, the ‘non-ideal’ CSTR implementatiof ADM1 (ADM1 Non-ldeal)
and the HS-AD model (HS-AD Model Non-ldeal) werenmared, using the
biochemical rates reported in Table 1. Noteworthgse rates were slightly different
than those used in the original ADM1 implementa{Batstone et al., 2002), since a
new population for valerate degradersgXvas included, while the composite[X

disintegration was disregarded, as shown by P&kiquet et al. (2018). As an example,



293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

14

a reversible (non-competitive) Nkhhibition function [Equation 17] was also used fo
propionate and valerate uptakes in model calibndfi@ble 1], to account for the
potential methanogenic and/or acetogenic Nidibition observed in the experimental
dataset (Pastor-Poquet et al., 2018). The initiadions were recalculated based on
the experimental data available. The biochemicedmpaters for thermophilic (55°C)
conditions were extracted from Batstone et al. 20Bleanwhile, some parameters
were also modified aiming to fit adequately theemxpental data [Table 2]. Parameter
calibration and all the initial biomass concentrasi (e.g. %o were approximated by
trial-and-error. The detailed methodology useddlmiaining the initial conditions and

for model calibration were described elsewheret{Pd3oquet et al., 2018).

L= Ki snn3 (17)
nhs3 Ki,th3 + th3,App

It must be stated that both the initial conditi@amsl/or the biochemical model
parameterization are tightly related to the motteicture (Dochain & Vanrolleghem,
2001; Donoso-Bravo et al., 2011; Poggio et al.,620Thus, in order to minimize the
differences between the CSTR implementation of ADidl the HS-AD model, the
same set of initial conditions [Supplementary Infation] and thermophilic (55°C)
parameters [Table 2] were used in both cases. djustenent/fitting of the model
implementations regarding the experimental dataevatuated by the weighted sum of
squares, calculated as shown by Flotats et al.3j20be weighted sum of squares
included the cumulative methane productiog,g\Cum.), gas composition (GH

CO,), pH, TAN (Sy), and VFA (So Spror Sou & Swa).
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3 RESULTS AND DISCUSSION

3.1 Verification of the ‘Non-Ideal’ Model Implementation

3.1.1 Effects of ‘Non-Ideality’ on Standard ADM1

The main difference between the ‘ideal’ ADM1 sintidas using different influent TS
was the § and $c accumulation, but also the reduction of the adastic methanogens
concentration (X)) along higher operating TS [Table 3]. These resaiié related to the
higher OLR used at higher influent TS, since thagin content (i.e. 0.22 kg COD/kg
COD), as well as the anaerobic biodegradabilig; (.35 kg COD/kg COD) were set
equal for all the influent conditions. MeanwhilbetS: accumulation at higher influent
TS [Figure 2a] was also related to the NNtalf-inhibition constant for acetoclastic
methanogens used in all simulations (i.gs:s xa= 0.0018 kmol N/, since an
increasing 3 exacerbates inhibition [Table 1]. Thus, thg/Xpiomassratio was
observed to decrease from 20.6 to 16.6 % at 1(@nrd influent TS, respectively
[Figure 2b]. Importantly, this last phenomenon niighply a greater risk of
methanogenic overloading at increasing OLR in HSghDulations under ‘ideal’

conditions, since a proportionally lowegXs available to counteract thg.8uildup.

The CSTR implementation of ADM1 using ‘non-ideabnclitions (ADM1 Non-ldeal)
showed an increasirigalongside the higher influent TS used, from 0.0/66ét 10 % TS
up to 0.390 M at 30 % TS [Table 3]. These resultgest that the bio-physical-
chemistry in HS-AD of OFMSW might be considerabtpnh-ideal’ (i.el > 0.2 M),

being the solution ‘non-ideality’ exacerbated ajitar operating TS contents and/or by

the occurrence of inhibitory mechanisms (i.e.sNidild-up). Therefore, an adequate
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‘non-ideal’ methodology seems to be required taaot for ionic speciation in HS-AD
simulations (Batstone et al., 2015; Tait et al120though theé range for HS-AD of

OFMSW should be better assessed by experimentl| amshown in section 3.3.

The ‘non-ideal’ ADM1 implementation affected pradily all the simulated dynamics
(e.9. &, Sicand X0, in comparison to the ‘ideal’ ADM1 implementatiprable 3].
Particularly, $h3 decreased by 3 - 45 % when using the ‘non-ideatontrast to the
‘ideal’ methodology at each operating TS (i.e. BD%), substantially mitigating the
acetoclastic inhibition and,Saccumulation [Figure 2a]. The potential alleviatimf

NH; inhibition by using ‘non-ideal’ conditions was alsuggested by Hafner and
Bisogni (2009) for AD digesters using cow/swine m@nas substrate. In this study, the
implementation of ‘non-ideal’ ADML1 calculations alshowed an 8 to 20 % increase in
the Xad Xpiomassratio at higher TS (i.e. 20 - 30 %) compared @ ‘itieal’

implementation [Figure 2b]. Thus, ‘non-ideal’ cotiains potentially allow a higher
operating OLR when simulating HS-AD of OFMSW, sirtkke reduced sp3 leads to a

relatively higher X% to counteract substrate overloading aggaScumulation.

It must be noted that, due to the inherent strectdiboth the biochemical (i.e. Monod
equation) and physical-chemical (i.e. charge baaframework in ADM1, AD
simulations are highly non-linear (Donoso-Bravalet2011; Solon, 2016; Volcke et
al., 2005). In other words, an increase in theugfk conditions (i.e. OLR) of an
ADM1-based model might not lead to a proportionalease in the output dynamics
(e.g. Scand Sha) at steady-state. For example, thed@cumulation was observed to

increase exponentially alongside thgs®uild-up both with the ‘ideal’ and ‘non-ideal’
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implementations of ADM1 [Figure 2c]. This last effes related to the Monod kinetics,
as well as the reversible inhibition function usedacetoclastic methanogenesis in
ADML1 [Table 1]. Therefore, the implementation obmideal’ conditions may be
crucial in HS-AD simulations, since minimal change$.ns — associated to the ‘non-
ideal’ physical-chemistry — might lead to consideeadifferences in the anaerobic

kinetic rates and/or inhibition potential usingustured HS-AD models.

Finally, Ky for gaseous species (i.e. £&hd CQ) decreased linearly alongside
increasing by using ‘non-ideal’ conditions in HS-AD. For expla, Kj o2 sShowed a
8.6 % reduction at ainof 0.39 M using ADM1 Non-Ildeal [Equation 16], cesponding
to a 30 % influent TS [Table 3 and Figure 2d]. $amty, a linear relationship was also
obtained for the K o2 reduction at increasing TS contents from 10 t&#A®y co2
Difference (%) = - 0.242 - TS (%) - 1.3437r1.000— data not shown. The{
reduction with increasing TS strongly influences liquid-gas transfer in HS-AD
simulations. For example, the,k, reduction exacerbates the ©@latilization in HS-
AD, potentially reducing the available inorganiclman content (S HCOy3), as an
important source of buffering capacity and resis¢éaagainst organic overloading
(Patén et al., 2018; Poggio et al., 2016; Steyat.e2006). Therefore, ‘non-ideal’
conditions are also needed to evaluate the ligagltgansfer (i.e. Cin HS-AD

simulations, as a potential trigger for reactoddimation.

3.1.2. ‘Non-ldeal’ Implementation of the HS-AD Modé
The main difference between the CSTR implementaifohDM1 and the HS-AD

model lies on the simulation of &pay Vaciobas TS, VS, anggionas dynamics by the HS-
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AD model (Pastor-Poquet et al., 2018). Moreoves; & had to be reduced compared
to Qnfiuent When using the HS-AD model, as mentioned in se@i@.1. Therefore, all
simulations using the HS-AD model resulted in nedigle differences in the values of
these operational variables (i.e. TS, VS apg Q) at steady-state [Table 3], in
comparison to the corresponding influent conditiddis the other hand, the use of
apparent concentrations (i.ecsp kg COD/nt Solvent) increased relatively the
soluble global species concentrations (i. |8 COD/ni Total) at higher operating TS

[Table 3], due to the lower amount of free wateH®-AD (Pastor-Poquet et al., 2018).

The previous conclusions about the Nhkhibition alleviation and the increasing liquid-
gas transfer (i.e. CQusing ADM1 Non-Ideal — section 3.1.1 — are alabd/for HS-

AD Model Non-Ideal. In particular,gwas from 48 to 93 % lower for ‘non-ideal’ than
‘ideal’ HS-AD model simulations [Table 3 and Figi@a]. However, it must be
highlighted that ‘non-ideal’ conditions were furthexacerbated using the HS-AD
model, likely due to the inclusion of apparent camteations in the bio-physical-
chemical framework. Thus, HS-AD Model Non-Ideal sled a 5 - 32 % increase bn
compared to ADM1 Non-Ideal [Table 3]. Meanwhileg i, ¢o2 reduction [Equation 16]
at influent TS contents from 10 to 40 % showed aenpwonounced slope than that
obtained with ADM1K} ¢o2 Difference (%) = - 0.400 - TS (%) + 0.565,70.991—

data not shown.

Interestingly, when using HS-AD Model Non-ldealpsmseemingly contradictory
results were observed regarding thesNtthibition between the ‘ideal’ and ‘non-ideal’

simulations at steady-state: At 30 % influent T, apparent Nkconcentration
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(Shhz,app Was 0.00867 and 0.00868 kmol N/Bolvent (i.e. 0.12 % difference), while
S.cwas 19.5 and 10.0 kg CODJrotal, for the ‘ideal’ and ‘non-ideal’ HS-AD model
implementations, respectively [Table 3]. In othanrds, the steady-statg:.3vas

substantially lower at an equivalent$pp Meanwhile, the steady-statg:.8s. Sins still

fulfilled the Monod inhibition framework [Figure Pc

To emphasize these last results, the relativerdifiees in the acetate [Equation 14] and
NH;3 [Equation 15] concentrations were used. Thysnd-ideaWas lower than 3 igea—

the acetate difference was negative — at any inflli§ [Table 3 and Figure 3a].
Nevertheless, the NHifference between,§ non-ideai@Nd Sn3z ideardt 30 % TS was
positive, in contrast to 10 and 20 % TS influemditions [Table 3 and Figure 3b].
Similar ‘contradictory’ results were also obsenatdhigher influent TS contents (i.e. 35
-40 % TS), where sswas lower (i.e. 26 - 35 %), whilgxawas higher (i.e. 1 - 3 %),

for the ‘non-ideal’ in contrast to the ‘ideal’ HSPAmModel implementation [Figure 3].

Summarizing, results above seemed to contradiatxpected trend for acetoclastic
inhibition in HS-AD simulations at steady-stateéhigher Sn3 concentration should lead
to a higher § accumulation. However, these seemingly contradiatesults on NHl
inhibition were only related to the direct compansf two strongly non-linear model
implementations (i.e. ‘idealis.‘non-ideal’). More in particular, during the irati40
days of HS-AD model simulations using a 30 % infiu€S, the X% growth was
promoted by the ‘non-ideal’ in contrast to the atlenodel implementation, due to a

lower operating &z app as further discussed in section 3.1.3.
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All the above simulations were performed usings xac= 0.0018 kmol N/
Importantly, when shifting kKsnns xactowards lower/higher values in HS-AD Model
Non-ldeal, the TS threshold wherg: Sea> Sac,Non-1deafOr Shhz,ideal< Shha,Non-ideal
(‘inversion’ threshold) also shifted [Figure 3].F@xample, using Knnz xa= 0.0008
kmol N/n’, the ‘inversion’ threshold occurred at around 2n#fuent TS, while using
Ki snha.xac= 0.0028 kmol N/rj, the ‘inversion’ threshold occurred between 35 40d@%
TS. Similar acetoclastic inhibition results werstabbtained between the ‘ideal’ and
‘non-ideal’ ADM1 implementations, though the ‘inge&sn’ thresholds shifted towards
slightly higher operating TS regarding the HS-ADdweb[Figure 3]. For example, using
Ki snha.xac= 0.0018 kmol N/rj, the ‘inversion’ threshold using ADM1 was 40 %lirgnt
TS, instead of 30 % influent TS. All these resultdicate that ‘non-ideality’ is tightly

related to the NElinhibition parameters, but also to the overall Al3-model structure.

3.1.3 The Effects of ‘Non-Ideality’ during the Initial Days of HS-AD Simulations
During the initial 20 days of HS-AD simulations mgi30 % influent TS, ¥ was
observed to increase considerably faster underideal’ than ‘ideal’ conditions
[Figure 4a], explaining the lowerSuildup under ‘non-ideal’ conditions [Figure 4b].
pH was equivalent during the initial 10 days okal and ‘non-ideal’ simulations,
though pH for ‘non-ideal’ simulations was up to Diihits higher from day 10 [Figure
4c and Table 3]. Meanwhile, a lowethSappWas observed along the initial 40 days of
‘non-ideal’ simulations [Figure 4d], despite thepapent TAN ($,app) Was equivalent
in both the ‘ideal’ and ‘non-ideal’ model implematbns [Figure 4e]. Therefore, the
‘non-ideal’ bio-physical-chemistry of HS-AD at 30 ifluent TS led to a lower

Shnz.app Mitigating the NH inhibition and promoting the K growth, as previously
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observed for 10 and 20 % influent TS. Nonetheld®ssteady-state results [Table 3]

prevented observing the overall effect of ‘non-ldgain HS-AD simulations.

With all the above, the ‘inversion’ threshold om tRH; concentration at steady-state
[Figure 3b] is the consequence of comparing twongjty non-linear model
implementations (i.e. ‘ideal/s.‘non-ideal’) at steady-state, being non-linearity
associated to the complexity of the biochemical jgimgsical-chemical framework of
ADM1-based models, as mentioned before. Importatitl occurrence of the NH
‘inversion’ threshold further stresses the fact titeal’ ADM1-based models should
not be applied to HS-AD (i.e. TS10 %), since the equation non-linearities migatle
to important differences in both the dynamics dreldteady state results (i.e. pHgX
Shha Sio) of HS-AD simulations. The ‘inversion’ threshold the NH inhibition at
steady-state was also observed when using slidtitgrent initial conditions (i.e. ¥,
Sino, Sico Sato Xsuoa@nd/or X, 0— data not shown), since steady-state AD simulatio
should not depend on the initial conditions usedn@so-Bravo et al., 2011). Thus, all
the above results indicate that a highe.> 0.2 M) strongly influenced the bio-
physical-chemistry of HS-AD simulations, particljathe NH; inhibition dynamics

during the initial days of reactor operation atmigS contents (i.ex 20 - 30 %).

To assess ‘non-ideal’ effects on AD, some of thatnsomplete physical-chemical
engines for ‘non-ideal’ characterizations are VISUINTEQ (Allison et al., 1991) and
Phreeqc (Parkhurst & Appelo, 1999) software, initigdhe direct ADM1
implementation in Phreeqc (C code) described byerdebal. (2017), the generic

nutrient recovery model of Vaneeckhaute et al. 80hut also the physical-chemical
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module developed by Flores-Alsina et al. (2015) Sabbn et al. (2015) for plant-wide
wastewater treatment. Indeed, the high organicertmh HS-AD might strongly
determine the precipitation, ion-pairing and iomface interactions (Batstone et al.,
2012; Huber et al., 2017), requiring even furth@mplexity of the HS-AD bio-
physical-chemical framework than for ‘wet’” AD apgtions (i.e. TS < 10 %). On the
other hand, more simple ‘non-ideal’ modules for s@utions have been also used by
Paton et al. (2018) and Nielsen et al. (2008)his line, the model complexity depends
on the model objectives and experimental data aviai] being always recommended to
keep the model as simple as possible, though wigddsfor addressing the envisaged

objectives (Eberl et al., 2006).

To validate the ‘non-ideal’ module proposed in ttisdy [Figure 1], ‘non-ideal’
simulations of the HS-AD model were also performedpling the Phreeqc engine
(Charlton & Parkhurst, 2011). In spite of the highemplexity of Phreeqc, both ‘non-
ideal’ modules yielded practically the same HS-ADamics (i.e. &, Sn, Xag using 30
% influent TS [Figure 3], being the 2 - 6 % higlhé¢he most noticeable difference when
Phreeqc was used as ‘non-ideal’ module [FigureT3fg Phreeqc engine coupling to
the HS-AD model also yielded closely-matching restd the proposed ‘non-ideal’
module under all the HS-AD simulations presenteskiction 3.1.2 — data not shown.
Importantly, due to the reduced complexity of thepgmsed ‘non-ideal’ module [Figure
1] and/or the coupling of an ‘external’ softwaree simulation speed increased
considerably (i.e. 7 - 8 times faster) comparedhen using the Phreeqc engine as

‘non-ideal’ module.
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3.2 HS-AD Calibration under ‘Non-Ideal’ Conditions

The calibration in this study was not aimed to kleagistive due to the great number of
parameters (i.e. > 15) and initial conditions (»€.0) involved in an ADM1-based
model, as well as the reduced number of experirhdata available (Dochain &
Vanrolleghem, 2001; Donoso-Bravo et al., 2011; Roggal., 2016). Instead, the
calibration aimed to assess the operative levelsroHS-AD of OFMSW. Moreover,
real data calibration could also serve to evalttaeanfluence of the model complexity

(i.e. mass balances) regarding the need for ‘neatid¢alculations in HS-AD.

For the calibration of ADM1 Non-ldeal and HS-AD MadNon-Ideal, the same initial
conditions and biochemical parameters [Table 2pwesed, yielding a similar degree of
adjustment regarding the experimental data (i.eghted sum of squares = 2.2 - 2.5)
[Supplementary Information]. Nonetheless, HS-AD Mion-ldeal outperformed
ADM1 Non-ldeal in terms of simulating the TS, V®daMgohas dynamics due to the
use of a more extended set of mass balances. Marg88-AD Model Non-Ideal
adjustment improved considerably towards the erntde@txperiment, in contrast to the
ADM1 Non-ldeal simulations [Figure 5]. For examplee experimental matching in
Sn, Soro, Sia and gas composition improved from day 15 - 20anals, as Mona and/or
Vciobal Fe€duction by methanogenesis occurred in the sydtethis line, HS-AD Model
Non-Ideal predicted 1.6 g of &dna Were removed, equivalent to a 4.4 % of the initial

reactor content, during 92 days of batch operation.

Both ADM1 Non-Ildeal and HS-AD Model Non-ldeal simatibns showed > 0.5 M

from day 50 [Figure 5d], associated to the accutraraf S, and VFA, withl being
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around 5 - 10 % higher in HS-AD Model, due to tlse of apparent concentrations.
These results confirm thammight be considerably higher than 0.2 M in HS-AD o
OFMSW, strongly suggesting the implementation @infideal’ conditions at high TS
contents (i.e> 10 %) to improve the simulations of pH, biocherhinhibition (i.e.

NHs), VFA accumulation (i.e. acetate), and liquid-gasisfer (i.e. CQ. Furthermore,
taking into account the highobserved (i.ex 0.5 M), the Davies equation [Equation 6]
might not be appropriated for HS-AD simulations du¢he increasing errors ipatl >
0.2 M. For example, a 20 to 25 % highgns+ is obtained ak of 0.5 and 0.6 M,

respectively, by using the Davies instead of thédEquation [Equation 8].

With all the above, the influence of ‘non-idealityn the bio-physical-chemistry of HS-
AD simulations strongly depends on the model camfitjon used. Therefore, the HS-
AD model (Pastor-Poquet et al., 2018) may be weted to assess ‘non-ideal’ effects
in HS-AD using OFMSW as a substrate, and partibuthe TS concentration effect on
the soluble species by using apparent concentgatiboteworthy, the implementation
of apparent concentrations (i.e. kmol/kg Solvemihiline with the fact that the bio-
physical-chemistry of HS-AD occurs predominantlyiater. Thus, using apparent
concentrations might enhance the predictive capiaBibf the ‘non-ideal’ calculation
procedure, while influencing both the kinetic rad@sl inhibition of anaerobic
microorganisms in HS-AD simulations (Pastor-Poaiedl., 2018). On the other hand,
an adequate mass balance implementation in HS-Afelads needed when using
relatively long simulations (i.ex 20 days), as the effect of reactor mass/volumevaim
by methanogenesis becomes gradually more impddarapture all the bio-physical-

chemical mechanisms in HS-AD.
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To end up, further calibration/optimization alordgsa thorough sensitivity analysis is
needed for the main biochemical parameters of theAB model, in order to draw
adequate conclusions about some of the inhibitaghanisms (i.e. Nfbuildup and
acidification) potentially occurring in HS-AD of QF/SW. In this line, the faster HS-
AD model resolution obtained when coupling the smd ‘non-ideal’ module might be
particularly suited to speed up the calibrationcess, where a great number of
simulations are usually required to match approgiyahe experimental data (Dochain
& Vanrolleghem, 2001; Donoso-Bravo et al., 201 Iit&ds et al., 2006). Alongside,
further bio-physical-chemical mechanisms as prétipin, ion pairing and ion-surface
interactions should be also evaluated in future ehodplementations, to adequately

address the inherent complexity of HS-AD using OWWI&s substrate.

4 CONCLUSIONS

HS-AD of OFMSW might be operatedlat 0.5 M. Therefore, the bio-physical-
chemistry of all HS-AD simulations needs to accdonthe ‘non-ideal’ effects on the
pH, soluble inhibitors (i.e. Nj, and liquid-gas transfer (i.e. GQparticularly at higher
TS contents (i.ex 20 %). In this study, coupling a HS-AD model tsi@plified ‘non-
ideal’ module yielded adequate simulations regay e NH inhibition inHS-AD,

both in batch and continuous mode. Using an ap@i@pset of parameters, the HS-AD
model using ‘non-ideal’ conditions might bring faer insights about the main

inhibitory mechanisms in HS-AD of OFMSW.
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TABLE CAPTIONS

Table 1 Biochemical rates used for model implementatienfication and model
calibration.

Table 2 Biochemical parameters modified for model calilmra at thermophilic (55°C)
conditions.

Table 3 Summary of steady-state results (i.e. day 365nfedel implementation
verification at different influent total solid (T$pntents.
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FIGURE CAPTIONS

Figure 1. Schematic representation of the ‘ideal’ or ‘ndeal’ physical-chemical
implementation used for all ADM1-based models is gtudy.

Figure 22 Summary of results for model implementation veaifion as a function of
influent total solids (TS). Comparison between dead ADM1, ADM1 Non-ldeal, HS-
AD Model and HS-AD Model Non-ldeal outputs: a) Tiddaetate concentration {3
vs.initial TS; b) total acetoclastic methanogensitoniass ratio (Xd/Xpiomasg VS.initial
TS; c) total acetate concentrationd¥s.total NH; concentration (3); and d) Henry’s
constant difference for CGQKh co2) VS.ionic strength.

Figure 3: Contour plots for the relative difference betwdes ‘ideal’ and ‘non-ideal’
implementations of both ADM1 and the HS-AD modetliffierent influent total solid
(TS) contents: a) Acetate {pdifference [Equation 14]; and b) NKS,3) difference
[Equation 15].

Figure 4: Effect of ‘non-ideality’ during the initial 40 ga of HS-AD model
simulations at 30 % influent TS. Comparison betw@bsal’ and ‘non-ideal’
conditions, including the Phreeqc engine: a) Adesiic methanogens concentration
(Xao); b) total acetate concentrationdSc) pH; d) apparent Nfitoncentration
(Snh3,app; €) total ammonia nitrogen concentratiog 4s); and f) ionic strengthl).

Figure 5: Model calibration results. Comparison between ADNbn-ldeal and HS-
AD Model Non-Ideal: a) Total ammonia nitrogen (TAN) total propionate () and
valerate (&) concentrations; ¢) gas composition; and d) istiength.
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Figure 1: Schematic representation of the ‘ideal’ or ‘non-ideal’ physical-chemical
implementation used for all ADM1-based models in this study.

NOTE: ¢ refers to the simulation time-step. Tol refers to tolerance (in this study 7ol = 10). I is the ionic
strength; while St; is the global concentration; K,; is the dissociation equilibrium constant; and v; is the

activity coefficient of soluble species.
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Figure 2: Summary of results for model implementation verification as a function of
influent total solids (TS). Comparison between standard ADM1, ADMI1 Non-Ideal, HS-
AD Model and HS-AD Model Non-Ideal outputs: a) Total acetate concentration (S,.) vs.
initial TS; b) total acetoclastic methanogens to biomass ratio (X,/Xy;,mass) VS- 1nitial TS; ¢)
total acetate concentration (S,,) vs. total NH; concentration (S,;;); and d) Henry’s constant
difference for CO, (Ky ;) vs. ionic strength.

NOTE: The global (i.e. kg COD/m? Total) and apparent (i.e. kg COD/m? Solvent) concentrations express
exactly the same HS-AD results, as they are interrelated by TS, and the specific weight of reactor content
(PGloba) @nd aqueous solvent (Pg e = 1000 kg/m?). The NH; half-inhibition constant for acetoclastic
methanogens (K g3 x,) Was 0.0018 kmol N/m3.
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Figure 3: Contour plots for the relative difference between the ‘ideal’ and ‘non-ideal’
implementations of both ADMI1 and the HS-AD model at different influent total solid (TS)
contents: a) Acetate (S,.) difference [Equation 14]; and b) NH, (S,;;) difference [Equation
15].

NOTE: Values in parentheses show the NH; half-inhibition constants used for acetoclastic methanogens

(K snh3.xac» kKMol N/m?). Positive values over the ‘inversion’ threshold in panel b represent the influent TS at
which the steady-state NH; concentration is higher for the ‘non-ideal’ than for the ‘ideal’” model
implementation.
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Figure 4: Effect of ‘non-ideality’ during the initial 40 days of HS-AD model simulations
at 30 % influent TS. Comparison between ‘ideal’ and ‘non-ideal’ conditions, including the
Phreeqc engine: a) Acetoclastic methanogens concentration (X, ); b) total acetate
concentration (S, ); ¢) pH; d) apparent NH; concentration (S, ,p); €) total ammonia
nitrogen concentration (S, »,,); and f) ionic strength ().

NOTE: The NH; half-inhibition constant for acetoclastic methanogens (K; g3 x,.) Was 0.0018 kmol N/m?.
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Table 1: Biochemical rates used for model implementatienfication and model

calibration.
Rate (r;, kg COD m*d™)
Process
Verification Calibration
Disintegration Kais' Xc -
Hydrolysis of ) )
Carbohydrates Khcti Xen et Xen
Hydrolysis of Proteins Kn,pr Xpr Kn,pr Xpr
Hydrolysis of LIpIdS kh,li'xli kh,li'Xli

Sugars Uptake
Aminoacids Uptake

L CFA Uptake

Valerate Uptake Svanod (1+Su apc+10°)- o i Iz Inz* lnhe
e e e S i VN
PropionateUptake  Kmoo %m,ApF/(KSI,_X,?,ﬁw+spm,App). Xoro' i Kin,pro’ Shro,pif (TS:Thpr?Tffro,App)- Xoro'
Acetate Uptake Kmac %CAPJ(KT;E?IC:}Q npp) Xac lon: Kmac %C,Ap,l(knlsi?aji%;c,Apr)- Xac o
Hydrogen Uptake ke S’Z’Apd(ﬁi_xﬁ:JrSﬂz'App). Ko Km,h2: Sz apef (K's xhzt Shz ap) Xnz: lpn lin
SugarDE;Sg)r/aders K Xy Ka Xsu
Ami noa%(lig/egraders Ky Xaa Ky Xaa
LCFADIZCeg;aders Ky Xia Kq Xia
Valerate Degraders } Ky X
Decay e
Butyr altjee([:)ae;;:]r aders K Xea Kq- Xea
Propiongteecgyegraders K" Xoro Ka* Xpro
Acetatget():gr aders Ky X Kq Xac
Hydr oggne(:[;;graders Ky X Ky Xz

K, s Ssu,apd (Ks xsit Ssu,apg* Xsur lpr lin
Ki,aa Sha,apd (K's xad"Saa,app* Xaa lph- lin
Kin,fa Sl (K xtat Sta)* Xta* lor lin In2
Km,ca' Sva,apd (K's xcat Sva,app) Xea'

I(m,su' %u,ApJ(KS,Xsu+Ssu,Ap;)' Xsu' IpH' Iin
I(m,a\a' Saa,Ap;!(KS,Xaa'"Saa,Ap;)' Xaa' IpH' Iin

km,fa' Sa/(KS,Xfa+Sfa) ) Xfa' IpH' Iin' Ih2
km,cS‘ S/a,App/(KS,XcS*S\/a,App)' XCS' IpH' Iin'

with

Iin = Sn,App/(Ki,Sin,App+Sn,App)
Ihz = Kishd (Kishz: + Sh2,ap0)

Ion = Kt Npr/ (Ko Npn + S+ Npw)

[nhe = Kisnhd (Ki snhe + Sinz,app)



Table 2: Biochemical parameters modified for model calilmra at thermophilic (55°C)
conditions.

Parameter ADM1  ThisStudy Units

Kn,ct 10 0.05 d
kh,pl 10 0.05 d’
Kn,i 10 0.07 d
km,Sl 70 35 dl
km,fa 10 4 dl
km,cE 30 8 dl
Km,ce 30 8 d
Kimpre 20 10 d
Kii,snha xct - 0.006 kmol N i
Ki,thB,Xpr( - 0.006 kmol N rﬁ
pHLL,ac 6 56
pHUL,ac 7 66
fhust 0.13 0.37
foro.st 0.27 0.11
fac.s 0.41 0.40
fha,st 0.19 0.12

N subs - 0.001  kmol N ri{




Table 3: Summary of steady-state results (i.e. day 365)nfedel implementation verification at differenfluent total solid (TS) contents.

ADM1 + Ideal Conditions ADM1 + Non-Ideal Conditions HS-AD Model + Ideal Conditions HS-AD Model + Non-Ideal Conditions
Variable 10%TS 20%TS 30%TS 10%TS 20%TS 30%TS Units
10%TS 20%TS 30%TS 10%TS 20%TS 30%TS
Global Apparent Global Apparent Global Apparent Global Apparent Global Apparent Global Apparent

TS 10.0 200 300 10.0 20.0 30.0 8.3 17.2 26.5 8.3 17.1 26.4 %
TSrecac 9.1 184 275 9.1 18.5 27.8 7.4 15.5 23.8 7.4 15.6 23.9 %
Qefuemt 170 170 170 170 170 170 168 166 164 168 166 163 Sd'm
Voo 3400 3400 3400 3400 3400 3400 3400 3400 3399 3400 3400 3399 M
poova 1050 1080 1100 1050 1080 1100 1044 1069 1086 1044 1069 1086 kg i

OLR 47 9.2 13.8 4.7 9.2 13.8 4.7 9.2 13.8 4.7 9.2 13.8 kg COD ritd*
HRT 200 200 200 20.0 20.0 20.0 20.0 20.0 20.0 020 20.0 20.0 d

Q 3224 6043 8426 3212 6307 9189 3229 5879 8203 3218 6314 8816 Nrhd*
%CH, 573 556  53.1 57.7 57.6 56.7 57.3 54.3 51.8 57.6 57.4 54.9 %
%CO, 375 395 421 37.1 37.5 385 37.6 40.7 43.4 37.2 37.7 40.4 %

pH 742 749 733 7.31 7.50 7.55 7.44 7.44 7.22 373 7.55 7.49

[ - - - 0166 0278  0.390 - - - 0.176 0.321 0.512 kmd

Sac 0.165 4570 15.128 0.086 0.327 3.618 0.182 0.190 .3717 8.328 19.490 24.426 0.088 0.092 0.537 0.606 .0020 12.516 kg COD th
S 0.129 0.246 0.365 0.129 0.245 0.363 0.130 0.136 2530. 0.286 0.381 0.477 0.130 0.136 0.252 0.285 0.3790.475 kmole N mi
Sins 0.00362 0.00820 0.00839 0.00196 0.00527 0.00810 0.00387.00404 0.00755 0.00853 0.00692 0.00867 0.00207 0.00216 0.00588 0.00663 0.00693 0.00868 kmole N
Sc 0.153 0.199 0.154 0.158 0.267 0.330 0.154 0.161 1620. 0.183 0.102 0.128 0.160 0.167 0.269 0.304 0.2460.308 kmole C m
Seoz 0.01100 0.01216 0.01347 0.01048 0.01089 0.01140 0.01059.01102 0.01107 0.01250 0.01104 0.01384 0.01002 0.01047 0.00960 0.01084 0.00924 0.01156 kmole C m
Xac 0.78 1.36 1.73 0.78 1.52 2.14 0.78 1.29 1.65 0.79 1.54 1.99 kg COD i
Xbiomass 3.77 7.21 10.42 3.77 7.36 10.85 3.81 7.25 10.58 81 3. 7.50 10.94 kg COD th

NOTE: Both the ADM1 and the HS-AD model results sinewn for ‘ideal’ and ‘non-ideal’ conditions. T3 half-inhibition constant for acetoclastic methaeosg
(Ki snh3.xad Was 0.0018 kmol N/ The global and apparent concentrations are &laead by the TS, and the specific weight of reactmtent fgopa) and aqueous solvent
(psolvent= 1000 kg I'T?)
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