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Abstract

This paper presents a new modelling methodologgyaamically predicting the heat
produced or consumed in the transformations oftaolpgical reactor using Hess'’s law.
Starting from a complete description of model comgrds stoichiometry and formation
enthalpies, the proposed modelling methodologyimtagrated successfully the
simultaneous calculation of both the conventionassnbalances and the enthalpy change
of reaction in an expandable multi-phase matrincitire, which facilitates a detailed
prediction of the main heat fluxes in the biocheahreactors. The methodology has been
implemented in a plant-wide modelling methodologwider to facilitate the dynamic
description of mass and heat throughout the phsiter validation with literature data, as
illustrative examples of the capability of the natblogy, two case studies have been
described. In the first one, a predenitrificatiatrification dynamic process has been
analysed, with the aim of demonstrating the eat®gnation of the methodology in any
system. In the second case study, the simulatientieérmal model for an ATAD has
shown the potential of the proposed methodologwfalysing the effect of ventilation and

influent characterization.
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NOMENCLATURE

Apubbles Contact area between aqueous phase %rghg phase (f

A, 1% gas phase surrounding areg)m

Ak Contact area between aqueous phase &gad phase (f

Ay Aqueous phase surrounding ared)(m

Cp, Specific heat capacity of i gaseous phase compsmemonstant pressure (kJYE™Y)
Cpy 10 Specific heat capacity of water at constant presgd gH20'K™)

E; ¥ i phase stoichiometric matrix for the transformasidetween i and j phase
9 Gravitational acceleration (mfs

Gr Grashof number

b e Reference enthalpy of the i gaseous phase compo(iehgE)

hy, refH20 Reference enthalpy of water (kJ gHbO

Hact Enthalpy transmitted from the actuators (Ky d

Hatm_rad Longwave atmospheric radiation flux (k‘3)d

Hcond/Conv Surface conduction and convection enthalpy flukdk)

H, Input enthalpy (kJ &)

Hyu Output enthalpy (kJ Y

Hol rad Shortwave solar radiation flux (k'd

Hy Net heat exchange of the analysed phasekJ d

Hians Heat released or absorbed by the transformatiotiianalysed phase (k3)d
Kqolrad Total energy incident on the surface (Kha?)

Kyt Heat conduction through walls and pipes coeffic{ed d* K™ m?)

10, 4 Inlet i phase mass flux (gE

ﬁi’j Mass flux transport between i and j phases (4E d

1 Outlet i phase mass flux (gE'd

M, Mass vector for the components present in the $@ligE)



Nphs;i Constant exponent of the Pr and Gr numbers (aquemlisgaseous phases conduction/convection)

NC No. of components in the i phase

NT No. of transformations in the i phase

P, Power supplied by the engines and aeration systiei')

Pr Prandtl number

Tatm Atmospheric temperature (K)

T; i phase temperature (K)

Tiin i phase inflow temperature (K)

Tirer Temperature corresponding to the reference entladlthe i gaseous phase components (K)
Ty retH20 Temperature corresponding to the reference entladlpsater (K)

X, Mass fraction of the gaseous phase componentg&ggsgl)

Greek Symbols

Ophs,i Correction factor for surfaces facing up (aqueousiagaseous phases conduction/convection)
Opad Solar absorptivity

B Atmospheric radiation factor

Bons Coefficient of volume expansion (&

d Characteristic length (m)

Ahg Specific formation enthalpy (kJ 3

Ah, Specific reaction enthalpy (kJ JE

AH, Net reaction enthalpy (kJ*)

€atm Surface emissivity

Ny Efficiency of engines/aeration systems

, Thermal conductivity of the i gaseous phase compisngJ o K m?)

Aatm Surface reflectivity

My Dynamic viscosity of the gaseous phase componkgss ifi' s%)

Vij Rate coefficient for component i on process j @ cserence compone',}a

ﬁi,j Kinetic rate for the transformations between i gptases (gkmoved componerd D!
o Stefan Boltzman constant (k3 oh? K™)

Vg1 Kinematic viscosity of the gaseous phase compor(enits™)

Superscripts
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* Absolute temperature (°C)

0 Standard state values (25°C)

Subscripts

g gaseous phase

o]} 1% gaseous phase

O 2" gaseous phase

in Input

k No. of state variables in the water phase

m No. of state variables in thé' fjaseous phase
n No. of transformations in the water phase
out Output

s solid phase

z No. of state variables in th8“2jaseous phase
w Aqueous phase

1. INTRODUCTION
Operating temperature plays an important role istessater treatment efficiency (Metcalf and
Eddy, 2004). Temperature dynamics affect microbaivity as well as physicochemical properties,
such as dissolved oxygen saturation concentradiffasivity, viscosity, density and the settling
velocity (Sedory and Stenstrom 1995). An incredseatperature of a few degrees might stimulate
the metabolic activity of the bacteria, while a stalntial reduction of several degrees would result
in reduced process stability, albeit temporarilyd @ possible shift in the population of the reacto
(Gallert and Winter, 2005). The causes of thes@ézature variations are often due to a
combination of different factors. The most repréagwve are conduction/convection phenomena,
short-wave and long-wave radiations, the heat inéttesd by the actuators and, to a greater or lesser
degree, the heat produced or consumed by biochkmiemical or physico-chemical
transformations. The influence of each term ingy®tem is varied and depends largely on the

analysed process and climate of the place. Indtieaded sludge units, a typical diurnal
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temperature difference between water inlet anceotltixes only varies between 0.5 and 1 degree
(Makiniaet al, 2005). However, in some parts of the world, treaitrsystems are subjected to
significant winter cooling and summer heating. dmg nontemperate zones for instance, the
atmospheric diurnal air temperature variation camcdnsiderable, ranging from 2 degrees during
the early morning to over 25 degrees during midfafton (Paul, 2013), affecting considerably to
the water temperature. In membrane bioreactorgethperature rise in the tank may be quite
significant comparing with the activated sludgectess because of the higher biological heat
production. These reactors have a higher biomasseatration and bacterial activity, which

implies a higher biological heat production du¢ht® exothermicity of the oxidation, nitrification
and denitrification reactions (Setial., 2011). In sludge line processes, the effect optnature

has greater importance and practically all unitskvedove atmospheric temperature. The anaerobic
digestion for example, is often an endothermic gssavhich operates around 35 or 55 degrees,
thus requiring a heat supply to maintain the diggetgmperature and support the microbial activity
(Inoije et al., 1996), and in the Autothermal Thermophilic Aerobigestion (ATAD) the organic
matter is oxidized under aerobic conditions wittbacomitant biological heat release that is able to
maintain thermophilic temperatures. Despite tharckmowledge that exists to date on the
phenomena involved in the transfer of heat, thet®ixdluence of temperature is difficult to
determine because of its interaction with masssteanchemical equilibrium and growth rate (Van
Hulle et al., 2010). It is for this reason that the joint moohgjlof biological transformations and
accurate heat transfer models are becoming incigliggiractical and necessary, not only to predict
the temperature of the system, but also to idettiéydiverse heat flows, to analyse the contrilbutio
of these in the heat transfers, to relate the teatye variations with the chemical, biochemical an
physico-chemical transformations and, ultimatedyunderstand the process better. An accurate
temperature model allows determining a precise abiat activity, which is extremely important

aspect in the analysis of new operational straseggewell as new configurations
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(www.novedar.com). Nowadays, thermal processesareasingly being incorporated into
treatment plants (Daigger, 2011), making tempeegpuediction models essential for a proper use

and recovery of the heat.

Nonetheless, most of the existing mathematical tsonfeactivated sludge units and anaerobic
digestion models focus mainly on microbiology affig¢io assume constant temperature (Makéhia
al, 2005). There are several papers which have irdtemperature prediction in the general
model, the studies carried out by Novotny and Ketitk973), Argaman and Adams (1977),
Sedony and Stenstrom (1995), la Cour Jaesah (1992), Gillot and Vanrolleghem (2003),
Makinia et al. (2005) and Lippet al. (2009) being some of the most representative wiorksater

line modelling. In the field of municipal sludgegdstion, almost all heat transfer models published
in literature focus on the representation of theABT(Vismara, 1985; Messengetral., 1992 &

1993; Pittet al., 1994; Laparat al., 1999; Gome=zt al., 2007; and de Grac#i al., 2009), focusing
less on anaerobic digestion. All these publicatjorapose a detailed and accurate heat transfer
model for a precise prediction of the temperatdi@vever, most of them are very specific for the
system under study, with a limited capacity fomigegxpanded or adapted to include additional
transformations in water or gas phases. Moreokerdéescription of heat generated or consumed in
biochemical transformations are normally only basecCOD removal. Therefore, a rigorous and
systematic methodology for constructing more dethéind flexible heat transfer models in
biochemical reactors is demanded.

Observing the low-detail used in the definitiortlod reaction heat, the first goal of this work has
been the development of a systematic, genericigotbus methodology for the dynamic prediction
of the heat produced and consumed in all transfooms.of any biological reactor. And, the second
goal has been the restructuration of the mass eatdalances to allow the modeller to construct

mathematical models as complex as required intemsyic and modular way.
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The complexity of today configurations and processih recirculations and interrelations among
the different units makes it necessary to conaada@ant-wide perspective in order to establish an
optimum solution for the design or operation ofirenplants (Copt al., 2003; Gratet al. 2007;
Jeppssoret al., 2007). The PWM methodology (Gratal., 2007) was proposed by the CEIT as a
systematic methodology for constructing mathemhbtiwzdels able to describe the whole plant as
complex as required in each case study. Along theaes, the premises in which this methodology
was based (elemental mass characterisation) h&aedsnonstrated as the most suitable
framework for developing mathematical models abléate with current needs, such as the
technologies where liquid, gaseous and solids phesexist with energetic aspects. With this
frame, an update of the Plant-Wide Modelling (PW®fauet al., 2007) methodology has been
carried out in order to describe technologies iictvimot only the water phase is considered but
also the gas phase in contact with it and the feaemong them and to incorporate heat balances

that allow a better estimation of process tempegaand a proper use and recovery of the heat.

2. EXTENDED PLANT-WIDE MODELLING METHODOLOGY (E-PWM)
Plant-Wide Modelling (PWM) methodology (Gratal., 2007) was proposed for the systematic
construction of compatible unit-process modelsiescribing the dynamic behaviour of the water
and sludge lines in an integrated way. This metlogyois based on selecting the set of process
transformations required to model all unit-procelesnents incorporated into each specific WWTP.
For the unification and standardisation of thisadtiochemical, chemical and physico-chemical
transformations, the incorporation of activatiohibition terms in the kinetics must be accurate, in
order to reproduce the appropriate bacterial dagtiunder aerobic, anoxic and anaerobic conditions.
Additionally, this unification permits the defiroth of a unique component vector for the whole

plant, without the need to develop specific trarmsfers to interface the unit-process models,



121 making it a flexible methodology for both the déimn of new reactions or processes and defining
122 new units. The accurate definition of the stoichébm ensures the elemental mass (in terms of C,
123 N, O, H, P or other additional elements) and chaag#inuity in all the transformations. In order to
124  achieve this, some components must act as sourkéesms (or mass “compensation terms”) for
125  the correct adjustment of the C, N, O, H, P andgshfalances (Reicheattal., 2001; de Graciat

126  al., 2006). More details of this methodology can dend in Gratet al. (2007).

127

128 In this paper an update of PWM called ExtendedtRldide Modelling methodology (E-PWM) is
129  proposed. This update is focused on facilitatirggrttodelling of heat transfer phenomena in multi-
130  phase biochemical reactors. For this purpose, #thedology has been based mainly on two

131 aspects: (1) the multi-phase structure of the nmastieal model and (2) the incorporation of

132 generic heat transfer models based on the autog®tialation of the enthalpy change of reaction
133 associated with all transformations of the system.

134

135  2.1.Multi-phase model construction in the Extended Plant-Wide Modiing methodology

136  The description of ASM models (Henetal., 2000) is based on the Gujer matrix notation that

137 presents the process kinetics and stoichiometaysimgle product of matriceB-p). These models
138 only considered the water phase reactions, butrirent technologies different aqueous, gaseous or
139  solid phases can be considered in a single undgssomultiplying the equations required to models
140  definition. With the purpose to develop flexibledagasily understood models, the E-PWM

141 methodology proposes a general procedure for mphlise model construction in which mass

142 balances are constructed systematically considasngany type of phases (gas, liquid, solid) and
143 number (1 liquid + 1 gas, 1 liquid + 2 gas phas&s) as required in each case study. The firpt ste
144  of the procedure consists on the selection of Has@s and transformations to model the WWTP

145 under study. Each phase (aqueous, gaseous ora®lkioh independent system with its
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corresponding mass vector (M) will be considereccakdingly, each phase will have an
independent matrixi(p) to define the transformations that take placthénphase (such as, for
example, bacterial growth, or chemical equilibgagations in the aqueous phase) and another set of
matrices E-p) to define the transformations between differdwiges (such as
evaporation/condensation, stripping/absorptiongipi&tion/dissolution or deposition/sublimation).
Thus, the model will be constructed using as maairioes as phases and interactions between
phases. This modular construction can be visualizetieans of the generic example depicted in
Figure 1. And the second step consists on theitlefirof the mass balances of the unit processes.
The definition of the set of matrices allows a eysatic mass balance description based on the

structure shown in equation 1.

No. adj. phase

dM\ _t1_ T _ _
(?> =Ej; Py T Z Eij Pi +Z Mppace -Z Mpase 1)
: 1 n

out

1, 2 ... No. phases (number of phases)
1

[ 2.
j =1, 2... No. adj. phase (number of adjacent phasebase i)

Thus, the mass balance in each phase will be cmtstr as follows: the matriﬁ(i-ﬁi ,) with the
transformations that take place in the phase,thiignatrix with the transformations between

different phaseﬁ,j ;Sij), plus the mass inputs and outputs of the system.

This way of distinguishing the different phases apgdlying mass balances in each one, enables the
modeller to construct systematically mathematicatiais as complex as required, considering
different aqueous, gaseous or solid phases ingéesimit-process. For example, in the case of
layered models for settlers or biofilm systems hick biological reactions need to be included,
each layer is considered to be an aqueous phaseasultransfers among them due to diffusion,
convection or gravity effects are described by rsea#ra stoichiometric matrix and kinetic vector.

To understand better this methodology, an exanspt@own in section 3.
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2.2. New methodology for temperature prediction ba=d on formation enthalpies

As previously mentioned, the PWM methodology isdolasn the components characterization in
their elemental mass and charge density. Thistgualessential to avoid redundancies in
component definition and to guarantee elementakraad charge continuity throughout the whole
plant. This detailed components characterizatiaise the one that enables the estimation of
formation enthalpies for each model component aakla® possible a systematic calculation of the
heat released or absorbed by each transformatiamagteeing heat energy continuity at any point
in the plant. Thus, the specific enthalpy changeeattion Ah® in kJ Gioich, unii’) due to

biochemical, physico-chemical or chemical transiations can be defined as the difference
between the enthalpy of formation of the produats the enthalpy of formation of the reactants

(applying Hess’s law).

Ahor: z A products Ahof (products) ~ z V reactants Ahof (reactants) (2)
To calculate the net enthalpy change of reactidtf(in KJ d*) instead, multiplying this specific
enthalpy change of reaction by its correspondimgtic and stoichiometry is sufficient:

Al_lor: Z v products P Ahof (products) ~ Z V reactants P Ahof (reactants) (3)

Therefore, the net enthalpy change (see Equaticarbpe expressed as a function of the well-
known Gujer transformation matrices (Equation 4ngext al, 2000) and the enthalpy of formation

vector Ah°).

x=E p (4)
AR, = (Bh°)" % 5)
where,

10
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Ahf] Vi1 Vi ... Vlj ... Vik pl
Ath Vo1 Vo ..o V2j ... Vi P,

Ath: Ahf_l ’ Vit Vi2 .o Vijoo.ee Vi ' [3: Pl )
\Ahfk/ \Vm Vn2 ooe Vpj - vnk/ \Pn/

This close relationship maintaining mass and hedainces makes it a systematic methodology that

esli
I

can be easily integrated into the numerical satutibany existing mathematical model. The only
requisite is the definition of the enthalpies afnfiation of the compounds present in these
transformations. For this paper a set of transftiona have been selected from the E-PWM library
which gather all the components and transformaiédots to describe aerobic, anoxic and anaerobic
COD biodegradation; nitrogen removal in two stép®{—NO, —N,); anaerobic ammonia
oxidation (Anammox process); aerobic or anaerdbidge digestion; as well as, sludge
pretreatments. Enthalpies of formation neededhferdefinition of these transformations are

summarized in Table 1 and Table 2.

Most of these enthalpies of formation of of inorigacompounds, gaseous components and some
organic compounds have been found in chemical laoidband in specialized databases. To
estimate the rest of enthalpies of formation bytiast, different methods and approaches have been
used, such as the molecular group contributionagar (Constantinou and Gani, 1994; Hukkerikar

et al., 2013) or the strengths of bonds approach (Nedsah, 2005).

3. IMPLEMENTATION OF THE E-PWM METHODOLOGY IN AN AERAT ED
COMPLETELY STIRRED CLOSED TANK REACTOR
One illustrative example of the usefulness of trespnted E-PWM methodology can be shown in
aerated biological closed reactors. In these, ar@eps phase coexists with two gaseous phases; one
corresponds to the total volume occupied by thélmshsubmerged in the mixed liquor (gas hold-

up) and the other one to the volume of the gasimact with the free surface of the mixed liquor

11
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228

(off-gas). The distinction of these volumes repnés@n interesting advantage over other simpler
models, both for the oxygen transfer estimatiorfpashe correct prediction of the temperature in

each phase.

3.1. Mass balance for an aerated biological closedactor

For the analysis of three phases, three mass les@mne necessary, as shown in equations 6, 7, and

8.

(d Z{ W> :E\Tv,w Puw.w +EvTv,g1 Pyel T Ezv,gz Py T My iy — My out (6)
(d ig) :E; w Py T My) g1 — Mg out @)
(d Zg2> :E;,W Poow ™ Mg i — Mgzg1 (8)

For this specific case, the assumptions listedvbélave been made: (1) perfect and continuous
mixing is assumed; (2) reactions in the gaseousgshhave not been considered, only the agueous
phase reactions; (3) the transition from the fisteous phase (gas hold-up) to the second gaseous

phase (off-gas) has been defined as a mass traastenot as reaction. Thus, the first term of the
aqueous mass balanc"E?\Tx(W 5W,W) gathers all transformations that can take pladais phase
(such as biochemical reactions or chemical eqialiamong others) and the remaining
transformations correspond to liquid-gas trans@ﬁf;sﬁu) such as evaporation/condensation or

stripping/absorption reactions (see Figure 2).

3.2. Heat balance for an aerated biological closedactor

The completely mixing assumption commonly used ast@water treatment plant process
modelling, permits thermal uniformity in the reagtavoiding temperature gradients. Thus, based
on the energy conservation principle, the genaraldimensional dynamic heat transfer model

12



229

230

231

232

233

234

235

236

237

238

239

240

241

includes biochemical, chemical or physico-chemiedt transfers (.9, conduction and
convection fluxes (donaicony), heat energy fluxes transmitted by the actugtaks.) and short-
wave (solar) and long-wave (atmospheric) radiat{®fig_rad, Hatm_rad), @S can be shown in

equation 9.

d Hy Z Z Z Z Z Z Z
( ) N Htrans HCond/Conv HAct Hsol rad + Hatm rad + Hm + Hout (9)
phase

The formulation for the time-derivative of enthalgiate-variables has also followed the multi-

phase principle proposed. Thus, equation 9 is fibam&d into the following equations:

(di >__(AhfW) ( W,W pww) (AhfW) ( w,gl ngl) (Ahfgl) ( glwpglw)

_(Ahfw) ( w,g2 ngz) (Ahng) ( 22,w P 2w) +HW gl +ng2 +HW in Hw,out (10)

- thsl - ths2 - ch,out + Hm,in - Hatm,rad,w + Hsol,rad,w

H m B m B m B
tgl) = Z(Hgl,g2) + Z(Hgl,w) - Z (Hg,out) + thsl - ch,out - Hatm,rad,g+ Hsol,rad,g (11)
i=1 i=1 i=1

(52)- Z(Hgm>+ Z(ng B Z(nggmphsz 2

These expressions in Figure 3 have been schenhatieptesented and the definition of each term

in Table 3. Thus, the first term of the water Hwancé(ﬂfw)T (E;W 5W’W)> refers to the heat
associated to the transformations that take platee aqueous phase, namely, it encompasses the
heat of all transformations that occur in this ghakhe second terrfl(Ahfw) ( w.gl Py, g1)>

provides the stoichiometric enthalpies of formatifithe components present in the aqueous phase,
and the third terré (Efgl)T (E;,w 5g1,w)> the stoichiometric enthalpies of formation of the

components present in the first gaseous phaseyisgpthe first law of thermodynamics, the sum

13
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of both terms refers to the water-gas/gas-watevextve transferences, namely, the heat
transferred due to the stripping/absorption angbesation/condensation transferences. In such a
transfer, besides heat production or consumptiomrahalpy associated to the matter is transferred
between the phases, producing an increase in theeatof the target phase, though not of the
specific heat. In the model these terms have be&natl as enthalpy inputs and outputs due to

transformations, as can be seen in Table 3.

By way of simplification, for the agueous flow heastimation, only water enthalpy has been
considered, ignoring the enthalpy of dissolved coumgls that make up the aqueous phase. In the
modelling of convective phenomenon, natural coneadteat transfer on the phase surface
depends on the contact surface, the temperatdezadite between the phases and also on the
thermophysical properties of the phases involved {Eable 3). One of the most noticeable
differences to be considered in open tank modeingecisely this term. In closed tank modelling,
natural convection is considered, whereas in opek modelling with forced convection, this term
can be highly influenced by wind velocity and temgtere differences between the phases and the

atmosphere.

4. VALIDATION OF THE METHODOLOGY FOR ESTIMATING
TRANSFORMATION HEAT ( AH,°)

First validation of the proposed methodology hasnbfcused on comparing the theoretical model-
based heat values obtained with the E-PWM withrathedies. Table 4 shows a comparison
between the transformation heat values calculatddtive proposed methodology and a set of
values presented in bibliography, previously estéddoth experimentally (E) or theoretically (T).
In order to validate the methodology as rigorowsypossible, some model reactions had to be
modified (for example, some bibliographic reactioies’t consider the biomass growth) to make
more validation cases available.

14



268
269 Itis interesting to note that the deviations wdtimost all reactions have been as low as 5%, Wwéh t
270  exception of the enthalpy change of reaction eséththeoretically for the conversion of acetic

271 acid to methane (reaction 7), where the discrepanuiay be due to differences in the enthalpies of
272 formation used for the products and/or reactartsrdfore, these comparative results confirm that
273 the enthalpy change of reaction estimated by thertebed Plant-Wide modelling methodology is in
274  accordance with the values traditionally estimdtetth theoretically and experimentally.

275

276  Despite numerous experimental studies publishedetis no consensus on the determination of the
277  specific heat yields (see Table 4), although itlheen estimated an approximate range of 12—-18 kJ
278 gCOD" removed. These discrepancies can be attributdtbtbeterogeneity in the samples’

279  composition due to the diversity in the organic poments present (Coonelyal., 1968). It is also

280 important to note that, although the enthalpy geaof reaction values proposed in literature are
281  attributed to the oxidation of organic materiatiede experimental estimations implicitly include

282  other smaller transformation heats like, for exampiose associated with hydrolysis or,CO

283  stripping. In order to show the additional inforinatoffered by the proposed E-PWM

284  methodology, Table 5 first row presents the thecaespecific heat yields for the seven

285  carbonaceous substrates included in the model whady, showing the small differences

286  associated with substrate composition, but withenrange proposed in literature. Additionally, the
287  second row illustrates the expected changes ithémetical heats when substrate oxidation and
288  CO; stripping transformations are both consideredhédalculations, demonstrating the relevance
289  of taking into account all the simultaneous transi@tions. This fact can explain some of the

290 discrepancies found in the experimental resultsguted in the literature.

291

292 Once the appropriate calculation of the specifitlygelds has been validated, the applicability of
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the proposed E-PWM methodology for the dynamic &tn of heat fluxes and temperature
prediction has been analysed. For this, two ilaiste examples have been constructed and

implemented in the WEST simulation platform (wwwkeetbydhi.com), for its subsequent analysis.

4.1. Example I: Analysis of dynamic heat exchanges a WWTP biological reactor

This first case study shows the usefulness of tR\BVl methodology for a detailed prediction of
the dynamic evolution of the heat exchanges gee@iatthe biological reactors of WWTPs. The
simulation example corresponds to the water lingfn@BSM2 layout (Jeppssehal., 2007),
maintaining its physical attributes and using t66-8ay dynamic influent data file. The data of
atmospheric temperature, solar radiation and weidoity have been extracted from the Spanish

National Meteorological Agency (http://www.aeme}.esrresponding to measurements made in

northern Spain in 2012. Regarding the influent wegmperature, the profile has been estimated
from atmospheric data and previous year’s tendennithat area (every day of the year, the input

water temperature is higher than the temperatutieeohtmosphere).

Figure 4a shows the predicted contribution of tlwsisignificant heat fluxes in the overall balance.
The mild temperatures and abundant rainfall thatatterized the oceanic climate means that the
solar radiation flux4H radiation) and the conduction and convectiondiidH cond/conv) do not
have the significance that can be expected in atte=s. Although surprised that the term of heat
transfer due to aeration hasn't appeared in thedida, this term in th&H cond/conv term has

been included along with the transfer between thsphere and the water phase. The aeration
provide heat to the system but this heat is otfgdbsses due to contact between the atmosphere
and the water.

Figure 4b shows a detailed description of the rhaiat fluxes within the reactors, differentiating

between the heat supplied by the biological tramsédions and the heat consumed by evaporation
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and stripping. Simulations results clearly show libesmost significant heat fluxes are due to COD
removal (denitrification in anoxic reactors andemetrophic growth in aerobic reactors) and

nitrification reactions. To a lesser extent, bgbaielevant is the stripping of G@nd evaporation.

Simulation results (not presented) have shownttieéexpected overall increase in the water
temperature from influent to effluent ranges betw@e and 1.5 degrees depending on the
radiation term, coinciding with the ranges previgymiblished by la Cour Jansenal. (1992) and
Makinia et al (2005). The proposed E-PWM methodology facilitetetetailed description of the
contribution of different transformations in theabh@ows and temperature variations. For example,
at this particular case-study, simulation resutssthat the nitrification and heterotrophic growth
reactions increase the tank temperature 0.6-0.8&dsgvhile denitrification only by 0.23 degrees.
Evaporation and stripping reactions are widelyueficed by atmospheric temperature, and
decrease the temperature by 0.05-0.2 degrees.pestexi, the effect of transformation heats in
process temperature is not very relevant in conweal activated sludge reactors. However, it can
be very significant in other processes that exlhilgiher biological activity and lower heat trangpor

with the environment like, for example, the Autathal Thermophilic Aerobic Digesters (ATAD).

4.2. Example II: Analysis of the heat exchanges gerated in an ATAD reactor

The ATAD digesters exhibit a high organic matteidaxion, being able to maintain thermophilic
conditions without the external addition of heato@pt recirculations/mixing energy). To analyse
the predictive capacity of the methodology appt@dn ATAD reactor, the first step has been the
comparison between the simulation results andxperenental data obtained in the full scale
ATAD at the Tudela WWTP (de Garaghal., 2009; Gomezt al., 2007). This ATAD digester is a
completely stirred tank reactor with a total effeetvolume of 350 rh In the analysed 14-day

period, the digester operated at 10 days hydraetention time with discontinuous charges and
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343  discharges of the reactor every 24h. A period aiifupt changes in the organic loading rate (OLR)
344  was selected for the validation of the thermal nhodeer both oxygen limiting and substrate

345  limiting conditions. To achieve these two condiipthe aeration flow rate of 9,200 o'

346  remained constant, gradually increasing the OLIR {&ble 6). A detailed description of the

347  stoichiometric, kinetic and physico-chemical parterecan be found in de Graetaal. (2009).

348

349  The dynamic results obtained in the simulationsta@wvn in Figure 5a, where the experimental and
350 simulated agueous phase temperatures obtained setacted period are compared, obtaining a
351  proper fit both in terms of substrate limiting cdiahs (days 0 to 9) and oxygen limiting conditions
352 (days 9 to 14). The evolution of temperature ing®ty limiting conditions makes possible the

353 calibration of the oxygen transfer coefficientdk whereas temperature data under substrate

354 limiting conditions supplies the information reqdrfor calibrating the heat flux associated with
355  aeration.

356

357 By analysing the thermal flux of the system (Figbg, it can be seen that biological processes
358  (AHr water) are the most important heat flux contidios, representing 60-70% of the heat in the
359  process. The contour of this flux area shows tlwdugion of organic matter oxidation, clearly

360 differentiating substrate limiting and oxygen limg areas. The heat dissipated due to the liquid
361 and gas phase transformationsi( water-gas) is the second most important heat fiepresenting
362 15-30% of the heat in the process. Of this pergenti0% corresponds to ¢6&tripping, and the

363 remaining 90% to the heat lost by evaporationhis éxample, atmospheric and solar radiation
364 have not been graphed since they were negligibtgpeced to other terms.

365

366  The proposed E-PWM methodology also makes possitlktailed dynamic analysis of the

367 different terms in heat generation and transpoda fasction of the influent load or operational
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strategies. Next examples briefly show the efféstemtilation and the substrate fed in the ATAD

temperature.

4.2.1. Model-based exploration of the effect of aftow in an ATAD digester

Aeration is a key factor in aerobic digestion frtdra point of view of biological reaction and heat
balance. If the process is working with oxygen @ariations under the stoichiometric value
(oxygen limiting conditions), the oxygen transfallwark the substrate consumption rate of the
system and therefore the sludge heating (Messehgkr 1990). Thus, the digester temperature can
be controlled with the air flow, until the substrés exhausted or the stoichiometric oxygen vadue i
reached. Conversely, if the system is working witligen concentrations over the stoichiometric
(substrate limiting conditions), the heating degsledepend on the amount of substrate fed. In
contrast to oxygen limiting conditions, an excelaaration can cause digester cooling due to the

temperature gradient of the bubbles and the lighake.

The model's ability to identify these ventilatidifieets is essential for an appropriate selection of
the operational conditions. Still, it is importaatmention that for a correct prediction of the thafa
reaction, it is necessary to estimate experimsntiadl respiration quotient, especially important
when the system is working under substrate limitiogditions. Figure 6 shows an exploration of
the expected reactor temperature of the Tudela ATaBhe same OLR of 4.0 Kg CODd™*

under different aeration flows. It can be cleatbhgerved how excess air can cause a cooling of the
aqueous phase, decreasing the temperature to \aitesed with oxygen limiting conditions, with
the disadvantage of having higher costs. Modeldbageloration can facilitate the selection of the
most appropriate aeration flow. The proposed E-Pivé&ihodology is already prepared for dealing

with different gas phases, making possible the kitimn of pure oxygen supply.
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4.2.2. Model-based exploration of the effect of infent characterization in an ATAD digester
Different studies (Heijnen, 1999; Heidriehal., 2011; Hillet al., 2012) have shown that oxidation
heat is closely related to the composition of #df In this section, the effect of a change in the
composition of the sludge fed in the liquid phaas heen explored by simulation, using the E-
PWM methodology. Table 7 shows the three infludnatracterisations used for the model-based

exploration.

Figure 7a shows the predicted evolution of protesgperature for the three load characterisations.
The rise in the concentration of carbohydratedéd$o an increase in liquid temperature of 0.4 °C
for this specific OLR (a decrease of 0.4 °C for @cterisation 2). This temperature variation
would have been greater using a higher OLR or gnengps such as maize grains, artichoke or

wheat, among others.

The enthalpy change of reaction of each charaeteisis plotted in Figure 7b showing the
capacity of E-PWM methodology for exploring theeeff of influent characterisation in
temperature. As expected the greatest heat armedttor the influent rich in carbohydrates. It is
interesting to note that the global transformatibeat and, consequently the specific heat yield, is

varying in time, depending on the evolution of gtdite fractioning within the reactor.

5. CONCLUSIONS
The paper presents a new methodology, based amelh&enown Hess’s law, for the rigorous and
systematic calculation of heat balances in biochahmeactors. Starting from a complete
description of model components stoichiometry amtiapies of formation, the proposed
modelling methodology, called Extended Plant-Widedelling (E-PWM), has integrated

successfully the simultaneous calculation of bbeéhdonventional mass balances and the heat
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balances in an expandable multi-phase matrix strecwhich facilitates a detailed prediction of the
main heat fluxes in the biochemical reactors. With@anting to focus on the mere calculation of
heat exchanges in a single reactor, the heat Itz been also integrated into the CEIT Plant-
Wide Modelling methodology (Graet al, 2007) in order to conduct a comprehensive anabfsis

entire WWTPs.

The transformation heats and specific heat yiestisnated with the proposed methodology have
been successfully contrasted with other experinh@nténeoretical studies previously presented in
the literature. Additionally, the E-PWM offers vezgmprehensive information about the different
heat fluxes associated with each particular readidransport, facilitating, for example, an
exhaustive analysis of the effect of operationaiditions or influent fractioning in temperature
evolution. Finally, it is interesting to remark thihe proposed heat transfer modelling methodology
can be easily incorporated to the existing WWTRwifators that are based on a detailed
description of model components and transformatides for example, those based on the PWM

methodology.
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Table 1 - Gas phase formation enthalpies

Formula

Description

Reference

Gh2
Gea
Gnh3
Gn2
Goz

GH2O

Carbon dioxide
Hydrogen
Methane
Ammonia
Nitrogen
Oxygen

Water steam

-241.81

-32.79kJ gc-
0.00 kJ geop™
-1.17kJ geop™*
-3.28 ki gyt
0.00 kJ gy*
0.00 kJ go,™*
-13.43 kJ gi0™”

Perry & Green (1999)
Perry & Green (1999)
Perry & Green (1999)
Perry & Green (1999)
Perry & Green (1999)
Perry & Green (1999)
Perry & Green (1999)




Table 2 - Water phase formation enthalpies

© 00 N O OB W N -

Name

Formula
H,0

0,

H+

OH’
(HPO,)™

~ (H,POL)

(NH,)*
NH;

CcO,
(HCOs)
CsH1205
C4Hg1012N
C160,H3;
CsH100,
CsHyO2

C4HgO,
C,H;05
C3HgO,
C3Hs0,
C2H402
C,Hz0,

(NOy)
C7H9.102.65NP0.05
C7H9.102.65NP0.05
C13.7H2403.8N0.5P0.035
CsHgsO2NP 1
C6H9.9505P0.05
(C4HG.1OLZN)X
C51H97.906P0.1
CSHG.QOZNPO.I
CsHgsO2NP 1
C5HG.902NP0.1
CSHG.QOZNPO.l
C5H6.QOZNP0.1
CsHggO2NPq
CSHG.QOZNPO.l
C5HG.902NP0.1
C5H6.902NP0.1
CsHssO:NP
CsHgg02NPq 1
C7H9.102.65NP0.05
C7HQ.102.55NP0.05

Description

Water steam
Dissolved Oxygen
Protons

Hydroxide ions
Hydroxy phosphate
Dihydroxy
Ammonium
Ammonia
Dis.Carbon dioxide
Bicarbonate
Monosaccharides
Amino acids
LCFAs

Valeric acid

Valerate

Butyric acid
Butyrate
Propionic acid
Propionate

Acetic acid
Acetate
Hydrogen

Dis. Methane
Dis. Nitrogen
Nitrites

Nitrous acid
Nitrates

Soluble Inerts
Lysis sol. Product
Composites
Decay complex
Carbohydrates
Proteins

Lipids
Heterotrophic bac.
Nitrosomona bac.
Nitrobacter bac.
Sugar degrader bac.
Amino-acid

LCFA degrader bac.

Val/but degrader
Propionate degrader
Acetate degrader
Hydrogen degrader
Anammox bac.
Particulate inert
Lysis particulate

-285.84
0.00
0.00

-230.00

-1298.70
-1302.48
-132.50
-80.29
-412.90
-691.10
-1268.20

-306.10

-848.40

-558.90

-501.07-

-533.92
-519.20
-510.80
-507.79
-483.52
-482.09
0.00
-82.97
0.00
-104.60
-116.00
-206.57
-495.00
-495.00
-555.90
-414.02
-979.00
-284.10
-2474.17
-414.02
-414.02
-414.02
-414.02
-414.02
-414.02
-414.02
-414.02
-414.02
-414.02
-414.02
-718.41
-718.41

0 <t wa
-15.88 kJ Qrz0
0.00 kJ go*
0.00 kJ gy
-230.00 kJ g*
-41.89 kJ gpt
-42.01 kJ gp™*
-9.46 k) gyt
-5.73 kd gyt
-34.41 ki gc*
-57.59 ki gc*
-6.61 kJ gcop ™
-2.29 kJ geop*
-1.15 kJ gcop*
-2.69 kJ gcop™®
-2.4128 KJ gcop’

-3.34 KJ geop
-3.25 kJ gcop
-4.56 kJ gcop ™
-4.53 k gcop™”
-7.56 kJ gCOD-l
-7.53 kJ gcop*
0.00 kJ geop™
-1.30 kJ gcop®
0.00 kJ gyt
747 kI gyt
-8.29 ki gy!
-14.76 ki gyt
-1.34 kJ g(:OD-l
-1.34 kJ gcop
-1.94 kJ gcop®
-2.54 kJ gcop ™
-5.06 kJ gcop™®
-2.13 kJ geop*
-1.06 kJ geop ™
-2.537 kJ geop™*
-2.537 kJ geop™
-2.537 kJ geop ™
-2.537 ki geop ™
-2.537 kJ geop™
-2.537 kJ geop™
-2.537 kJ geop™
-2.537 kJ geop ™
-2.537 kJ geop ™t
-2.537 kJ geop ™
-2.537 kJ goop™
-3.11 kJ gcop™®
-3.11 kJ gCOD-l

Reference

Perry & Green (1999)
Perry & Green (1999)
Brown et al. (1993)
Brown et al. (1993)
Chang (1999)

Chang (1999)

Brown et al. (1993)
Brown et al. (1993)
Chang (1999)

Chang (1999)

Reger et al. (2010)
NIST

Lebedeva (1964)
Adriaanse et al. (1965)
Constantinou-et-al. «
£994)Hukkerikar gt al., 2013
Lebedeva (1964)
Everett et al. (1939)
Lebedeva (1964)
Everett et al. (1939)
Steele et al. (1997)
Everett et al. (1939)
Perry & Green (1999)
NIST

Perry & Green (1999)
Masterton & Hurley (2003)
Guillaumont et al. (2003)
Chang (1999)

Need estimation

Need estimation

Need estimation
Prochazka et al. (1973)
Brown (2011)

Nelson et al., (2005)
Freedman et al. (1989)
Prochazka et al. (1973)
Prochazka et al. (1973)
Prochazka et al. (1973)
Prochazka et al. (1973)
Prochazka et al. (1973)
Prochazka et al. (1973)
Prochazka et al. (1973)
Prochazka et al. (1973)
Prochazka et al. (1973)
Prochazka et al. (1973)
Prochazka et al. (1973)
Need estimation

Need estimation
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Table 3 - Variables, parameters and expressions used in the energy balance of a C-CSTR

Input / Output due to Transformations

Input

Output

Conduction / Convection

Radiation

Actuator

Hw,in

g,in

Hw,out

jas]

gin

ths]

ths2
ch,out
ch,out
Hatm,rad, g
Hatm,rad,w
Hsol,rad, g

Hsol,rad,w

Hm,in

Description

Enthalpy lost/gained by the 1* gaseous
phase due to transformation (from/to
the 2™ gaseous phase)

Enthalpy lost/gained by the 1¥ gaseous
phase due to transformation (from/to
the aqueous phase)

Enthalpy lost/gained by the 2™ gaseous
phase due to transformation (from/to
the 1** gaseous phase)

Enthalpy lost/gained by the 2™ gaseous
phase due to transformation (from/to
the aqueous phase)

Enthalpy lost/gained by the
phase due to transformation
the 1** gaseous phase)

aqueous
(from/to

Enthalpy lost/gained by the
phase due to transformation
the 2™ gaseous phase)

aqueous
(from/to

Enthalpy associated with the aqueous
influent

Enthalpy associated with the gaseous
influent

Enthalpy associated with the aqueous
effluent

Enthalpy associated with the gaseous
effluent

Enthalpy flow transfer between the
water and the 1% gaseous phase

Enthalpy flow transfer between the
water and the 2™ gaseous phase

Enthalpy lost/gained through walls and
pipes by conduction (gaseous phase)

Enthalpy lost/gained through walls and
pipes by conduction (aqueous phase)

Longwave atmospheric radiation flux
(gaseous phase)

Longwave atmospheric radiation flux
(aqueous phase)

Shortwave solar radiation flux (gaseous
phase)

Shortwave solar radiation flux (aqueous
phase)

Enthalpy transmitted from the actuators
(mechanical)

Equations
(&

gl,gz‘_’gl,gZ)i [(Cpgl)i (Ta-(Terser),) +(g1ser) |

(Bersbar), (o), (Ter-(Tersed),) + (et )

G
G
©

W,glpw,gl

©

w,g2 p w,g2

2e1Pg2 g1 )i [(Cng)i (T (Teower),) +Hngorer) |

exba), [(Crp), (Ter(Tezser) ) + (e

)HZO [pr,HZO (TW_TW,ref,HZO)+hw,ref,H20]

)HZO [pr,HZO (TW_TW,ref,HZO)+hw,ref,H20]

[pr,HZO (Tw,in'Tw,ref,HZO)Jrhw,ref,HZO] (mw,in)Hzo
[(Cng)i (TgZ,in'(TgZ,ref)i) Jr(th,ref)i] (rhg,in)i
[pr,HZO (Tw'Tw,ref,HZO)+hw,ref,HZO] (mw,out)Hzo

[(Cpgl)i (Tgl'(Tgl,ref)i) +(hg1,ref)i] (mg,out)i

aphs,gl ( Gr

Pr )Mpse! (l_(gl )_(;1) (Tw‘Tgl)Atank

where,

)

G g Bphs (Tw'Tmed)63
e e —

_ T \?
(Umed Xmed)

Pr=

(Fieg Xinea) (CPineg Xinea)

aphs,gZ( Gr

(Emed Xzﬁ:d)
N — =T
Pr )phse2 (kg2 ng) (TW-ng)Abubbles

kwls (Tw'Ta

S
tm) AW

kwls (Tgl 'Talm)Ag

kSB Ag [galm (Tgl *)4'( 1 'kalm)ﬁair('ratm*)é‘]

Orad ksol,rad

Orad ksol,rad

P (l-nm)

x4 24
kSB AW [SH[IH(TW ) '(l_xatm)Bair(Tatm ) ]
Ag

Ay



Table 4 — Comparison of transformation heat estimated in modelling with experimental and theoretical literature
data

Reaction

Substrate (aq.) + x0,(g) — yH,0(1) + zCO,(g)+Biomass

CgH;,04(aq.)+30,(g) —3H,0(1) +3CO,(g)+Biomass
NH; (aq.)+1.5 O, (g) — 2H(aq.) + NO; (aq.)+H,O0 (1)
NO; (aq.)+0.5 O, (g) — NO; (aq.)

NH; (aq.)+NOj (ag.) — N, (g)+ 2H,0 ()
CgH,0¢(aq.)— 2.85CH,(g) + 2.85C0O,(g)
CH;COOH(aq.)— CHy(aq.) + CO,(aq.)
CH;COOH(aq.)— CHy(g) + CO5(aq.)
CH3COOH(aq.)— CHy(g) + CO,(g)

HAC digestion (aq.) (methanogenesis)

HPRO digestion (aq.) (acetogenesis & methanogenesis)

HBU digestion (aq.) (acetogenesis & methanogenesis)

HVA digestion (aq.) (acetogenesis & methanogenesis)

Ah°,

Model

13.62 — 14.62
kJ/gCOD rem,

-893.1 kJ/mol

SSU rem

-258.0 kJ/mol y
-102.0 kJ/mol

-334,6 kJ/mol

~132.8 kJ/mol

SSU rem.
-12.4 kJ/mol

SHAC rem.

-4.8 kJ/mol

SHAC rem.

15.2 kJ/mol

SHAC rem.

-9.8 kJ/mol

SHAC rem.

0.6 kJ/mol

SHPRO rem.

6.8 kJ/mol SHBU

rem.

16.9 kJ/mol

SHVA rem.

Theoretical ¥ and Experimental Data

Literature

12.28 — 16.46
kJ/gCOD 1, ®
13.32-15.12
kJ/gCOD e

14.30 kJ/gCOD
(E)

13.5 kJ/gCOD
rem. (E)

12.50 — 16.66
kJ/gCOD o ®
13.6 kI/gCOD
rem. (E)
12.1-13.7
kJ/gCOD o ®
12.8 kJ/gCOD
rem. (E)

15.68 kJ/gCOD
rem. (E)

12.4 kJ/gCOD
rem. (E)

13.9 kJ/gCOD
(E)

17.8 kJ/gCOD
rem. (E)

-890.0 kJ/mol

(T)
SSU rem.
259.0 ki/mol
T
-99.4 kJ/mol x
rem. (T)
-333.0 ki/mol

rem.

-131.0 kJ/mol
(T)
SSU rem.

-15.3 kJ/mol
(T)

SHAC rem.

Ah°, <0 @

Ah®, >0 @

Ah®,. <0 @

Ah°.>0
Ah® ;1 >Ah°
(T)

Ah°.> 0
Ah®, 1, >Ah° ;)
(T)

Ah°,>0 @
Ah® ;3>Ah%
(T)

Reference

Cooney et al.,
1968

Andrews and
Kambhu, 1969
McCarty,
1972

Zanoni and
Mueller, 1982
Jewell, 1982

Heinritz et al.,
1990
Messenger et
al., 1992

Pitt et al.,
1995

Riley and
Forster, 2002
Shizas and
Bagley, 2004
Gomez et al.,
2007
Heidrich et
al., 2011
Gallertet al.,
2005
Daverio et al.,
2003
Daverio et al.,
2003
Buttiglieri et
al., 2010
Gallertet al.,
2005
Ohetal.,
2007
Ohetal.,
2007
Ohetal,
2007
Ohetal.,
2010
Ohetal.,
2010

Ohetal.,
2010

Ohetal.,
2010

(E)



Table 5 — Specific heat yields (or energy content) estimated for the different substrates used in the model

SSU SAA SFA SHVA SHBU SHPRO SHAC
Oxidation heats (kJ/gCOD enm) -15.23 -14.38 -14.64 -14.11 -14.13 -1416 -14.28
Oxidation + CO, stripping heats (kJ/gCOD ) -14.62 -13.80 -13.62 -13.64 -13.65 -13.64 -13.67



Table 6 — Evolution of the organic loading rate (OLR) applied to the ATAD reactor

Time (d) 02 12 22 32 40 50 60 70 80 90 100 11.0 120 13.0
O] Y(CRelelnl/ik) 2.95 3.00 303 335 381 351 353 405 000 490 556 524 557 4.42




Table 7 — Characterization of the influent
Fraction of Fraction of Fraction of . .
J . Fraction of inert
lipids proteins carbohydrates
Baseline Characterisation 19% 25% 19% 37%
Characterisation 1 15% 20% 28% 37%
Characterisation 2 22% 31% 10% 37%




Figure 1- Schematic representation of the matrix restructuration

Figure 2 - Schematic representation of the mass balance in an aerated biological closed reactor

Figure 3- Schematic representation of the enthal py balancein a C-CSTR

Figure 4 —(a) Total enthalpy produced and consumed in the system with the contribution of each thermal
flux, (b) Transformation heat fluxes

Figure 5 —(a) Experimental and simulation results for the full scale ATAD, (b) Total enthalpy produced
and consumed in the system with the contribution of each thermal flux

Figure 6 —Behaviour of the temperature in afull scale ATAD for constant OLR and variable aeration
flows

Figure 7 —(a) Temperature evolution for different influent characterizations (b) Aqueous transformation
heats (specific heat yield) for different influent characterizations
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New methodology for dynamitH, prediction in biological reactors using
Hess’s law

Methodology implemented in a plant-wide modellingthodology

Simultaneous calculation of the conventional masdarites and the enthalpy
balance

Multi-phase matrix structure to facilitate the prgihn of mass and heat fluxes

Methodology easily integrated into the numericalison of existing models
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