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1. Simplified model

1.1 Introduction

The objective was to build a ssimplified model from the First Principles model elaborated by LGCB on
30 July 2004. It is extracted from the Technical Notes quoted in the section ‘Reference’ and from
direct exchange with the author of the FP model. The simplified model will be used for the
optimisation study of the working conditions of the Liquefying compartment.

1.2 Description of the model

121 Stoechiometry

The global chemical reactions of the process are expressed in the LGCB file *equations_model.doc’ on
16 July 2004. This document is attached in annex 1 and contains the set of equations named ‘[E1]’ to
‘[E16]’ that have been chosen to describe the bio-chemical aspect of the process.

The compounds involved in the process are listed in the following table.

Table 1. Compounds (under their molecular form) involved in the simulated process.

Compound M eaning
Faeces Faeces
Wheat Wheat
Salad Salad
Potato Potato
AA Acetic Acid (CH;COOH)
PA Propionic Acid (C,HsCOOH)
BA Butyric Acid (C;H;COOQOH)
VA Vaeric Acid (C4,Hy,COOH)
CA Caproic Acid (CsH;COOH)
NH3 ammonia
CO2 Carbon dioxide
Solublelnert Soluble inert
Solidlnert Salid inert
MonoSacch Monosaccharide
CGHHOG
AminoA Amino_A or poolAA
CH 1.9800.5122 N0.2693 S).OO635
OMFibre OM_Fibre
BioDead Dead biomass
OMCarb OM_Carb
CH 1.666700.8333
OMProt OM_Proteins
CH 1.5682800.3063N0.2693SJ.00635
OMLip OM_Lipids
CH 200.125
BioSugar Bio_Sugar
BioAA Bio AA
BioLCFA Bio LCFA
BioSugar2 Bio_Sugar2

ESA CONTRACT 15689/01/NL/NDTECHNICAL NOTE 71.81 EWC 10
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1.2.2 Biochemical kinetics

The smulator ‘awc_ms on 30 July 2004 introduces 3 types of biochemica kinetics:
N order reactions,
Monod/Pirt + non-competitive inhibition + pH effect;
Lethality reaction..

1.2.2.1 N order reactions

For aN order reaction, the expression of the chemica kineticsis::
K Jan
r=—xS
“ 49

where [S] is the concentration of the substrate S and a its stoechiometric coefficient .
In agreement with the document ‘equations model.doc’ and the smulator ‘awc_ms’, the N order
reactions are recapitulated in Table 2.

[HE 31 " FAECES%:® 0.00869 [CHONSP] 1100 werre +0.7654 [CHONSP] oy pro
rolyss - -
ydroly +0.1956 [CHONSP] oy +0.7828 Inertsoluble
[g N?] 6 [CHONS]ysonyciies + 1.5 H,0 3:® [CHONP] .,
Carbohydrate
hydrolysis
[E3]  [CHONS] yrs + 0.2057 H,0 :® [CHONP] 1104
OM  proteins
hydrolysis
£/\E/ rfga WHEAT 34® 0.24574166[CHONSP] o, p, + 0.05824135[CHONSF] , .,
hydrolysis + 1.95915864[CHONSP] oy ¢y + 0.04799087[CHONSP] e
+ 0.60395883 Inert solide
[P%t%]t POTATOE %:® 0.3049197[CHONSP] o, po +0.02285434[CHONSP] , |,
oe - -
hydrolysis + 3.53060129CHONSP] o car + 0.08343911[CHONSP]
+ 0.33315195 Inertsolide
[Siklag] SALAD %® 0.74076846[CHONSP] o, e +0.18122404[CHONSF] o, ,,,
hydrolysis + 0.99985678CHONSP] oy car + 0.20033494[CHONSP] 1y
+ 0.46094085 Inert solide
L'ifb{:] [CHONSP] oy e P®  3.9216CHONSP] o cas
hydrolysis
Table 2. List and characteristics of the N order reactions
Reaction k (h™) S n
E1l 0.2 Faeces 1
E2 0.2 OM_Carb 1
E3 0.2 OM_Prot 1
E8 0.2 Wheat 1
E9 0.2 Potatoe 1
E10 0.2 Sdad 1
E16 0.01 OM_Fibre 1

ESA CONTRACT 15689/01/NL/NDTECHNICAL NOTE 71.81 EWC 11
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Considering the general expression of the N order reactions :
aA+bB>gC+dD.
the variation rates (consumption or production rates) of compounds A, B, C and D are bound to ‘r’
according to :
_ 1 dA]_1 dB]_1 dc]_1 dDp]
a¢ dt be¢ dt g¢ dt d¢ dt

where a ¢, bare negative vdues of a,b and g¢dtareequal to g, d
Particularly in reaction [E2], the consumption of OM_Carb is :
M :ad><5><[OM_Carb] " witha¢=-6 , a=6 ad k=02h"
a
1.2.2.2 Monod/Pirt + non-competitive inhibition + pH effect reactions

r

For these reactions, the genera expression of the chemical kinetics ‘1’ (expressed in g/l/h) is:

s] Is] 1
ks1_+[81] ksz"'[sz] 1_,.@

r=m, % >{Biomass]

|
In agreement with the document ‘equations_ model.doc’ and the simulator ‘awc_ms', the Monod/Pirt
reactions are recapitulated in

ESA CONTRACT 15689/01/NL/NDTECHNICAL NOTE 71.81 EWC 12
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Table 3. There is no maintenance term.

[E 3] _ 1.091[CHONSHose+0.1091NH, #4® 0.1091[CHONSPl;, «.ca
acidogenesis -
+0.6667A cetate +1.3333Propionate
+0.6667CO, +0.9939H,0
[ES] 1.0833 [CHOye +0.1NH; 3#4® 0.1[CHONSPy, o +
acidogends -
+C3H7COOH +2CO, + 0.3H,0
[E 6] [CHONS] joqian +0.3482 H,0
acidogenesis
(amino-acids) &
0.0241 [CHONSP];, 4, +0.16373 CH,COOH +0.0612 C,H;COCH
+0.019 C,H,COOH + 0.0177 C,H ,COOH
+0.01734 C.H,,COOH
+0.11816 CO, + 0.2489NH ,
[E_g] ~ 0.95[CHON] ;, +0.05NH +0.68125H ,0 %:® 0.05[CHONSP] ;s
acidogenesis N
ipid9) +0.35CH ;COOH

ESA CONTRACT 15689/01/NL/NDTECHNICAL NOTE 71.81 EWC 13
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Table 3. List and characteristics of the Monod/Pirt reactions

Reaction | Biomass | pw (h™) S S
ks (g/) ks (g/) ki (9/1)
E4 Bio_Sugar 0.4 NH3 10" Mono _Sacch | 10
0.1091
E5 Bio_Sugar2 0.1 NH3 10® | Mono_Sacch | 107
0.1
E6 Bio_AA 0.21 Amino_A 0.01 NH3 0.9
0.0241
E7 Bio LCFA 0.4 NH3 | 10° OM _Lip 10°
0.05

1.2.2.3 Lethality reactions

For these reactions, according to TN74.1 p.11 :

Given the decay reaction :
The biomass decay rateis r

. a
and the OM production is ry,, =—2% X

Biomass

Biomass

a Biomass> a OM
=-Kp ><[Biomass]

where a, and a, aresigned (a, <0 ,a, >0)

According to ‘awc_ms, there are 4 biomasses involved in the process :

[E 11]
Decay biomass

[CH ON SP] Bio_sugar

a®

[CHONSP] g, gea

[E 12]
Decay biomass

[CHONSP g5 2

S0

[CHONSP] Bio_dead

[E 13]
Decay biomass

[CHONSP] Bio_LCFA

a®

[CHONSP] g6, gea

[E 15]
Decay
Biomass

[CH ON SP] Bio_sugar2

B®

[CHONSP] g5 geas

Table 4. List and characteristics of the lethality reactions

Reaction ko (h™) Biomass
E1l 0.01 Bio_Sugar
E12 0.01 Bio AA
E13 0.01 Bio LCFA
El14 non produced
E15 0.01 Bio_Sugar2

ESA CONTRACT 15689/01/NL/NDTECHNICAL NOTE 71.81 EWC
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1.2.3 Acid-Base dissociation

The acid/base dissociation is taken into account for al the concerned compounds : CO2, NH3 and
VFA's.
According to TN 23.1 by LGCB, the acidity constants K, a 55 °C isreminded in Table 5.

Table 5. Acidity constants

Equilibrium Kaat 55 °C
CO, / HCO; 5.2468e-007
HCO; / Coé- 7.0061e-011
NHZ/ NH; 4.0625e-009
AA T AA 1.5919e-005
PA /| PA 1.1718e-005
BA / BA® 1.2358e-005
VA VA 1.5100e-005
CA /CA’ 1.4300e-005

In the conditions of temperature (55 °C) and pH (pH=5.6), the proportion K of ionic form against
molecular oneis:

[IonicForm ] _ K,

" [MolecularF orm] 107"
K isgivenin Table 6.

Table 6. Proportion K of ionic form against molecular one

ionic form molecular form K

HCO, + CO? CO, 0.209
N HZ NH; 618
AA” AA 6.34
PA" PA 4.67
BA" BA 492
VA VA 6.01
CA” CA 5.69

124 Gas-Liquid equilibrium

The numerical value of the partition coefficients, k, are computed from TN 23.1 by LGCB (p.5 & 10)
and gathered in Table 7 for the concerned compounds : NH3, CO2 and VFA'’s.

Table 7. Partition coefficients k;

Compound K;
CO, 3082
NH; 227
AA 910°
PA 310°
BA 910°
VA 310°
CA 210"

The partition coefficient of CO2 is far bigger than the others. So only CO2 is considered in the
gaseous phase, the other compounds (NH3 and VFA'’S) being not present in the gaseous phase.
Measurements on the prototype confirmed that CO2 is the mgjor compound of the gas phase.

ESA CONTRACT 15689/01/NL/NDTECHNICAL NOTE 71.81 EWC 15
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125 Dilution or hydrodynamic behaviour

Given the reactor (of liquid volume V assumed constant) with the filter unit (Figure 1).
Given acompound A whose concentrations at the different places are named :

.‘a’ a reactor input;

.'d at reactor output (and inside the reactor);

‘g inthefiltrate flow;

‘a4’ inthe drain flow (a;=a because the drain is connected directly to the reactor);
.‘a’ inthe flow off the FU coming back to the reactor.

Given the different flow rates:

.'q’ a reactor input;

.‘q a reactor output;

' atfiltrate outlet of the filter unit;

.'qy’ : drainflow rate.
The variation rate (production or consumption rate) of the compound A inside the reactor due to the
biochemical reaction is named ‘ra’. It is function of the kinetics.

I

Reactor

Liquid volume V
Filter Unit

3 =a |0y t
/

Figure 1. Scheme of the reactor and its filter unit

Equations of the system :
Variation of concentration of A in the reactor :

Voa=q xa +(q- g, ), - (q+0,)xa+Vx, (2.1)
The volume is constant b

d =9; tdg4 (22
The mass is balanced instantaneously between inlet and outlets of FU b

axq=a, {q- q;)+a, xq, (23)
Condition on the flow rates:

q3 q; (24)

The 2 types of A are now considered.
In the present study, one makes the ssimplifying assumption that the effect of the FU on the ‘liquid’
and ‘solid’ compounds (that are defined in section 3) is:
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no effect on the concentrations for ‘liquid’ compounds;
no solid can go through the membrane.

The compound A is soluble (or ‘liquid’) in the liquid phase :
P The FU has no effect on the concentrationsbp @, =a and a, =a
(and equation (2.3) istrivid).

(2.1) becomes::

Vxa=-axq +a xq +Vx, (2.5)

The compound A is insoluble (or solid) :
P The FU is assumed to be fully efficientb a, =0

(23 P axg=a Xq- q)

(2.1) becomes::
Vxa=-axq, +a xq; +V 3, (2.6)
1.26 Dilution and acid/base dissociation

When a soluble compound exists on the 2 forms : ionic and molecular because of acid/base
dissociation, equation (2.5) must be modified, considering that r, is the production or consumption
rate of the molecular form only (and not of the molecular form plusionic form).

Given at: the concentration of the molecular form of A.

Given K : the proportional factor such that the total of the 2 formsis K :a(.

(2.5) becomes::

V <K al = - Koaog, + K xalq, +V

u

ac=- %xatw% >a|¢+%><rA 2.7)

The concentration of theionic form of A is (K - 1) xal.
A solid compound is not concerned by acid/base dissociation. So (2.6) remains unchanged.

1.2.7 Dilution, acid/base dissociation and gas/liquid equilibrium

The temperature and pressure of gas are assumed constant.

The gag/liquid equilibrium is defined by the law (TN 23.1 p.4 by LGCB) :
=Y
i X

2.8)

where

ki is the partition coefficient (constant at given temperature and pressure)

x; isthe molar concentration of the compound i in the liquid phase

y; isthe molar concentration of the compound i in the gas phase
In the present case, according to section 2.4, the gas phase is composed of the CO2 going out of the
liquid and of the inert gas (N2) that is used for flushing and can be present, totally or partly, at
initialization of a simulation.
Given :

N¢o, - Number of mole of CO2 in the volume of gas;

Ny, : number of mole of N2 in the volume of gas.
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Asno N2 is produced or consumed by the reactor, n,, isconstant al along asimulation and equal to

itsinitial value fixed by the operator (it is assumed that the gasis idedly stirred).

Given ¢ the molar concentration of the molecular form of the concerned gas (CO2) in the reactor at
gas/liquid equilibrium.

Its molar fraction in the liquid phase is (assuming the concentrations of al the involved compounds
negligible against the concentration of water):

C
X=—
nO
with n, _%_55 55 mol

So relation (2.8) becomes :

kp - nCOZ an 0 c= r-]COZ ::nO (29)
r]CO2+nN2 c nCOZ-i-nNZ kp

where k; is the partition coefficient of CO2 at reactor temperature.

Given b the molar concentration of the dissolved gas (CO2) in the bulk of the reactor.

The flux of gas entering into the liquid is :
F =K, {c- b) (2.10)
where K , isthe volumetric transfer coefficient of CO2 in liquid phase.

Note : the flux is positive when c>b. When b > ¢, then CO2 isleaving the liquid phase (degassing).

Taking into account this flux, the mass balance law (2.7), applied to CO2, becomes :

VXKD =-Kxoxg, +K X, >q + V3F +V X,
whererg isthe variation rate of dissolved CO2.

0
b=-2 q' ><b+q' b, + Lo+l
K K
with F =K, >(c- b) (2.11)
ad c= Nco2 x&

Neop + Ny, kp

The molar variation rate of CO2 towards the gas phase is oppositeto V :F :
Neop, =-F XV (212
where
No, isthe number of mole of CO2 in the volume of ges.

Remark regarding relations (2.11) and (2.12) :

The condition Ny, * O must be checked when integrating (2.12). That has consequence on relation
(2.11) asit follows.

When n.,, is equd to 0, the derivative N, cannot be negative (otherwise n.,, would become
negative after integration).

Or, which is equivalent, when n,, isequal to 0, the flux F cannot be positive; which simply means
that, when the CO2 gas volume is null, no CO2 gas can go into the liquid.

Soin therelation (2.11) the flux F computed by (2.10) must be set to O when :
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Neo, £0 and c-b>0

No

Neop, £0 and b< (213

1.3 Comparison of the simulators

In order to check the simplified simulator, its results have been compared to the results given
by the simulator ‘awc_ms V2.0.0b’ and its associated data delivered on 30 July 2004 by
LGCB.

For that purpose, the following modifications have been done on the simulator ‘awc_ms' in order to
run the simulators in the same conditions (to have the same process parameters on both simulators).
Modification 1 :

AsNH3 (and not NH}) isimplied in the chemical reactions, it has been added to the previous

46 compounds. The stoechiometry of NH3, instead of NH}, has been introduced accordingly
in the reactions E4, E5, E6 and E7.
Modification 2 :

The acid/base dissociations have been considered for AA, PA, BA, NH, and CO2/HCQ, in

addition to the existing dissociations for VA and CA. The dissociation HCQ,/CO: has been
omitted because it introduces an error in the computation of solvated CO2 .

Modification 3 :

The molar masses of NH,, OM_Carb and Amino_A have been set to their correct value.
Modification 4 :

The partition coefficient of CO2 has been set to 3082 at 55 °C (instead of 2837 at 0 °C)
accordingly to the formula established in TN23.1 by LGCB..

Modification 5 :

The liquid flow rate at reactor output has been set at 450 I/h (instead of 3 I/h) asit is the case
on the EPAS prototype reactor.

The inputs and the initial state are the same on both simulators and are remembered hereafter
(Table8 and Table9).
The input and filtrate flow rates are equal to 0.07875 I/h. The drain flow rate is null.

Table 8. Input concentrations.

Compound I nput concentration (g/l)
Faeces 3.968
Wheat 7.936
Salad 7.936
Potato 7.936

AA 0.091
PA 0.018
BA 0.021
VA 0.006
CA 0.007
NH3 0.025

The concentrations of the dissociated compounds are given for the total form.
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Table 9. Initial state concentrations

Compound Input concentration (g/l)
Faeces 0
Wheat 0
Saad 0
Potato 0

AA 2.03
PA 0
BA 2
VA 0.047
CA 0.1
NH3 0
CO2 0
Solublelnert 0
Solidinert 0
MonoSacch 0
AminoA 0
OMFibre 0
BioDead 0
OMCarb 0.05
OM Prot 0.02
OMLip 0
BioSugar 10°
BicAA 10°
BioL CFA 10°
BioSugar2 10°

The concentrations of the dissociated compounds are given for the tota form.

The liquid compounds are :

AA, PA, BA, VA, CA, NH3, CO2,iMonoSacch, AminoA, Solublelnert.

The solid compounds are :

Faeces, Wheat, Potato, Salad, OMProt, OMLip, OMCarb, OMFibre, BioSugar, BioSugar2,
BioAA, BioLCFA, BioDead, SolidInert.

What is smulated is the addition of 125 g of AA- at time t=720 h and the addition of 55 g of
NH; at timet=2256 h asit isdonein the ‘awc_ms' on 30 July 2004.

Both simulators give the same results globally as one can check on the plotting of annex 4
(figures A4.1 to A4.25). For each compound, the results of the simplified smulator and of the
‘awc_ms simulator are plotted in the upper and lower graphs, respectively. However, a few
dight differences can be observed :
In figure A4.11 the dynamic of CO2 is a little bit quicker in ‘awc_ms'. There is no
confirmed explanation.
In figure A4.25 the production rate of CO2 gas fals to zero in ‘awc_ms because
simulation is interrupted for the impulses of acetate and ammonium.

Comparison of running times::
The running time has been measured on a PC equipped with a Pentium 4 CPU 2.4 GHz. The test
consists in the computing of the above simulation.
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1.3.1.1 Simulator Running time
awc_ms 30.5mn
with 152 ODE’s
smplified smulator 6s
with 25 ODE's

The ‘simplified simulator’ is about 300 times as quick as ‘awc_ms'.

1.4 Conclusions

Both smulators ‘awc_ms and ‘simplified ssimulator’, give the same results when they run in the same
conditions.

The system of Ordinary Differential Equations has been reduced from 152 to 25.

The Acid/Base dissociation reactions are assumed very quick in ‘awc_ms (where the kinetics
constants of these reactions are set to 10° h) and instantaneous in the ‘simplified model’, which allows
the sampling period to be greater in the last case because the high frequency signals are cancelled out.
Consequently the running time of the ‘simplified simulator’ is highly decreased : it is 300 times as
quick as‘awc_ms'.

This simplified simulator was used to study the general technical specifications of the Control
Command System in one hand and, in the other hand, the analysis of the physica system.
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2. Technical specifications of the Control Command System

The control isin charge of the process after manual starting around a steady state point of
functioning. The control does not take into account a deteriorated functioning of the reactor
(for example when the temperature or the pH is out of range or when a sensor or an actuator is
out of work).

2.1 Introduction

This section gathers :
the CCS technical specifications aready elaborated on June 2004 in the document
‘EWC_ControlFunctionAnalysisV3.doc’. This last document is obsolete from now on.
the tests plan for the validation of the specifications : plan for the tests of the performances
and compliance with the constraints.

2.2 Description of the process and of the functioning scenario

The process is composed mainly of a bioreactor and a filtration unit. The waste (solid particles) is
mixed apart in a specific vessal. The resulting mixture and water are introduced in the influent tank
before being transferred into the reactor. The products are extracted via the gas and liquid output
flows. A drain is performed regularly to prevent accumulation of solid (particles and biomass).

v | Output gas fl ow' \

Filtration unit
. Output liquid flow
Input waste flow Tank of Bioreactor
—> : |- | -
influent - Temperature or Filtrate flow
—  »{(Introduction -PH
Input liquid flow | of waste) . Pressure
Drain flow T Recirculation of udge

/

Figure 2. Representation of the first compartment
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2.3 External functional analysis
2.3.1 Main functions

The aim of the control is to maintain the operating conditions so that the Liquefying compartment:
degrades the maximum of OM (solid and soluble compounds. non edible parts of plant
material (lettuce, beet, whesat straw), human faecal matter and toilet paper);
produces the maximum of ammonia and VFA without inhibiting the transformation reactions.

2.3.2 Constraints functions

The control has to fulfil the main functions regarding the following constraints:
the reactor must produce the minimum of methane because methane cannot be consumed in
the other compartments of the MELISSA loop;
the reactor must produce the minimum of hydrogen for safety reason and to avoid the
hydrolysis inhibition and the conversion inhibition of propionic and butyric acids into acetic
acid.

The requirement of maximum solid degradation has to be compliant with a maximum solid
concentration due to the operating condition of the filtration unit.

The production of NH} has to be optimised between 0 and a maximum constraint to avoid hydrolysis
inhibition.

The low production of methane is ensured by means of the pH.

The production of H2 is actualy not controlled. It is expected that H2 will be removed by gas/gas
exchange.

At this step of the study, the conditions of temperature, pressure and pH are pre-selected and the level
1 control is not in charge of optimising them. This optimizing function will be required when the
process knowledge has increased and when the modelling is able to quantify the effects of these
variables on the process.

2.4 Control system architecture

In the present study, the temperature, pH and pressure of the reactor are fixed parameters and the
optimiser is not in charge of optimising them. This will be done in a further study and it is recalled for
the record.

24.1 Presentstudy

Maximising the VFA production is equivalent to maximising the OM degradation and the NH; and
CO2 productions. So given the nomind input waste flow rate, the VFA production is the only one
criterion to optimize.

The optimiser takes into account the constraints (maximum NH; concentration, maximum OM

meatter concentration) and the process data in order to compute the VFA setpoint, at any moment.
The 2 main VFA are acetic and butyric acids whose sum of concentrations is about 90 % of the total
VFA.
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2.4.1.1 Optimiser and Level 1 control

Constraints
| l Input waste;ate Sp
i Level 1 '
Optimiser VFA set point q Cortral Input Ilq.. rovyate Sp
Output lig. flcyv rate Sp
T ‘ Drain flow gte Sp
Process data

Figure 3. Control architecture: Optimiser and level 1 control
2.4.1.2 Level O controls

List of the Level 0 Controlled Variables:
. Waste rate

Input liquid flow rate

Filtrate flow rate

Drain flow rate

Reactor temperature

pH

Pressure.

The following closed loop systems are designed for the record.

™ ! Waste rate
Waste rate Sp % PID Waste Pump >

ol I
Input flow rat
Input flow rate Sp +»O PID 4{ Input flow Pump nput flow ratg

A

R ! Output flow rge
Output flow rate Sp +’O PID Output flow Pump ]
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_ ?7?7? _ | Drain rate
Drain rate Sp +>© PID Drain Pump >

Level O Acid Reactor pH
pH Sp *;O ;‘ control or Base®| Reactor
- T flow

Figure 4. Level O controller

The‘??? meansthat the manipulated variable computed by the PID is not specified (it could be
therotation speed of a volumetric pump for example)

24.2 Further study

In a further study, the temperature and pH setpoints will be variable and no more constant. The
optimiser will have 2 more degrees of freedom to fulfil the high level requirements.

Constraints
| VFA set point q l I nput wasteLate Sp
Level 1 '
Optimiser Temperature Opt q o Input | |q..fl ow>rate Sp
Output liq. flcyv rate Sp
pH Opt :
> Drain rate §p
A
TemperaturgSp
pHSp
Process data

Figure 5. Future control architecture: Optimiser and level 1 control with 2 more freedom degrees
(temperature and pH)

2.5 Criteria and qualitative parameters bound to the requirements of the external
functional analysis

The requirement ‘Max VFA production’ is equivalent to the ‘Max OM degradation’, ‘Max NH}

production’ and ‘Max CO2 production’ reguirements.
So only the requirement ‘Max VFA production’ must be fulfilled by the control. The 3 other ones will

follow. Thiswill be checked.
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25.1 Requirement ‘Max VFA production’

Each VFA production rate ryga is measured in mg cumulated on a given time period Dt:
_VFA4 - VFA,;
rVFA - Dt
where VFA & is the cumulative amount of VFA during Dt in effluent;
VFA, is the cumulative amount of VFA during Dt in influent.

The criterion to be optimised is the sum of the production rate of the main VFA. According to the
present tests results, these VFA are acetic and butyric acids that represent 90% of the total VFA. This
choice may change in case of shift in the VFA proportion.
According to [4], the cumulative time period Dt is defined as (at the moment):

1EDt£7 days
This definition is expected to evolve by means of the smulator.
For optimisation, the prediction horizon is foreseen to be 30 days. The control sampling period is
foreseen to be 1 day. These values will be checked on the smulator.

The optimiser and the level 1 control are in charge of the requirement under the following constraints:
the solid concentration limited by the operating condition of the filtration unit.

the NH, maximum concentration to avoid hydrolysis inhibition.

One of the manipulated variables is the input waste flow rate that will vary around its nominal value.
But its mean value on a significant period should be equal to 210 gDM/day for the 100 | reactor (and
the quarter of 210 gDM/day for the 25 | prototype). This period is such that the corresponding max
volume of storage is about 2-3 days of nomina waste input flow rate.

It is already known that the temperature and the pH have an influence on the production of VFA and
NH; . On the present study they are constant.

252 Requirement ‘Max OM degradation’

There are two possible ways for the definition of the solid degradation efficiency. It has to be noticed
that these formulas are based on a smplified model of the effective efficiency, since some variables
(such as intermediary degradation products or soluble, non-VFA species, ethanol, lactate...) are not
included in the calculations. These formulas could be thus adapted in the future.

1. Biological biodegradation efficiency

h — oM biod — (VFAeff - VFAnf ) + Coz + CH4
M oM OM

inf inf

Where:

- how, = OM biological degradation efficiency

- OMyjoq = cumulative biodegraded OM mass (mg)

- VFA+ = cumulative VFA mass at input of the reactor (mg)
- CO, = cumulative mass of CO2 produced (mg)

- CH, = cumulative mass of CH4 produced (mg)
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Remark: In the formula above, instead of mg, a better measurement unit would be the number of C
(Carbon) mole.
When there is no production of VFA, CO, or CH,, the efficiency how: is zero. And when all the
organic matter is degraded, the efficiency should be 1.

- 2. Biological degradation and mechanical removal efficiency:

oM

hOM2 -

inf ~ oM eff
oM

inf

Where:

- hoy» = OM biologica degradation and mechanical removal efficiency

- OM = cumulative mass of organic matter in effluent (mg)

The optimiser and the level 1 control are not in charge of the requiremert. It will be followed by
computing the 2 above efficiencies.

25.3 Requirement ‘Max NH; production’

There are three possible ways for the definition of nitrogen degradation efficiency:
- 1. Nitrogen biodegradation efficiency

ho = NOrg,.q _ NH4 - NH4,
N1 — -

Norg, Norg,
Where:
- h, = nitrogen biodegradation efficiency
- Norg,ios = cumulative biodegraded organic nitrogen mass (mg)
- Norgns = cumulative organic nitrogen mass in influent (mg)
- NH4,x = cumulative ammonium mass in influent (mg)
- NH4; = cumulative ammonium mass in effluent (mg)
- 2. Nitrogen biodegradation and mechanical removal efficiency:

_ Norg;,; - Norg

N2

NOrg
Where:
- hy, = nitrogen biodegradation and mechanical removal efficiency

- Norge= cumulative organic nitrogen mass in effluent (mg)
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- 3. Proteinsremoval efficiency

_ Prot; - prot
prot —

prot;
Where:

- h ;o = proteins removal efficiency

- prot,s = cumulative proteins mass in influent (mg)

-pr oty = cumulative proteins massin effluent (mg)

The optimiser and the level 1 control are not in charge of the requirement. It will be followed by
computing the 3 above efficiencies.

254 Requirement ‘No methane production’

The production of methane should be avoided because no compartment of the MELISSA loop is
designed to consume this compound. In fact this objective cannot be fulfilled and the acceptable CH4
concentration level is 1 % max.

So adequate operating conditions are defined to the process, particularly the pH must be maintained in
a given range defined in the following section.

A leve 0 control isin charge of the pH by adding an acid or a base into the reactor.

255 Requirement ‘Minimum hydrogen production’
This requirement cannot be fulfilled by the optimiser and the level 1 control. The hydrogen production

depends on pH aso. A trade off is necessary; when pH increases, CH4 production increases and H2
production decreases.

2.6 Global description of the control system

2.6.1 Inputs and outputs of the optimiser

2.6.1.1 Inputs
The inputs of the optimiser are the following constraints (defined in Table 10) and the process data
(Table 11).
Congtraints:
Table 10. Quantification of the constraints
Constrained Constraint Admissible over shoot Reason of constraint
Variable value duration
NH Max 3 g/l max 1 sampling period ™ Inhibition of acidogenic bacteria
VFA_Max To be optimised 1 sampling period Auto-inhibition of VFA hydrolysis
with the
smulator @
Suspended 45 gDM/I max 1 sampling period ™ Filtration unit requirement
Solid Max @

@ - sampling period is 2 hours on the pilot reactor (100 |) and 2 days on the prototype (25 ).
@ - suspended solid is a specific measurement expressed in dry matter.
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®) - complementary information : the inhibition due to VFA is starting at 2000-3000 mg/l.

The nominal zone for NH is0.1-0.5 g/l where no inhibition is to be afraid of.
The nomina zone of the solid concentration is 25-35 gDM/I. The idea that the study will confirm

probably is to stabilise the solid to the highest possible value and to minimise the drain flow rate (in
order not to remove non-degraded matter). The minimization of time to reach stabilisation is not an

objective for the contral.

Process datas measured concentrations and flow rates.
Table 11. Process data for the CCS

List of the measured process data
Waste flow rate

Input flow rate

Filtrate flow rate

Drain flow rate

Gas flow rate

Influent composition

Solid concentration in the reactor

NH} in thefiltrate flow
VFA in the filtrate flow
CO2 in the gas output flow
CH4 in the gas output flow

A particular input of the reactor is the influent composition (Table 3). The mixture is prepared in
sufficient amount to feed the reactor during one week. In fact the composition is not measured on line
but is assumed constant and known (except the noise).

Table 12. Influent composition

Nominal Variation range Congtraint
Influent composition Lettuce : 26 % DM Will be measured None
Beet : 26 % DM and delivered by
Whest straw : 26 % DM EPAS.

Toilet paper : 8 % DM
Faecal materia : 14 % DM

2.6.1.2 Outputs
The output isVFA_Sp.
2.6.2 Inputs and outputs of the level 1 control

2.6.2.1 Inputs

All the inputs of the optimiser are also inputs of the level 1 control. A supplementary input is the
output of the optimiser:

Table 13. Inputs of the level 1 control

I nput Nominal
VFA_Sp To be optimised below
the constraint
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2.6.2.2 Outputs

Table 14. Outputs of the level 1 control

Outputs Nominal Absolute Constraints
Input waste rate Sp 210 DM/day *’ none
Input flow rate Sp (Q.) 101/day ™ none
Output liquid flow rate Sp Qin -Qurain [0 20-80] I/day
Drain flow rate Sp (Qurain) [04 - 1] l/day ™ none

“: values for the pilot reactor corresponding to clogged (20 I/day) or clean (80 I/day) filter. They are 4
times as small for the prototype.

Remark: the different liquid flow rates ¢hat are computed by the level 1 control) are bound by a
congtraint on the volume of liquid inside the reactor. The nomina volumeis 100 | and the bounds are:
[80 120Q] litresfor the pilot reactor (These values are 4 times as small for the prototype).

The drain strategy (frequency and volume) is an important issue for the process. In the present study
the drain flow rate is considered continuous. In a future study, the consequences of a discontinuous
drain flow rate should be investigated (particularly the consequence on the ‘maximum solid
concentration’ congtraint).

The introduction of waste is semi-continuous (the suitable amount every hour).

The withdrawing of liquid is done every hour, and of drain every day.

2.6.3 Inputs and outputs of the level O controls

Each level O control is one input / one output control.
Table 15. Inputs of the level 0 controls.

Inputs Outputs Constraint on outputs
Input waste rate Sp ? ?
Input lig. flow rate Sp ? ?
Output lig. flow rate Sp ? ?
Drain flow rate Sp ? ?
Temperature Sp Warm water recirculation ?
pH Sp Acid or base flow rate ?
Pressure Sp Compressor and valve ?

Recall of the nominal and constraint values of temperature, pH and pressure :
Table 16. Variation range of temperature, pH and pressure.

Variables Nominal Constraint Reason of constraint
Reactor temperature 55 [53 57] Optimisation of acidogenesis,
inhibition of pathogens.
pH 5.6 55 5.8 To avoid methanogenesis
Pressure 100 mbar 50 100Q] To avoid O2 introduction into
the reactor
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2.7 Tests plan for validation of the CCS specifications

The tests must check that the constraints on solid and NH concentrations are respected in the
previoudy defined conditions (Table 10). As the present model does not describe the production of

CH4 and H2, the checking of these constraints does not make sense. The tests must aso check that the
requirement ‘Max VFA production’ is fulfilled. The other secondary requirements ‘Max OM

degradation’ , ‘Max NH} production’ and ‘Max CO2 production’ will be checked too.

It isforeseen to proceed in 2 successive steps:
checking the congtraints without taking care of the optimisation;
checking optimisation with respect of the constraints.

Checking the constraints without taking car e of the optimisation

The aim of these tests is to check the specific part of the CCS that isin charge of the constraints.
Making a variable stay under a max constraint is equivalent to assign the variable to a setpoint that is
lower than the max constraint. The distance between the setpoint and the constraint depends on the
fluctuations magnitude of the variable around its setpoint and on the authorized overflow of the
constraint (if aconstraint can be transgressed from time to time, the setpoint can be nearer the
maximum than if the constraint must never be overflowed).

Thisisillustrated in Figure 6 and Figure 7.

Y Setpoint MV I Process Y

4‘_(% Control

Figure 6. Control of a constraint Y

Thesetpoint of Y isset at a adequate distance of the constraint value.

The tests of a constrained variable control (solid or NHj concentration) will consist in steps of
constraint value. The Manipulated Variable (MV) will be one of the following variables : drain flow
rate, input flow rate or filtrate flow rate. The controller will be tuned so that the constrained variable
respects its maximum value in the previoudy defined conditions (Table 1).

At this step of the study, the tests will be done with the ssimplified model elaborated by Sherpa running
on simulator.

ESA CONTRACT 15689/01/NL/NDTECHNICAL NOTE 71.81 EWC 31



CONFIDENTIAL REPORT

Constraint(b) Setpoint(g) “Warzble(r)
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Figure 7. Foreseen test of constraint control (X and Y values are arbitrary).

Checking the optimisation with respect of the congtraints

An optimisation study will be done with the simplified model running on simulator. This study will
establish the operating conditions that are necessary to have the optimum functioning of the smulated
process (reactor and filtration unit).

The aim isto check that the CCS, tested on simulator in equivalent operating conditions environment,
is able to make the smulated process work at the theoretical optimum.

The simulated operating conditions will be steps of waste concertrations and of input flow rate (Figure
8). The amplitude of the steps will be 50 % of the nominal functioning and the length will be one and a
half response time.

Note : One reminds the definition of the response time (more rigorously, the 95 % response time) of a
transfer between an input and an output. When a step is applied to the input, it is the time past until the
output reach, in a stable way, 95 % of itsincremental variation at infinite.
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@aste concentration \

tfime

4 input flow rate

= =/

Figure 8. Foreseen test of CCS.

2.8 Conclusion

The expected specifications of the Control Command System are defined now. The CCS that will be
built and tested in a future study will have to respect them. The way it will be tested is defined.
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3. Analysis of the physical system

3.1 Introduction

A simulator of the process has been built from the LGCB First Principles model of the Liquefying
Compartment (reactor and filtration unit).

The aim of this section is to analyse the simulated process before the optimisation study of its working
conditions.

Among al the reactions of the model ([E 1] to [E 16] recalled in section 5), the reactions [E 4] and [E
5] (gathered in Table 17) have same kinetics type (Monod/Pirt type) and have same substrates:
MonoSacch and NH3. No other reaction has the same substrates together. Reaction [E 7] consumes
also NHS3; but it is assumed in afirst step that it is negligible and it will be taken into account for the
study of the whole process [E 1] to [E 16] (justification is detailed in annex).

Table 17. Sub-process limited to biomasses BioSugar and BioSugar2

[E4] 1.091 MonoSacch +0.1091NH, 34® 0.1091[CHONSPy g,
acidogenesis _
+ 0.6667A cetate +1.3333Propionate
+0.6667CO, + 0.9939H,0

[ES] 10833 MonoSacch+0.1NH, %:® 0.1]CHONSPlesr +
acidogenesis
+ C3H7COOH +2CO, +0.3H,0
[E11] [CHONSP) gosge  %®  [CHONSP] gigpen
Decay biomass
[E 15 [CHONSP goagry  #4®  [CHONSP] ey
Decay
Biomass

When one adds to the previous reactions [E 4] and [E 5], the biomass degradation reactions [E11] and
[E15], these 4 reactions together can be treated as a group isolated from the other reactions.

S0 it appears interesting to study this group composed of these 4 reactions as a sub-process apart from
the whole process (Figure 9) in order to see if one biomass will prevail over the other and in what
conditions. Asit will be seen, one biomass among the two disappears from the medium and the related
reactions can be eliminated from the list.
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_Faeces |
Wheat Hydr_olysis
reactions :
[E1], [E8],
Potato [E9]
& [E 10]
Salad
—»

Sub-process
: MonoSacch
MonoSacch Reactions: >
[E 4], [EZ], NH3
[E 11] >
NH3 | &I[E19] BioSugar .
BioSugar2 >
other
hydrolysis
products
Reactions :
| [E2[EZ] Other products
> [E€[ET], >
[E12], [E13]
& [E 16]
non hydrolysed wastes

Figure 9. Limits of the studied sub-process (green area) inside the whole process

Then the study will take an interest in :
- description of the steady state of the whole process (reactions [E 1] to [E 16]);

- description of the response times of the transfers input/output.
Note : One reminds the definition of the response time (more rigorously, the 95 % response time) of a
transfer between an input and an output. When a step is applied to the input, it is the time past until the
output reach, in a stable way, 95 % of itsincremental variation at infinite.

3.2 Study of the sub-process defined by the reactions E4, E5, E11 & E15

3.21 Introduction

S0 as said in the general introduction, the sub-process composed of the 4 reactions [E 4], [E 5], [E 11]
and [E 15] have been studied as a group apart from the whole process in order to see if one biomass
will prevail over the other and in what conditions.

This sub-process is defined as follows :
on the one hand, the inputs are the concentrations of MonoSacch and NH3 and,

on the other hand, the state is composed of the concentrations of the four compounds : MonoSacch,
NH3, BioSugar and BioSugar2 (Figure 10).
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4 B

MonoSacch
MonoSacch q >
NH3
Reactions >
[E4], [ES], BioSugar
[E 11] & [E 15] >
NH3 _
> BioSugar2

o !

Figure 10. Sub-system limited to BioSugar and BioSugar2

The aim isto point out the time evolution of the biomasses.
It is recalled that for these reactions, the general expression of the chemical kinetics ‘r’ (expressed in
g/l/h) is (TN 74.1 by LGCB) :

s Is] 1
k31 +[Sl] ksz +[Sz] 1_,_@

r=m, >{Biomass]

|
with the following parameters :

Table 18. Parameters of equations E4 and E5

Reaction | Biomass ty (h™) S S S
(gl ks (g/) ks(g/) ki (g/)
E4 Bio_Sugar 0.4 NH3 10" Mono_Sacch | 10° none
0.1091
E5 Bio_Sugar2 0.1 NH3 10" Mono_Sacch | 107 none
0.1

Particularly the products (Acetate, Propionate, CO2 ...) have no effect on the kinetics of the 4
reactions. Conseguently they are not taken into consideration.

3.2.2 Expression of the state system

The following notation will be used to describe the sub-process mathematically.
Notation :
The concentration of a compound (substrate or product of areaction) is designed ‘a’.
In areaction [E i] , agiven compound is referred to by the indices ‘i’ and *j’, where ‘j’ is the rank of
the compound from left hand side to right hand side as it appears in the reactions [E 1] to [E 16] in
annex.
For example :
a4, and ag; are the concentrations of MonoSacch and BioSugar, respectively;
the concentration of NH3 is designed ‘a,,’ or ‘&, as NH3 appears at the second rank of the
reactions [E 4] and [E 5].
In the analytical expression of chemical kinetics, the stoechiometric coefficients are designed ‘a’ and
are signed. The left hand side compounds have negative sign as they are consumed and right hand side
compounds have positive one.
For example :
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the coefficient of NH3 in [E 5] isas, =-0.1;
the coefficient of BioSugar2 in [E 5] isas; = +0.1.

3.2.2.1 Differential equations system

The time evolution of the complete sub-process is fully described when one considers the 4
compounds : MonoSacch, NH3, BioSugar and BioSugar?2.

MonoSacch:
MonoSacch is a soluble compound whose concentration follows the relation (2.5) established in
section 1. :

a41:-b>1a41+b>ai41+rA41

with b =9
V

g : liquid input flow rate;

V : liquid volume in the reactor;

ais1 - INput concentration of MonoSacch;
raq - Variation rate of MonoSacch.

The reaction [E 4] isaMonod/Pirt type reaction whose characteristics are detailed in Table 3:

Fpap = @4y AT )C4 XA, tag A >Cs XAg,
a, « a,,

with C, =
) l‘(841 + a‘41 kS42 + a42

C, = Ay G4

kSSl + a‘41 k$2 + a42
So the concentration of MonoSacch is expressed by :

a, =-bxa, +bx,, +a, m xC,xa,; +a m xC, X,

where | and & are the specific growth rates of BioSugar and BioSugar2 respectively and
defined as py in Table 3.

NHS3:
NH3 is a soluble and dissociated compound whose concentration follows the relation (2.7) established
in section 1 and whose kinetics is the same as MonoSacch. So :

a, =-bxa, +b>x,,, +%><rA42

with

Faaz = 84 M, XC, Xa,5 + 85, XM XC; A,
BioSugar :

BioSugar is a solid compound whose concentration follows the relation (2.6) established in section 1.
So, taking into account the decay rate (section 1.2.2.3) and the fact that there is no input of biomass:

3.43 :'bsxa43 +rA43

with

bS:—q0 xq—d
qo+qd_qi \

q;,9.,a2nd q, :input, output and drain flow rates
and r.A43 =a 43 >¢n4 >C4 >e43 + a'll,l Xk D11 >e'43
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where kj is the specific decay rate defined in Table 4.

BioSugar2 :
The behaviour of BioSugar2 is quite similar to the BioSugar one :

8.53 =- bs XAs, + Fas3

With  Tpes = 85y MM XCg XA, + 8,5, XK pys B,

Summary table of the state system
The sub-process limited to the biomasses BioSugar and BioSugar2 of the reactions [E 4], [E 5], [E 11]
and [E 15], can be described by the following state system :

with

a,=-ba,+ba, +a,:nm Cra,tas N G ag

o 1 1
a, =-bxa,, +bxa,, +Exa42 m, >C, X8, +Exa52 XM, XC g (2.14)

Ay3 :(' bs+a,m C,+a,, ><kD11)><a43

Agz = (' bs +ag,m >Cy +a,, ka15)>eS3

a4; . MonoSacch concentration in the sub-process,

a1 - MonoSacch concentration at sub-process input

a4 - NH3 molecular form concentration in the sub-process,

aizz » NH3 molecular form concentration at sub-process input

ay3 . BioSugar concentration in the sub-process,

as3 . BioSugar2 concentration in the sub-process,

ajx : Sgned stoechiometric coefficient (convention of indices in the notation rules above);

b:&
Vv

qo qd

=0  x°%
qo + qd - qi \
g : flow rate at reactor input;
0o : flow rate at reactor output (defined as‘q’ in section 1);
Qq : drain flow rate;
b and s . specific growth rates of BioSugar and BioSugar2 respectively defined as py

S

inTable 3;

Ay o Gy
ks41 tay ks42 +a,,

4

a41 v a42

kSSl + a'41 kSSZ + a42
ks : half saturation constants defined in table 2.2 of TN1;
ko : the specific decay rates defined in table 2.3 of TN1,;
K : ratio of NH3 total on NH3 molecular.

C, =

ESA CONTRACT 15689/01/NL/NDTECHNICAL NOTE 71.81 EWC 38



CONFIDENTIAL REPORT
3.2.2.2 Discussion

From relation (2.14), the differential equations relative to the biomasses concentrations can be written

a43 :fA(t):aAB
aS3 = fS(t) >a53
with (2.15)
f4(t) =- bS +a43 >¢‘ntl >C4 +a111 kall
fs(t) =" bs +ag XMy >Cs +tais, kalS
The sums of the form* - bg +a, X" are negative constants because a, is negative. As a ; is

positive, the terms a ;; Xm >C,; are positive time variables depending on G, i.e. on a; and a;
(MonoSacch and NH3 concentrations). So the function f, and fs can be :

positive = the biomass concentration is increasing exponentialy;

negative > the biomass concentration is decreasing exponentially to zero;

null = the biomass concentration is stable at a given value;

3.2.2.3 Examples of simulation

The discussion is illustrated in the 2 following examples. The first smulation is based on the wastes
inputs of the LGCB model dated 30 July 2004 : Faeces (3.968 g/l); Wheat, Salad and Potato (7.936
g/l). The concentrations of MonoSacch and NH3 at input of the sub-process are deduced from the
complete transformation of the wastes inputs : it gives the concentrations of MonoSacch and NH3
(total form) equal to 11.95 and 0.592 g/l, respectively. The second simulation is the same as the first
one except that the input NH3 concentration is chosen low (divided by afactor 6) so that to illustrate
the 2 different behaviours of the sub-process.

In both smulation :
The inputs MonoSacch and NH3 are constant along the simulation;
Theinitid states of MonoSacch and NH3 are equa to the inputs;
Theinitial biomass concentrations are the same and equal to 1 10° g/l .

In the first smulation (Figure 11), the input NH3 concentration (0.562 g/l of total form) is ‘high’
compared to the input MonoSacch concentration (11.95 g/l). During the 19 first hours, the functions f,
and f; are positive, quasi constant (to 0.35 and 0.08, respectively) and consequently the biomasses
grow exponentially. Beyond t=19h, f, fals very quickly to a negative vaue; then the evolution of
BioSugar is exponentialy decreasing to 0. Concerning fs, it decreases to O until t=500h; during this
period, BioSugar2 grows until it reaches the steady state value of 0.218 g/l.

In the second simulation (Figure 12), the input NH3 concentration (9.37 102 g/l of total form) is‘low’
compared to the input MonoSacch concentration (11.95 g/l.). In the first step (about 30 first hours), the
biomasses grow exponentially as in the first simulation. In the next time period, f4 tend to O and
BioSugar decreases to a non null value : 0.193 g/I, while f5 falls to a negative value and BioSugar2
tendsto O.

The 2 following examples illustrate aso the 2 main behaviours of the sub-system. Depending on the
relative input concentration of NH3 compared to the one of MonoSacch, only one biomass remainsin
the medium, the other one going to 0. This will be studied with the steady state and will justify the
simplification of the group of reactions [E 4], [E 5], [E 11] and [E 15].
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MNH3 total

Figure 11. Simulation 1; Evolution function of time expressed in hour.

NH3is'high’ compared to MonoSacch
Inputs: 0.562 g/l of NH3 total form and 11.95 g/l of MonoSacch

are growing exponentialy ;
Beyond t=19h, the function f,(t) is negative and BioSugar tendsto 0
The function f5(t) tends to 0 and BioSugar2 tends to a non null value : 0.218 g/l

The functions f,(t) and f5(t) are positive, quasi constant during the 19 first hours; so the biomasses
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Figure 12. Simulation 2; Evolution function of time expressed in hour.

NH3is‘low’ compared to M onoSacch

Inputs: 9.37 10 g/l of NH3 total form and 11.95 g/l of MonoSacch

The functions f,(t) and f5(t) are positive, quasi constant during the 19 first hours; so the biomasses
are growing exponentialy ;

Beyond this time period, the function f4(t) tends to 0 and BioSugar tends to 0.193 g/l;

The function f5(t) is negative and BioSugar2 tends to 0.
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3.2.2.4 Analysis of the steady state

It has been established in relation (2.14) of section 3.2.2.1 that the sub-process limited to the
biomasses BioSugar and BioSugar?2 of the reactions [E 4], [E 5], [E 11] and [E 15], can be described
by the following state system :

a, =-bra, +b:a, +a, m:C,ra,+a, m:Cylag
) 1 1
a,, =-bxa, +b>a,,, @ M C, R A, G, A,

Ay :(' bs+a43m>c4+a11,1>4(D11)xa43 U 8, =1, xa,

353 = (- bS +a53>¢ns ><:5 +a15,1ka15)>653 U 353 :f5 >e'53
with

a4; . MonoSacch concentration in the sub-process,

a1 . MonoSacch concentration at sub-process input

a4, - NH3 molecular form concentration in the sub-process,

ais> - NH3 molecular form concentration at sub-process input

a3 . BioSugar concentration in the sub-process,

a3 - BioSugar2 concentration in the sub-process;

For constant inputs, the necessary and sufficient condition of steady state is the null state derivative.
So from (2.1) recalled here above, the necessary and sufficient condition is :

a, =0
a, =0
e (2.16)
a3 =0
a,, =0

From this necessary and sufficient condition (2.3), several sets of sufficient condition can be extracted.
To obtain &,, = 0, one of the 2 conditions is sufficient : f, =0 or a,; =0. Inthe same way, to
fulfil &, =0, one of the 2 conditions is sufficient : f;, =0 or ag  =0. So 4 combinations are
possible:

a,; =0 ad a;,=0 > setl

f,=0 and f,=0 > st 2
f,=0 ad a,=0 > st 3
f¢=0 and a,=0 > s=t4

In set 3, to make a3 tends to 0 when initia a3 is not null, another condition must be fulfilled implicitly
. f5 <0.

In the same way, in set 4, to make a;; tendsto 0 when initia ay3 is not null, another condition must be
fulfilled implicitly : f, <O.

setl
-b:a4l+b:ai4l+a4l:rr4:C4:a43+a51:n5:CS:a53:O
1 1
- bx, +bxa , +—>a xC, X, +—>a xC; xag; =0
42 X8 4 K a2 XMy X0y 2Qy5 K 52 Ty X0 XA (2.17)
8,3 =0
as;; =0
set 2

ESA CONTRACT 15689/01/NL/NDTECHNICAL NOTE 71.81 EWC 42



CONFIDENTIAL REPORT
- b:a41+b:ai41+a41 :n4:C4:a43 tag Ny :Cs * Qg =0

1 1
- b>642 +b><a,.42+E>642>m4 XC4 >‘3'-43"'E>€'-52>‘ms>‘C5 >‘ass =0

(2.18)
- bs+a43mxc4+a111>km1:0
- bs+a53>qn5>cs+a15,1xk015 =0
set 3
- bra, +bra, ta, i, Cra,tag i Cyia, =0
B b>e42+b><ai42+%><a42>m4>(:4 xa43+%>952mxcs Xag; =0 (2.19)
B bs+a4smxc4+a11,1>‘kmlzo
-bgtagm>xCy+a,, K, ;<0 tohae a;,;=0 ainfinte
set 4
- b:a41+b:ai41+a41:n4zc4:a43+a51:n5:05:a53:0
- bm42+b>‘ai4z+%>‘a42 xm, 3C, Xa43+%>‘asz’msxcs X85, =0 (2.20)

-bg+a,,mxC,+a,, k,, <0 tohae a,,=0 ainfinte
- by +agm Co+a, Ky =0

The study of these 4 sets of sufficient condition is detailed in annex 5 (section 5.3.1). The results are
gathered hereafter.

The st 1 of equations leads to atrivial solution : the 2 biomasses concentrations are null, which has no
interest.

The set 2 of equations leads to a mathematical solution whose value is negative and cannot be
accepted as a concentration value.

The sets 3 and 4 lead to solutions where only one biomass (BioSugar or BioSugar2) remains in the
medium at steady state. The existence of one of the 2 biomasses depends on the relative concentrations
of MonoSacch and NH3 in the input flow. It is summed up in Figure 13 that gives the biomasses
concentrations in function of MonoSacch and NH3 inputs.

When BioSugar is not null (i.e. for ‘low’ NH3 nput), it is a linear function of NH3 whose dope is
congtant independent of the 2 inputs and equal to 2.09.

When BioSugar2 is not null (i.e. for “high’ NH3 input), it is independent of NH3 input and dependent
of MonoSacch input only.

The case of the complete model dated 30 July 2004 can be situated on the middle graph (where
MonoSacch input conc. is 11.945 g/l) at the x abscissa of 0.562 g/l of NH3 tota form input. At this
point, BioSugar is null and BioSugar2 equal to 0.218 g/l . These values are aso dotained in section
5.3.1asillustration of the analytical computation of the biomasses at steady state.

The behaviour of the complete model dated 30 July 2004 is confirmed : the evolution of the 2
biomasses will be of the type of the Figure 13. So BioSugar will disappear from the medium within
1000 hours after the starting of the reactor. Consequently the reactions [E 4] and [E 11] can be
eliminated from the list of the reactions when the process is observed in a long term functioning. Of
course, these reactions [E 4] and [E 11] cannot be removed for a study of the process at starting.
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BioSugario) & BioSugar2i+) at steady state
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Figure 13. Biomasses at steady state in function of the MonoSacch and NH3 inputs.

TheBioSugar conc. is plotted by blue circles and BioSugar 2 one by green crosses.
The 3 graphsrepresent the biomasses evolution
for different values of MonoSacch : 119.45, 11.945 & 1.1945 g/l from top to bottom.
When BioSugar isnot null (i.e. for low NH3 input), its evolution is a linear function of NH3 whose
dopeis constant independent of the 2 inputs and equal to 2.09 .
When BioSugar?2 is not null, its evolution is independent of NH3 input and dependent of MonoSacch
input only.
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3.3 Description of the response times of the whole process (reactions [E 1] to [E 16])

The response times are estimated by simulations of input steps around the standard steady state point
defined by the inputs of the LGCB model on 30 July 2004 (Annex 3). They are gathered in Table 19
for the different kinds of step : input flow step, drain flow step and concentrations step.

Table 19. Response times (expressed in hours and days) of the outputs for the different kinds of
process excitation and for the nominal simulated process of 30 July 2004 by LGCB.

Process Input flow rate Drain flow rate I nput
excitation concentrations
Component (hours) | (days) | (hours) | (days) | (hours) | (days)
Wastes (faeces, wheat, potato, 15 0.625 15 15
salad)
VFA (AA, PA, BA, VA, CA) 1000 40 1000 40 1000 40
NH3 1000 40 1500 60 1500 60
Mono_Sacch 500 20 500 20 500 20
OM_Lip
OM_Carb
OM _Fibre
OM_Prot 30 1.25 30 1.25 30 125
Amino A 500 20 500 20 500 20
Biomasses (BioSugar2, Bio AA, 500 20 500 20 500 20
Bio LCFA)
Solublelnert 1000 40 1000 40 1000 40
SolidInert, BioDead, CO2 ¥ ¥ 10000 400 ¥ ¥

The hydrolysis reactions of faeces, wheat, potato and salad are quick (15 hours). This is confirmed by
the analytical expression of the time constant :

1
b, +k
_ O

with s (see (2.6))

V : liquid volume of the reactor

(3.0)

k : rate coefficient of the hydrolysis reactions [E 1], [E 8], [E 9] or [E 10], previously defined

in Table 2.

The evolution of t in function of the drain flow g, can be plotted in Figure 14.
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Figure 14. Evolution of time constant in function of drain flow rate

Then, remembering that the 95 % time response is equal to 3 times the time congtant, it is confirmed
that the time response is equal to 15 hours for ¢;=0 and decreases to 14.8 hours when @; increases to
its maximum value (equal to the input flow rate = 0.08 I/h). One notes that the response time varies a
little (less than 2 %) on the whole range of variation of the drain flow rate.

So the dynamics of the wastes hydrolysis can be cancelled : these reactions can be considered
instantaneous compared to the other reactions and the hydrolysis can be expressed as a simple static
gan.

The gain of the hydrolysis reaction is, for each waste (faeces, wheat, potato and salad) :

ReactorWasteConcentration _ b (32)
InputWaste Concentration by +k '
with b=
which can be expressed in another way:
Re actorWasteConcentration _ q; (33)

InputWaste Concentrat ion q, +Vx

3.4 Conclusion

It has been shown, in section 3.2, that 1000 hours after the starting of the simulated process (defined
by the reactions [E 1] to [E 16]) with constant standard inputs (i.e. inputs defined in the LGCB model
on 30 July 2004), the biomass BioSugar becomes null and will stay null beyond. So the reactions [E 4]
and [E 11] can be removed. Of course if the kinetics parameters of the reactions [E 4], [E 5], [E 11]
and [E 15] were modified, the behaviour of this sub-process should be reviewed.

The time constants of the wastes hydrolysis are very short (5 hours when the drain flow rate is null).
So these hydrolysis reactions can be replaced by instantaneous reactions whose yields are expressed
by relation (3.3) type.

A tool, attached in annex 4, is now available to study numerically the optimisation of the operating
conditions.
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5. ANNEXES

5.1 Stoechiometry of the reactions

This annex is a copy of the LGCB document ‘ equations_model.doc’ on 16 July 2004.

Concerning particularly the stoechiometry of the compound ‘OM_Carb’ in the reactions [ES],

[E9] and [E11], one has noted a difference between the pre-quoted document and the simulator
‘awc_ms'.

Stoechio. of OM_Carb in ‘equations_model.doc’ in ‘awc_ms
Reaction [ES8] 1.95915864 11141
Reaction [E9] 3.53060129 2.0076
Reaction [E10] 0.99985678 0.56856

Table 20. Difference of stoechiometry in ‘equations_model.doc’ and ‘awc_ms’.

The vaues of awc_ms have been retained for the present study.

Content of the document ‘ equations model.doc’ on 16 July 2004 :

[HE é] v FAECES%:® 0.00869 [CHONSP] ;00 e *+0.7654 [CHONSP] oy e
yaroysis +0.1956 [CHONSP] o, i +0.7828 Inertsoluble
E)E 2 6 [CHONS]rbonyciies + 1.5 H O 3:® [CHONP], .,
M
Carbohydrate
hydrolysis
[E 3] CHONS] e + 0.2057 H,O 3%4® [CHONP
OM protei ns [ ] proteins 2 4 [ ] pPoolAA
hydrolysis
[E 3] _ 1.091[CHONSHose+0.1091NH, #:® 0.1091[CHONSPly;, o.oa
acidogenesis -
+0.6667A cetate +1.3333Propionate
+0.6667CO, +0.9939H,0
[ES] 1.0833 [CHO]y +0.1NH; %4® 0.1[CHONSPy, o +
acidogensis N
+C3H7COOH +2CO, +0.3H,0
[E 6] _ [CHONS] joqian +0.3482 H,0
acidogenesis
(amino-acids) B

0.0241 [CHONSP], 4, +0.16373 CH ,COOH + 0.0612 C,H,COOH
+0.019 C,H,COOH + 00177 C,H ,COOH

+001734 C_H,COOH
+0.11816 CO, + 0.2489NH ,

[E_g] _ 0.95[CHON],,, +0.05NH, +0.68125H,0 %:® 0.05[CHONSP] | -
aclaogeness "
(lipids) +0.35CH ,COOH
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£/\E/ rfgd WHEAT 3%:® 0.24574166[CHONSP] o, no + 0.05824135[CHONSP] o, ,,
hycrolysis + 1.95915864[CHONSP] oy ¢y + 0.04799087[CHONSP] e

+ 0.60395883 Inert solide

[P%t%]t POTATOE %®  0.3049197[CHONSP] , py +0.02285434[CHONSP] o,
oe - N

hydrolysis + 353060129 CHONSP] o car + 0.08343911[CHONSP]
+ 0.33315195 Inert solide

[Sil}ﬁ] SALAD %® 0.74076846[CHONSP] o, e +0.18122404[CHONSF] o,

hydrolysis + 0.99985678]CHONSP] oy ¢y + 0.20033494[CHONSP
+ 0.46094085 Inert solide

[E11] [CHONSP] 5o gy #:® [CHONSP] i, g

Decay biomass - -

[E17] [CHONSP] o un  %3® [CHONSP] 514 gen

Decay biomass - -

[E13] [CHONSPlgo a  %:® [CHONSPl g4 gen

Decay biomass - -

[El4] [CHONSP] gorn  P4® [CHONSP] g e

Decay biomass - -

[E 15] [CHONSP] 5o gz #4®  [CHONSP] i, o

Decay - -

Biomass

LEblﬁl [CHONSP] o rive  4®  3.9216CHONSP] oy o

10er - B

hydrolysis

FAECES : CHONSP undefined — Molar Mass 100g/mol

Inert Soluble :  CHONSP undefined : Molar Mass 100g/mol

Inert Solid :  CHONSP undefined : Molar Mass 100g/mol

[CHON SP]OM_carbo:CHl.666700.8333 [CHONSPoses=CsH 1206
[CHONSPIlom _roteins=CH1.5682600.3063N0.2693 S0.00635] CHON SP]001a4=CH 1.980000.5122N0.2695%.00635
[CHON SP]Lipids=CH Do1zs

[CH ONSP]Bi0:C5H7OZN

[E 1] N order kinetic

Hydrolysis

[E 2] N order kinetic

OM Carbohydrate hydrolysis

[E 3] N order kinetic

OM proteins hydrolysis

[E 4] Pirt + non-competitive inhibition + pH inhibition
acidogenesis

[E 5] Pirt + non-competitive inhibition + pH inhibition
acidogensis

[E 6] Pirt + non-competitive inhibition + pH inhibition

ESA CONTRACT 15689/01/NL/NDTECHNICAL NOTE 71.81 EWC 49



CONFIDENTIAL REPORT

acidogenesis (amino-acids)

[E7] Pirt + non-competitive inhibition + pH inhibition
acidogenesis (lipids)

[E 8] N order kinetic
Whest hydrolysis

[E9 N order kinetic
Potatoe hydrolysis

[E 10] N order kinetic
Salad hydrolysis

[E 11] L ethal model
Decay biomass

[E12] Lethal model
Decay biomass

[E 13] Lethal model
Decay biomass

[E 14] L ethal model
Decay biomass

[E 15] Lethal model
Decay Biomass

[E 16] N order kinetic
Fiber hydrolysis
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5.2 Molar mass

Faeces
Wheat

Pot at o
Sal ad

AA

PA

BA

VA

CA

NH3

co2
MonoSacch
OWVPr ot
OWLi p
OMCar b
OVFi bre
Anmi noA

Bi oSugar
Bi oSugar 2
Bi 0AA

Bi oLCFA
Bi oDead
Sol ubl el nert
Sol i dl nert

100. 000000
100. 000000
100. 000000
100. 000000
60. 000000
74. 000000
88. 000000
102. 000000
116. 000000
17.000000
44. 000000
180. 000000
22.442480
16. 000000
26. 999500
100. 000000
26. 148600
113. 000000
113. 000000
113. 000000
113. 000000
113. 000000
100. 000000
100. 000000
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5.3 Plotting of the 2 simulators results

Faeces
R : : : : : :
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0.02 f--------- s s e e e s :
A . R S R T T e
|:| 1 : 1 i 1 1
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0.07 T T T T T |
— Liguide-faeces
0.06 | —
0.05 %
E
c 0.04 | .
=
s
=
o 003 F =
=
o
O
0.02 - .
0.01F %
|:| | | | | | |
o 500 1000 1500 2000 2500 3000 3500
Temps (h)

lfaeces _T_! IHéac.x’SDrtie Lin:_:! fures ifaeces _"_i |faeu:es _"_i |faeu:es _"_i |faeces _"_i LU I

Figure 15. Faeces
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YWheat
85 ! ! ! ! ! !
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Figure 16. Wheat
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Potatos
85 ! ! ! ! ! !
Ll e —— s | e — S
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c 008 -
=
2 006 -
=
[
L]
0.04 F -
0.02 F -
|:| | | | | | |
0 A00 1000 1500 2000 2500 3000 3500
Temps (h)

ipu:utat-:ue _*_! IHéac.a’SDrtie Lin:_:! e ipu:utatu:ue _'_i ||:u:|tat|:|e _'_i ||:u:|tat|:|e _'_i ||:u:utatu:ue _*_i QuIT I

Figure 17. Potatoe
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oalad
85 ! ! ! ! ! !
Ll e —— s | e — S
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Figure 18. Salad
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FIvy molecular (-] ionic(-)

o a00 1000 1500 2000 2500 3000 3500

?’ T T T T T T
— Liguide-AA,
— Liguide-A&:

Concentration (g/)

2:/\_ 4

I

| | | | | |
a A00 1000 1500 2000 2500 3000 3500
Temps (h)

[aa =] [Réac Battie lic =] ~v=c [aas =] [aa =] A =] |44 =] oo

Figure 19. AA: Molecular (blue curve) and lonic (green curve) forms
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FA moalecular (-] ionici--)
1 ! ! ! ! ! !
R . — == .
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0.8 H--om- ---------- ---------- ---------- --------- -
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1 -"-1- T T T T I T
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— Liguide-PA-
12F &
1F it
E
= 0.8 .
=
o 06| =
=
[
)
0.4 H .
0.2 H .
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a A00 1000 1500 2000 2500 3000 3500
Temps (h)

|Pa = |Réac /Suatie Lic » | “vec |Pa- | [Pa | [Pa | [Pa =] _auir |

Figure 20. PA : Molecular (blue curve) and lonic (green curve) forms
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BA moalecular (-] ionici--)

VA 5 :
1/,/» """" -
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a o0d 1000 1500 2000 2500 3000 3500
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o 500 1000 1500 2000 2400 3000 3400
Temps (h)

|Ba | |Réac /Satie Lic »| #vec |Ba- | [ea | [ea | [ea =] _auir |

Figure 21. BA : Molecular (blue curve) and lonic (green curve) forms
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A moalecular (-] ionici--)
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02+ .
2015} 5
5
=
[ak]
E 01F .
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Figure 22. VA : Molecular (blue curve) and lonic (green curve) forms
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CA moalecular (-] ionic(--)
e : : : : : :
] e g
1 il | 1 1 1 1
e e e e e
0.2 -------- S b R s s e b =
L] S E— S S— — N —
S ;,f . E : ; ; .
s oo T e SR B
/ : : ; ! : :
(138 s ey sy i S sy ossmens
0 : : : : : :
o 500 1000 1500 2000 2500 3000 3500
0.25 . . T T T |
— Liguide-CA ||
— Liguide-CA-
0.2+ .
B0.15} .
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Figure 23. CA : Molecular (blue curve) and lonic (green curve) forms
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MH3 molecular (-] ionic--)
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Figure 24. NH3 : Molecular (blue curve) and lonic (green curve) forms
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co2 molecular (-] ionic--)
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Figure 25. CO2 : Molecular (blue curve) and lonic (green curve) forms
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Mono=acch
L : : : : : :
S TS S S —
] S Lo T— S L IP— —— SOR—.
|
= i : : : i :
k] e e
0.2 ft-------- feeoooones B e Lo e e :
e
0 1 i i H i 1
1l S00 1000 15800 2000 2500 3000 3500
I:Il-"r T T T T T T
— Liguide-Mono_acch
06 =
0.5 h .
5
= 0.4 | .
B
b=
o 0.3 .
S
&)
0.2 H =
0.1 H .
|:| 1 1 1 1 1 1
a A00 1000 1500 2000 2500 3000 3500
Temps (h)

IMDHD_SECI:J IFiéal:.a’Sl:urtie Li-:_:! e ih’l-:unn_sac'_'_i |M-:un|:u_$a|:|_'_i |M-:un|:u_$a|:|_'_i |M-:un|:u_$a|:|_'_i QuIT I

Figure 26. Mono_Sacch
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Figure 27. OM_Prot
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OMLip
Lz ! ! ! ! ! !
ST PR SRS NN S S— S——
BEEE s s s -
S, 0.06 H4------- - WU SE—  E—— L— AR U o
004 H ________J__________:__________:L_________l_________J__________L ________ _|
R o8 SRR s S Feeeennees e s s -
0 : i : : : :
0 500 1000 1500 2000 2500 3000 3500
0.12 . . . . . .
— Liguide-On, ip
0.1 _ﬁ -
_oost .
=
5
T 006 H .
=
[ak]
(]
=
[
L]
0.04 4
0.0z f .
I:I 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500
Temps (h)

[oM_lp  ~] [Réac/Sotielic ] “vec oM Gp =] [oM Up <] [oM Lp <] [oM_Lp <] _GUIT |

Figure 28. OM_Lip
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Figure 29. OM_Carb
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Figure 30. OM_Fibre
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Figure 31. Amino_A
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Figure 32. Bio_Sugar

ESA CONTRACT 15689/01/NL/NDTECHNICAL NOTE 71.81 EWC 69



CONFIDENTIAL REPORT

BioSugar
L ! ! ! ! ! !
0.2}meeifl — o— (S — — SR
(T S S S T P T —
= :
R L
Q.08 fooeesmnndonnsnnass e
0 : i : | : :
a a00 1000 1500 2000 2500 3000 3500
0.25 T T T T T |
— Liguide-Bio_ugar?
02F .
B01s} .
S
=
it
c 01F -
)
0.05 - =
|:| | | | | | |
a A00 1000 1500 2000 2500 3000 3500
Temps (h)

iBiu:u_sugarE:_’ IHéac.a’SDrtie Licj e iBin_sugarE:_i |Bin_sugar£:_i |Bin_sugar£:_i |Bin_sugar2:_i QuIT I

Figure 33. Bio_Sugar2
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Figure 34. Bio_AA
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Figure 35. Bio_LCFA
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Figure 36. Bio_Dead
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Figure 39. CO2 gas production rate (in I/h at 20 °C and 1 atm)
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531 Steady state of the sub-process defined by the reactions E4, E5, E11 and E15

It has been established that the sub-process limited to the biomasses BioSugar and BioSugar2 of the
reactions [E 4], [E 5], [E 11] and [E 15], can be described by the following state system :

a, =-b:a, +bia, +a, m:C, a,+as MGy ag

. 1 1
8, =-bxa, +bx,, +E>‘a42 m, >C, xa,, +E"asz M, >Cy XA

Qg =(' bs+a,m,C, +a,y, >4(D11)Xa43 U a, =1, xa,

a53 = (- bS +a53>ms ><:5 +a15,1ka15)>653 U 353 :f5 >e'53
with

a4; . MonoSacch concentration in the sub-process,

a1 . MonoSacch concentration at sub-process input

a4, - NH3 molecular form concentration in the sub-process,

aizz » NH3 molecular form concentration at sub-process input

ay3 . BioSugar concentration in the sub-process;

as3 . BioSugar2 concentration in the sub-process,

For constant inputs, the necessary and sufficient condition of steady state is the null state derivative.
So from (2.1) recalled here above, the necessary and sufficient condition is :

a4l =
a42 =
E.3-43 =
3.53 =
From this necessary and sufficient condition here above, severa sets of sufficient condition can be
extracted. To obtain &,;, = 0, one of the 2 conditionsis sufficient: f, =0 or a,, =0.Inthesame
way, to fulfil a,; =0, one of the 2 conditionsis sufficient: f, =0 or a,, =0. So 4 combinations
are possible:
a, =0 ad a;,;=0 > sl
f,=0 aod f,=0 > set2
f,=0 and a,=0 > =t3
fe=0 and a,=0 ->st4
In set 3, to make a3 tends to O when initid a3 is not null, another condition must be fulfilled implicitly
(s <0

In the same way, in set 4, to make a;; tends to 0 when initial a3 is not null, another condition must be
fulfilled implicitly : f, <O.

setl
-b:a4l+b:ai4l+a4l:rr4:C4:a43+a51:n5:CS:a53:O
1 1
- bx, +bxa , +—>a xC, X, +—>a xC; xag; =0
42 X8 4 K a2 XMy X0y 2Qy5 K 52 Ty X0 XA (A2.1)
8,3 =0
as;; =0
set 2
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- b:a41+b:ai41+a41 :n4:C4:a43 tag Ny :Cs * Qg =0

1 1
- b>642 +b><a,.42+E>642>m4 XC4 >‘3'-43"'E>€'-52>‘ms>‘C5 >‘ass =0

(A2.2)
- bs+a43mxc4+a111>km1:0
- bs+a53>qn5>cs+a15,1xk015 =0
set 3
- bra, +bhra, ta,m,Crastag tnsCirag, =0
1 1
-bxa, +tbxa ,, +—>xa xC, xa,, +—>xa xC =0
42 E a2 N, X0, XA, K 52 ATy XLg XA, (A23)
B bs+a4smxc4+a11,1>‘kmlzo
-bgtagm>xCy+a,, K, ;<0 tohae a;,;=0 ainfinte
set4
- b:a41+b:ai41+a41:n4zc4 :a43+a51:n5:05:a53 =0
1 1
-bxa,, +bxa ,, +—xa,, xm, *xC, xa,, + —>xa xC =0
42 E a2 WYy oy 7y3 K 52 AT XLg XA, (A2.4)
-bg+a,,mxC,+a,, k,, <0 tohae a,,=0 ainfinte
- by +agm Co+a, Ky =0
5.3.2 .Analysis of the set 1 of equations
Recal of set 1
- b:a41+b:ai4l+a41:n4:C4:a43+a51:n5:CS:a53:O
1 1
- b><a42+b><ai42+E><a42>m4><C4 >‘a43+Exasz>¢ns>C5 >‘3'53=0 (A2.1)
a3 =0
a;; =0
This set of equations is equivaent to
- b:a41+b:ai41:0
- b>xa, +bx,, =0
which give the trivial solution (whereindex ‘0’ means ‘at steady state’) :
Q0 =&y
Q420 iamz (A25)
Q430 =0
a-53020
Such a state
e u
X0 :éa420l.,l
24300
gasaoH

isasufficient condition of steady state obvioudly but has no interest as it represents a process without
biomass (a430=0 and as3,=0) where nothing happens except a dilution phenomenon whose steady state
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is precisely [as10, ai0] : the concentrations of the compounds inside the reactor tend to the values of
these compounds in the input flow.

533 Analysis of the set 2 of equations
Recall of set 2

-bra, +bra,, ta,mCras tag i tCira, =0

1 1
-b>‘a42+b><ai42+E><a42>¢n4XC4>ﬁ43+E><8.52>¢T15>CS>‘853=0 (A2.2)

- bgt+a,m xC, +all,1>4<D11:0
- bg+agm Co+a,, Ky =0

The set of equations to be solved is composed of 4 equations and 4 unknowns. So a least one
mathematical solution exists.

Remembering the expression of C4 and C5in (2.1) :
a, « a,,
kS41 + a‘41 kS42 + a42

C,=

ay o 9y
kSSl tay, kssz +a,,

5 =

& :;k S41 + ay

C5 kSSl + a'41

the expression of a, (as, a steady state) can be obtained from the 2 last equations of (A2.2):
kssz -C xks42

1- C
In the present case, the half saturation constants of BioSugar and BioSugar2 growth related to NH3,

k542 and ks52, areidentica : k542 = k552 = 10-4 g/l .
Then
Buzo = - Ksgp = - 10°* gl.
which is a mathematical solution but not a physical one as a concentration cannot be negative.
So there is no physical solution to the sufficient condition (A2.2).

and given the expression of an intermediate variable C =

Ay = -

Of course, the present result depends on the equality of ks, and Kss,. If the values of the half saturation
constants were to be changed in the future, the problem should be considered again.
5.34 Analysis of the set 3 of equations

Recall of set 3
- bra, +bray, ta, G tatag i Gytag, =0

1 1
- b"a42+b>ai42+E>6-42 xm, xC, Xa43+E>652>m-'XC5 % =0 (A23)

- bs+a43mxc4+a111>k011:0
- bgtagm>xCy+a,, K, ;<0 tohae a;,=0 ainfinte

It isrecalled that the aim isto compute a peculiar value X, of the state :
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éazuo@

é, u

X, = éa420l]

§a430lzl

85
such that the derivative of the stateis null.
Asas; =0, (A2.3) can be smplified into :

- bxa,, thxa,, +a,m, xC, 3, =0
- brxa, thxa, +%>G-42 xm, XC, xa,;, =0

- bgt+am ><(:4"'3-11,1 Ko =0
From the 2 first equations, one of the variables a;; and a;, can be expressed in function of the other :

_ay, 1
a,, = XR >'(a41 - q 41) + a4,
a

~

U

a
a, =K—= ><(3-42 } ai42)+ An
a 42
When these variables are replaced into the expression of C, of the third equation, one obtains a second
order equation where a; or a; is the unknown (see relations (A2.5) and (A2.9) heregfter). So the
system (A2.3) has 2 mathematical roots. Then the problem is to determine if these 2 roots are physical
solutions. Fortunately it is possible to check that (A2.3) has only one positive solution.

1. Expression of a0 :
ay10 IS a solution of the second order equation where a;; is the unknown :

A1>a4211+A2>a41+A3 =0

with A, = E‘i 1 2

- a

Cuwo

10
Az :g[' C_?(amz - Ka Xa1‘41)'*'ks41 ><Ka +ks42

40 9 (A25)
A3 = ks41 ><ai42 - Ka Ayt ks42)
1 - a 45 AT, (1)

C40 - all,l X D11

a

bs
K :EXi
a, K

Given D=A2- 4xA, XA,

- A,++D _-A,-+D
—— ad 410 =7 5 on
25A, 25A,

with af,, <a,,, becauseA; <0 ().

if D3 0, therootsare:  a§,, = (A2.6)

A -
Thereis only one positive root a1 aslong as A—3 <0 U A;>0
1
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U ai42 3 ai42m

(A2.7)

Q

1
42
XE Qg - ks42
41

When a,,, <a,,,, it is not easy to know if the roots are positive or negative because the sign of

with  a,, =

Q

A
—2 cannot be determined.
1
Moreover it isimpossible to determine the sign of as» when it is computed from:

a 1
Ay = a_42 XE ><("5‘410 - ai4l) +a, (A2.8)
41

Itiswhy it is preferable to extract a;, from the following second order equation (A2.9).

() Remark 1: b - Ay, XKy, isstrictly positiveasbg ®* 0 and  a 11 < 0

(%) Remark 2: A; <0 aslongas g, <(a, xm, +a,,, %g,, )/, =0.39* 25=9.75 I/h, which is
true for the prototype reactor of 25 litres.

2. Expression of ayz :
ay20 IS a solution of the second order equation where a;; is the unknown :

A1>a£212 +A2 >a42 +A3 :O

with A, = gf[ Cing
0@

a

10
A, :g' _1>‘(ai41' K. ><ai42)"'ks42 K, +Key

Cop (A29)
Az =Ky, >(ai41 - K@, t ks41)
1 _ agm
C:40 bs SRR Xlel
K Q= ﬂ xK
a4

Given D=A2- 4xA, xA,

- + - -
if D3 0, therootsare:  af,, :AZ—JB and  a,, :AZ—JB (A2.10)
2XA 2XA
with ag,, <a,,, becauseA; <0 .
: » A, -
There is only one positive root ay» aslong as v <0 U A;>0
1
U a, £ a,y
(A2.11)

. _ a,
with Qgom ~ ><ai41 + ks41)
a,

Xrl—\

o . . o~ A
When a,,, > a,,,, thereare 2 positive roots asthe sign of A, is positive U - A—2 >0.
1
The lack of determination is cancelled in next section.

3. How to compute ay10 and ayyo
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The previous results are gathered in Figure 40.

/amz Aa2m |a42M \

an no determination <« 0N positive root a g

a one positive root a»g 2 positive roots ayy

. %

Figure 40. Domain of existence of only one positive root for a;; and as»

So to be sure to get the only one positive solution, it is sufficient to compute :
aso Of (A2.6) whenap issuchthat: @, 3 8,5, OF Ay 3 Ay
420 Of (A2.10) when a4, is suchthat : Qg <8 4om

When ayy is computed by (A2.6), a0 IS computed by :

a 1
Q0 = —Z = ><(3-410 - ai41) + a4 (A2-12)
a, K
When ayy is computed by (A2.10), a0 IS computed by :
a
Q0 = K a_Al )(a420 - ai42) Ty (A2-13)
42
The expression of BioSugar concentration is :
b
Qo =< ><(3-410 - ai4l) (A2-14)
a4y AT, ><C4o

4. Taking into account the negative derivative of BioSugar 2 concentration
Up to now only the 3 first equations of (A2.3) have been considered. The objective is to ook for the
implications of the inequdlity.

This inequality can be rewritten :
ay o Sap
kS5l + a41 kS52 + a42

< Cy

bs - a-15,1 kalS

with C, = A2.15
50 ag M (A2.15)
Recdl: ag,>0 ad a; <0
It implies:
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y>0
with y=A X, +A, X, +A,
0
Al =&l iixKa
50 @
& 160
Az = g' C_3>(ai41 - Ka >e-i42)"' kssz >4<a + k351 (A2-16)
50 @
A3 = kssz x(aizu - Ka XA, T kSSl)
1 — A gz AT}
Cso bs - a15,1 >4(D15
K, =24
a 4

Given D=AZ- 4xA, XA,

- A, +-/D ad _-A,--D

if D3 0, therootsof 'y =0" are: a,,, = oy Aypp = 2%
1 1

(A2.17)

with a,,, <a,,, becauseA; <0 (°).
Thederivativeof yis: Yy =2%A, xa,, +A,
Figure 41 showsthat 'y’ is positive for a,, belonging to theinterval [as:  au2].

4 y N
s Q01 2 %A Q22

2

- /

Figure 41. Sign of y

So the inequality of (A2.3) isfulfilled only if a,;, belongsto theinterval [ag:  a422].

In other words, the solution a;,, of (A2.10) and (A2.12) must belong to the interval (A218)
[ &) definedin (A2.17).

Then the steady state that fulfil the equations system (A2.3) is:
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§a410L:J
G, Y
X, =€ U (A2.19)
§a430l:I
g0 Y
If the solution a5, of (A2.10) and (A2.12) does not belong to [a1 @] defined in (A2.17), the
steady state X, does not exist.

) Remark: A, <00 G- —2<0 as| <( 8 4y K s )V
() Remark : A, gl C 6 aslongas gy <\Qs3 XM, + a5, XKpys ,
50

or gy <2.25 |/h, whichistruein the case of the 25 litres prototype reactor.
5.35 Analysis of the set 4 of equations

Recall of st 4

-bra, +bra,, ta,,cnm,Crastag n i Cirag, =0

1 1
S, b8+ R MG, At R MG A 20

-bg+a,mxC,+a,, k,, <0 tohae a,,=0 atinfinte
- bg+agm Cy+a, Ky =0

Theway to solve this set 4 is quite Smilar to the one of set 3.

Asa;3 =0, (A2.4) can be smplified into :
- bxa41+bxai41+a51m >Cs *ag, =0

1
- b, +bxai42+E>aszm>C5 g = 0

- bgtagm Cy +a; Ky =0
From the 2 first equations, one of the variables a;; and &, can be expressed in function of the other :

_Qag 1
a,, = XR >‘(a41 - ai41) +a,,
ag

a
a, =K a_51 >(a42 - a142) tay
52
When these variables are replaced into the expression of Cs of the third equation, one obtains a second
order equation where a;; or & is the unknown (see relations (A2.20) and (A2.24) heresfter). So the
system (A2.4) has 2 mathematical roots. Then the problem is to determine if these 2 roots are physica
solutions. Asfor (A2.3) it is possible to check that (A2.4) has only one positive solution.

1. Expression of a0 :
ay10 ISa solution of the second order equation where a;; is the unknown :
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2 —
A % +A, @, +A, =0

with A, = ? 1 2

50 0 (A2.20)
A3 = kSSl )<ai42 Ka ><a|4l + kSSZ)
1 - a'53 m
Cso bs - 815y kas
K —ﬁxi
* ag K
Given D= Ai - 4xA XA,
if D3 0, therootsare:  ag,, =M and 10 =M (A2.21)
25A, 25A,

with af,, <a,,, becauseA; <0 (seesection A2.2 Remark (%) ).

. ” A "
There is only one positive root a1 aslong as A—3 <0 U A;>0
1
U ai42 3 ai42m

. a, 1 (A2.22)
with a5, = —= XE 8,41 - Kssp
Ag

. . . Lo~ A
When a,,, < a,,,,,, there are 2 positive roots as the sign of A, ispositive U - —2 >0.
1

Moreover it isimpossible to determine the sign of ay;o When it is computed from:

ag; 1

Q0 = —2 X >(3-410 - g 41) ta,, (A223)

a;, K

Itiswhy it is preferable to extract a;, from the following second order equation (A2.24).

2. Expression of ayz :
a0 IS a solution of the second order equation where a;; is the unknown :

Al)aézm +A, X, +A;=0

with A, = g[ 19

Cso (A2.24)
A; = Kss x(ai4l - KX, + kSSl)
1 _ 85
C50 bs - 85 ><kD15
K, =28tk
As,
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Given D=AZ- 4xA, XA,
-A,+D ad & _-A,-+D

if D3 0, therootsare  af,, = A2.25
920 2 xAl 420 2 xAl ( )
with ag,, <a,,, becauseA,; <0 .
A -
There is only one positive root ay» aslong as A—3 <0 U A;>0
1
U ai 42 E ai42M
. a,, 1 (A2.26)
Wlth a'i42M = — x— ><(a'i 41 + kS5l)
ag K

When a,,, >a,,,,, it isnot easy to know if the roots are positive or negative because the sign of

A, .
A_ cannot be determined.

1
The lack of determination is cancelled in next section.

3. How to compute ay;0 and agz
The previous results are gathered in Figure 42.

/34'42 Sis2m dizom \

a1 no determination p one positive root ay;o

Az one positive root ay > 2 positive roots ayyo

. /

Figure 42. Domain of existence of only one positive root for a4; and as,

Thisfigureisthe same as Fout! Verwijzingsbron niet gevonden. but the numerical value of the
milestones ar e different

So to be sure to get the only one positive solution, it is sufficient to compute :
a0 0f (A221) whenagissuchthat: @, 3 @4,  OF Ay 3 Ay
a0 Of (A2.25) when a4, issuch that : A <&

When ayy is computed by (A2.21), a, is computed by :
ag 1
Qo0 = —E X >(3-410 - g 41) Ty (A2.27)
a;, K
When ayy is computed by (A2.25), a0 IS computed by :
a
8,0 =K a_51 ><(a420 - g 42) tay (A2.28)

52
The expression of BioSugar2 concentration is :
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b
530 =~ >‘(a410 - ai41) (A2.29)
a 51 >¢n$ ><:50
4. Taking into account the negative derivative of BioSugar concentration
The objective is now to look for the implications of the inequality (third equation of A2.4).

This inequality can be rewritten :
A o A
kS41 + a41 kS42 + a'42

bs - a11,1 >4<D11

<C,

with C,, = (A2.30)
a43m
Recdl: a,>0 ad a,,<0
It implies:
y>0

with y=A @, +A,xa, +A,

A, :gi' inga

09
10
Az = ?-' _:>(ai4l - Ka >G-i42)+ ks42 ><Ka + k:341 (A2-31)
09
As = k342 ><ai41 - Ka A, 4, + ks41)
1 — a 4 A,
C4o bs - a111>«D11
K =2s
as,

Given D=AZ- 4xA, XA,
- A,++/D ad _-A,-D

if D3 0, therootsof 'y =0 are: a,,, = Py 227 5 A
1 1

(A2.32)

with a,,, <a,,, becauseA; <0 (°).
Thederivativeof yis: Yy =2%A, »xa,, +A,
Figure A2.4 showsthat 'y’ is positive for a;; belonging to theinterval [ag:  aux].
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4 y N
=R 21 2 %A Q22

2

. /

Figure 43. Sign of y

Thisfigureisthe same as Figure 41 but the numerical value of the milestones ar e different

So the inequality of (A2.4) isfulfilled only if a;, belongsto theinterval [ag:  as2].

In other words, the solution a;,, of (A2.23) and (A2.25) must belong to the interval (A2.33)
[an @] definedin (A2.32).

Then the steady state that fulfil the equations system (A2.4) is:
éauo';'
u
X,=€35 (A2.34)
e u

%530 H

If the sdlution a,, of (A2.23) and (A2.25) does not belong to [a;1  aun] defined in (A2.32), the
steady state X, does not exist.

ﬁ,CD

5.3.6 lllustration

The aim is to illustrate the analytical computation of the steady state established in section A2.3 and
A2.4 . The 2 examples are those of section 2.3 . One will see that the simulations lead to the same
steady states.

The variables of a steady state are only the MonoSacch and NH3 concentrations at input of the sub-
process (Table 21).

Table 21. MonoSacch and NH3 concentrations at input of the sub-process

Simulation 1 Simulation 2
ais1 (9/1) :MonoSacch input 11.95 11.95
ais2 (9/1) :NH3 total form input 0.5622 9.37 1072
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Looking for a steady state with a null BioSugar?2 :
If such a steady state exists, it is a solution of the set 3 of equations : (A2.3).
The condition of existence is gathered in Table 22.

Table 22. Condition of existence of a steady state with a null BioSugar2

Simulation 1 Simulation 2
a4 from (A2.10) or (A2.12) 4.49352 10 1.5954 1072
(g/1 of NH3 total form)
Condition (A2.18) Aol Aol
0N a 450 to fulfil fs<0 [6.8812 102  4.49349 101] [0 6.8815102 ]
(g/1 of NH3 total form)
Is the condition satisfied ? no yes

Looking for a steady state with a null BioSugar :
If such a steady state exists, it is a solution of the set 4 of equations : (A2.4).
The condition of existence is gathered in Table 23.

Table 23. Condition of existence of a steady state with a null BioSugar

Simulation 1 Simulation 2
Is the condition satisfied ? no yes
a4 from (A2.23) or (A2.25) 4.5802 101 6.8816 10
(g/1 of NH3 total form)
Condition (A2.33) Aol Aol
on a 4 to fulfil £,<0 [1.5877 102  4.5803 107 ] [0 1.5998 1073 ]
(g/1 of NH3 total form)
Is the condition satisfied ? yes no

Steady state :
Only one physical solution exists for each simulation.

For simulation 1:

the steady state is the solution of (A2.4) with a null BioSugar. The numerical value of the state X, is
given by (A2.21) or (A2.28) for a410 and (A2.29) for aszg -
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For simulation 2:

the steady state is the solution of (A2.3) with a null BioSugar2. The numerical value of the state X; is
given by (A2.6) or (A2.13) for a410and (A2.14) for a4z -

The numerical value of the steady state is gathered in Table 24.

Table 24. Value of the steady state of the sub-process ([E4], [E5], [E11] & [E15])

Simulation 1 Simulation 2
as10 (g/1 of MonoSacch) 1.2806 107 2.1937
a420 (g/1 of NH3 total form) 4.5802 10! 1.5954 1073
ay30 (g/1 of BioSugar) 0 1.9284 101
asso (g/1 of BioSugar2) 2.1805 101t 0

In smulation 1, al the MonoSacch is removed from the medium. As long as NH3 is in enough
quantity, MonoSacch is consumed until its concentration goes down the haf saturation constant
(ks1=107 g/l) of BioSugar growth. Then this biomass is disadvantaged versus BioSugar2 despite its
high specific growth rate (M giosuger = 0.4 hi* and My_giosugarz = 0.1 ). On the contrary in simulation 2
where MonoSacch is no more limiting, the BioSugar2 growth is disadvantaged by its low specific
growth rate.

The value of the steady state obtained by the anaytical way above can be checked on the following
Figure 44 and Figure 45 that are zooms during the last 500 hours of simulation when the process is
reaching its steady state.

Checking the stability of the steady state :

The question arises whether the biomass that is going to zero could grow after an injection of the
same biomass into the reactor. Simulations show that the steady state is stable.

In simulation 1, when the steady state is reached (BioSugar=0), an addition of BioSugar is done.

Figure 46 shows that the added biomass disappears because its growth is not sufficient compared to its
decay.

In the same way, in simulation 2, when the steady state is reached (BioSugar2=0), an addition of

BioSugar2 is done. Figure 47 shows that the added biomass disappears also for the same reason.
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Figure 44. Simulation 1; Evolution function of time expressed in hour.

NH3is'high’ compared to MonoSacch
Inputs: 0.562 g/l of NH3 total form and 11.95 g/l of MonoSacch
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Figure 45. Simulation 2; Evolution function of time expressed in hour.

NH3is‘low’ compared to MonoSacch
Inputs: 9.37 10 g/l of NH3 total form and 11.95 g/l of M onoSacch

ESA CONTRACT 15689/01/NL/NDTECHNICAL NOTE 71.81 EWC 92



CONFIDENTIAL REPORT

«10°  MonoSacch MH3 total
e : 0.458
gl 1c] (e e 0.455
o L ) RN s RRR R 0458}
| e i 04saf:
1.25L : 0assl :
0 800 1000 0 500 1000
0.1 0.212
FOE s ]
0.218
B e s ]
= )
AHEE | o A bt bt ]
0.217
= O S S ]
o 0.216 -
1000 0 500 1000
-3.543
355}
552 |
-3.554 |
-3556}
3558}
-3,56 L

Figure 46. Simulation 1; Evolution function of time expressed in hour.

NH3is'high’ compared to MonoSacch
Inputs: 0.562 g/l of NH3 total form and 11.95 g/l of M onoSacch
Initial stateis steady state for MonoSacch, NH3 and BioSugar 2 with initial addition of BioSugar
(0.2aM).
P the process comesto its steady state where BioSugar = 0 (f, remains <0).
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Figure 47. Simulation 2; Evolution function of time expressed in hour.

NH3is‘low’ compared to M onoSacch
Inputs: 9.37 10 g/l of NH3 total form and 11.95 g/l of MonoSacch
Initial stateis steady state for MonoSacch, NH3 and BioSugar with initial addition of BioSugar2
(0.1g/).
P the processcomesto its steady state where BioSugar 2 = O (fs remains <0).
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5.4 RESPONSE TIMES OF THE WHOLE PROCESS (REACTIONS [E 1] to [E 16])

The response times are estimated by simulations of input steps around the standard steady state point
defined in the LGCB model on 30 July 2004.

Steady state.

This point, detailed in Table 25, is obtained by simulation on a long run so that the value are
converging and constant (of course, when the drain flow rate is null, the variables ‘BioDead’ and
‘Solidinert’ are integrative and cannot be constant; but their dope are constant).

Table 25. Steady state of the standard process on 30 July 2004 (expressed in g/l of total form)

Faeces : 6.249600e-002
VWheat :1.249920e- 001
Pot at o . 1.249920e- 001
Sal ad 1. 249920e- 001
AA 2.023983e+000
PA 6. 184313e- 001
BA 5. 622085e+000
VA 2.453633e-001
CA 2.736799e- 001
NH3 4. 565270e- 001
c2 9. 568548e- 001
MonoSacch 1.281152e- 005
OVPr ot 4.696153e-002
OWip 6. 260298e- 005
OMCar b 1.684421e-001
OVFi bre 8. 293469e- 001
Am noA 5. 004300e- 004
Bi oSugar 0. 000000e- 000
Bi oSugar 2 2.180547e-001
Bi 0AA 1. 139552e- 001
Bi oLCFA 5. 354000e- 002
Sol ubl el nert 3. 100355e+000

The approximation explained in the introduction can be justified here. This approximation
concerns the fact that the consumption of NH3 by reaction [E 7] was neglected when
considering the sub-process defined by the reactions [E 4], [E 5], [E 11] & [E 15].

One can note here Fout! Verwijzingsbron niet gevonden.) that the sub-process and the
whole process have nearly same steady state : the biggest difference is for NH3 precisely and
the distance is less than 0.5 %. So the approximation done in section 2 (study of the sub-
process) is perfectly justified.
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Table 26. Comparison of the steady states of the sub-process and whole process

State component

Values at steady state
of the sub-process

(copy of Figure 43)

Values at steady state
of the whole process

(copy of Table 25)

MonoSacch (g/1) 1.2806 107 1.281152 10°
NH3 (g/1 of total form) 4.5802 10 4.565270 10"
BioSugar (g/1) 0 0

BioSugar2 (g/l) 2.1805 101 2.180547 101

Response times.

The response times are measured from simulations of positive input step, plotted in the
following figures and gathered in Table 27:

Figure 48 to Figure 53: input flow rate step (10 % of the standard input value: qi0=0.07875

I/h;

Figure 53 to Figure 59: drain flow rate step (step of 0.007875 I/h);
Figure 59 to Figure 65 : input concentrations step (10 % of the standard input values).

Process Input flow rate Drain flow rate I nput
excitation concentrations
Component (hours) | (days) | (hours) | (days) | (hours) | (days)
Wastes (faeces, wheat, potato, 15 0.625 15 15
salad)
VFA (AA, PA, BA, VA, CA) 1000 40 1000 40 1000 40
NH3 1000 40 1500 60 1500 60
Mono_Sacch 500 20 500 20 500 20
OM _Lip
OM_Carb
OM _Fibre
OM Prot 30 125 30 125 30 125
Amino A 500 20 500 20 500 20
Biomasses (BioSugar2, Bio AA, 500 20 500 20 500 20
Bio LCFA)
Solublelnert 1000 40 1000 40 1000 40

Table 27. Response times (expressed in hours and days) of the outputs

for the different kinds of process excitation
and for the nominal smulated process of 30 July 2004 by L GCB.
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Figure 48. Input flow rate step
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Figure 49. Input flow rate step
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Figure 50. Input flow rate step
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Figure 51. Input flow rate step
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Figure 52. Input flow rate step
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Figure 53. Input flow rate step
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Figure 54. Drain flow rate step
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Figure 55. Drain flow rate step
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Figure 56. Drain flow rate step
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Figure 58. Drain flow rate step
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Figure 59. Drain flow rate step
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Figure 60. Input concentrations step
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Figure 61. Input concentrations step
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Figure 62. Input concentrations step
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Figure 63. Input concentrations step
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Figure 64. Input concentrations step
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55 TOOL FOR THE OPTIMISATION OF THE SIMULATED PROCESS

The system of ODE’s, describing the process, is programmed in the Matalb file ‘process.m’. The
integration is done by the solver defined in the Simulink window ‘g_simpro’.

The physico-chemical parameters (stoechiometry, kinetics, acid/base dissociation constants, gas/liquid
equilibrium constants, ... are defined in the Matlab files*i_sm_1.m’ and ‘i_physic.m’.

The initia state and the time variable inputs of the process are defined in ‘i_sim.m’. Thisfile contains
also the numerica values of the smulation parameters (time range, tolerance, ...), the characteristics
and functioning conditions of the reactor (volumes, temperature, pH ...).

In a practical way, when the smulation conditions are defined in ‘i_sim.m’, the smulator is called by
launching ‘g_simpro’ in the Matalb working window.

Liquefying Compartment
simplified from 2c_ms

Cieae: =  ®* ISSEEESSEESSS

Input

Process

Figure 66. Simulink simulator

Then the initidisation is done by a double click on the red button “Init (i_sm)’.
Then the simulation is launched in the menu ‘ Smulation/Start’ of Simulink.
The results are plotted by a double-click on the blue button * Trace Outputs' .

55.1 .Main programme.

()/6&***************************************************************

% Process sinplified from LGCB nodel *
% Version 1.1 February 2005 *
% *
% *
% i_simm Initialization of the sinulation *
% *

*

%\'**************************************************************

%

% This file will be used for the optimsation study.

% The standard process is defined as the LGCB one on 30Jul y2004 with the nodifications
%justified in section 3 of TNL .

% The initial std inputs are defined in table 3.1 of TNL .

% The initial state is the steady state associated to these std inputs.
% The optimsation study will consist in nodifying :

% . the input consentrations (with a same factor for all the input

% conpounds in order to sinmulate a input conc. variation;

% . the input liquid flowrate;

% . the drain flowrate.

% Rermarkl : as justified in TN3, the BioSugar bionass is null.

% Remark2 : if pb occurs with null bionass, use 'process.m wth 'ode45 Dornand- Prince'
% or 'processNul I Bionass.mt with 'odel5s', which is far quicker and

% gives sane results.

clear all
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% Choi ce of a test
typtst=0; titre='Std process at steady state';
typstep=2; titre='Input concentrations step';
typstep=3; titre='Drain flowrate step';
typstep=1; titre="Input flowrate step';

% Si mul ati on paraneters
tdeb=0; % (h) initial tine of the simulation
tfin=2000; % (h) final tine of the simulation
tmax=2; % (h) max step size of the sol ver
dt=5; % (h) simulation period of the process inputs
tolr=1e-6; %normal tolerance for general case
tol a=le-8;
nbpt x=200000;

% Si nul ati on horizon
T =1[0:dt:tfin]";

% Physi co-cheni cal paraneters
i_siml %init paraneters mfile

% Syst em par anet er s
NI conpounds=10; % Nunber of input concentrations
N fl ows=4; % Nunber of flow rates
NE=N conpounds+N f| ows; % D nmensi on of the process input vector
NX=NXconmpounds+1; % D nension of the process state vector (from'i_sim1l.m)
%plus 1 : for the nunber of nole of the gas vol une
NS=NX; % Di nmensi on of the process output vector

% Process inputs
gi 0=0.07875; % (1/h) initial input liquid flowrate
qd0=0; % (l:h) initial drain flowrate
gf 0=qi 0-qd0; % (l/h) initial filtrate flow rate (volume V can change)
qo0=450; % (l/h) initial reactor outlet liquid flowrate (enmil EPAS)
i f goO<qgf 0+qd0
disp('Error on setting the reactor outlet liquid flowrate')
br eak
end
% I nitial concentration of input conpounds
% They are the conc. of the 'N conpounds' first compounds of ' ConpoundsNang'
ai O=zer os( Nl conpounds, 1) ;
if typtst==0
ai 0(i Faeces)=3.968; % (g/l) data from'awc_ns'
ai 0(i Wheat)=7.936; % (g/l) data from'awc_ns'
ai 0(i Sal ad)=7.936; % (g/l) data from'awc_ns'
ai 0(i Potato)=7.936; % (g/l) data from'awc_ns'
ai 0(i AA)=.091/Kdiss(iAA); %(g/l) data from'aw_ns'; nolecular form
ai 0(i PA)=.018/Kdiss(iPA); % (g/l) data from'awc_ns'; nolecular form
ai 0(i BA)=.021/Kdiss(iBA); % (g/l) data from'awc_ns'; nolecular form
ai 0(i VA)=. 006/ Kdiss(iVA); %(g/l) data from'awc_ns'; nolecular form
ai 0(i CA)=. 007/ Kdi ss(iCA); % (g/l) data from'awc_ns'; nolecular form
ai 0(i NH3) =. 025/ Kdi ss(i NH3); % (g/l) data from'aw_ns'; nolecular form
end
ai 0=ai 0./ MassMol (1: Nl compounds); % (nol/1) unit requested by 'process.n
W=[qi 0; qdO; gf0; qo0O; aiO]; %Initial inputs
U=ones(size(T)) * WO'; %tine process inputs

% Initial steady state obtained by sinulation
if O
% 1. Conputation of the steady state
% Arbitrary initial state
%init of X0 (g/l of total fornm
X0=zeros(NX, 1);
XO(i Bi oSugar 2) =le-3;
XO(i Bi 0AA) =1e- 3;
XO(i Bi oLCFA) =1e-3;
XO(1: NX-1) =XO(1: NX 1) ./ MassMol . /Kdiss; % (mol/l = wunit requested by 'process.ni);
nmol ecul ar form
% Arbitrary nN\N2
nN2=VG VMol *273/ Tenp; % VG full of N2 at starting the sinulation
[T_p, X, Y, Xss]=stest a( W0) ;
% Di spl ay
disp(' D splaying the steady state (g/l of total form')
i SP(" - - mmm ")
for jj=1: NXconpounds
t ext e=[ ConpoundsNane(jj,:)," : "'nunRstr(Xss(jj)*MassMol (jj)*Kdiss(jj),"'%5.6¢e')];
di sp(texte)
end
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% Plotting to check the steady state

t_sim

Xss(i Bi oSugar)=0; %to be sure the BioSugar is null

eval (['save Xsteady', nunRstr(typtst),' Xss'])
el se

% 2. Loading the previously conputated steady state

eval (['load Xsteady', nunstr(typtst)]) % (mol/l of nolecular form = unit requested by

"process. )

nN2=VGE VMol *273/ Tenp; % gas volune full of N2 at starting the sinmulation
end
X0=Xss';

% Arbitrary init of BioDead, Solidlnert and nunber of nole of produced CX2 gas
XO0(i Bi oDead) =0;
X0(i Solidlnert)=0;
if 0 %0 -->to |let unchanged the steady state of CO2 gas
if 1 %Init of C2 G at thernodynam cal equilibriumwth L
V_C2=VG* X0(i CR) / LG_CR;
else % Arbitrary init of C2 G
V_O0®2=0; % Initial partial volune of C2 in the gas volune at 'Tenp' under 1 atnosphere

end

if Vo2 > VG
disp('Incorrect initial partial volume of C® in the gas vol une')
br eak

end

XO(NX) =V_C2/ VWbl *273/ Tenp; % nitial nunber of nole of G2 in the gas vol une

% Nunmber of mole of N2 in the gas volunme under 1 at nosphere

nN2=( VG- V_C2) / V\bl *273/ Tenp; % The nunber of N2 is constant all along the sinulation
end

% Tenporal inputs
if typstep == 1
kgi=1.1; % nmultiplicative factor of input flow
t 1=10;
ind = find(T>=t1);
U(i nd, 1) =kqi *qi 0*ones(si ze(ind)); % (l/h) Step of input flow
seif typstep == 2
i Conpounds=NI f | ows+[ i Faeces, i Weat, iSalad, iPotato, iAA iPA iBA VA iCA iNH]J;
kC=1.1; % multiplicative factor of input concentrations
t 1=10;
ind = find(T>=t1);
U(i nd, i Conpounds) =kC*U(i nd, i Conpounds); % (mol /1) Step of input concentrations

e

elseif typstep == 3

%%qd=1.1; %nultiplicative factor of drain flow

t 1=10;

ind = find(T>=t1);

Ui nd, 2) =qd0+qi 0/ 10*ones(si ze(ind)); % (l/h) Step of drain flow
end

disp(' *** ClL sinplified fromLCCB nodel - End of initialization ***')
55.2 Parameters initialisation.

%\'*********************************************************************

% Process sinmplified from LGCB nodel *
% Version 1.1 February 2005 *
% *
% *
% i_siml.m Initialization of paraneters of the Compartment 1 *
% *

%*********************************************************************

% Bui | ding or |oading the paraneters

%f 0
% |oad Param 1
%l se

% 1. Narme of the chenical conpounds involved in the Liquefying conpartnent

Of)  mmm e e e e e e e e e e e e e e e e m i m e e m e e e e e e e e e m e

% ATTENTI ON:  The ' Nl conpounds' first conmpounds are common to Input and State vectors
ConpoundsNane=[

' Faeces 7R
" Wheat R
' Pot ato U8
' Sal ad "y %
"AA )

ESA CONTRACT 15689/01/NL/NDTECHNICAL NOTE 71.81 EWC 117



CONFIDENTIAL REPORT

" PA ' Y%

' BA ' W

" VA U8

'CA )

' NH3 ", %0
' Cc» 7 N
' MonoSacch "2
" OWPr ot " %3
"OMLi p ', %4
" OMCar b ', %5
" QVFi bre ', %6
' Am noA 7
' Bi oSugar ', %48
'BioSugar2 '; %9
' Bi 0AA ", %R0
' Bi oLCFA ;o Rl
' Bi oDead owR2

" Sol ubl el nert'; %23

"Solidlnert ']; 94
NXconmpounds=si ze( ConpoundsNane, 1); % Nunber of compounds in the state vector X
for ii=1: NXcompounds

eval (['i', ConpoundsNane(ii,:), '=ii;"'])
end

% 2. Narme of the chenical reactions involved in the Liquefying conpartnent
Of)  mmm e e e e e e e e e e e e e e e m i m e m e m o m e e e e e e e e
React i onsNane=[

"El ',

‘B2
"E3 ';
"E4 '
"E5 '
"E6 ';
By
"EB '
"E9 ',
' E10';
"E11';

"E12';
"E13';

' E15';

"E16'];

NReact i ons=si ze( Reacti onsNane, 1); % Nunber of reactions
for ii=1:NReactions

eval (['1', ReactionsNanme(ii,:),"'=ii;"'])
end

% 3. Init stoechiometry matrix of the chem cal reactions

1072

% Source : 'equations_nodel.doc' on 16 July 2004 from LGCB (and 'awc_ns' when conflict)
% Each colum of the matrix is the stoechionetry of a given reaction.

% There are 15 reactions (so 15 col ums).

% Reaction [E14] is not sinulated because ' Bi oHVFA' does not exist.

MB=zer os( NXconpounds, NReactions); % Init matrix

% Reaction [ELl]; Hydrolysis; N order reaction
MS(i Faeces, i E1) =- 1,

M5(i MonoSacch, i E1) =. 00869;

MS(i OVProt , i E1) =. 7654;

MB(i OMLi p, i E1) =. 1956;

MS(i Sol ubl el nert, i E1) =. 7828;

% Reaction [E8]; Hydrolysis; N order reaction

M5(i Wheat , i E8) = 1;

MB(i OVProt, i EB) =. 24574;

MVB(i OMLi p, i E8) =. 058241;

MB(i OMCar b, i E8) =1. 1141; %val ue of sinulator 'awc_ms' and not of 'equations_nodel . doc’
MVB(i OVFi br e, i E8) =. 04799;

MS(i Sol i dlnert, i E8)=.60396;

% Reaction [E9]; Hydrolysis; N order reaction

M5(i Pot at o, i E9) =-1;

MB(i QwProt, i E9) =. 30492;

MB(i OMLi p, i E9) =. 022854;

MB(i OMCar b, i E9) =2. 0076; % val ue of simulator 'awc_ns' and not of 'equations_nodel . doc'
MVB(i OVFi br e, i E9) =. 08344;

MS(i Sol i dlnert, i E9)=.33315;
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% Reaction [E10]; Hydrolysis; N order reaction

MB(i Sal ad, i E10) =-1;

M5(i OWPr ot , i E10) =. 74077,

MB(i OMLi p, i E10) =. 18122;

MB(i OMCar b, i E10) =. 56856; % val ue of sinulator 'awc_ns' and not of 'equations_nodel . doc'
MB(i OVFi bre, i E10) =. 20033;

MB(i Sol i dl nert, i E10)=. 46094,

% Reaction [E2]; Carbohydrate hydrolysis; N order reaction
VB(i OMCar b, i E2) =- 6;
MB(i MonoSacch, i E2) =1;

% Reaction [E4]; Acidogenesis; Mnod/Pirt reaction
M5(i MonoSacch, i E4) =-1. 091;

MB(i NH3, i E4) =- . 1091;

M5(i Bi oSugar, i E4) =. 1091,

MB(i AA, i E4) =. 6667,

VB(i PA, i E4) =1. 3333;

MB(i C2, i E4) =. 6667,

% Reaction [E5]; Acidogenesis; Mnod/Pirt reaction
M5(i MonoSacch, i E5) =-1. 0833;

MB(i NH3, i E5) =-. 1;

M5(i Bi oSugar 2, i E5) =. 1;

MB(i BA, i E5) =1;

MVB(i CO®, i E5) =2;

% Reaction [E3]; Acidogenesis; N order reaction
MS(i OWProt, i E3) =- 1,
M5(i Am noA, i E3) =1;

% Reaction [E6]; Acidogenesis (am no-acids); Mnod/Pirt reaction
M5(i Ami noA, i E6) =-1,;

MB(i Bi 0AA, i E6) =. 0241;

MB(i AA, i E6) =. 16373;

MB(i PA, i E6) =. 0612;

MB(i BA, i E6) =. 019;

MS(i VA, i E6) =. 0177;

MB(i CA, i E6) =. 01734;

MS(i C2, i E6) =. 11816;

MB(i NH3, i E6) =. 2489;

% Reaction [E7]; Acidogenesis (lipids); Mnod/Pirt reaction
MS(i OMLi p, i E7) = . 95;

MB(i NH3, i E7) =- . 05;

MB(i Bi oLCFA, i E7) =. 05;

MB(i AA, i E7) =. 35;

% Reaction [E16]; Hydrolysis (fibre); N order reaction
MS(i OVFi bre, i E16) =- 1;
MB(i OMCar b, i E16) =3. 9216;

% Reaction [E11l]; Decay biomass
MB(i Bi oSugar, i E11)=-1;
MB(i Bi oDead, i E11) =1;

% Reaction [EL12]; Decay biomass
MB(i Bi 0AA, i E12) =-1;
MB(i Bi oDead, i E12) =1;

% Reaction [EL13]; Decay biomass
MS(i Bi oLCFA, i E13) =-1;
MB(i Bi oDead, i E13) =1;

% Reaction [ E15]; Decay bionmass
MB(i Bi oSugar 2, i E15) = 1,
MB(i Bi oDead, i E15) =1;

% 4. Init nmolar mass vector of the chemical conpounds involved in the Liquefying conpartment
LS T T T T
Matom = [12; 1; 16; 14; 32; 31]; % CHONS P atom k mass

% Conposition matri x of the chem cal conmpounds (atons CHON S P):

MBC=zer os( NXconpounds, 6); % Init matrix

% Source : 'equations_nodel.doc' on 16 July 2004 from LGCB
% at om : C H (0] N
MSC(i O, :) = [ 1 0 2 0

owm
o
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MSC(i NH3, :) = [ O 3 0 1 0 0 1;
MBC(i AA, 1) = [ 2 4 2 0 0 0 1;
MSC(i PA, ;) = [ 3 6 2 0 0 0 1:
MBC(iBA, ;) = [ 4 8 2 0 0 0 1;
MBC(i VA i) = [ 5 10 2 0 0 0 1;
MBC(i CA 1) = [ 6 12 2 0 0 0 1;
MBC(i MonoSacch,:) = [ 6 12 6 0 0 0 1;
MBC(i OWProt,:) = [ 1 1.56828 . 3063 . 2693 .00635 O 1;
MBC(i OMLip,:) = [ 1 2 . 125 0 0 0 1;
MBC(i OMCar b, ;) = [ 1 1. 6667 . 8333 0 0 0 1;
MSC(i OVFi bre, :)= [ O 0 0 0 0 0 1; %
undefi ned
MBC(i Ami noA, :) = [ 1 1.98 . 5122 . 2693 .00635 O 1;
MSC(i BioSugar,:) = [ 5 7 2 1 0 0 1;
MBC(i Bi oSugar2,:) = [ 5 7 2 1 0 0 1;
MBC(i Bi 0AA, ;) = [ 5 7 2 1 0 0 1;
MSC(i Bi oLCFA, :) = [ 5 7 2 1 0 0 1;
MBC(i Bi oDead, :) = [ 5 7 2 1 0 0 1;
MSC(i Faeces, :) = [ O 0 0 0 0 0 1, %
undef i ned
MSC(i Wheat, :) = [ O 0 0 0 0 0 1; %
undef i ned
MSC(i Potato, :) = [ O 0 0 0 0 0 1; %
undef i ned
MSC(i Sal ad, :) = [ O 0 0 0 0 0 1; %
undef i ned
MSC(i Sol ubl el nert,:)=[ O 0 0 0 0 0 1; %
undef i ned
MSC(i Solidlnert,:) =[ O 0 0 0 0 0 1; %
undef i ned
% Checki ng the stoechiometry of all the reactions
if O
% at om : C H (0] N S P
MBCL = [ O 2 1 0 0 0 7 % H0
% Reaction: E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 E14 E15 E16
MBL = [0 -1.5-.2057 .9939 .3 -.3482-.681250 0 0 O O O O O O0]; %HO
di sp(' Vi sual checking of the stoechiometry of all the reactions')
i SP(" - m o ")
for ii=1:NReactions
di sp([' Reaction: ', ReactionsNane(ii,:)])
di sp( ' ============' )
for jj=1: NXconpounds
t ext e=[ ConpoundsNarme(jj,:)," : 'numstr(MS(jj,ii),"'%5.6f"')];
di sp(texte)
end
mass_bal ance=[ [ M5(:,ii); MBL(ii)]"'*[ MBC, MBC1]];
if ~all(all(abs(mass_bal ance) < 5e-4))
format short e
di sp(' *=*=* Stoechionetry is unbal anced *=*=*")
di sp(' C H O N S P)
di sp(mass_bal ance)
end
if ii<NReactions
disp('Strike a key to check the stoechio of the next reaction')
disp(" ")
pause
end
end
end
MassMol =MBC*Matom % (g) nol ar mass
MassMol (i OVFi bre) =100; % (g) nolar mass from 'rapport P Patoux' on Septenber 2004
(deduced fromtables p.12)
MassMol (i Faeces) =100; % (g) nolar mass from'equations_nodel .doc' on 16 July 2004
MassMol (i Wheat ) =100; % (g) nolar mass from'equati ons_nodel .doc' on 16 July 2004
MassMol (i Pot at 0) =100; % (g) nolar mass from'equations_nodel .doc' on 16 July 2004
MassMol (i Sal ad) =100; % (g) nolar mass from'equati ons_nodel .doc' on 16 July 2004
MassMol (i Sol ubl el nert)=100; % (g) nol ar nass from ' equati ons_nodel .doc' on 16 July 2004
MassMol (i Solidlnert) =100; % (g) nolar mass from'equations_nobdel.doc' on 16 July 2004
% Checki ng the nolar nass of the conpounds
if O
di sp(' Displaying the nolar nass')
disp('------------meeea ")
for jj=1: NXconpounds
t ext e=[ CompoundsNare(jj,:),"' : 'nunRstr(MassMl (jj),"' %d5.6f"')];
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di sp(texte)
end
end

%5. Kinetics paraneters

0  mmm e e e e e emama o

kNor der =zeros(1, NReactions); % Init of k of the N order kinetics
kNor der (i E1) =. 2/ abs( MY i Faeces, i E1)); % (h-1)

kNor der (i E2) =. 2/ abs(MS(i OMCar b, i E2)); % (h- 1)

kNor der (i E3) =. 2/ abs(Ms(i OMProt,i E3)); % (h-1)

kNor der (i E8) =. 2/ abs(MS(i Wheat , i E8)); % (h-1)

kNor der (i E9) =. 2/ abs(Ms(i Potato, i E9)); % (h-1)

kNor der (i E10) =. 2/ abs(Ms(i Sal ad, i E10)); % (h-1)

kNor der (i E16) =. 01/ abs(MS(i OVFi bre, i E16)); % (h-1)

nmuM-zeros(1, NReactions); % Init of specific growh rate of the Mnod/Pirt Kkinetics
muMi E4) =. 4/ abs(MB(i Bi oSugar,iE4)); % (h-1)

muMi E5) =. 1/ abs(MS(i Bi oSugar 2,i E5)); % (h-1)

muMi E6) =. 21/ abs(MB(i Bi 0AA, i E6)); % (h-1)

muM i E7) =. 4/ abs( M5(i Bi oLCFA, i E7)); % (h-1)

kS=zeros(2, NReactions); %Init of kS of the Monod/Pirt kinetics
kS(:,iE4)=[1le-4; 1le-2]./[MassMl (i NH3); MassMol (i MonoSacch)]; % (nol /1)
kS(:,iE5)=[1e-4; 1e-4]./[MassMol (i NH3) ; MassMol (i MonoSacch)]; % (nol /1)
kS(:,iE6)=[.01; 0]./MassMol (i AminoA); % (mol/1)

kS(:,i E7)=[1le-3; 1e-3]./[MassMol (i NH3); MassMol (i OMLi p)]; % (nol /1)

kl =zeros(1, NReactions); %Init of kl of the Monod/Pirt kinetics
kl (i E6)=. 9/ MassMol (i NH3); % (nol /1)

kD=zeros(1, NReactions); %Init of kD of the bi onass decay
kD(i E11) =. 01/ abs( MS(i Bi oSugar, i E11)); % (h- 1)

kD(i E12) =. 01/ abs(MS(i Bi 0AA, i E12)); % (h-1)

kD(i E13) =. 01/ abs(M5(i Bi oLCFA, i E13)); % (h-1)

kD(i E15) =. 01/ abs(M3(i Bi oSugar 2, i E15)); % (h-1)

% 6. Reactor paraneters

VT=27; % (l) Total volune of the reactor
VL=25; % (l) Liquid volune
VG=VT-WL; % (1) Gas vol une
if VG<O
di sp(' Error on vol une of gas')
br eak
end
Tenp = 273+55; %K ('awc_ns' on 30 July 2004)
pH = 5. 6; %' awc_ns' on 30 July 2004

% 7. Physi co-chem cal equilibrium

0O @ s e e e e e e e e e e m -

[kpart, Ka] = i _physic(Tenp, pH;

%7.1. Partition coefficients

kpartN = kpart([6,4, 7:end], 1); % NH3 CO2 AA PA BA VA CA (conputed only to check the
val ues)

% Rermar ks concerning the partition coefficient of the compounds :

% The hi ghest value of the partition coefficients is for G2 (kpart=3082).

% The ot her val ues are nuch |ower (<21).

% ==> only C® is assuned to be a bi phasic conpound (present in gas & |liquid phases)

LG C2=1000/ 18/ kpart (4); %.i qui d/ gas thernodynam cal equilibriumcoefficient for CQ2

% 7.2. Dissociation coefficients

% for CO2:

KCo2 = Ka(1,1)/(10"(-pH))*(1+Ka(2,1)/(10"(-pH))); %[HCOB-]+[CO3--] = KC®R * [OR]sol vat ed

% di ssoci ation vector for all the conpounds

Kdi ss=ones(NXconpounds, 1); %Init to 1 for all the state conponents

% Remar ks concerning the form (nol ecular/ionic) of the conpounds :

% Renl: [ NH4+] =(Kdi ss-1)*[ NH3] sol vated with Kdi s=619 neans that nearly all anonia is under
NH4+ form

% Renm2: [VFA]=(Kdiss-1)[VFA] with Kdiss=6 neans the ionic formis greater than

% the nol ecul ar formbut not enough to neglect the nolecular form(in fact,

% t he nol ecul ar form cannot be negl ected because it is the reactive form.

% RenB: [ HCO3-] +[ CO3- -] =KCR2*[ CXR] sol vated wi th KC2=0.21 neans the ionic form

% cannot be negl ected agai nst the nolecular form

% ==> with the present simulator, the Acid/ Base dissociation nust be taken into account

Kdi ss(i C) =1+KC2;

Kdi ss(i NH3) =1+( 10"( -pH) )/ Ka(3);

Kdi ss(i AA) =1+Ka(5)/ (10" (-pH));
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Kdi ss(i PA) =1+Ka(6) / ( 10~(- p
Kdi ss(i BA) =1+Ka(7)/ (107(-p
Kdi ss(i VA) =1+Ka(8) / ( 10~(- p
Kdi ss(i CA) =1+Ka( 9) / (10~(-p

IIIZ

Ofg == mmmm e m e m e m e m e e e mm
KLa = 10; % from' awc_ns'

% 9. Indices of conmpounds for 'process.m
indL=[i AA, iPA iBA VA iCA iNH3, iC®, iMnoSacch, .
i Am noA, iSolublelnert]; %indices of Liquid conmpounds (=sol uble compounds)
i ndS=[ i Faeces, iWeat, iPotato, iSalad, iOWrot, iOWip, iOMCarb, iOWibre, ...
i Bi oSugar, iBioSugar2, iBioAA iBioLCFA iBioDead, iSolidlnert]; % indices of Solid
conpounds
% ndB=[]; % ndices of Bionasses

% 10. Mol at vol une
VMol =22. 414; % Mol ar volune at 273 Kand 1 atm

% Savi ng paraneters
% or ii=1: NXconpounds

% eval (['clear i', ConpoundsNane(ii,:)]) %clear indices
%end
%ave Param 1

%end

55.3 Process simulator.

%****************'k*********************************************************

% Process sinplified fromLGCB nodel for Liquefying Conpartnent *
% Version 1.1 January 2005 *
% *
% *
% process. m: Conputation of the derivative vector and output vector *
% *

*

0/8'*************************************************************************

function [sys, x0] =process(tn, x, u, fl ag,
X0, NE, NS, NX, Nflows, N conmpounds, NXconpounds,
NReacti ons, MS, MassMol, VL, nmuM kNorder,
kS, kI, kD, Kdiss, KLa, LG C®2, nN2, ...
i ndL, indS, ConpoundsNane, ReactionsNane)

% PROCESS S-Function for simulation of a sinplified Liquefying Conpartnent
%

% Synopsi s

% [ sys, x0] =process(tn, x, u, flag, X0, ...)

%

% Par anet er s

% X0 initial state vector

% For the other paraneters, see in file 'i_simnmni

%

% State vector X

% Length of the state vector : NX

% X(1:NX1) : concentration of the conpounds (liquid and solid) in the reactor
% X ( NX) : nunber of nmole of C2 gas produced at top of the reactor
% | nput s

% The input vector is conposed of

% . input liquid flowrate

% . drain flowrate

% . filtrate liquid flow rate

% . reactor outlet liquid flowrate

% . the concentration of the wastes in the input I|iquid;

% of AA, PA, BA, VA CA and NH3 in the input liquid.
%

% Qut put s

% The output vector is equal to the state vector

x0=[]; %to be Matlab 5.3 conpli ant
% Sizes array and Initial conditions -----------mmmmmmm o

if flag==0,
sys = [
NX 9% continuous states
0 % di screte states
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NS % outputs
NE  %inputs
0 % di sconti nuous ...
0 % direct feedthrough
15

x0 = [X0];

% Continuous state (conputation of derivatives)
el sei f abs(flag)==1,
%Init
for ii=1: NXconpounds
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eval (['i", ConpoundsNane(ii,:), ' =ii;']) %Index of conpounds in state vector 'Xx'
end
for ii=1:NReactions

eval (['i',ReactionsNane(ii,:)," '=ii;"])
end

% The concentrations cannot be negative
ind = find(x<0);
x(i nd) zeros(size(ind));

% Splitting the input vector 'u'

qi=u(l); % (l/h) input liquid flowrate
qd=u(2); % (I/h) drain flowrate
gf=u(3); % (l/h) filtrate flowrate
go=u(4); % (l/h) reactor outlet flowrate

ai =zeros(Nx- 1, 1);
ai (1: Nl comrpounds) =u( NI f | ows+[ 1: Nl conpounds] ) ;

% Reactions rates

% 1. Corrective terns of bionasses growth (Mnod/Pirt nodel
% Init corrective termns

C=zeros(NReactions, 1);

%init concentration of the input

liquid
% (nol /1) concentration of the input liquid

terns)

C(i E4) =muMi B4) *x (i NH3) / (kS(1, i E4) +x(i NH3)) *x(i MonoSacch)/ (kS(2, i E4) +x(i MonoSacch));
C(i E5) =muM i E5) *x (i NH3)/ (kS(1, i E5) +x(i NH3)) *x(i MonoSacch)/ (kS(2, i E5)+x(i MonoSacch));
C(i E6) =muMi E6) *x(i Am noA)/ (kS(1, i E6) +x(i Am noA))/ (1+x(i NH3)/kl (i E6));

Qi E7) =nuMi E7) *x (i NH3) / (kS(1, i E7) +x(i NH3)) *x (i OWLi p)/ (kS(2,i E7) +x(i OWLi p));

% 2. Chemical kinetics. Conc. are in nol/l.
Rr=zer os(NReacti ons, 1);
Rr (i E1) =kNor der (i E1) *x(i Faeces);
Rr (i E2) =kNor der (i E2) *x(i OMCar b) ;
Rr (i E3) =kNor der (i E3) *x(i OWProt) ;
Rr (i E8) =kNor der (i E8) *x(i Wheat) ;
Rr (i E9) =kNor der (i E9) *x(i Pot at 0) ;
Rr (i E10) =kNor der (i E10) *x(i Sal ad); % Reaction
Rr (i E16) =kNor der (i E16) *x(i OVFi bre);
Rr (i E4) =C(i E4) *x(i Bi oSugar); % Reacti on [ E4];
Rr (i E5) =C(i E5) *x(i Bi oSugar 2) ; % Reacti on [ E5];
Rr (i E6) =C(i E6) *x(i Bi 0AA) ; % Reaction [ E6];
Rr (1 E7) =C(i E7) *x (i Bi oLCFA) ; % Reaction [E7];
Rr (i E11) =kD(i E11) *x(i Bi oSugar) ;
Rr (i E12) =kD(i E12) *x( i Bi 0AA);
Rr (i E13) =kD(i E13) *x(i Bi oLCFA);
Rr (i E15) =kD(i E15) *x(i Bi oSugar 2);
% Vari ation rates of each conpounds for all
Ar =zer os( NXconpounds, 1) ;
for jj=1: NXconpounds
Ar(jj)=Ms(jj,:)*Rr;
end
Ar=Ar. / Kdi ss;

% Reaction |

% Reaction |

% State derivative
sys=zer os(NX, 1);

bet aL=qi / WL,

bet aS=qd*qo/ (qo+qd- qi )/ VL;

% Reaction [E2];

% Reaction [E8];
% Reaction [E9];

% Reaction [ E16];

Aci dogenesi s;
Aci dogenesi s;
% Reaction [ El1l];
% Reaction [E12];
% Reaction [ E13];
% Reaction [E15];
the reactions
% Init variation rate

% Reactions kinetics init

E1l]; N order reaction
N order reaction
N order reaction
Hydrol ysis; N order reaction
Hydrol ysis; N order reaction
[ E10]; Hydrolysis; N order reaction
Hydrol ysis; N order reaction
Aci dogenesi s; Mnod/ Pirt
Aci dogenesi s; Monod/ Pirt
Monod/ Pi rt
Monod/ Pi rt
Bi omass decay
Bi omass decay
Bi omass decay
Bi onass decay

Hydr ol ysi s;
Hydr ol ysi s;

E3]; Hydrolysis;

% Taking into account the acid/base dissociation for concerned conpounds

% 1. State derivative of the Liquid conpounds (conpounds soluble in |iquid phase)

% 1. 1. Monophasi c conpounds

sys(indL)=betalL*(ai (indL)-x(indL)) + Ar(indL);

% 1. 2. Biphasic conmpound (compound in gas & |liquid phases):
% nol ar fraction of C2 in the gas phase (C2 + N2)
% Condi ti on of positive flux (fromgas to |iquid)

f mo2=x( NX) / ( x( NX) +nN2) ;
gr adCoR=f nCCR* LG_OCP- x(i CCR) ;
if (x(end)<=0 & gradC2>0)

phi =0;

tn_phi =[tn, phi]
el se

phi =KLa* gr adC2;
end

sys(i C) =sys(i CR) +phi / Kdi ss(i CR) ;

o2
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% 2. State derivative of the solid conpound

sys(i ndS) = bet aS*x(i ndS) +bet aL*ai (i ndS) +Ar (i ndS);

%6 3. State derivative of biomasses

%sys(indB)=(-betaS+M5(indB, [iE4,iE5,iE6,i E7])*C([iE4,iE5,iE6,iE7])+ ...
% M5(indB,[iELll,iEL5,iE12,i E13])*kD([i E11,i E15,i E12,i E13])"'). *x(i ndB);
% 3. State derivative of the nunber of nole of gas

sys( NX) = phi *VL;

O Ul o1 | R e T
el seif flag==3,
% The concentrations cannot be negative (if they were ==> problemto anal yse)
% nd = find(x<0);
%f ~i senpty(ind)
% disp(['Negative concentration in process at tine t='",nun2str(tn),' hour'])
% keyboard
%end

end
554 Steady state simulation.

%l'***************************************************************

% Process sinplified from LGCB nodel *
% Version 1 February 2005 *
% *
% *
% stesta.m Nunerical conptutation of the steady state *
% *

*

%l'**************************************************************

function [T_p, X, Y, Xss] =st est a( U0)

% init solver paraneters

tolr=1e-6; %nornal tol erance for general case
tol a=le- 8;

tmax=2; % (h) max step size of the solver

% Specific rebuilding of the inputs for steady state
t deb=0;

t fi n=2000;

T=[tdeb tfin]";

% | nit constant process inputs
U=ones(size(T)) * W'; %time process inputs
ut = [T Y;

%ic

options = sinset(' Solver','odel5s','RelTol',tolr,' AbsTol',tola,'MaxStep',t max);
[T_p, X, Y] =sim'g_process',[tdeb tfin],options,ut);

% oc

Xss=X(end, :_); % The | ast point is assuned to be steady state (to be checked by plotting)
555 Plotting.

% Pl otting sinulation of the process

%l ose al |

doc = 2; %1 for 'ppt' file; 2 for 'doc' file
trait = .5;

if doc == 1, trait = 2; end

bi phasi c=zer os( NXconpounds, 1) ;
bi phasi c([i AA 1 PA i BA i1 VA i CA i NH3,i C2])=ones(7,1);

%Plotting the outputs expressed in g/l of total form

if 1
fen2tr
1 =0;
for ii=1: NXconpounds
1=
if jj>=5,
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ji=1
fen2tr
end
subplot(4,1,jj)
plot(T_p, Y(:,ii)*MassMol (ii)*Kdiss(ii)),grid
i f biphasic(ii)
title([ CompoundsNane(ii,:)," total form]), ylabel ('g/l")

el se
title([ ConpoundsName(ii,:)]), ylabel ('g/l")
end
if jj==4
if doc==0, trtitre(gcf,titre), end
end
end
if O
fen2tr

subpl ot (4, 1, 1)
plot(T_p, Y(:,NXconpounds+l)),grid
title(' Nunber of nol of CX® gas'), ylabel ('nol")

subpl ot (4, 1, 2)
plot (T_p(1l:end-1), diff(Y(:, NXconpounds+1))./diff(T_p)),grid
title(' Production rate of G2 gas'), ylabel ("nol/h")

subpl ot (4, 1, 3)
plot(T, U:,1),T, W:,2),"--"), grid
title('Input flowrate(b-) Drain flowrate(g--)'),ylabel ("I/h")

Tot al Sol i d=Y(:,indS)*MassMl (indS); %'indS : defined in 'i_sim1.ni

subpl ot (414)

plot(T_p, Total Solid, T_p, Y(:,iSolidlnert)*MassMl (i Solidlnert), '--"), grid
title(' Total Solid (-) Solidlnert(--)"'), ylabel('g/l")

if doc==0, trtitre(gcf,titre), end
end

% Plotting the outputs expressed in g/l of nolecular and ionic forms
el se
fen2tr
j1=0;
for ii=1: NXconpounds
ji=i+y
if jj>=5,
I
fen2tr
end
subplot(4,1,jj)
i f biphasic(ii)

plot(T_p, Y(:,ii)*MassMol (ii),T_p, Y(:,ii)*MassMol (ii)*(Kdiss(ii)-1),"'--"),0rid
title([ ConpoundsNane(ii,:), "' molecular (-) ionic(--)']), ylabel ("g/l")
el se

plot(T_p, Y(:,ii)*MassMol (ii)),grid
title([ ConpoundsNarme(ii,:)]), ylabel ("g/l")

end
if jj==4
trtitre(gef,titre)
end
end
fen2tr

subpl ot (4,1,1)
plot(T_p, Y(:,NXconpounds+1)),grid
title(' Number of mol of CQ2 gas'), ylabel ('nol')

subpl ot (4,1, 2)
plot(T_p(l:end-1), diff(Y(:, NXconpounds+1))./diff(T_p)),grid
title('Production rate of C2 gas'), ylabel ('nol/h")

subpl ot (4, 1, 3)

plot(T, U:,1),T, W:,2),"'--"), grid
title('lnput flow rate(b-) Drain flowrate(g--)'),ylabel ("1/h")

Total Sol i d=Y(:,indS)*MassMwol (indS); %'indS : defined in 'i_siml.n

subpl ot (414)

plot(T_p, Total Solid, T p, Y(:,iSolidlnert)*MassMol (i Solidlnert), '--"), grid
title(' Total Solid (-) Solidinert(--)"), ylabel('g/l")
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trtitre(gef,titre)

if 0
fen2tr
subpl ot (4,1, 1)
plot(T_p, Up(:,Nflows+i AA)*MassMl (i AA)*Kdiss(iAA),'o"), grid
title(' Total AA input conc.'),ylabel ("g/l")

subpl ot (4,1, 2)
plot(T_p, Up(:,Nflows+i NH3)*MassMol (i NH3) *Kdi ss(i NH3),'0"), grid
title(' Total NH3 input conc.'),ylabel (‘g/l")
end
end
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