d
A
&
15,

Universiteit

*dlied) Leiden
'M% The Netherlands

5
3
H oo
B
=
=)
@\
-3

o

Real-Time Substrate Feed Optimization of Anaerobic Co-Digestion Plants
Gaida, D.

Citation
Gaida, D. (2014, October 22). Real-Time Substrate Feed Optimization of Anaerobic Co-
Digestion Plants. Retrieved from https://hdl.handle.net/1887/29085

Version: Corrected Publisher’s Version

Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden
Downloaded from: https://hdl.handle.net/1887/29085

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/29085

Cover Page

The handle http://hdl.handle.net/1887/29085 holds various files of this Leiden University
dissertation

Author: Gaida, Daniel

Title: Dynamic real-time substrate feed optimization of anaerobic co-digestion plants
Issue Date: 2014-10-22


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/29085

Appendix A

Anaerobic Digestion Model (Simple)

In the following the anaerobic digestion model, used in Section 4.4 to compare different
state estimation schemes, is presented. It is the implementation used in Shen et al.
(2006). The state equations are given in equation (A.1). The state, output and input
variables are explained in Table 4.1 and all model parameters in Table A.1.

S'(t) = D-(Si(t) = S®) = fa (S(1), Si(0)) - Xult) - Ya

Xa(t) = [fa (S(1), Si(t)) — Da] - Xa(t)
Vo) = =D Va(t) + fa (S(t), Si(t)) - Xal(t) - yis—
— fm (Ha 0 Va) (1) - Xon(t) - Yo
X0n(t) = [fm (Ha 0 Va) (£)) = D] - X (t) (A1)
C'(t) = =D-C(t) + fa (S(t), Si(t)) - Xalt) - ylo,+
+ S (Ha 0 Va) (8) - Xon(8) - yeo, = kia - (C(F) — kn - Pe(t))
Pl(t) = kg [k - (1= Pe(t)) - (C(t) — kn - Pe(t)) —

—rg - Pe(t) - fm (( aoVa)())'Xm(t)'yé?lJ

The model outputs are produced methane Q.n, and carbon dioxide Q¢o, as well as the

pH value of the reactor. The output equations are given in eq. (A.2).
Qeny (t) = kg -1+ frn (Ha 0 Va) (1)) - Xin (1) - e,
Qcos (t) = kg < Kia - (C(t) — kn - PC(t)) (A-Q)
pH(t) = —logyy (c (H*(1)))

Further variables of the model are given in equation (A.3).

1
Y, = Z/if + y202 + A Y = yénhz; + y‘glb + am
s S

Dy :=x-D +kaa Dy i= X - D + kam (A.3)
Sv . Viiq r - CVCOQ
0002 : Vgas g Cch4

kg =
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The growth rate of the acidogenic bacterial population is modeled by f, and the one
for the methanogenic population by f,,, both are given in equation (A.4).
P = S()  ksa + S;(t)
o (S(), Si(t = —max .
Ja 5050 =5 5w S0
Pmax * (Ha 0 Va) (t)
(Ho 0 Vy) (£) + ki + (dl20Va)0)

a
im

(A4)

Jm (Hao Vo) (1)) =

The undissociated fraction of the acetic acid concentration V, is symbolized by H,
and given in equation (A.5). The needed hydrogen cation concentration ¢ (H*(t)) is
governed by the cubic equation in (A.6).

Va(t) - c (H (1))

H, (Va(t)) = (Ha © Va) (t) = k. +c (H+(t))

(A.5)
(c (HF(1)))° + (ka + Bic()) - (c (H (1)) =

— [ka - (Va(t) = Bie(t)) + kw + kn - keo, - P(t)] - ¢ (H* (1)) = (A.6)
= ka . (kw + kh : kcog ' Pc(t))
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Table A.1: Model parameters as in Shen et al. (2006).

Parameter Value Unit  Description
Fmax 0.5033 h! Maximum growth rate of acidogenic bacteria
ksa 238.1 mg/l  Acidogenic bacteria half-velocity
kada 3.1e72 h~! Acidogenic bacteria decay rate
Hmax 2.27¢7® h7! Maximum growth rate of methanogenic bacteria
Ksm 1.45¢2 mg/l  Methanogenic bacteria half-velocity
Kim 35.47 mg/l  Methanogenic bacteria inhibtion concentration
kdm 8e™? h™! Methanogenic bacteria decay rate
ye 0.688 — Yield coefficient (substrate to acidogenic bacteria)
Yo 0.6427  — Yield coefficient (substrate to acetic acid)
Yeon 0.5 — Yield coefficient (substrate to CO2)

m Yield coeflicient (acetic acid to methanogenic
Ys 3.27 - .

bacteria)

Yehy 20.732 — Yield coefficient (acetic acid to CHy)
Yeon 5.174 — Yield coefficient (acetic acid to CO2)
kw 1e 1 — Water dissociation constant
kcos 4.5¢7 7 — Carbonic acid dissociation constant
kn 1.08¢3 - Henry’s law constant
k. 1.85e7° — Weak acid dissociation constant
kia 6.832 — CO2 mass transfer rate coefficient
Sy 22.4 — Avogadro’s constant
Cooy 4.4e4 — mole to mg/1 conversion constant for CO2
Ceha 1.6e4 — mole to mg/] conversion constant for CHy
X 0.01667 — Liquid/solid dilution rate ratio
D 0.042 h~! Dilution rate
Viig 30 1 Liquid phase volume
Vaas 5 1 Gas phase volume
P, 1 atm Total pressure in the gas phase







Appendix B

Biogas Toolbox in MATLAB®

In this thesis detailed simulation models of biogas plants play a key role. In MATLAB®,
more precisely in Simulink®, simulation models can be created quite easily. Therefore,
MATLAB® was used as a platform to develop a general model for biogas plants, as
well as all other components developed in this thesis, such as the state estimators and
the NMPC.
The key idea of the developed MATLAB® toolbox is to treat algorithms for optimization
and control and biogas simulation models separately. The advantage is that all
algorithms can be easily applied to different tasks and different biogas plant models
as well. The result is a collection of 16 different MATLAB® toolboxes, cach with its
own purpose. Seven of these toolboxes have something to do with biogas and three
toolboxes form the foundation of each of the other toolboxes and have no own use. The
remaining six toolboxes have each their special purpose and can be used independently
of the others. Their purposes for example are data analysis, file-I/O, machine learning
or optimization. The following list gives an overview.
« biogas_ blocks: Simulink® blocks to create complex models of biogas plants.
e biogas calibration: Framework to automatically calibrate the ADM1 parameters
of a biogas plant model.
e biogas control: Contains the algorithms of the NMPC for optimal feed control
of biogas plants.
e biogas gui: GUIs to create and define the simulation model, feeds, boundaries,
etc.
e biogas_ml: Framework to use machine learning methods in biogas applications.
e biogas optimization: Framework to use optimization methods in biogas applica-
tions.
e biogas_ scripts: Collection of useful functions in biogas applications.
e data_ tool: Collection of functions for data preparation and visualization.

e doc_tool: Creates the online documentation of all functions in the other tool-
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boxes.
o gecoc_tool_def: Needed for all toolboxes.
« io_tool: Collection of functions for file-I/O.
e ml_tool: Collection of functions that belong to the family of machine learning.
o numerics_ tool: Contains classes and functions to perform some numerical math-
ematics.
o optimization_ tool: Collection of optimization methods.
e script_ collection: Collection of functions that are generally useful.
e setup_tool: Provides a general installation method that is used by all other
toolboxes.
The separation of methods and models requires general algorithms and methods, but
also the models must somehow be general. As prerequisite all models have to be
designed following the same guidelines, which are facilitated by using well-developed
graphical user interfaces (GUIs) implemented in the toolbox. With these GUIs the user
can e.g. specify the setup of the plant, like the number and properties of the fermenters
as well as those for the cogeneration units available on the plant. Furthermore, physical
and chemical characteristics of the substrate feed can be specified (see Figure B.1),
which makes detailed simulations of various substrate mixtures possible. The toolbox
then uses this information to semi-automatically generate a Simulink® model of the
specified biogas plant, which by default satisfies the needed guidelines (see Figure 7.6).
This developed model then can be used to learn the state estimator in Chapter 8 or as
prediction model inside the control application in Chapter 9.
To improve the speed of the simulations parts of the algorithms are implemented in
C#. The implemented classes are included in MATLAB® by importing them as DLLs.
Upon request the complete MATLAB® toolbox is given to the interested user licensed
under the GNU General Public Licence!.

Thttp://www.gnu.org/copyleft/gpl.html
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(o2 suostrote GUI Wme dlwllm m'n fm 1, D ma B 0 om ome e @ ibiogasiconfiq matgeigerisubstrate geigersml ||t |

Datei  Hilfe
Allgemein ~
Substrat Name: Substrat 10: cost: Substrat Klassifizierung nach EEG 2012 [
Slomais maize 20 &m™3 ~| [Mais(GPS)EKD = it
[ )| ] GECOPC
Weender Analyse Liste der Substrate:
RP RL: NDF: ADF: ADL:

869 [%T5_ +| 368 [nTS_ | 4364 [uTS_ | 218 (w75 <] 215 [xTS_ |

Physikalische und chemische Parameter:
TS: VS: D_VS:
197 [wfm ~] %625 (w15 ~| 08 [w0% -]

pH: Snhd: TAC: TE CoD_S

EEERE -] o [m <] s [mmoia =] 13 [t -] 1597 [scoDa ~]
Sva: Shu: Spro: Sac: Slin

0 [ -] o [ -] o [sn =] 118 @ -] 1303 [scoDa -]
Modellparameter:

kedis: khyd_ch: khyd_pr: lhyd_li

012 [~ w0 [~ w0 [ <« w0 [~

km_c4: km_pro: km_ac: km_hZ:

20 [ v 38 [ v 48 [~ B |14~

Hiffe

Klicken Sie in ein Textfeld um hier Hife fir das Feld zu erhalten

Bereit

Figure B.1: GUI to define chemical and physical parameters of the substrate feed.






Appendix C

ADM1: Petersen Matrix and Model
Parameters

On the following pages the parameters and variables of the ADM1, introduced in Sec-
tion 7.1, are given. The ADMI is modeled as a system of ordinary differential equations.

The system equation is given in eq. (7.1) and is repeated here for convenience.
°zAp'(T) = Du(7) - “uap(7) = Da(7) - *@an(7) + V (“@ap)” - p(*xap)  (C.1)

The input D, and state transition matrix D, are given in eq. (C.2). There, 133 €

NS?’X?’?’ is the 33 dimensional identity matrix and 0,, ., is the n x m dimensional zero

matrix, n, m € Npy.

‘/liq ‘/liq

D (T) — D(T> -133 O33x1 c R37X34 D(’T) — M (7:2) QIN
0433 0451

(C.2)

D, (1) := (D(T) s 033X4> € R37x37
04533 0454

The stoichiometric matrix V' : R37 — R22X37 and the vector of process rates p : R37 —

R2Y are given in the Petersen matrix (Henze et al., 2000) form, see Tables C.1 and

C.2. The matrix layout is [V |p]. The process rate vector p is shown in eq. (C.3).

All variables and parameters of the ADM1 are given in egs. (C.4) - (C.6) and Table

C.3, respectively. The implementation and all values are adapted from Tschepetzki and

Ogurek (2010).



Table C

.1: ADM1 Petersen Matrix: Part I

Component — i 1 2 3 4 5 6 7 8 9 10 11 12 13 14
J Process | S Sa Su S Shu Shro S Shz Sena Seoz st S Xe Xa
1 Disintegration feorxe Ffaxe =1 Ffenxe
2 1 -1
3 1
1 1 — fuu Fran Feozxii
5 Uptake of sugars -1 (1 =Y. fovww (1= Yo)* foown (1= Yo) facon (1= Yo)+ frze Feozu =Y, - Ny
6 Uptake of S,, -1 (1 =Y. fuawa (1= Yo) » fronae (1= Yi) » frrown (1= Vi)« facan (1= Y) * froma feozaa Nuw — Yaa - Ny,
7 Uptake of LCFA (1= Ye) faew (1 —=Yo) fian Feozta =Y. Ny
8 Uptake of valerate -1 A =Yo) foowa (1= Ye)  fuow (1= You) - frona cotva =Y Ny
9 Uptake of butyrate -1 (1= Ye) + faewn (1= You) * frznu oz — Yes + N
10 Uptake of propionate -1 (1= Yiwo) * Faewo (1 = Yio) * Fropmo rpe — Yoo+ N
11 Uptake of acetate -1 — Y. feorac =Y. N,
12 Uptake of hydrogen -1 1 =Y foun =Y, Ny
13 Decay of X,, Feorixn Feinxn Fensn
14 Decay of X,, Feozxn Fainon Fenn
15 Decay of X, Feorixn Feinxn ehxb
16 Decay of X, Feorixn Feinxn chxb
17 Decay of X, Feorixn Feinxn chxb
18 Decay of X, Feorixn Feinxn ehxb
19 Decay of Xy, Feozixn Feinsn ehxb
20 S,../S equil
21 Sy, /S, equil
22 S\.‘,,‘,/Sl; equil.
23 Sy../S_ equil
24 S.,,/S,_, equil 1
25 SI«‘/S",,J equil. 1

V.
26 part. pressure Sy, v
i v
27 part. pressure S, v
' V.

28 part. pressure S, -V
29 total part. pressure

¥1¢

Ssi9joWeled [9POJ PUE XUIB|N USSI9IRd TNQY



Table C.2: ADMI1 Petersen Matrix: Part I1

Component — i 15 16 17 18 19 20 21 22 23 24 25 26 27 28 20 30 31 32 33 34 35 36 37 | process rate

J Process | X Xy Xo X X X X Xoe X X4 b S,t S S Si Si. S Sis Sws Plsie Plsaw Plsee  Prow Pj
1 Disintegration Forxe Juixe Fraxe Fpxe Pl
2 p2
3 -1 ,3
4 Hydrolysis of lipids —1 P4
5 Uptake of sugars Y., P5
6 Uptake of S, Y., rs
7 Uptake of LCFA Y. PT
8 Uptake of valerate Y., P8
9 Uptake of butyrate Y., P9
10 Uptake of propionate Yoo P10
11 Uptake of acetate Y.. P11
12 Uptake of hydrogen Y, P12
13 Decay of X, Soro s —1 I P13
14 Decay of X, Foror Srion -1 fr P14
15 Decay of X, proxb Jlixb -1 fe P15
16 Decay of X, o i -1 fr P16
17 Decay of X, Foroo Frizn -1 Ie P17

proch b -1 fr P18

praxb Jrixn -1 fe P19
20 Sy,./S) equil. —1 20
21 S,,\,,,/S,: equil —1 P21
22 Sy /S equil. -1 P22
23 S),./S_ equil -1 P23
24 S”,_,/S':’H equil. —1 P24
25 S,T,/./S--h\ equil. —1 P25
26 part. pressure S, RliﬁT Rli(;F P26
27 part. prossuro S, BT BL|
28 part. pressure S, R-T R-T P28
29 total part. pressure — B L —1 P29

TNV

slslaweled [9pOJN PUe XU1B\ USSIa1dd

q1¢
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ADM1: Petersen Matrix and Model Parameters

Process rate vector p:

kais - Xc

1

khyd,ch « Xech - 11%7%
(Khyd )

k X —

hyd,pr * <Apr 1+< TS )"hyd

k Xy — 1
hyd,li li 1+( s )"hyd
Y

km,su 'Ssu
Kg,sutSsu Xsu Iy

km,aa Saa
KS,aa+Saa Xaa Il

Em fa" St
et Xpa - I - Inajga

K¢ fa+Sta
km,ca-Sva Sva
Ks 01T 5va Xear griegs 11 Inz,ea
km,ca-Sbu Shu
Xc4 Svat+Sbua Il IH2,04

KS,cat+Sbu

km,pro-Spro

KS,pro"rSpro ’ Xpro ' Il ' IH2,pro

k[l),ac 'SHC
Kg actSac

km n2 Sh2
K5 h2tSh2

kdcc,su : Xsu
kdec,aa - Xaa

. Xac : Iin : INHS . ]pH,ac

* Xn2 - Iin - Ipa, e

kdec,fa : Xfa
kdec,c4 : Xc4
kdec,pro . Xpro
kdec,ac - Xac
kdec,n2 + Xna2

kA/Bva . < va * H+) Ka va Shva)

e
ka/Bbu - <5bu c(H") — Kapu - Shbu)
kA /Bpro - (Spro c¢(HT) = Ka,pro Shpro)
ka/Bac (Sé;C cc(HT) — Kaac - Shac)
ka/Beoz * (Sﬁcos ce(HT) — Kaco2 - Scoz)

ka/Bin - (thS ce (HF) = Kajin - thz;)

krap - (ShQ — Pigps - ﬁm) : %
kLacha - (Sch4 — Pigcha #41{,&4) : %
kLaco2 - (Sco2 — Pigco2 m) : %

Vg
kp (ptotal pext) Vaas
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Fxi,Xe

feo2,Xe = OXc — fsi,Xe - €s1 = feh,Xe * €Xch — fpr,Xc - OXpr — f1i,Xc * Ox1i = fxi,Xe * OXI — fxp,Xc - OXxp

feo2,X1i
fac,su
feo2,su
fac,aa
fco2,aa
fac,fa
fco2,fa
fac,va
fco2,va
fac,bu
feo2,bu

fac,pro

=1 — fsi Xe = feh,Xc = Fpr,Xe = fli,Xc = fxp,Xc

= Cx1i — ffali - Cfa — (1 - ffa,li) - CXch

=1 = fh2,su = fbu,su — fpro,su

= Cxch — (fbu,su - Cbu + fpro,su - Cpro + fac,su - Cac) « (1 = Ysu) = Yeu - Cxp

= 1= fh2,aa — fva,aa — fbu,aa — fpro,aa

i= Cxpr — (fva,aa - Cva + fbu,aa - Cbu + Fpro,aa - Cpro + fac,aa - Cac) - (1 — Yaa) = Yaa - Cxp

= 1= fhota
= Cfa = fac,fa " Cac - (1 = Vi) — Yia - Oxp

=1 — fpro,va = fh2,va

:= Cva — (fpro,va - Cpro + fac,va - Cac) - (1 — Yeq) — Yeq - Cxp

= 1— fhobu
= Cpu — fac,bu " Cac - (1 = Yeq) = Yeq - Cxp

= 1—= fh2 pro

feo2,pro i= Cpro — (1 = Ypro) - fac,pro - Cac — Ypro - Cxb

fcoZ,ac

feo2,h2

= Cac — (1 = Yac) * Cchg — Yac ' Oxp

= — (1= Yh2)  Ccha — Yh2 * Cxp

Inhibition functions:

st 4 Sum
I =TIy - T, I, =TF . < -
Siia + Sans + K
KLHZ.LL Kl H2,c4
L = ——————— Liger 1= ————————
K + S Kimser T She
_1 , ~1
Kins =10 2 (it om, ) Ky i= 10" 2 [N S .
K2 K3
I - e Lopa 1= e
EREES 5 RIPERL
e(nt)® + K3, e(mt)® + K5,
fch,Xc
fehxb = (1 - fp)
feh,Xe T fpr,xe + f1i,Xc
fpr,Xec
fprxb = - (1 - fp)
fen,Xe + fpr,Xe + fi,Xc
J1i,Xe
flixb = ’ (1 - rp)

feh,Xe + fpr,xe + f1i,Xc

fsin,xb i= Nyp — fp - NXp - fpr,xb - Naa

Kl,\"l.’x
Iy = ———
Ky + S
K pro
J P p—— L
Ko pro T Sha
_1 §
Ky =10 2 [ ]
3
T = —bdtac
EREEICIOEE

feo2,xb = Cxb — fP - CxXp = fch,xb - ©Xch — fpr,xb - CXpr — fli,xb - CXli

Ptotal — Pext
Qgas = kp - —otal — Text
& P R.T.14.643 1

(C.6)
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Table C.3: ADM1 parameter values as in Tschepetzki and Ogurek (2010).

Parameter Value Unit Description
N, 0.06/14 mol/gcop nitrogen content of inerts
N, 0.098/14 mol/gcop nitrogen content of amino acids and proteins
N,, 0.08/14 mol/gcon nitrogen content of biomass
Xp 0.06/14 mol/gcop nitrogen content of X
Cx., Cx, 0.03 mol/gcon carbon content of composites (X))
Cs, Cxa 0.03 mol/gcop carbon content iculate) inerts
Cxan 0.0313 mol/gcop carbon content of carbohydra
Cipe 0.03 mol/gcop carbon content of proteins
Cxyi 0.022 mol/gcon carbon content of lipids
C. 0.0217 mol/gcop carbon content of LCFA
C,. 0.024 mol/gcon carbon content of valerate
C,, 0.025 mol/gqop carbon content of butyrate
Ch.o 0.0268 mol/gcop carbon content of propionate
C.. 0.0313 mol/gcop carbon content of acetate
Cla 0.0156 mol/gcop carbon content of methane
C, 0.0313 mol/gcop carbon content of biomass
Y., 0.1 gcon/gcop uptake of sugars
Y.. 0.08 Ecop/ Ecop uptake of amino acids
Y, Y, Yo 0.06 Econ/Ecop uptake of LCFA (butyrate and valerate, hydrogen)
Yoo 0.04 &con/ &cop uptake of propionate
Y., 0.05 8con/gcon uptake of acetate
Frani 0.95 8con/Bcop acids from lipids
Frzon 0.19 Econ/Econ hydrogen from sugars
Foueu 0.13 8cop/ Bcop butyrate from sugars
. 0.27 Econ/Econ propionate from sugars
h 0.06 8cop/ &cop hydrogen from amino acids
Foana 0.23 Zcon/ Ecop valerate from amino acids
(. 0.26 Econ/ Ecop butyrate from amino acids
Forona 0.05 Econ/ Ecop propionate from amino acids
Fra 0.3 &con /Bcon hydrogen from LCFA
Frza 0.15 8con/Ecop hydrogen from valerate
Forors 0.54 Zoon/ Bon propionate from valerate
Frzon 0.2 Zcon /Ecop hydrogen from butyrate
Frzpro 0.43 Zcop/ &cop hydrogen from propionate
fr 0.08 100 % fraction of biomass leading to particulate products
K in 1.104 mol/1 half saturation coefficient of inorganic nitrogen
K., 0.5 Zcop /1 half saturation coefficient of sugars
K. 0.3 &cop /1 half saturation coefficient of amino acids
K 0.4 gcop /1 half saturation coefficient of LCFA
K. 0.2 gcop /1 half saturation coefficient of valerate and butyrate
Koo 0.1 gcop /1 half saturation coefficient of propionate
K 0.15 gcop /1 half saturation coefficient of acetate
Ko 7.10—6 Zcon /1 half saturation coefficient of hydrogen
Ko 30 1/d max. uptake rate of sugars
an 50 1/a max. uptake rate of amino acids
C ot 6 1/a max. uptake rate of LCFA
K yoga 5.10—6 Zcon/1 hydrogen inhibition constant for LCFA uptake
-5 hydrogen inhibition constant for valerate and butyr-
5 ydrog: %
Kizes 1-10 gcon /1 ate uptake
K, 3.5 - 10_6 e, 1 hydrogen inhibition constant for propionate uptake
1LH2,pro cop,
1NH3 0.0018 mol/1 free ammonia inhibition constant for acetate uptake
PHyyp .» PHyp 5.5, 4 — upper (lower) pH limit for pg to p1(
PHyy oo PHLp o0 7.6 — upper (lower) pH limit for py1
PHyp o0 PHLp o 6,5 - upper (lower) pH limit for p13
Keesns Kaeean 0.02 1/a decay rate of X,,, X,.
Kacertar Kaeeca 0.02 1/d decay rate of X, X4
Kacepror Kicene 0.02 1/d decay rate of X ., X..
Kaeenz 0.02 1/4 decay rate of X,
K, .. 10—4.86 mol/1 acid-base equilibrium coefficient of valerate
K, 10482 mol/1 acid-base equilibrium coefficient of butyrate
K, oo 1()74‘88 mol/1 acid-base equilibrium coefficient of propionate
K, .. 10—4.76 mol/1 acid-base equilibrium coefficient of acetate
K, .o 4.94.1077 mol/1 acid-base equilibrium coefficient of carbon dioxide
K, . 1.11- 1079 mol/1 acid-base equilibrium coefficient of ammonia
Eapvas Baspous KBajppro 1+ 108 kmol/d acid base kinetic parameter (valerate, butyrate, propionas
B Karpens kg 1 - 108 Jmol/d acid base kinetic parameter (acetate, carbon dioxide,
/ /Beoz> oA/ ammonia)
kpays, kpag,, kpa., 200 1/d gas-liquid transfer coefficient of hydrogen (methane, ca
dioxide)
Ko 1/(0.0271 - R - [T]) mol/ (bar - m3) Henry constant of carbon dioxide, [T] = K
!
Kyt o 1/(0.00116 - R - [T]) mol/ (bar - m3) Henry constant of methane, [T] = K
Ko 1/ (7438 .1074 . R. [T]) mot/ (bar - m3) Henry constant of hydrogen, [T'] = K
Kyq 2.5 Yorn inhibition constant of hydrolysis
Mpya 2.3 100 % inhibition index of hydrolysis
R 8.31399 - 10~ 2 m3 - bar/ (kmol - K) gas constant
Pt 1.04 — 0.0084147 - exp (0.054 - {T'}) bar external pressure, [T] = ©C
k, 10000 m3/ m3 d) proportional control constant for gas balance




Appendix D

Symbols and Abbreviations

General Symbols

Symbol Description

1, n € No dimensional identity matrix

0, xm n X m dimensional zero matrix, n, m € Ny
t e ]R;r continuous time, can be real and simulated
T ERY some time

d differential

oo ifx=0
§ = 6 der =1
p(x) {0 itz £0° /=3, dp(x)de

s Joifazs
=V ifa=8

No := {0,1,2, ...}
N:={1,2,3,...}

R
Rt :¢>0
RI:t>0

Dirac delta “function” (distribution)

Kronecker delta

expectation value of the process =
set of natural numbers

set of natural numbers without zero
set of real numbers

set of positive real numbers

set of positive real numbers including 0

Ref.

v oo QQ

4.2
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Symbols and Abbreviations

System Definition (Biogas Plant)

Symbol Description

ny € Ng number of states of the real-world system

ix € {1,...,nx} iterator for the number of states of the real-world system
Xy, CR vector space of the ixth state of the real-world system

Tiy - RT — Xiy
X = (Xix)’”-x =X X .- X an

x = (ml,..,,mix,...,an)T
ny € No

iw € {1,...,nu}

U, CR

Uiy, ‘R — U,

U= i)™ = U % - % Un,
u = (u1,4.47uiu7”.7unu)T
°x:RT - X

°x = (Oml,...,oxix,...,omnx)T
fF:XXUXR"™ - TX

TX CR"™

w:RT 5 R n, €Ny
‘I/h, I Rnwxnw
w(t) ~ N (0, %),

E <w(t) . wT(T)> =W,  6p(t—7)

0w, €RT

tu
nyGNo
iy € {1,...,ny}
Vi, ©R

Yiy * RT — Yiy

Vi= (0) " = Vixc x Oy
T

Y= (ylv-v-’yiy1'-~7yny>

Oy, ER+

Ly

ixth state of the real-world system

nyx dimensional state space of the real-world system

state vector of the real-world system

number of inputs of the real-world system

iterator for the number of inputs of the real-world system
vector space of the i,th input of the real-world system
iyth input of the real-world system

n, dimensional input space of the real-world system

input vector of the real-world system

open loop predicted state of the real-world system
open loop predicted state of the real-world system
model of the real-world system

tangential state space of the real-world system

n,, dimensional process noise of the model f

covariance matrix of process noise

normal distribution, zero-mean, white and uncorrelated
process noise

standard deviation of the i,th process noise w;,

number of outputs of the real-world system

iterator for the number of outputs of the real-world system
vector space of the iyth output of the real-world system
iyth output of the real-world system

ny dimensional output space of the real-world system

output vector of the real-world system

standard deviation of the iyth measurement noise Uiy,

=
e,

NN N NN NN NN NN N

(2.1)
(2.1)

(2.1)

4.4.3

[ O SO OO O
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Model Predictive Control

Symbol Description Ref.
no € No number of objectives (2.2)
o € {1,...,n0} iterator for the number of objectives (2.3)
J:X XU R no dimensional objective function for continuous input (2.2)
~ ~ ~ \NT ~
J = (Jl, e, Jﬂ,o) y Jig : XA XU =R no dimensional objective function for continuous input (2.3)
u* RY = U optimal input function for the real-world system (2.5)
T, € RT prediction horizon 2.1
T, € Rt control horizon 2.1
5 e Rt control sampling time 2.1
tp :=k-0,k=0,1,2,... discrete time tj, control sampling instant k (2.6)
Cw [ty ty + Tp] = U open loop input applied to the model f (2.7)
Cu = (“ur, ..., Uiy, e “u”u)T open loop input applied to the model f (2.7)
Cug  [te, te + Tp) = U optimal open loop input applied to the model f (2.7)
se = e €N number of steps of the piecewise constant input over 2.1
) 0 the control horizon T ’
Wiy = (Wi 1, ui“,SC)T € Ui, )°c vector of ¢ = 1,..., sc amplitudes u;,,; € Us, (2.9)
Ur = U1)% X -+ X (U)X -+ X input space for piecewise constant input, this is the
S u : ; (2.10)
Uny)?c feasible region
(.7 T T \T R - )
W= (Up s Uy, Uy cUr vector of optimization variables (2.10)
Ny := 8¢ * Ny € N number of optimization variables 2.1
iv € {1,...,ny} iterator for the number of optimization variables 2.1
fu:Ur = U, transformation from vector of decision variables to (2.11)
‘w [tr, ty + Tp] = fu (w) piecewise constant input ’
J: X xXUr — R"° multi-objective function for piecewise constant input (2.13)
T (C(r), *u(r)) = J (“®(7), fu (w)) i-objecti i i i i
) ) e multi-objective function for piecewise constant input 2.13
S0 Calr)w) r € [t tr + T3] : P e (219
T = (i dng) T multi-objective function for piecewise constant input (2.13)
Jig : X XUr = R
multi-objective function for piecewise constant input
o (W) = J (°a(7), u) e oniect (2.16)
. no
Ja 'i/lf - R, T multi-objective function for piecewise constant input
Jo = (Jo,1,- s Jz,no) " (omitting °x) (2.16)
Jmﬂjo H Z/{}- — R
no . g . . . S
@iy, € (0,1), > wi, =1 weighting factors in weighted sum of optimization (2.19)
io=1

io=

criteria
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Multi-Objective Optimization

Symbol Description Ref.
P* : {u € Ur |u is Pareto optimal } Pareto optimal set 2.3
PF* :={Jz (u) € R"|u € P*} Pareto front 2.4
Vol :R™ — R Lebesgue measure for a n, dimensional set 3.1
— ?efe.rence point used in definition of hypervolume 3.1
indicator
Ig :R"™ — R hypervolume indicator for a n, dimensional set 3.1
dn (¢, A) :=card{as € Alas < ¢} number of dominating points (3.1)

Al (aa, A) = In (A) — In (A\ {aa}),

as € A, ACR™ contributing hypervolume (3.2)
DCR",¢ €D set of dominated individuals ¢ 3
P CR™ population of an evolutionary algorithm 3
n € No number of parents in an evolutionary algorithm 3
A€ Ng number of offspring in an evolutionary algorithm 3
k=0,1,2,... iterator of an evolutionary algorithm 3
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State Estimation: Part I

Symbol Description Ref.
h: X xR" =Y measurement function (4.1)
v:RY - R"™ n, € Ng n, dimensional measurement noise of the model h (4.1)
W, € RmvXnv covariance matrix of measurement noise (4.1)
v(t) ~ N (3: o), normal distribution, zero-mean, white and uncorrel- (4.1)
E <U(t) Y (T)> =W, -0p(t—7) ated measurement noise :
Sy €RT sampling time for input values (4.2)
5y € RT sampling time for output (measurement) values (4.2)
Ns, = % € Ng ratio of sampling times §/dy (4.2)
Ns, = % € No ratio of sampling times §/0y (4.2)
Fy : )iNéy.tk x UNsutk 5 x state calculation function 4.1
Noy 'tk
v =
Y ={y (0,90, set of measurements until ¢, (4.3)
y(0),y(0+3dy),...,y(te)}
Now 'tk .— 5
u-on ={u(0),w (), set of inputs until ¢ (4.4)
w(6),y (6 +d0u),. .., u(te)}
Try (tg) := best state estimate using Fj 4.5
Fi(y (0), o y(t), w (0), o ut)) g Fe 2
FE : yNy“ x YNutl 5 x state estimation function, approximation of Fg 4.1
z:RT - X state vector estimate 4
N, € Ng number of moving average filters for input 4.1
N, € No number of moving average filters for measurement 41
(output)
wy € Wy C Ng window size of moving average filters for input 4.1
wy € Wy C Ng window size of moving average filters for measure- 4.1
ment
Ay U - U moving average filter for input (4.6)
Ay YY =Y moving average filter for output (4.8)
ing €{1,...,Nu} iterator for the number of moving average filter for 4.1
input
iny € {1,..., Ny} iterator for the number of moving average filter for 4.1
’ output
Wu, iy € Wu C No window size of ip,, th moving average input filter 4.1
u
Wy i €W, C Ng window size of iAy th moving average measurement 4.1
Ty filter
Wip, Rt - u moving average value of input (4.7)
ﬂiA RY 5 moving average value of output (4.9)
y
D:=ny-(Ny+1)+ny,-(Ng+1) dimension of original feature space (4.11)
d € Ng dimension of projected feature space 4.1.1.1
Y € RNXD, N:=k- N(;y +1 data of input and output values for state estimation (4.11)
Yr e RVTXD Np < N tra'ining' data of input and output values for state 4.1.1
estimation
Yv € RN'VXD Ny = N — Np validatiop da-ta of input and output values for 411
state estimation
X = (@iy,. .., ®ny) € RV Xnx data of state vector values for state estimation (4.12)
z;, € RN dat'a of state vector ix = 1,...,nyx for state (4.12)
estimation
C eNg number of classes in the classification problem 4.1.1
9, € {1, ...,C}N clustered data of state vector X, ix = 1,...,nx 4.1.1
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State Estimation: Part IT (the methods)
Symbol Description Ref.
Arpa € RIXDP transformation matrix of linear discriminant analysis 4.1.1.1
Z = (zl7 S 7zNT) € R¥XNt matrix of projected features of discriminant analysis  4.1.1.1
St € RP*P total scatter-matrix of linear discriminant analysis (4.13)
DxD between-class scatter-matrix of linear discriminant
Sp €R analysis (4.13)
F function space of nonlinear GerDA transforma- 41.1.9
tions, defined by a DNN T
feerpa : RP = RY, foepa € F some nonlinear GerDA transformation 4.1.1.2
FlerDaA - RP — R, féorpa € F optimal nonlinear GerDA transformation 4.1.1.2
W.b weights and biases of GerDA 4.1.1.2
tii=7-0y,5=0,1,2,... discrete time t;, control sampling instant j (4.14)
. . . . mxXmn
X = X (s d R— simplified notation for any matrix X (t;) € R 4.2
J (t;) and (t;) and vector x(t;) € R™, n,m € N
. . . B mXn
X, — X(t d = a(t simplified notation for any matrix X (tx) € R 4.2
k (te) and @y (tr) and vector x(tx) € R™, n,m € N
:i; = (t;) ex a priori state estimate of Kalman filter at time t; 4.2
ﬁj’ = (tj') ex a+posteriori state estimate of Kalman filter at time 4.2
T g
P = E<(:c; - (wJ — :i;) > a priori estimation error covariance matrix of 4
_ Kalman filter at time ¢ (4.18)
P~ g R X" ’
J
T
PJ+ = E‘<(a:;r — a}jr) . (:D;r - ﬁ:j) > a posteriori estimation error covariance matrix of 118
I Kalman filter at time ¢ (4.18)
Pt g Rrxxnx Fi
J
Aj = % (:i;.ll,u(tj), 0) € R™xXnx system matrix of linearized model of f (4.19)
C; = 6?0’; (53;21, 0) € Ry X"x measurement matrix of linearized model of h (4.19)
E; := % (:ﬁjﬁl, u(t;), 0) € RMxX"w process noise matrix of linearized model of f (4.19)
F; := g—ﬁ (:i;.ril, 0) € RxX"nv measurement noise matrix of linearized model of h (4.19)
K; € RPxXmy optimal discrete Kalman matrix (4.20)
x, € X optimization variable (initial state) of MHE 4.3
x, " EX optimal value of optimization variable of MHE 4.3
OMHE ‘= WMHE * 0y € RT length of the moving horizon (4.21)
unit-less length of the horizon, measured in units of
wmug € N 5, (4.21)
DMEE = N}s - wynE € N gnit—less length of the horizon, measured in units of (4.22)
y
z:RT - X initial state estimate in MHE (4.23)
Zo := ‘@ (th41 — OMHE) € X simple version of initial state estimate in MHE 4.3
rmue € RT weighting factor of MHE (4.23)
@1p, wun € X 10‘;]{61;, upper boundary for optimization variable in (4.23)
Ty, G140 vector of samples of state vector component iy (4.26)
Ty [k ko) vector of samples of state vector component iy (4.27)
caiy € RY performanceA measure of ixth estimated state vector (4.28)
’ component T;,
ez 1= Tlx Z?le es,i, €RT total performance measure of experiments in Section (4.29)

4.4
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Anaerobic Digestion
Symbol Description Ref.
ash ash in substrate 7.2
CODy¢otal total chemical oxygen demand of a substrate 7.2.1
CODgx disintegrated particulate chemical oxygen demand of substrate (7.9)
CODx particulate chemical oxygen demand of a substrate 7.2.1
CODsitrate total chemical oxygen demand in the filtrate of a substrate 7.2.1
d= %'A(ID;DVS) € [0,1]  degradable part of cellulose and hemicellulose (7.11)
D := ?/1?: dilution rate of digester (5.6)
g: ]ilgj: : %z:igj input and state transition matrix of ADM1 (7.1)
Fohxes For.Xo IC:trc}JCéhngrates, proteins in non-disintegrated part of particu- (7.11)
fii,xe, fxiXe lipids, inerts in non-disintegrated part of particulate COD (7.11)
I:R* —[0,1] inhibition function of ADM1 7.1
je{1,...,29} process rate index of ADM1 7.1
js : {2,3,4} — {ch, pr,li} bijective function (7.5)
Khyd,ch, Ehyd,prs Fhyd,li hydrolysis rates for carbohydrates, protein and lipids (7.5)
Khya inhibition constant of hydrolysis (7.5)
mol unit of the amount of substance, called mole 5.3.1
M molar mass 5.3.1
Nhyd inhibition index of hydrolysis (7.5)
PIN cost of substrate 7.2
pH, pHiy pH of sludge in digester, of substrate 7.2
Q=4 volumetric flow rate of a material (5.5)
QIN volumetric flow rate of a substrate (5.5)
QrsT volumetric flow rate of sludge flowing into final storage tank (5.5)
Qgas, Qngs Qeny s Qeoy volumetric flow rates of biogas, hydrogen, methane and CO» (7.3)
Thy» Tehys Teos {)Qlativc content of hydrogen, methane and carbon dioxide in (7.4)
iogas

RF, RP and RL raw fiber, raw proteins and raw lipids of substrate 7.2
T, Tin temperature in digester, of substrate 5.3.8
TA, TAin total alkalinity in digester, of substrate 7.2
ThOD¢y, ThODy,,, ThODy;, theoretical oxygen demand of carbohydrates, proteins, lipids,

ThOD; lignin 7:2.1
ThOD weighted mean of ThOD of substrate feed, see eq. (7.6) (7.6)
TS, TSin total solids of sludge in digester, of substrate 5.3.10
°upp : RT — R3 input vector of ADM1 (7.2)
VvV R3T 5 R29X3T stoichiometric matrix of ADM1 (7.1)
VS, VSin volatile solids of sludge in digester, of substrate 5.3.11
Viig, Vgas digester volume of liquid phase, of gas phase (5.6)
VFA/TA ratio of volatile fatty acids (intermediate alkalinity) over TA 7.3.3.8
°xap : RT — R37 state vector of ADM1 (7.2)
p:R37 - R?® process rates of ADM1 (7.1)
PIN, Pdigester density of substrate feed, of sludge in digester (eq. (7.20)) (7.6)
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Performance Indicators (Section 7.3, Part I)

Symbol Description Ref.
Aground, Aroofs Awall surface area of ground, area and wall of cylindrical digester (7.42)
Csubstrate specific heat capacity of a substrate (7.39)
daig diameter of digester (7.40)
dmix diameter of agitator (7.20)
dpipe diameter of a pipe (7.31)
AE; thermal energy released due to microbial activity in reaction j (7.43)
Eplant total profit of produced electrical and thermal energy (7.46)
g gravitational acceleration (7.30)
haig wall height of digester (7.40)
Ahgeo geodetic head of a pump (7.30)
Rroof height of digester roof (7.41)
Ry b higher heating value of produced biogas (7.19)
R hohg s Bu hochy s Bohocon higher heating values of biogas components Ha, CH4 and COx (7.19)
kgrounds Froof, Kwall heat transfer coefficient of digester ground, roof and wall (7.42)
kpipe pipe roughness (7.34)
K. consistency coefficient to calculate effective viscosity nes (7.23)
lpipe transport distance of a pump (7.30)
Nomix rotation speed of agitator (7.20)
NAow flow index to calculate effective viscosity nem (7.24)
N, Newton (or power) number (7.20)
Pchar specific energy value for typical solid supply unit (7.38)
Pel costs for consumed electrical energy (7.46)
Pth costs for produced thermal energy by heating (7.46)
Apry, pressure loss in a pipe (7.31)
Pe1, Py produced electrical, thermal power of a CHP (7.17)
Pe),consume total consumed electrical energy per day (7.44)
Praix mechanical power of agitator (7.20)
Paix electrical energy consumption of agitator (7.28)
Paiss dissipated power of agitator (7.29)
Pric_heat thermal energy production due to microbial activity (7.43)
Poump electrical energy consumption of liquid substrate and sludge (7.30)
transport
Psolids electrical energy consumption of solids substrate transport (7.38)
Piubstrate thermal power needed to heat substrates (7.39)
APy daily thermal energy balance of a biogas plant (7.45)
TEEG remuneration of produced electrical energy (7.46)
Tth virtual or real revenue of produced thermal energy (7.46)
Re Reynolds number (7.21)
Repipe Reynolds number of a stream in a pipe (7.33)
Upipe velocity of a medium in a pipe (7.32)
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Performance Indicators (Section 7.3, Part II)

Symbol Description Ref.
no
Fip := Y, wi, - Fi, one-dimensional stage cost (7.71)
io=1
F = (F, )T stage cost in NMPC objective function (7.62)
no
Jip == Y, wi, - Jig fitness value (7.70)
io=1

Tyenalty = terminal cost (terminal penalty term) in NMPC objective

T . (7.62)
(Tpenalty,1> Tpenalty,2) function
ar temperature correction for effective viscosity nes (7.25)
¥ shear rate (7.36)
Neoft effective viscosity of sludge in digester (7.22)
Teff, pipe effective viscosity of a medium in a pipe (7.35)
Nel, Mth electrical, thermal degree of efficiency of a CHP (7.17)
Nheat degree of efficiency of a heating (7.45)
Nw viscosity of water (7.35)
KT,1,KT,2 € Rt weighting factor of terminal cost Tphenalty,1, Tpenalty,2 (7.64)
ki, € Rt v;elght of constraint i = 1,...,n. in stage cost component (7.66)

2

Apipe pressure loss coefficient of a medium in a pipe (7.34)
pry : R = RT Tukey biweight function (7.69)
Tmix runtime of the stirrer (7.28)

Tpipe shear stress (7.37)
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Abbreviations (A - G)

Abbreviation Description Ref.
ABP agricultural biogas plant 6
AD anaerobic digestion 5
ADF acid detergent fiber 7.2
ADL acid detergent lignin 7.2
ADM1 anaerobic digestion model no. 1 7.1
ADM1d distributed anaerobic digestion model no. 1 6
AF anaerobic filter 5.4.2
AFB anaerobic fixed bed 5.4.2
AM1 anaerobic digestion model introduced by Bernard et al. (2001a) 6
ANN artificial neural networks 6
ARMAX autoregressive moving average model with exogenous inputs 6
BA bicarbonate alkalinity 6
BSM2 benchmark simulation model no. 2 (for wastewater treatment) 6
CCM corn-cob-mix 7.4
CHy methane 5.1
CHP combined heat and power plant 7
CMA-ES covariance matrix adaptation evolution strategy 9.3.1
CO- carbon dioxide 5.1
COD chemical oxygen demand 5.3.3
CSTR continuous stirred-tank reactor 5.4.1
cv curriculum vitae 1
DACE design and analysis of computer experiments 3.2
dB decibel 4.4
DIN German institute for standardization (deutsches Institut fiir Normung) 7.2
DLL dynamic link library B
DNN deep neural network 4.1.1
EA evolutionary algorithm 3.1.1
EEG Renewable Energy Sources Act 7.3.2
EGSB expanded granular sludge bed 5.4.2
EKF extended Kalman filter 6
EN European standards (européische Normen) 7.2
EPEX SPOT European power spot market 1
EPSAC extended prediction self-adaptive control 6
EU European Union 1
FBR fluidized bed reactor 5.4.2
FM fresh mass: mass of untreated material 5.3.5
HRT hydraulic retention time of digester 5.3.6
GerDA generalized discriminant analysis 4.1.1
GC gas chromatography 7.2
GPS whole crop silage (Ganzpflanzensilage) 7.4

GUI graphical user interface B
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Abbreviations (H - Z)

Abbreviation Description Ref.
Hy hydrogen 5.1
HTML hypertext markup language B
1/0 input/output B
ID identifier 9.3
ISO international organization for standardization 7.2
LCA life cycle assessment 7.3.4
LCFA long chain fatty acid 7.1.1
LDA linear discriminant analysis 4.1.1
LHS Latin hypercube sampling 9.3.1
LQT linear quadratic tracking 6
MATLAB® matrix laboratory B
MCR misclassification rate 8
MHE moving horizon estimation 4.3
MONMPC multi-objective nonlinear model predictive control 2
NDF neutral detergent fiber 7.2
NfE nitrogen free extract 7.2
NFC non fiber carbohydrates 7.2
NMPC nonlinear model predictive control 2
O2 oxygen 5.3.3
ODE ordinary differential equation 7
OFMSW organic fraction of municipal solid waste 1
OLR organic loading rate of digester 5.3.7
P proportional controller 6
PC personal computer 9.3
PCA principal component analysis 6
pCO, partial pressure of CO» 6
PDE partial differential equation 6.3
PI proportional-integral controller 6
PID proportional-integral-derivative controller 6
PLC programmable logic controller 9.2
PSO particle swarm optimization 6
RTO real-time optimization 2
RMSE root-mean-square error 4.4
SCFA short chain fatty acid 7.2.1
SDE+ Renewable Energy Production Incentive Scheme 1
SMS-EGO S-metric selection-based efficient global optimization 3.2
SMS-EMOA S metric selection evolutionary multi-objective optimization algorithm 3.1.1
SRT sludge retention time 5.3.6
ThOD theoretical oxygen demand 5.3.9
TOC total organic carbon 6
UASB upflow anaerobic sludge blanket 5.4.2
UASB-AF upflow anaerobic sludge blanket-anaerobic filter 5.4.2
UV /Vis ultraviolet-visible 9.2
VFA volatile fatty acids 7.3.3.8
VSM variable structure model 6
WwW wastewater 6







