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Structure of the Course

1. Introduction, principles of modelling environmental systems, mass balance in
a mixed reactor, process table notation, simple lake plankton model
Exercise: R, ecosim-package, simple lake plankton model
Exercise: lake phytoplankton-zooplankton model

Process stoichiometry Exercises: analytical solution, calculation with stoichcalc
Biological processes in lakes

Physical processes in lakes, mass balance in multi-box and continuous

systems Exercise: structured, biogeochemical-ecological lake model
Assignments: build your own model by implementing model extensions

5. Physical processes in in rivers, bacterial growth, river model for benthic
populations Exercise: river model for benthic populations, nutrients and oxygen

6. Uncertainty, Parameter estimation, Stochasticity

Exercise: parameter estimation
Exercise: stochasticity, uncertainty

7. Existing models and applications in research and practice, examples and case
studies, preparation of the oral exam, feedback
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Review exercise 2 and clarify open questions

Acquire knowledge in process stoichiometry to bridge between

ecological and biogeochemical processes.

Learn to calculate stoichiometric coefficients
from chemical substance notation (chapter 4.3.1)

and parameterized elemental mass fractions (chapter 4.3.2).



Review Exercise 2: Model description
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chapter 11.2

Process Substances / Organisms Rate here Units of
[gP/m’]  [gDM/m’]  [gDM/m?] | <~ variables in
the model

Growth of algae — QP ALG 1 Pgro, ALG

Death of algae —1 Pdeath,ALG

1
Growth of zooplankton — 1 Pgro,Z0O0
Yzo0
Death of zooplankton —1 Pdeath,ZOO

Rate Rate expression
1 Kr+1o
k - ( T—T ) Ry
Pero. ALC ero,ALG.To * €XP( Barc( 0) 7, 108 ( K7+ Iooxp(— )\h))
HPO;~
: -CaLa
K HPO; ,ALG + CHPO?;—
Pdeath ALG | Kdeath.ALG CaLc
Paro.ZOO Fgro,z00.T, - €XP (ﬁzoo(T — Tﬂ)) - Care Czoo
Pdeath,200 | Kdeath,zo0 Czo0
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Results for constant environmental conditions
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Results for periodic environmental conditions
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Review Exercise 2: Questions

Do you have questions?
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Review Exercise 2: Theory Questions

1. Are the algae concentrations controlled bottom-up (by phosphate limitation) or

top-down (by grazing of zooplankton)?
2. What is the reason for oscillating concentrations under constant driving forces?

3. What is the difference in the oscillations between the simulation with constant

and periodic driving forces?
4. What are the main deficits of the model compared to a real lake?

5. What is your expectation regarding the response of the model to the change in
each parameter, does the result match your expectation and can you explain

the observed changes?
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Review Exercise 2: Sensitivity Analysis

C.HPO4 ~ C.ALG C.ZOOo
o
= C.HPO4 | C.HPO4.in_1 — CALG|C.HPO4.in_1 g — C.ZOO | C.HPO4.in_1
= = (C.HPO4 | C.HPO4.in_0.5 © _| = C.ALG | C.HPO4.in_0.5 = (C.ZOO | C.HPO4.in_0.5
S == C.HPO4|CHPO4.in_2 ° =« C.ALG|C.HPO4.in_2 == C.ZOO|C.HPO4.in_2
w
8 -\/J'\’\'\"’\f".\"’\f"\r"\' S AW S 7 d g A I‘ ll| i
g ° ! 9 3 o | i.\Iln I
o / =z | (] o 1 Iy | |
& < I I | I ql NN \ ' I
5 & csHnEaRde ﬁlf,,u o o ‘Il
o Il l‘ l I | [l |I Il l '\ | l ‘
o™
\ s | - 1y WA l‘l"’{
840 | | | —JVYVUYY | LR
° = S \ i l wl' |
MRV EVIVE VL S VL VR ORI © / ,‘ “ \
8 = o
P T T T T T T T o T T T T T T T o T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
t t t
C.HPO4 C.ALG - C.ZOOo
w o (=]
= C.HPO4 | C.HPO4.in_1 o — CALG|C.HPO4.in_1 — C.ZOO | C.HPO4.in_1
o = (C.HPO4 | C.HPO4.in_0.5 = C.ALG|C.HPO4.in_0.5 © ] = (C.ZOO | C.HPO4.in_0.5
2 == C.HPO4|CHPO4.in_2 o | =« CALG|C.HPO4.in_2 e = = C.ZOO | C.HPO4.in_2
o~
o e \~ S
AN A AV
-+ g 7N -\ff \j J‘\ v wn ] <
le) v (O] — @] o
< / z R
-3 (8] o ©
O © 4 o o
o =
\ ™
o o
- wn
2 \ o 7] | =
o
3 NSNS \/ T A ° o
=4 T T T T T T T o T T T T T o
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700




ETHzurich
eawagooo

aquatic research

Review Exercise 2: Sensitivity Analysis
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Review Exercise 2: Sensitivity Analysis
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Review Exercise 2: Sensitivity Analysis
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Review Exercise 2: Sensitivity Analysis
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Review Exercise 2: Sensitivity Analysis
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Review Exercise 2: Sensitivity Analysis
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Review Exercise 2: Sensitivity Analysis
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Review Exercise 2: Lessons learned?
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Stoichiometry

Process 1 Substances j Rate
S S9 S3 Tt Sn.
P1 V11 V12 V13 T V1ng P1
P2 V21 V929 93 s Von, P2
pnp Vnpl Vnp2 Vnp?) e Vnpns )Onp

"p
Ty = le/ij Pi
1=

How to derive the stoichiometric coefficients v;;?

18
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Stoichiometry: Ingredients for 1 cake?

Best recipe: https://tinyurl.com/Schoggikuchen

19



Process table for chocolate cake
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process

Chocolate Egg Butter Sugar Cake
[a] [no.] [o] [g] [no]

rate
[Min-]

baking a cake

-300 -5  -100 -100  +1

1/25 (at 180 °C)

20
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Stoichiometry

chapter 4.3.1

3 ways to derive stoichiometric coefficients:
« Chemical substance notation
« Parameterized elemental mass fractions

 (General solution

22
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Conversion from mole to mass:

m

/mol

Periodic Table of the Elements

18
T o 3
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WA B[ el gl gl ol 1g
chemical symbol —+ e 3 3
rame —Iron S e, o oo o e
electron configuration —- [Ar] 3d° 4s2 e e
s st Zo00 13[3088 Talnee 15/ 16[me, 17210 18
8 e parahes Py i AI’
s . s . 8 s . 10 n 1o [fbinun [Rn H hosronsd| T
4702119077, 22[320%, 23, 243008, 252200, 262000, 2713807, 285384, 29 2, 30[ 6272, 311207, 32[247%, 4033127, 34 5] 36
" 3 b ) .
BGn (e | Meun HIShn LIS HGO AL M AN R S R e ASE
e el | e s | T | e e | | [ L
2900, 39|20, ol szeen, a1, 428, 433007, aalioner, A5 er, delini, 471z, 4gluter, 49 7L, SO 7e, 5111 52[352, 53132 54
B £ 3 | | 4 9 + E 4
b E 3 il il El ::
Y. |Zr.|Nb Mo TTc ‘Ru Rh Pd Ag ‘|Cd ‘lin ‘lsn “iSb “Te I~ fXe
s w4 s s e s s s | w s e o5 wsdm ey |maurses | waudrsese | misdsesy | sesy | sesy
BT, 71 R 7201807, T30 74120, 75 10 76 2 5.79..,,1..80 BiT.81307,82(5%, 83(27,, 84217, 85 1Y 86
Lu Hf |Ta W, Re 10s ilr, Au ‘Hg “TI Pb "Bi, 'Po At Rn
e 453 L LT i L el e 4 r | el s 6
@2 1030 104|252 105/ 108|E) 107 108]@® 109]@D 110]@7 111]@ 112]@9 1139 1149 1152 116|CoH 117]eo0)
(262 103( (251 104 105] 106| 107| 108 109 110 111 112 113] 114 115 116 117, 118
Lr. [Rf... Db |59, Bh Hs Mt IDs Rg Cn, INh |FI,Mc |Lv |Ts. |Qd,
R e e e e
L 57, S B9l GO 61T, el 63 edl i 65l eglii 671, el 63l 79
e P Nd E, (20, (EY, (29,120 Y. (59 |5 Im Y?
T R0 O [ ) [ O [ O 2 O (BT, 9720, 98] 5., 93] 57,100 BT s;.'z,.loz
Notes Xk , El 4 E| 5 | | il E | Bl
1 kg/mal = 0.0103636 &V N 5|
B e % (B I Pa. U, “Np ‘Pu "Am Cm Bk |Cf "Es 'Fm Md No
ey bl |Feie b, |EHe |Semm |Epye [l (s

[ ataimetals [ alkaline earth metals

[Jrenthanices
[ actinides

[Jransttion metals

[ unknown properties

[ posttransiion metals [] metaloids

[ reactive nonmetals

[Jnoble gases

Molar mass M
(atomic weight)

H: 1 g/mol
C: 12 g/mol
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Process Substances / Organisms
NHI  NO;  HPOI~ 0O ALG ZOO POM  lerejustunieof
measurement of
mol mol mol mol gDM gDM gDM | ¥ the different
substances
Growth of ALG,NH4 7 ? ? 1
Growth of ALG,NO3 7 7 7 1
Respiration of ALG ? ? ? -1
Death of ALG -1 1
Growth of ZOO 7 7 7 ? 1 ?
Respiration of ZOO ? ? ? -1
Death of ZOO -1 1

Additional substances for calculation of the stoichiometric coefficients:

HCO;, HT, H50
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Chemical Substance Notation

1. Example: Growth of algae

Typical composition of marine algae (Redﬁeld, 1958)

(CH20)106(NH3)16(H3PO4)1 = C106H2630110N16P

Total “molar” mass:

M = 106-12 .85 963 . €0 . 110.16 .80

“mol” “mol” “mol”
+16-14 8N 37 8P
mol mol
3550 SOM

mol”’
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Chemical Substance Notation

1. Example: Growth of algae with nitrate:

aHCO3 + bNO3 + ¢cHPO7™ + dH' + ¢ Hy0
— C106H2630110N16P + f O2

6 unknowns (a, b, ¢, d, e, f)

equations for the conservation of "mass": ?
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Chemical Substance Notation

1. Example: Growth of algae with nitrate:

bNO; + ¢HPOT +dHT +¢

— C106H2630110N16PH f Oy

6 unknowns (a, b, ¢, d, e, f)
equations for the conservation of "mass": for C, H, O, N, P and charge

C:a1=1106 — a =106
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Chemical Substance Notation

1. Example: Growth of algae with nitrate:

a HCO35 4@ cHPO{™ +dHT ¢

— C106H2630110N16PH f Oy

6 unknowns (a, b, ¢, d, e, f)
equations for the conservation of "mass": for C, H, O, N, P and charge
C:a1=1106 — a =106

N:»1=116 —> b =16

28
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Chemical Substance Notation

1. Example: Growth of algae with nitrate:

o HCO3 + bNO3 + dHT + ¢

— C106H2630110N16PH f Oy

6 unknowns (a, b, ¢, d, e, f)

equations for the conservation of "mass": for C, H, O, N, P and charge
C:a1=1106 — a =106

N:5»1=116 — b =16

Picc1=11—>c¢c=1

29
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Chemical Substance Notation

1. Example: Growth of algae with nitrate:
aHCO3 + bNO3 + ¢cHPO7™ + dH' + ¢ Hy0
— C106H2630110N16P + [ O

6 unknowns (a, b, ¢, d, e, f)
equations for the conservation of "mass": for C, H, O, N, P and charge

=106, =16,c =

106141 - 1+@ Hey2=1-263

0:106-3+16-3+1-4He) 1=1-110 HF)2 .
e 106 - (—1) +16- (—=1) +1-(=2) Hd) (+1) =0

d=124 ¢=16 f=138
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Chemical Substance Notation

1. Example: Growth of algae with nitrate:

aHCO3 + bNO; + ¢cHPOT + dH' + ¢ Hy0
— C106H2630110N16P + [ O2

a=106,b=16,c=1,d=124,¢=16, f= 138

106 HCO3 + 16 NO3 + HPO3™ + 124 H™ 4+ 16 H,0
— C106H2630110N16P + 138 O9

DM
MALG — 3550 :gmoln
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Chemical Substance Notation

Stoichiometric coefficients for growth of algae:
106 molHCO4

Ygro, ALG,NO3 HCO; = 3570 oDM
B 16 molNOg
Ygro,ALG,NO3 NO; = T 3550 o DM
1 molHPO3™
Ysro,ALG,NO3 HPO?~ — 3550 oDM
124 molH™
Vgro, ALG,NO3 H+ = - 3550 gDM
16 molH-O
Vgro,ALG,NO3 H2O - = 3550 oDM
oDM
Vgro,ALG,NO3 ALG = 1 DN
138 molO»

Vgro,ALG,NO3 Ogq 3550 ¢DM
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Chemical Substance Notation

Pen and paper exercise task 1

Derive the stoichiometry for the process
“growth of algae with ammonium as nitrogen source”
by calculating the mass balances for the elements and charge.

Assume the Redfield composition for algal biomass (eq. 4.33 and 4.34).

aHCO3 + bNH] + ¢HPO%™ + dH' + ¢Hy0
— C106H2630110N16P + [ O2

34
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ETHzurich

éawag

aquatic research

Process Substances / Organisms
NH NOZ HPO? ~ 09 ALG 700 POM
mol mol mol mol gDM gDM gDM
16 1 106
Gro. ALG,NH4 -—— -— — 1
3550 3550 3550
16 1 138
Gro. ALG,NO3 —— -— — 1
3550 3550 3550
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Chemical Substance Notation

Similarly for algal growth with ammonium:

106 HCO3 + 16 NHf + HPO;™ +92H™
— C106H2630110N16P 4+ 106 O9

Respiration:

C1o6H2630110N16P + 106 O3
— 106 HCO; + 16NH; + HPO:™ +92H™

Death:
C1o6H2630110N16P — C106H2630110N16P
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Chemical Substance Notation

éawag
aquatic research 000
Process Substances / Organisms
NHI  NO;  HPOI~ 0Oy ALG ZOO POM
mol mol mol mol gDM gDM gDM
Growth of ALG,NH4 7 ? ? 1
Growth of ALG,NO3 ? ? ? 1
Respiration of ALG ? ? ? -1
Death of ALG -1 1
Growth of ZOO ? ? 7 ? 1 ?
Respiration of ZOO ? ? ? -1
Death of ZOO -1 1

— how many unknowns?

Additional substances for calculation of the stoichiometric coefficients:

HCO;, HT, H50
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Chemical Substance Notation

Zooplankton Growth:
8 unknown stoichiometric coefficients
6 mass balance equations

2 additional constraints required:

Fraction of zooplankton biomass produced per algal biomass
consumed (yield): Yzo0

Fraction of dead particles produced (excretion + sloppy feeding)
per algal biomass consumed: f,

The fraction of algal biomass respired is then: f. =1 — Yz00 — fo
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eawag

aquatic research

Process Substances / Organisms
NH NOS HPO? ™~ 09 ALG Z00 POM
mol mol mol mol gDM gDM gDM
16 1 106
Gro. ALG,NH4 — — — 1
3550 3550 3550
16 1 138
Gro. ALG,NO3 -—— -—— — 1
3550 3550 3550
16 1 106
Resp. ALG — — -— -1
3550 3550 3550
Death ALG -1 1
16 1 106 1
Growth ZOO - 15 Ix I - 1 Je
Y700 3550 Y700 3550 Yzoo 3550 Yzoo0 Y700
16 1 106
Resp. ZOO — — -— -1
3550 3550 3550
Death ZOO -1 1
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Stoichiometry eawag

Chemical Substance Notation:
Quite some handwork!
If composition changes: redo the calculation!

— instead of fixed composition use parameters for elemental mass
fractions

41
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Stoichiometry

chapter 4.3.2

3 ways to derive stoichiometric coefficients:
« Chemical substance notation
« Parameterized elemental mass fractions

 (General solution

42



Extended Process Table Notation

ETHzurich

aqgtaﬂggooo
Processes i Substances 7 Rates
S S)) S3 Sis

P1 11 12 13 Ung 1

P2 V21 29 Va3 Von 2

pnp Vnp 1 VnPQ Vnp?) F/npns Pnp
Elements £

€1 (Y11 (X12 (X13 ¥ 1ng

€9 ¥21 (X299 (X923 XD

€. Vo1 V2 V3 Npeng
vij: stoich. coeff. = relative transf. rate of substance j in proc. i

ay.;: mass fraction of element & on substance j

vijay;: relative transf. rate of element & contained in subst. j 13
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Extended Process Table Notation

aqgtgrﬂrcahgooo
Processes i Substances j Rates
S S92 S3 T Sis

P1 11 12 Vg e Ulng 1

P2 V21 99 Vyg = Vong 2

pnp Vnpl VRPQ Vnp3 e Vnpns pnp
Elements k

€1 ¥11 (X192 13 v X n,

€9 (Y21 (X292 ¥g3 X2

ene Vel (V2 (Vn.3 Tt Vpeng

Mass conservation for element %k in process i: Z vijog; =0
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Extended Process Table Notation

Example

Model 1: Growth and respiration of algae.

Substances / Organisms j
NHI HPO;~ ALG
gN gP gDM
Processes 7 Growth of ALG,NH4 7 7 1
Respiration of ALG ? ? —1
Elements £ N gN 1 0 ONALC
P gP 0 1 OPALG
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aquatic research

Parameterized Mass Fractions

Example
Growth of algae:

N conservation:

Vero, ALG,NH4 NH4 * 1 + Vero ALG,NH4 HPO4 - 0+ 1 - anarLg =0

~ ~"

NH,} HPO; ™ ALG
P conservation:

Voro, ALG,NH4 NH4 * 0+ Vgro ALG,NH4 HPO4 - 1 +1-ap arg =0

" ~"

NH; HPO; ™ ALG

— Vgro,ALG,NH4 NH4 = —QN ALG 5 Vero,ALG,NH4 HPO4 = —QP ALG

Z sz'jafkj =0
J
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Parameterized Mass Fractions

Example

Model 1: Growth and respiration of algae.

Process Substances / Organisms
NH HPOY~  ALG
Element gN gP gDM
Growth of ALG,NH4 | —anaALc —apaLG 1
Respiration of ALG QN ALG Qap ALG —1
N gN 1 0 QNALG
P gP 0 1 QPALG
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Parameterized Mass Fractions

eawag
aquatic research (e} e)e]
Process Substances / Organisms
NHI  NO;  HPO;~ 0O ALG ZOO POM
mol mol mol mol gDM gDM gDM
Growth of ALG,NH4 7 7 ? 1
Growth of ALG,NO3 ? ? 7 1
Respiration of ALG ? ? 7 -1
Death of ALG -1 1
Growth of ZOO ? ? ? ? 1 ?
Respiration of ZOO ? ? 7 -1
Death of ZOO -1 1

Additional substances for calculation of the stoichiometric coefficients:

HCO3, HT, H50

Mass balance equations for C,H,O,N,P and charge
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Parameterized Mass Fractions

Instead of assuming a fixed chemical composition (e.g. Redfield:)

C106H2630110N16P

use parameterized mass fractions:

Cac;/12Hay ;Oag . 116Nay ;/14Pap /31

with:

acj+apjt+aoj;tan;+ap; =1
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Parameterized Mass Fractions

m[g] = n[mol] x M[g/mol]
Redfield composition:

e < s
WAL = 3256530 g%)HIVI =001 g%)l_lifl
Y
il =T B ~oo L
ofigrid 131 88 ) BF

3550 gDM gDM
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Parameterized Mass Fractions ‘eawag

aHCO3 + bNO3 + ¢HPO?™ + dH" + ¢ HyO
— C106H2630110N16P + f O2

2

Setting up equation for algal growth with unknown coefficients:

aHCO3 4+ bNOz + ¢cHPOT™ +dHT + ¢ H,0

- CQC,ALG/UH@H,ALGan,ALG/lﬁNQN,ALG/14PGP,ALG/31 + /O

. Y
Conservation of C: a = Ci‘;LG

. Y
Conservation of N: b = NﬁLG
QP ALG

Conservation of P: ¢ = i
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Parameterized Mass Fractions

SR 0 N e O P (T

— CD‘:C,ALG/14HQH,ALGPQO,ALG/16NO{N’ALG/14PD¢:P:ALG/31 + f 02

Conservation of H, O and charge:

Hi ZCALG oy BPALG 4 4 ) b e 2 =1 amaLc
12 31 ’

O: | C ALG N ALG ap ALG O ALC
) .3 ) .3 , A 1 =1. .9
12 Y T e 6

charge:| XC,ALG QN ALG ap.ALG

ALG ALG ALG (o) 4 d. (1) =0
ALG () 4 ONALG () 4 MG (g 4 g (41)
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Parameterized Mass Fractions

OCALG  ONALG 2 OpALG
d — ) b ’
12 + 14 + 31

OH ALG ~ OCALG QN ALG 3 QpALG
2 12 28 62

- CALG | OHALC QWO ALG L D N ALC . D QP ALG
12 4 32 56 124
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Parameterized Mass Fractions

Growth of algae:

L (G-’C,ALG L, ONALG QG’P,ALG) Tt
12 14 31

OH ALG CALG N ALG 3 ap ALG
3 - ? _ ’ - y H O
o ( 9 12 28 62 ) .

— CQC,ALG/lgHaH,ALG O@O,ALG/lﬁNOﬂN,ALG/14P‘35P,ALG/31

OCALG  QOHALG  QOALG . D ONALG O QOPALG
] 3 _ ] 3 b O
* ( 2 4 39 56 124 ) .
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Parameterized Mass Fractions eawag

aquatic research

Pen and paper exercise task 2

Derive the stoichiometry of the process

“growth of algae with ammonium as the nitrogen source”

assuming an arbitrary composition of algal biomass considering the mass
fractions a, a,, ag, a,, and a,of the elements C, H, O, N and P.

aHCO3; + bNH," + ¢cHPO;~ + dH™ + ¢ H,0

— Cac,ALG/12HaH,ALGan,ALG/16NaN,ALG/14PaP,ALG/31 + Oz
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Stoichiometry

Parameterized Mass Fractions:

Changes in composition are now easy to handle,
just change the numerical values of the parameters.

What about adding additional elements?
The equations must be revised.
This is a laborious process.

|s there a general solution to this process?
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Structure of the Course

1. Introduction, principles of modelling environmental systems, mass balance in
a mixed reactor, process table notation, simple lake plankton model
Exercise: R, ecosim-package, simple lake plankton model
Exercise: lake phytoplankton-zooplankton model

Process stoichiometry Exercises: analytical solution, calculation with stoichcalc
Biological processes in lakes

Physical processes in lakes, mass balance in multi-box and continuous

systems Exercise: structured, biogeochemical-ecological lake model
Assignments: build your own model by implementing model extensions

5. Physical processes in in rivers, bacterial growth, river model for benthic
populations Exercise: river model for benthic populations, nutrients and oxygen

6. Uncertainty, Parameter estimation, Stochasticity

Exercise: parameter estimation
Exercise: stochasticity, uncertainty

7. Existing models and applications in research and practice, examples and case
studies, preparation of the oral exam, feedback
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— Swiss Army Knife of Linear Algebra
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Preparation for next week eawag

1. Find out what the Swiss Army Knife of Linear Algebra is and how it roughly works

2. Read chapter 4.3.3 (general solution)

3. Read chapter 15 (Stoichcalc package)

4. Think about your open questions

5. Bonus: Try out the chocolate cake recipe or

bring your own favorite cake recipe in the form of a process table.
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