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Motivation

o Microalgae photobioreactors can be used for
wastewater treatment as:
o Tertiary treatment step for nutrient removal

o Nutrient recovery technology due to the
phosphorus and nitrogen internal storage
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Motivation

o Available models are good, however the
applicability may be limited:
o By the number of considered variables
o By the model structure

o Factors affecting microalgal growth:.
o Carbon, both organic and inorganic
o Nutrients: phosphorus and nitrogen
opH
o Light
o Micronutrients (e.g. iron)
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Agenda

oModel development

oTargeted experiments for parameter
estimation:

oGreen microalgae identification and
equipment

oMicrobatch and 1-L batch experiments

oOpen pond experiments

oModel evaluation
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Model development (ASM-A)

o Mechanistic description of biokinetic processes: multiple-substrate
kinetic process rate equations based on literature

i

Heterotrophic algal

Autotrophic algal growth growth

Model Nutrients | DIC Light

N P Monod | Haldane | Steele | P&E | P&J | Smith | Poisson

Mowa et al.** H

Bouterfas et al. +

Ambrose et al?!

Wolf et al 2

Bougaran et al.*

Quinn et al.

=29 =2
2

Broekhuizen et al.**

Skjelbred et al.*

Guest et al. ¥’

)

Decostere et al. ¢

=

Coppens et al. *

Van Wagenen et
al.52

ASM-A
(This study) 2 =

D: Droop
M: Monod
H: Haldane
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Model development (ASM-A) -
o
>
o Developed as an extension of ASM-2d, so compatible with activated
sludge models
o Units and nomenclature expressed according to the ASM (activated
sludge modelling) framework
Component NHy NO; Iq'f:t;u:_l POy ﬂ:::::l;l Inorg. carbon Acetate 0 BT:JE:[“ Parﬂt‘:ﬂnates
Symbol Swm4 Swo X Sros Xagpr Sam Sa Soz X X
Unit gN/m? eNm® | gN/m? gP/m’ gP/m’ gC/m? gCOD/m? gCOD/m? gCnli)sD.-' gCOD/m?
Process Stoichiometric Matrix
Uptake and
storage of 1 1
nitrogen from
NH4
Uptake and
storage of 1 1
nitrogen from
NO3
Uptake and 1 1
Storage of PO4
Au;::tnl":_t;;lhic - i NXae -i_ PXae -1V xale A1 1/(2.67*Yxae,San:) 1
H“;:g:‘rt"tf"’i‘ - i NXae i PXae | 1/(0.4*Yxag.52) | -1/(1.067*Yxaie.52) | -1/(1.067*Yxate.51) 1
Decay i NXae-fxi*i Nxaep i PXaefu®i Pxaed -(1-fx) -1 fxi
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Microalgal nutrient uptake and storage

o Processes 1&2: uptake and storage of nitrogen using
ammonia and nitrate as nitrogen source

SnH4 ] XAEQ,J"."mﬁ::r 'Eﬂlg — Xai g.N

X

'E::JI'IH‘Q' - 5 g

NH% + HJ'I."H-#,AEQ Xﬂlg,ﬁ."mﬁ:x ) XAZg

Sno Kynsaig XgigNmax " Xaig — Xaig.n

Kyo
Swot KEyoparg Knmsaig tSnms Xaighmax " Xaig

o Process 3: uptake and storage of phosphate

Spos ] XAEQPPmEI 'XAZQ - Eazg,pp

Kpos* ) XAEg

Spoat Kposaig Xgig.pPmax " Xaig

Rieger et al. (2001)
Rhee (1973)
Ambrose et al. (2006)
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Microalgal growth and decay
o Processes 4: autotrophic growth rate
y 1 Xﬂlgp'liminxﬂlg} - XAEQ,PPmEnXAEg}  Sane s _El—f:f‘?” ¥
Amaz Xaign Xaig.pp Sae T Kaie Is Alg
o Process 5: heterotrophic growth rate
Xﬂ!g,ﬁ.l'mz' n XAEQ EAEQ..PPmEn Xﬂ!g SA 5!5' 2 HI
o . 'l — . 'l — . . . .‘Tf ;
K, ( Xaign ) Xaig.pp ) Sat Ky Sop+ Ko Kp+ I, %

o Process 6: decay
bxa:g ) EAEg

Droop (1974)
Broekhuizen et al. (2012)
Rieger et al. (2001)
Ambrose et al. (2006)
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Agenda

i

oModel development

oTargeted experiments for parameter
estimation:

oGreen microalgae identification and
equipment

oMicrobatch and 1-L batch experiments

oOpen pond experiments

oModel evaluation
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Microalgal culture

i

o Mixed green microalgal culture consists mainly of Chlorella sp.

(C. sorokiniana) and Scenedesmus sp.

ABTI1604 Micractinium inermum

AB260893 Chiorelia variabilis

63504 Chiorella fobophora

X13688 Chiorefla vulgaris

AB488582 Chiorella vulgans

AB488580 Chiorella vulgans

AB4BB5TI Chiorella vulgans

AB4B85TE Chiorella vulgans

AB4BE5TT Chiorella vulgans

AB4B85TE Chiorella vulgans

AB4BB5TS Chiorella vulgans

AB488581 Chiorella vulgans

X62441 Chiorefla sorokiniana

ABA4BB2T2 Chiorella sorokiniana

Microscope image of the mixed green microalgae culture
in the batch experiment.

DTU Environment

I_ AB4885T3 Chiorella sorokiniana
ABOBO307 Chiorella scrokiniana
ABOBO308 Chiorella vulgans
ABT31601 Chicrella sorokiniana
ABT31602 Chiorella scrokiniana
AM423162 Chiorella sorokiniana

AB260898 Chiorelia sp.

B Chiorella sp.

AB260BYT Chiorella sp.



=
—
—

Reactors

<
>
>

24 L open airlift PhBR

1-L batches

DTU Environment
Department of Environmental Engineering




Microbath experiments: light intensity effect

o Assessing the specific growth rate under different
light intensities

5 Steele Steele equation:
0= Homax * Iexpl—l/fs
4 Is
Hnhax = 3.6 d-1
o I, = 758 pmol m-2s-1
2 |
2 -
. R2=0.995
1 -
0 T T T T
0 200 400 600 800 1000

| (umol m?s™)
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Nutrient uptake and storage: P-uptake and

storage

3,5
3

. Parameter
! estimation

N

using Simplex
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N-uptake and storage

Cycle

Initial N conc.

SN (mg N L1

(g N/m?3)
1 20
2 10
3 5
4
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25
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ASM-A calibration

Model calibration using data from cycle 2
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Parameter
Values

DTU Environment

Parameter | Microplate 1-L batch 24-L batch Literature Value Unit
Ha max 3.6 £0.042 3.3+ 0.55¢ 4.19+1.199 4.730;0.1-1136; |d+?
1470 0,15 7%
2.64 67, 14767
3.2672
M max 0.75+0.1° 3.23+ 1.1 - 143%7:3.4873; [dt
2.35-2.64 67; 0.96-
1 67
I 758.2 + 22.92 - - - pmol m2 s1
X Alg.PPmin - 0.002+0.0008¢ - - g P-g’1COD
X Alg Nmin - 0.014+0.0015° - 0.023%7;0.0272 |gN- g'COD
XAlu PPmax - 0.02+0.008¢ - - g P- g'1COD
X alg Nmax - 0.9+0.5¢ - 0.0683 37, 0.067 72 |g N- g’'COD
Kno.alg - 3.39+1.89¢ 8.22+0.979 0.0602%7; 0.3 [gN'm?3
KnHaAlg - 2.4 +0.42¢ 3.91+0.889 534:0.1-315™ |gN-m?3
Kposalg - 0.25+0.18¢ 0.36+0.0469 0.046-105  |gP-m?
Knibia Alg - 2.97+2.42 0.22+0.019 - g N-glCOD-d'1
Knoalg - 297+242 | 0.018+0.0129 | 0.49%;0.4372 |gN-g'COD-d
Kpoa.Alg - 0.066 +0.042 | 0.028+0.0219 - g P-g''COD-d?!
Kau - - - 334.0.035-0.29 " |g C'm’®
Ka 11.87 +5.20 89 + 28f - - gCOD'm??
Kia 550.58 + 232.1b - - - gCOD'm3
K, 878.6+754 - - - pmol m2s?t
Ko 2 (20% of DOg,) |gCOD m=3
56
Bycalg - - 0.091£0.09 | 0.072 (2%*Mp may) [0
33; 3.7% HA,max30;
0.003-0.1 7%
Y Ak - - - 2.33;1.067 |gCOD-g'C
Yac - 0.39f - 0.344 g COD-g'COD
IPxalg - - 0.0006731.34  |g P -g1COD
iNyalg - - 0.00493L; 0.0534 [gN- g'COD
34
fX, - - 0.1 g COD-g'COD
Nxaigp 0.00441 g N-g1COD
Pxaiop 0.000603 g P-gCOD
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Agenda

oModel development

oTargeted experiments for parameter
estimation:

oGreen microalgae identification and
equipment

oMicrobatch and 1-L batch experiments

oOpen pond experiments

oModel evaluation
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Model evaluation: assessment of parameter
variability impact

Research questions:

o What is the influence of culture history and/or
substrate availability on parameter estimates?

o Can we use a default parameter set?

o Can we explain the discrepancy as a result of
parameter variability?

DTU Environment
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Model evaluation: two evaluation steps

o Does culture history affect parameter values?

o Parameter sets obtained through the descending cycles
confronted with data from ascending cycles

o Janus coefficient

25
Ascending cycles
20 @1 < >® o
FI’P
| 15 _
Z
)
E 2
) \ %
5 - _ ¢’ 9
Descending cycles \ % 7
O T T T 4 * 1"6

5
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time (days)
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Model evaluation: two evaluation steps

Cycle 2-8 RMSE RMSE Janus
calibration evaluation | coefficient

Ammonium in bulk liquid (Sxm) 0.72 044 061
Nitrate in bulk liquid (Swoz) 071 14.00 1972 ||
Phosphate in bulk liquid (Spo4) 091 0.51 0.56
Algal biomass (Xa1.) 0.19 0.1 0.53
Nitrogen quota (Xai) 127 0.70 0.55
Phosphorous quota (Xar) 0.91 0.14 0.15

Total 471 159 3.38

Nitrate prediction in the other cycles:

i

Cycle RMSE RMSE Janus
calibration evaluation coefficient
1-9 0.24 23.9 99.58
3-7 0.26 3.85 14.81
4-6 0.23 9.35 40.65

e J~1 calibrated model prediction is good

DTU Environment e J>> calibrated model prediction fails



Model evaluation: experimental results

DTU Environment
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Model evaluation: experimental results

X, (g N/g biomass)

DTU Environment
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Model evaluation: parameter variability

Ascending cycles

kyo (@ Ng'COD d™)
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/
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Model evaluation: two evaluation steps

o Can we use an average parameter set? Can we
explain the discrepancy as a result of parameter
variability-

o Monte Carlo simulations run on the 4 ascending cycles

o Parameter values: mean values of the estimated
parameters through descending cycles.

o Probability range: standard deviation of the mean values
through descending cycles.

Calibration Evaluation
25
Ascelding cycles
20 @1 ® o
T /
— 15 4
Z
o
E 2
%) \ %
] 8
° Descending cycles.\ %. 7
DTU Environment 0 L— : a0 96

time (days)
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Model evaluation: second steps
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o Algal biomass & ammonia: discrepancies can be explained by

3
Xy (9-CODIM’)

parameter variability
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Model evaluation: two evaluation steps

o Soluble and stored phosphate: discrepancies can be explained
by parameter variability
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Model evaluation: two evaluation steps =

o Soluble nitrate & stored nitrogen: the model prediction is
compromised by
o Culture history for nitrate
o Substrate availability for nitrogen storage

3
sNos {g-N/m~)

DTU Environment



Concluding remarks

o A novel process model in the ASM framework for predicting algal
behavior in PBR has been identified, calibrated and critically evaluated

o Different scale lab experiments have been used to estimate different
parameter sets.

o The model can predict algal biomass, ammonia, phosphate and internal
PP quota using a mean parameter set

o Maximum nitrate uptake rate depends on the history of the culture

Future perspectives

o Model extensions including physic-chemical processes:
o Mass transfer
o pH
o Light attenuation
o Hydrodynamics

o Model extensions relevant to other end-uses: lipid accumulation for
biodiesel

o Model calibration and evaluation using other microalgae species
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