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Abstract
Haematococcus pluvialis is a green algae with the great potential to generate natural
astaxanthin. In the current study, dynamic models have been proposed to simulate effects of
light intensity, light attenuation, temperature and nitrogen quota on cell growth and
astaxanthin production in both suspended and attached photobioreactors, which to the best of
our knowledge has not been addressed before. Based on the current models, optimal
temperatures for algal growth and astaxanthin accumulation are identified. Cell absorption is
found to be the primary factor causing light attenuation in the suspended reactor. In this
reactor, astaxanthin accumulation is limited by the low local light intensity due to light
attenuation during the initial operation period, but almost independent from that once it is
close to the maximum value. Compared to the suspended reactor, light attenuation in the
attached reactor is much reduced and biomass growth is remarkably enhanced, which
suggests the attached reactor is a better choice if the process aims for biomass cultivation.
However, the well-mixed culture in the suspended reactor can push most cells toward
astaxanthin production; while the attached reactor has the potential to prevent the
accumulation of astaxanthin in the bottom algae. Therefore, the suspended photobioreactor

should be selected if the process target is astaxanthin production.

Keywords: astaxanthin; dynamic simulation; light attenuation; temperature; suspended

photobioreactor; attached photobioreactor.
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1. Introduction

Astaxanthin (3,3 -dihydroxy-p, B-carotene-4,4-dione) is a high-value carotenoid pigment
with wide applications in the cosmetic, pharmaceutical, and food industries [1], [2]. It is
considered as a promising bioproduct for future commercialisation due to its high antioxidant
activity and significant impact on animal pigmentation [3]. Although synthetic astaxanthin
dominates the current commercial market and has achieved a profit of $200M per year, the
huge demand of natural astaxanthin is still an open challenge at present [4]. To fill the gap,
green alga Haematococcus pluvialis has been chosen as the best candidate for astaxanthin
production because of its high astaxanthin content (up to 5%), and several companies have

been set up to produce natural astaxanthin from this species [5], [6].

Extensive research has been conducted to determine the optimal operating conditions for
astaxanthin production. High irradiance, high temperature, oxidative stress, and
nitrogen-deprivation have been found to significantly stimulate the accumulation of
astaxanthin, while these operating conditions are not favourable for H. pluvialis growth [2],
[7]-[10]. To enhance the productivity of astaxanthin, a two-stage cultivation method is
widely used. The first stage aims to cultivate algae in conditions where cells grow fast and
remain green with the presence of a nitrogen source in the culture; in the second stage
(induction stage), cells are subjected to a nitrogen-deprived culture for the induction of
astaxanthin. Because of the accumulation of astaxanthin, cells in the second stage usually

turn to be red [1], [2], [11].
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Although there are extensive laboratory measurements for the system, much less effort has
been focused on the modelling of these stages. Dynamic simulation is an effective tool to
determine the optimal operating conditions for both laboratory scale and industrial scale
astaxanthin production processes. In particular, the induction stage where cells stop growing
and astaxanthin commences to accumulate is very difficult to model due to the complicated
metabolic mechanisms involved. Although a few researchers constructed dynamic models to
simulate this process [1], [12]-[16], these models have severe limitations which restrict their

applicability.

First, as the experiments in these publications show a very distinct astaxanthin accumulation
tendency led by the different operating conditions [12], [14], [16], these models can only be
used to simulate specific processes whose operating conditions are similar. Second, these
models only consider the effect of one factor (light intensity or nutrient concentration) on cell
growth and astaxanthin production, but do not include other factors such as temperature and
intracellular nutrient concentration [1], [13], [14]. Furthermore, none of these works [1],
[12]-[16] decouple the two cultivation stages into separate models, although the operating
conditions and performance of these stages are quite different. For this, it is reasonable to

consider that these models may not simulate the induction stage with a high accuracy.

Therefore, to simulate accurately the dynamic process of the induction stage, the current
study aims to construct rigorous models including the effects of temperature, light intensity,

light attenuation and nitrogen-deficiency on algal growth and astaxanthin accumulation,
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which to the best of our knowledge has not been explored. Different reactor types, including
both suspended reactor and attached reactor are considered in the current work. The complex
relation between astaxanthin accumulation and algal growth has also been comprehensively

summarised in this work and will be introduced in next section.

2. Experiment setup and Model Construction

2.1 Experiments setup

Two types of photobioreactor (PBR), the suspended PBR (shown in Figure 1(a)) and the
attached PBR (shown in Figure 1(b)), have been chosen to process the induction stage in our
previous experimental work [4], [11]. The suspended PBR is a 1 L column reactor with
height of 26 cm and diameter of 7 cm. Light is provided from one side of the reactor. For the
attached reactor, a microfiltration membrane (diameter of 33 £0.5 cm) was used to form an
algal film and then placed onto a gauze which was vertically located in a medium reservoir.

[llumination is also provided from one side of the reactor.
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Figure 1: Photobioreactors used in the current study. (a) suspended PBR; (b) attached PBR.

The current work aims to contribute rigorous models capable of accurately simulating the
different cell growth and astaxanthin accumulation trends presented in both previous
publications and current experiments. As a potential reason why there are quite different
experimental observations between these works is attributed to the selection of different H.
pluvialis strains [4], [12], [14], in the current study two different H. pluvialis strains, H.
pluvialis NIES-144 and H. pluvialis ZY-18, are used in our experimental research and

cultivated in different operating conditions for model construction.

H. pluvialis NIES-144 was used to test the effect of initial biomass concentration on cell

growth and astaxanthin production in both suspended reactor and attached reactor. Incident
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light intensity and temperature in these experiments were fixed at 150 umol-m?2s*and 25T,
respectively. H. pluvialis ZY-18 was mainly used to test the effect of temperature on algal
growth and astaxanthin accumulation. Incident light intensity in these experiments was fixed
at 250 umol-m2-s™. In order to demonstrate the predictability of the current models, two
additional experiments were carried out under different operating conditions, and will be
introduced in Section 3.3. All of the experiments were replicated three times. Details of
experiment design and information of strains can be found in our previously published

studies [4], [11].

2.2 Model construction
Two dynamic models, Model 1 and Model 2, have been proposed in the current study and are
presented through Equations (1)-(3) and Equations (4)-(6), respectively. The two models are
constructed based on different kinetic mechanism assumptions. Both of the models are used
to simulate biomass growth and astaxanthin accumulation in both the attached PBR and the
suspended PBR. To guarantee a dynamic model capable of accurately simulating both algal
growth and astaxanthin production under different operating conditions, the following
characteristics were integrated:

1. The accumulation of astaxanthin and the growth of biomass are dependent on the

intracellular nitrogen quota;

2. Biomass growth rate may increase rapidly at the beginning and then slow down;

3. Biomass decay can be found after cells stop growing;

4. Astaxanthin accumulation rate increases initially and then slows down;
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5. A maximum astaxanthin content exists in cells;
6. It is not necessary for the astaxanthin accumulation rate to have the same tendency as
that of the biomass growth rate, which means astaxanthin can stop accumulating either
much earlier or much later than the termination of biomass growth;
7. A slight decrease of astaxanthin content can be observed after the accumulation of
astaxanthin;
8. Both astaxanthin accumulation rate and biomass growth rate are dependent on the
culture temperature and light intensity.
All of these characteristics are summarised from previous publications and will be introduced
in detail in later sections. Both models are derived from the Droop model and the

Luedeking-Piret model [17], [18].

Dynamic model 1:

d_X:< _k_q>.L. A- e;f_qr_B eRT] X — gy X? €y
dt q/ I+kg ¢
dq —<1—&>-—-[A eRF—B-e RT] q (2)
I+k
D o1 )].’fq_w.<1_ P T s ®3)
q Wmax I+kSW v

Dynamic model 2:

dX_(1 kq) kg 1 s % 5. RT] P A
at q/ q I+k ¢ ¢ Ha S
i (1 kq> L [a.e75-5. RT] k, 5
dt q) T+k |°°° ¢ ®)
dw [ kow\1 Kqw w _Eaw _Epw

aw _ b+<1_L)].L.<1_ ) [Aw-e A¥_B, e R.T] 6
dt q q Winax I+ksw ©

where X is biomass concentration; q is normalised nitrogen quota; k, and kg, are
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normalised minimum nitrogen quota for cell growth and astaxanthin production, respectively;
I is local light intensity; k; and k, are light saturation terms for cell growth and
astaxanthin production, respectively; A and B are pre-exponential coefficients; E, and
E,,, are activation energy for cell growth and astaxanthin accumulation, respectively; w is
astaxanthin content; wy,.x IS maximum astaxanthin content; u, is cell decay rate; b is

growth non-associated coefficient for astaxanthin production.

2.2.1 Nitrogen quota (intracellular nitrogen concentration)

In this section, characteristics 1--7 from the above itemised list, and the design of both
models will be explained in detail. The nitrogen quota is the ratio of intracellular nitrogen
element weight to dry cell weight, which is used to represent the intracellular nitrogen
concentration in cells. As the culture in the current study is nitrogen-free, nitrogen quota in
cells is lower than that in a nitrogen-sufficient culture. Since the nitrogen quota was not
measured in the present study, a normalised nitrogen quota is used to replace the absolute
value of nitrogen quota and is defined as the ratio of nitrogen quota between the current

culture and the nitrogen-sufficient culture [17].

In a nitrogen-deprived culture, the photosynthetic electron transport chain in H. pluvialis is
heavily damaged due to the significant reduction of cytochrome bs/f complex. In order to
prevent cells being over-reduced by photosynthesis, the astaxanthin sysnthesis and plastid
terminal oxidase-mediated electron transport pathways are stimulated, with the activities of

these pathways being enhanced by the extent of cell nitrogen-deficiency [19], [20].
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Meanwhile, due to the decreased activity of the starch generation pathway, cell growth rate is
also affected [21]. As the transcription of essential enzymes involved in these processes
requires the participation of nitrogen, both astaxanthin accumulation and cell growth will
eventually cease once the intracellular nitrogen concentration drops to its minimum value

(characteristics 1 and 4).

For biomass growth rate, the effect of the nitrogen quota is more complicated. Although most
of previous work found that biomass growth rate generally decreases with the decreasing
nitrogen quota in suspended PBRs [3], [11], [22], [23] have shown recently that H. pluvialis
growth rate may increase in the initial cultivation period in an outdoor PBR. This
phenomenon, is apparently observed in our very recent work [4] where H. pluvialis was
cultivated in another reactor type, the attached PBR, and biomass growth rate is found to

continuously increase in a nitrogen-free culture for 12 days (characteristic 2).

To consider this fact, in the current work two different models are composed and will be
compared later. In Model 1 (Equation (1)), the term (1 —%) represents the decrease of
biomass growth rate due to the aggravated extent of nitrogen-deficiency. This equation
assumes that the increase of biomass growth rate is led by the increasing biomass
concentration (X), rather than the extent of nitrogen-deficiency. In Model 2 (Equation (4)),
the term I;—q, whose value increases with the decreasing nitrogen quota (q), is embedded with
the assumption that the enhancement in biomass growth rate is also led by

nitrogen-deficiency. Furthermore, since biomass decay has been observed in previous

10
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publications [7], [22]-[24], another term, u, - X2, is added in both equations to take biomass

decay into account [17] (characteristic 3).

For astaxanthin, as its synthesis is enhanced by the extent of nitrogen-deficiency initially and
depressed after the nitrogen quota is significantly reduced, the accumulation rate increases

initially and then slows down in the process [3], [4], [23]. Therefore, in Equations (3) and (6)

kqw

the term is used to represent the extent of nitrogen-deficiency, and the term [b +

( —k"TW)] is used to represent the decrease of astaxanthin accumulation rate caused by

nitrogen-deficiency since this term decreases with the decreasing g. As a maximum

astaxanthin content has been observed in previous studies [11], [23], [25], in the current

models the term (1 - ) is included in Equations (3) and (6) to ensure the astaxanthin

Wmax

content cannot exceed the maximum value (characteristic 5).

Finally, [b +( —k‘ZT‘”)] in Equations (3) and (6) is also used to simulate the fact that
astaxanthin accumulation rate does not necessarily show the same tendency with biomass
growth rate, as astaxanthin may stop accumulating either much earlier or much later than the
termination of biomass growth at different operating conditions [3], [4], [14]. In this term, b
represents the growth non-associated accumulation rate and (1 — k"TW) represents the growth
associated accumulation rate. If astaxcanthin stops being generated before the termination of
cell growth, kg, >k, and b=0. If astaxanthin continues accumulating after the

termination of biomass growth, b > 0 and kg, < k, (characteristic 6).

11
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More specifically, this term is also capable of simulating the slight decrease of astaxanthin at
the end of the process, as observed in recently published work[11], [23]. In this case, once g
Kqw

drops lower than kg, ( — T) will be negative and astaxanthin accumulation rate will be

negative if b is lower than the absolute value of (1 — quW) (characteristic 7).

2.2.2 Light intensity

In Sections 2.2.2 and 2.2.3, characteristic 8 will be explained in detail.

2.2.2.1 Simulation of light intensity effects

Light intensity significantly affects both biomass growth and astaxanthin accumulation rates
[1], [9]. In general, the effect of light intensity on cell growth can be described by the Aiba
model as in Equation (7) [26]. In our experiments, as the incident light intensities in both
suspended reactor and attached reactor are not higher than 250 pmol-mZ2s® where

photo-inhibition is not observed [4], the photo-inhibition term in the Aiba model is neglected.

I
#:#max'—lz (7)
I+k5+F
i

Umax Fepresents the maximum specific growth rate, I represents the light intensity, kq

represents the light saturation coefficient and k; represents the photo-inhibition coefficient.

2.2.2.2 Light attenuation in suspended reactor
It is notable that the illumination cells experience in the reactor is not the same with the
incident light intensity due to light attenuation. With the existence of light attenuation, local

light distribution in a photobioreactor is in general non-uniform and much lower than incident
12
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light intensity. In suspended reactors, recent research found that light attenuation is mainly
caused by bubble reflection and microorganism absorption [27], [28]. Although in theory
microorganism scattering can also contribute to light attenuation, its effect has been
demonstrated to be negligible by previous research and thus not included in this study

[29][27].

Extensive research has been conducted to explore light attenuation in flat plate PBRs [30]-
[32], for which Equation (8) is mainly used to estimate the local light intensity [32]. For
column PBRs, previous research also proposed some light transmission models [33], [34],
with most being very complicated and making the dynamic model parameter estimation

procedure difficult to carry out.

As the current model consists of highly non-linear differential equations, its parameter
estimation has been demonstrated to be difficult, as advanced discretisation and optimisation
methods have to applied and significant computational cost will be introduced [35], [36].
Therefore, in order to ensure the accurate calculation of the current parameter estimation
procedure, Equation (8) is selected to reduce the current model complexity.
3a,
I=IO-Exp[—(—+a-X)-Z] (8)
dp
I is the local light intensity, I, is the incident light intensity, a, is the bubble volume
fraction, d, is the bubble average diameter, « is the algal absorption coefficient, z is the

distance the light travels through the reactor.

13
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In the present research, a column PBR was selected in our experiments and illumination was
only provided from one side of the 1 L reactor (height: 26 cm, diameter: 7 cm). Air was
pumped into the suspended reactor for H. pluvialis photo-autotrophic growth, so that both
bubble reflection and algal absorption have to be included. In order to estimate the local light
intensity inside the reactor, some simplification was applied in the current study. In particular,
as suggested by a recent publication [37], it is assumed that the current reactor is a flat plate
PBR with a square bottom surface. The square area is the same with the circle area, which
means the length of the square is 6.20 cm. As both bubble average diameter and bubble
volume fraction are in general estimated based on computational fluid dynamics whilst these
parameters are kept constant in the current experiment, %g in Equation (8) is replaced by k;
for the convenience of future parameter estimation procedure. Hence, Equation (8) can be

re-written as Equation (9).

I =1, -Exp[—(k; + a-X)-z] 9)

2.2.2.3 Light attenuation in attached reactor

For attached PBRs or biofilms, the study of light attenuation has received little attention.
Although biomass generally only grows from hundreds of microns to several millimeters,
severe light attenuation has been observed and reported in recent studies [38]-[40]. To
include this factor in the present simulation it is assumed that algae only grow along the
direction perpendicular to the reactor surface, towards the light source. Based on the current
assumption, biomass density (px) on the cross section through the light transmission direction
is constant, because cells predominantly grow along this way. As a result, the algal absorption

14
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coefficient on each cross section is the same. Therefore, local light intensity in an attached
reactor can be calculated by Eq. (10).

I =1, Exp[—p'"h] (10)
where B’ is algal absorption coefficient, h is biofilm thickness from the top (exposure)

surface to the research surface.

The weight of biofilm (m) with a thickness of h is calculated as m = h - py - S, where S is
the biofilm surface area. In general, biomass concentration (X) in attached reactors is
represented by gm? (X = %), therefore Equation (10) can be re-written as Equation (11)
below.
! ! X
=l Expl='+h] = Iy Exp | 6" | = Iy - Expl=5 - X] (11)
X

where B is the biomass concentration based algal absorption coefficient.

2.2.2.4 Simplification of spatial dimension

The current models include both spatial variations due to light attenuation, and temporal
variations as the processing considered is dynamic. To eliminate the spatial variation, two
methods have been proposed recently. The first one is to replace local light intensities by an
average light intensity which is calculated by Equation (12) in a suspended reactor, and by
Equation (13) in an attached reactor. The second method is to use the average biomass growth
rate, which turns out to be equivalent to calculation of the average value of (ﬁ) since it is
the only spatially varying term. Equations (14) and (15) show the average value of this term
in suspended reactors and attached reactors, respectively.

15



306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

1-— e—(kl+a-X)-L

Iave:IOI(kl_l_a_X).L (12)
1—e BXL

Igve = 1o - B-X-L (13)

I+ks/,, L-(kj+a-X)

( I _In[lo+ ksl —Inlly (=L - X) + k] (15)

I+ks/,, L-g-X

In most of the previous studies [1], [12], [41], the first method is widely selected simply due
to its convenience for parameter estimation. Although some researchers recently used the
second method and found that it shows high agreement with experimental results [10], [42],
none of them compared the accuracy of the two methods. To explore which method is more
accurate and suitable for further studies, both simplifications are selected and compared in the

present study.

2.2.3 Temperature

Temperature is also found to influence remarkably the rate of cell growth, cell decay and
bioproduct accumulation An optimal temperature exists to facilitate microbial biomass
growth and bioproduct synthesis [9], [13]. The Arrhenius equation has been widely used to
describe the effects of temperature on both biomass growth and bioproduct production [43]-

[45], and is shown in Equation (16).

_Eq _Ep
u=A-e RT—B-e RT (16)

where E, is the activation energy of cell growth or bioproduct production, Eg is the

16
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inactivation energy of cell growth or bioproduct production, and A and B are

pre-exponential factors.

As previous research [1], [3], [41] has demonstrated, the favourable range of temperature
and light intensity for H. pluvialis growth and astaxanthin accumulation may be different,
hence in our model construction parameters in both the Aiba model and Arrhenius equation

for biomass growth and astaxanthin generation are not assumed necessarily to be the same.

2.3 Parameter estimation process

To estimate the parameters that best described the models presented in this work a nonlinear
programming problem (NLP) was formulated. The original system was discretised through
orthogonal collocation. Orthogonal collocation is a highly robust discretisation strategy, as it
needs relatively few finite elements and is stable even when confronted with stiff systems
[46], [47]. The computational implementation of this work was done in a Python-based
optimisation environment [48]. IPOPT [49], an interior point optimiser, was used as a solver

to find the optimal solution for the resulting NLP.

3 Results and discussion

3.1 Parameters in H. pluvialis ZY-18 models

For H. pluvialis ZY-18, only the suspended reactor was used in our experimental work. Table
1 shows the parameters in Model 1 based on average light intensity. As biomass decay rate is
also dependent on temperature, u, has different values at different temperatures. Since the

17
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Table 1: Parameters in average light intensity based Model 1 (H. pluvialis ZY-18)

between Model 1 simulation results and experimental results.

current research does not focus on the relation between u,; and temperature, values of u,; at

different temperatures are simply presented in Table 1. Figure 2 shows the comparison

Parameter Value Parameter Value

kq 0.151 lg 25, L-hrtg? 0.0096
kg, umol-m2.s 300.0 kqw 0.202

E,, kJ-mol?! 30.38 b 0.126

E,, kJ-mol* 465.17 Winax 3.80

A, hrt 3.35x10° kg, pmol-m2st | 150.0

B, hrt 8.03x107° A, hrt 1.28x10%
tag L-hrtg? 0.0413 B, hrt 3.73x10%
a3, Lhrig?t 0.0425 E . kJ-mol? 73.69
fg1g, L-hrig? 0.0287 Ep,, ki-mol? 239.96
fa23, Lhrig? 0.0236 a, m>g? 0.050

ky, m* 0.0
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Figure 2: Comparison of experimental results and simulation results of average light intensity
based Model 1 (H. pluvialis ZY-18). Thick solid line: simulation results at 8 'C, dotted line:
simulation results at 13 C, dot-dashed line: simulation results at 18 °C, dashed line: 23 C, thin
solid line: 28C. Filled square: experimental results of 8°C, unfilled square: experimental

results at 13 C, filled circle: 18 C, filled triangle: 23 C, unfilled diamond: 28 C.

From Figure 2, it can be seen that the model is capable of capturing accurately the trends of
both biomass growth and astaxanthin accumulation. The comparison between Model 1 and
Model 2 (average light intensity based) shows that they have very similar behaviour, which
means that both can be selected for further work. By comparing the results of the average
light intensity based model and the average growth rate based model, it is concluded that both
simplification strategies show very similar behaviour and are close to the experimental data.
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Therefore, these two strategies are both acceptable for future study.

It is notable that bubble scattering coefficient (k;) is estimated to be zero in Table 1.
Although previous research demonstrated that bubble scattering may play an important role
causing light attenuation in a low biomass concentration culture [32], [50], its zero value
calculated through the current parameter estimation procedure indicates that its effect on light
attenuation is negligible compared to that of cell absorption in the current study. This
conclusion is also consistent with recent studies which found that light attenuation is
predominantly led by cell absorption instead of bubble scattering for cyanobacterial

biohydrogen and C-phycocyanin production [37], [51].

3.2 Parameters in H. pluvialis NIES-144 models

For H. pluvialis NIES-144, both the suspended reactor and the attached reactor were used in
this work. Temperature was fixed at 25°C. The Arrhenius equation is reduced to a constant in
both models, and represented as uy and u,,, for biomass growth and astaxanthin production,
respectively. Table 2 shows the parameters in Model 1 based on average light intensity for
the simulation of the suspended reactor. Figure 3 shows the comparison of Model 1 with the
experimental results. It is also found that both the average light intensity based model and the

average growth rate based model have very similar behaviour.

Table 2: Parameters in average light intensity based Model 1 (H. pluvialis NIES-144)

Parameter Value Parameter Value
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Figure 3: Simulation results of average light intensity based Model 1 (H. pluvialis NIES-144).
(a): biomass concentration at different days, (b)-(d): astaxanthin accumulation during the
process. Solid line and square: initial biomass concentration is 0.183 g-L*, dashed line and
triangle: initial biomass concentration 0.370 g-L, dot-dashed line and diamond: initial

biomass concentration is 0.736 g-L™*. Lines are simulation results and points are experimental
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measurements.

However, Model 2 fails to capture accurately the H. pluvialis NIES-144 photo-fermentation
process in the suspended reactor because the growth phase was significantly extended. As the
difference between Model 1 and Model 2 is whether nitrogen-deficiency can stimulate the
biomass growth, the current research finds that in a suspended reactor, nitrogen-deficiency
does not remarkably increase the biomass growth rate of algae, and actually leads to a

decreasing biomass growth rate right from the beginning of the process.

A completely different conclusion is found when simulating the H. pluvialis NIES-144
photo-fermentation process in the attached reactor. Table 3 shows the parameters in Model 2
based on average light intensity for the simulation of the attached reactor. Figure 4 shows the
comparison of Model 2 simulation results and experimental measurements. From Figure 4, it
is found that the experimentally observed tendency is accurately captured by Model 2.
However, Model 1 does not fit the experimental data very well, as its simulation results
apparently reduce the algal growth period. Hence, it is concluded that in the attached reactor
nitrogen-deficiency does enhance biomass growth rate at the beginning and then limits cell
growth at the end. Both the average light intensity based model, and the average growth rate

based model, show very similar results as mentioned earlier.

Table 3: Parameters in average light intensity based Model 2 (H. pluvialis NIES-144)

Parameter Value Parameter Value
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420  Figure 4: Simulation results of average light intensity based Model 2 (H. pluvialis NIES-144).
421 Solid line and square: initial biomass concentration is 10.0 g-m, dashed line and triangle:
422  initial biomass concentration 20.0 g-m?, dot-dashed line and diamond: initial biomass
423 concentration is 40.0 g-m™.

424

425 3.3 Model predictability

426  To identify the predictability of current models for different H. pluvialis strains astaxanthin
427  production process, two additional experiments were carried out. The first experiment
428  (Experiment 1) has the initial biomass concentration of 0.35 g L?, with incident light
429  intensity of 150 pmol-m2.s’t and temperature of 25°C. The strain used in this experiment is H.

430  pluvialis NIES-144. The second experiment (Experiment 2) has the initial biomass
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444

concentration of 0.3 g L™, with incident light intensity of 250 pmol-m2.s™* and temperature of
28 C. The strain selected in the experiment is H. pluvialis ZY-18. Figure 5 shows the
comparison between the current model simulation results and experimental data. From the
figure, it can be concluded that the current models can accurately predict the dynamic
performance of green algal astaxanthin production process with different operating conditions.

Thus the model predictability is verified.

2 4 6 8 10
Time hr

Biomass concentration g/L

0 2 4 6 8 10 0 2 4 6 8 10
Time day ) Time day

~
g]
~—

Figure 5: Comparison of experimental results and simulation results of average light intensity
based Model 1. Thick solid line: simulation results, points: experimental data. (a) and (b):
biomass concentration and astaxanthin content in Experiment 1, respectively. (c) and (d):

biomass concentration and astaxanthin content in Experiment 2, respectively.

3.4 Temperature effects
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Figure 6 presents the effects of temperature on both algal growth and astaxanthin production
rate (activity), which are estimated based on Equation (16). From Figure 6, it can be seen that
the optimal temperature for both algal growth and astaxanthin accumulation is 27 C (300 K).
Activities of enzymes for cell growth and bioproduct synthesis increase rapidly with the
increasing temperature when it is lower than the optimal value, and then dramatically
decrease if the temperature exceeds its optimal value. For example, algaec almost stop
growing once the temperature is higher than 31°C, with the production of astaxanthin also
ceasing beyond this temperature. At a higher temperature (33 ‘C), recent research found that a
rapid cell decay phase with a significant reduction of astaxanthin content can be observed
only two days after the beginning of the astaxanthin induction process [11]. The narrow range
of suitable temperature values for algal growth and astaxanthin synthesis indicates that it is

essential to control precisely the culture temperature in this bioprocess.
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Figure 6: Effects of temperature on biomass growth and astaxanthin synthesis rate (activity).
(a) effect of temperature on biomass growth rate; (b) effect of temperature on astaxanthin

synthesis rate.
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3.5 Light attenuation effects

In general, light attenuation is mainly caused by bubble reflection in low cell density cultures,
and by algal absorption in high cell density cultures. Although in the current suspended
reactor bubbles could be apparently observed, the simulation results show that bubble
reflection for both H. pluvialis species is negligible as the term representing this factor (k;) is
estimated to be almost zero. Therefore, the primary factor causing light attenuation is algal
absorption. To explore whether light attenuation is severe in the current suspended reactor,
Figure 7 shows the local light intensity and cell growth rate at different biomass

concentrations.
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Figure 7: Light attenuation effects on biomass growth and astaxanthin accumulation. (a)-(c):
Local light intensity (umol-m?2.s?), local biomass growth rate (g-Lthr?) and local
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astaxanthin accumulation rate (g-g*-hr') of H. pluvialis ZY-18 at 28 C in the suspended
reactor. The incident light intensity is 250umol-m-s and the reactor equivalent thickness is
0.062 m. The exposure surface corresponds to the front surface (x-axis 0.0 m). Solid line:
biomass concentration 0.4 g-L*, dashed line: biomass concentration 1.0 g-L ™%, dot-dashed line:
biomass concentration 1.8 g-L ™. (d): Average light intensity (umol-m-s) at different biomass
concentration of H. pluvialis NIES-144 at 25C in the attached reactor. The incident light

intensity is 150pmol-m2-s,

From Figure 7(a), it is found that light attenuation is always severe even at the initial
experimental period where biomass concentration is dilute (0.4 g-L™). Local light intensity at
the back surface of the reactor is reduced by 71.1%. At a higher biomass concentration (1.0
g-L 1), cell absorption is more significant and local illumination is almost reduced to 10
umol-m2.s at the back surface. More than half of the reactor volume is subjected to the severe
photo-limitation. Eventually, at the final cultivation period where cell density increases to 1.8
g-L %, light cannot even pass through the whole volume of the current PBR, with most of the

reactor volume being in the dark zone.

Because of the light attenuation effects, local cell growth rate in the PBR almost decreases to
zero at the back surface when biomass concentration is 1.0 g-L™ (Figure 7(b)). In the final
operation period, the algal growth rate is even lower than the algal decay rate in most of the
reactor volume, because the low illumination cannot facilitate cell photo-autotrophic growth.
Hence, biomass growth rate in the light zone is totally offset by its decay rate in the dark zone,
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and the overall growth rate reduces to zero.

In terms of astaxanthin accumulation, two different factors contribute to the decrease of the
astaxanthin accumulation rate. In the initial period, when cell density increases from 0.4 g-L™ to
1.0 g-L%, light attenuation is shown to be the primary factor limiting astaxanthin production.
This is explained by the fact that the local astaxanthin accumulation rate in the reactor decreases
with the decreasing local illumination along the light transmission direction (Fig. 7(c)), and
astaxanthin content is still much lower (2.58%) than its maximum content (3.80%) [11].
However in the final operation period, as astaxanthin content is almost saturated (3.49% when
biomass concentration is 1.8 g-L™') the metabolic pathway of astaxanthin production is
terminated. Hence, light attenuation is not important for astaxanthin production since the

production rate is almost zero regardless of the local illumination intensity (Figure 7(c)).

In the case of the attached reactor, as there is no bubble pumping through the biofilm, light
attenuation is purely induced by cell absorption. This is very different to what was found in the
suspended reactor, with light attenuation in the attached reactor is significantly reduced. For
example, the average light intensity in the attached reactor is 77.0% of the incident light
intensity when biomass concentration is 10 g-m, while at this biomass concentration (0.18
g-L %, equivalent to 10 g-m2) the average light intensity in the current suspended reactor is only
48.5% of the incident light intensity. Therefore, the current attached reactor is found to enhance

both biomass growth and astaxanthin accumulation rates due to its better light permeation.
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However, average light intensity in the attached reactor also decreases rapidly with increasing
biomass concentration (Figure 7(d)). The average light intensity is reduced to 50% of the
incident light intensity when biomass concentration is 30 g-m, and to 20% of incident light
intensity when biomass concentration reaches 80 g-m. Contrary to the case of the suspended
reactor where cells are well mixed, cells in the attached reactor are fixed and those in the bottom

of the biofilm always receive much less illumination compared to those on the top.

Because of the severe light attenuation caused by high biomass concentration, it is quite
possible that cells in the bottom cannot receive enough light to stimulate the accumulation of
astaxanthin. In fact, recent research [5] has found that in an attached reactor, similar to the
currently considered reactor, cells located in the upper layer of the biofilm turn red while those
in the bottom layer still remain green during the astaxanthin accumulation process. This
observation proves the current simulation hypothesis that the severe light attenuation in an

attached reactor may reduce astaxanthin production for the bottom cells.

Overall, in a suspended reactor, light attenuation is always significant and limits biomass
growth. The accumulation of astaxanthin is initially limited by the low local light intensity due
to light attenuation, but eventually it becomes independent of it as its content approaches to the
maximum value. Although the attached reactor can provide a betters local light distribution and
facilitate biomass growth, it can also prevent the accumulation of astaxanthin in the bottom
layer algae, and the separation between red cells and green cells in a biofilm is also difficult to
conduct in practice.
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4 Conclusion
In the present study, two dynamic models have been constructed to simulate the growth of H.
pluvialis and the associated astaxanthin production in a nitrogen-deprived culture,

considering both attached and suspended photobioreactors.

To the best of our knowledge, this is the first ever attempt that the effects of light attenuation,
temperature and nitrogen quota on cell growth and astaxanthin accumulation be included in
unified models. By comparing the simulation results obtained with our experimental
measurements, the accuracy of the current models is verified. Specifically, it is found that
Model 1 is more accurate to simulate the astaxanthin accumulation process in a suspended

reactor, while Model 2 is suitable for the simulation of this process in an attached reactor.

Using either an average light intensity or an average cell growth rate, to render the model
one-dimensional, has been found to be a very accurate model simplification approach. Based
on the current models proposed, the optimal temperature for both algal growth and

astaxanthin accumulation has been determined.

Light attenuation in the suspended reactor is found to be mainly due to cell absorption, and
primarily limits astaxanthin accumulation when astaxanthin concentration is much lower than
its maximum value. When the astaxanthin content approaches to its maximum value, the
effect of light attenuation on astaxanthin production becomes negligible.
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Because of the reduced light attenuation in the attached reactor, biomass growth is much
facilitated by this reactor type. However, a suspended reactor is still a better choice than an
attached reactor for astaxanthin production, as in this reactor type most cells can be induced

for astaxanthin accumulation.

In terms of future work, as the accumulation of astaxanthin may affect the cell absorption
cross-section, the effect of its intracellular concentration on light attenuation will also be
included in the current model to improve the model accuracy. In addition, as the reason why
the effect of nitrogen-deficiency on cell growth is different between the two types of
photobioreactors are still unclear, further metabolic kinetics studies will be addressed to

clarify this observation.
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